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Abstract 16 

Previous studies on Senegalese sole (Solea senegalensis) indicated that cultured broodstock (first 17 

generation, G1) have lower tissue levels of arachidonic acid (20:4n-6, ARA) than wild 18 

counterparts. ARA is metabolized to form prostaglandins (PGs) that are involved in steroid 19 

production and follicle maturation in fish. In the  present  study the effects of different dietary 20 

levels of ARA on blood lipid and fatty acid composition, prostaglandin (PGF2α, PGF3α, PGE2 21 

and PGE3) levels  and plasmatic steroid levels (11-ketotestosterone, 11-KT, testosterone, T and 22 

estradiol, E2) in G1 Senegalese sole were studied. For this purpose, 12 groups of ten fish (1:1 23 

male and female), were fed six diets (each diets was fed to two groups) with different dietary 24 

ARA levels over nine months (diets A=0.7, B=1.6, C=2.3, D=3.2, E=5.0, F=6.0% ARA). ARA 25 

and CHOL levels in blood showed a significant increase in an ARA dose related manner 26 

(P<0.05) whereas EPA and EPA/ARA ratio were reduced. In males, steroid (11-KT and T) 27 
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levels increased significantly with increasing dietary ARA in a dose dependent manner, whereas 28 

in females E2 did not show any change related to dietary ARA content. Plasma concentration of 29 

3-series PGs (i.e., PGE3 and PGF3α) were reduced in parallel to increased ARA levels in blood 30 

(P<0.05) and levels of PGs 3-series were always higher than 2-series PGs (PGE2 and PGF2α). In 31 

conclusion there is an effect of dietary ARA on steroid production of Senegalese sole males, 32 

which might have important consequences in the reproduction of cultured fish. 33 

Keywords:  34 

Senegalese sole, fish blood, arachidonic acids, prostaglandins, steroids.   35 

1. Introduction 36 

The spawning performance of cultured Senegalese sole (Solea senegalensis) broodstock (G1 37 

generation) was poor compared to wild counterparts. Cultured females released eggs, but no 38 

courtship between males and females was observed and the eggs collected were not fertilized [8]. 39 

Fatty acids and in particular polyunsaturated fatty acids (PUFAs) including arachidonic acid 40 

(ARA) and ARA-derived products affect the reproduction by modulating various aspects of 41 

endocrine function [1, 14, 25, 26, 34, 37, 47, 49, 53, 54]. The metabolites of ARA act as 42 

mediators or regulators in the cardiovascular, immune, nervous  [51] and in particular the 43 

reproductive system [1, 51, 53, 54, 65-67, 69]. Thus, ARA has been shown to stimulate ovarian 44 

and testicular steroid production in goldfish and trout, this being the steroid production blocked 45 

by indomethacin a well-known cyclooxygenase (COX-2) inhibitor suggesting that ARA exerts 46 

its effects by its conversion to prostaglandins [35, 36, 64-66, 68]. Evidence for a role of PG in 47 

mediating maturation or ovulation has been implicated from studies carried out with several 48 

different species of fish including goldfish (Carassius auratus) [59], brook trout (Salvelinus 49 

fontinalis ) [19], yellow perch (Perca flavescens) [18], European sea bass (Dicentrarchus labrax) 50 

[54] and Atlantic croaker (Micropogonias undulatus) [46]. In vitro studies in teleost fish 51 

examining the effects of ARA and its COX-2 metabolites on testosterone production have shown 52 

that PGE2 is synthesized within the gonads where it stimulates ovarian and testicular 53 

steroidogenesis and follicle maturation [35, 53, 54, 65, 66]. In addition, ARA and its metabolites 54 

have been shown to regulate the cholesterol (CHOL) transfer from outer to inner mitochondrial 55 

membrane where the P450 enzyme initiates steroid hormone synthesis, using CHOL as a 56 



precursor [24]. Studies in gold fish ovaries showed that the levels of steroids in the ovary 57 

increased significantly prior to the increase in transcript COX-2 [32]. However, ARA has 58 

different effects on steroid biosynthesis, on one hand ARA is involved in testosterone production 59 

by elevating cyclic adenosine monophosphate (cAMP) levels in a dose dependent manner [35, 60 

36]. On the other hand, at high doses, ARA might inhibit the biosynthesis of steroid hormones, in 61 

spite of elevated cAMP, by affecting the availability of CHOL [35, 36] and the steroidogenic 62 

acute regulatory protein expression (StAR protein) that regulates CHOL transfer within the 63 

mitochondria [24, 70]. 64 

Although ARA is the main precursor of PGs, these metabolites can also be produced from 65 

eicosapentaenoic acid (20:5 n-3, EPA), which is a substrate for biosynthesis of 3-series PGs  [50, 66 

61]. Metabolites, produced from EPA, had modest effects on basal testosterone production in the 67 

goldfish testis but blocked the ARA-derived steroid production and cAMP formation due to 68 

competition for the same enzyme [5, 35, 68]. The production of 2- or 3-series PGs is determined 69 

by the EPA/ARA ratio in cellular membranes that was dependent on the dietary intake of each 70 

fatty acid [3, 4, 6, 44, 62].  71 

Recent studies on the fatty acid composition of Senegalese sole broodstock have shown that G1 72 

fish, both males and females, had significantly lower accumulation of ARA in their tissues 73 

compared to wild counterparts [40-42, 44]. Low levels of CHOL were also found in the liver of 74 

G1 fish [42], which might have a consequence in reproduction considering its involvement in the 75 

production of fat-soluble vitamins and steroid hormones [2, 24]. On the other hand, 2-series PGs 76 

(F- and E-isomers) were produced in higher amounts in wild fish and PGs of the 3-series were 77 

higher in G1 fish [44]. Studies in ARA dietary self-selection by G1 Senegalese sole have also 78 

shown changes in ARA preferences along the year, with periods of high (winter and summer) 79 

and low (spring and autumn) ARA demand [40, 43]. Senegalese sole is a seasonal spawner, with 80 

full gonadal development in early spring (April-May), and maximum levels of plasma steroids 81 

peaking at the beginning of the spawning season [15, 21, 22].  In wild fish peak levels of steroids 82 

were always higher than those reported in G1 fish [15-17]. Thus, there is a reproductive 83 

dysfunction of Senegalese sole with (1) G1 fish showing a complete absence of reproductive 84 

behaviour and synchronization of the spawning, (2) G1 fish having lower ARA and CHOL 85 



content in tissues, (3) lower production of 2-series PGs compared to wild fish and (4) lower 86 

levels of circulating testosterone.  87 

Considering the above statements, a study of the effect of graded levels of dietary ARA on blood 88 

lipid and fatty acid composition, prostaglandin and steroid production of G1 Senegalese sole was 89 

conducted. For this, six groups of fish were fed six different diets with graded ARA levels for 90 

nine months. Total lipid content, fatty acid composition and steroid (11-KT, T and E2) 91 

production was analyzed monthly in the blood, and in May, during the spawning season, fish 92 

were also sampled to analyze PG levels (PGF2α, PGF3α, PGE2 and PGE3).  93 

2. Materials and methods 94 

Research involving animal experimentation conformed to the principles for the use and care of 95 

laboratory animals, in agreement with the Spanish and European regulations on animal welfare 96 

(FELASA). 97 

2.1.  Fish  98 

One hundred and twenty, 4 year-old (524 ± 11 g) fish reared in captivity were tagged with 99 

passive integrated transponders (PIT tags, AVID, UK) and sexed by using a heterologous 100 

vitellogenin ELISA for European seabass (Dicentranchus labrax) [33]. The fish were distributed 101 

among twelve experimental tanks (10 fish per tank, 5 males and 5 females) and fed six 102 

experimental diets (Table 1) with different ARA content: diet A= 0.7, B= 1.6, C= 2.3, D= 3.2, 103 

E= 5.0, F= 6.0% of total fatty acids (TFA) (Table 2) over nine months. Biochemical analyses of 104 

the diets were performed every three months in duplicate. The fish were held in a recirculation 105 

system with a simulated natural photoperiod and temperature (40º 37’ and 40º 48’ N and 106 

between 0º 21’ and 0º 40’ E., Tarragona, Spain), with minimal temperature in January – 107 

February (13ºC) and maximal in June - September (20
º
C). The fish were fed six days per week 108 

with a daily ration of 0.15- 0.3% body weight. The fish received the diets over nine months, from 109 

September 2009 until June 2010. Specific growth rate SGR= 100 × [(lnwt2 − lnwt1) × (t2−t1)
−1

]) 110 

was calculated where wt2= final weight, wt1= initial weight, and (t2−t1)= days of experiment.        111 

 112 

 113 



2.2.  Blood samples 114 

In September 2009 and then in a monthly basis, from December 2009 until the end of the 115 

experiment in June 2010, a blood sample of 2.0 mL was collected using cold heparinized 116 

syringes. The fish were not fed the previous day and blood samples were collected from the 117 

caudal vein of the fish three hours after the light of the tank was switched on. The erythrocyte 118 

volume fraction was calculated and the samples centrifuged at 3000 x g for 15 minutes at 4
o
C to 119 

separate plasma and red cells in eppendorf tubes. A fraction 150 L was separated from the 120 

plasma for posterior steroid analysis (from December 2009 until June 2010) and a further 550 L 121 

used for prostaglandins analysis in May 2010. Fatty acid profile was determined from the 122 

erythrocyte fraction at the beginning of the experiment and in September and December 2009 123 

and March and May 2010. All the samples were stored at -80
o
C, until analysis.  124 

2.3.  Lipids and fatty acids 125 

Total lipids were extracted from red blood cell samples and diets [11].  Fatty acid methyl esters 126 

(FAME) prepared by acid-catalysed transmethylation [9] and FAME were extracted and purified 127 

[63]. FAME were separated and quantified by gas-liquid chromatography (Thermo Trace GC, 128 

Thermo Finningan, Milan, Italy) using a 30 m x 0.25 mm ID capillary column (BPX 70, SGE 129 

Europe Ltd., UK) with on-column injection and flame ionization detection using Helium as 130 

carrier gas (1.2 mL min
-1

 constant flow rate). Individual methyl esters were identified by 131 

comparison with known standards (Supelco Inc., Madrid) and a well characterized fish oil, and 132 

quantified by the response factor to the internal standard, 21:0. The results were presented as 133 

percentage (%) of the total fatty acids (TFA) as mean ± standard error of the mean (SEM).  134 

Lipid class composition in blood and diets was determined by high-performance thin layer 135 

chromatography (HPTLC) using 10×10 cm HPTLC plates (Macherey-Nagel gMBh & Co, 136 

Düren, Germany). Approximately 10 μg of total lipid were applied as 2 mm streaks, 1 cm from 137 

the bottom, and the plates developed in methyl acetate/ isopropanol/ chloroform/methanol/0.25% 138 

aqueous KCl (25: 25: 25: 10: 9, by vol.) to two-thirds up the plate. After desiccation for 20 min, 139 

the plate was fully developed with isohexane/diethyl ether/acetic acid (85:15:1, by vol.) and 140 

placed in a vacuum desiccator for 20 min. The lipid classes were visualized by charring at 160 141 

°C for 15 min after spraying with 3% (w/v) aqueous cupric acetate containing 8% (v/v) 142 



phosphoric acid and quantified by densitometry using a BIO-RAD GS-800 calibrated 143 

densitometer (BIO-RAD, Spain) and WINCATS software [23]. The identities of individual lipid 144 

classes were confirmed by comparison with authentic standards, however, only CHOL data was 145 

presented. The results of CHOL were presented as percentage (%) of total lipids (TL) as mean ± 146 

SEM.  147 

2.4.  Eicosanoids extraction  148 

The samples of frozen acidified plasma were thawed and centrifuged at 12000 x g for 2 min to 149 

remove precipitates. The supernatants were extracted using octadecyl silyl (ODS, C18) Sep-Pak 150 

mini-columns (Millipore, Watford, UK) by the method of Powell [48]  described in detail 151 

previously [5]. The Sep-Pak cartridges were then washed with 10 mL water and 5 mL methanol 152 

and the plasma samples loaded onto the cartridge with a flow rate of 2 mL min
-1

. The cartridge 153 

was washed with 5 mL 15% ethanol, to remove polar lipids, 10 mL distilled water, to restore the 154 

initial polarity of the cartridge and 5 mL hexane/chloroform (65:35 v/v). Eicosanoids were then 155 

eluted with 10 mL ethyl acetate and solvent evaporated with N2. The final extract was re-156 

dissolved in 100 L methanol prior to separation by HPLC. 157 

2.4.1. Separation by HPLC and quantitation of prostaglandins  158 

The homologues of PGs 2- and 3-series were separated by reverse phase HPLC using a column 159 

ODS2-SB5 and the methodology described previously [5]. An isocratic solvent system was 160 

employed containing 17 mM phosphoric acid/acetonitrile (70/30, v/v at a flow rate of 1 mL min
-161 

1
). The elution times of the PGs standards (PGF2α, PGF3α, PGE2 and PGE3) were determined 162 

by UV detection at 205 nm using a Pye-Unicam LC-UV detector. A total of 100 uL of the 163 

eicosanoid plasma extracts were injected into the column and 6 ml fractions were collected using 164 

an LKB 2112 Redirac. Fractions corresponding to 2- and 3-series were extracted as follows: the 165 

pooled fractions were applied to a C18 Sep-Pak, which had been pre-washed with 5 ml methanol 166 

and 10 ml distilled water. The column was then washed with a further 10 ml of distilled water 167 

and the PGs eluted in 5 ml of ethyl acetate. Samples were dried under nitrogen and re-dissolved 168 

in immunoassay buffer. Quantification of PGs homologues was performed using enzyme 169 

immunoassay (EIA) kits for PGF and PGE prostaglandins according to the manufacturers 170 



protocol (Cayman®). The cross-reactivity of the PGF2α and PGE2 antibody with PGF3α and 171 

PGE3 was 80% and 65% respectively.   172 

2.5.  Steroids  173 

Analysis of 11-ketotestosterone (11-KT), testosterone (T) and estradiol (E2) were performed in 174 

the plasma of males (11-KT and T) and females (E2). Plasma samples were first extracted with 175 

alcohol. Ice-cold methanol was added to the plasma (6:1 v/v), shaken and centrifuged (3000g, 15 176 

min, 4 
o
C). The pellet was re-extracted twice with 200 µL methanol. Supernatants were pooled, 177 

dried and reconstituted in 0.1 M potassium phosphate buffer (pH 7.4), then stored at -20
o
C until 178 

analysis. Levels of 11-ketotestosterone, testosterone and estradiol were quantified by ELISA, 179 

using a protocol previously validated for Senegalese sole [22].  180 

2.6.  Statistics analysis  181 

Statistical differences in lipid, fatty acids, lipid classes, prostaglandins, and steroids between 182 

different fish groups of males and females were analysed by one-way ANOVA followed by the 183 

post-hoc multiple comparison by Tukey’s HSD with a significance level of P<0.05. In the case 184 

of steroids the group fed diet A was used as control. Pearson correlations among ARA, steroids, 185 

CHOL and PGs were made, using P of 0.05. The compliance of data with normality and 186 

homogeneity of variance was tested by the Kolmogorov–Smirnov and Bartlett (Chi-Sqr) 187 

methods and, when necessary, log-transformation was carried out. Fatty acid content was 188 

expressed as % TFA, and lipid class as % TL. The prostaglandins were expressed in pg ml
-1

 of 189 

plasma and steroids as ng ml
-1

 of plasma, both as mean of percentage ± standard error of the 190 

mean (SEM). The statistical analysis was performed using the Statistica® package for windows 191 

(version 6.0; StatSoft Inc, Tulsa, USA).  192 

3. Results 193 

Groups A (control), B, C, D, E and F were fed diets with increasing levels of ARA (Table 2).  194 

Total lipid and CHOL content were the same in all the diets used (Table 3). After the nine month 195 

feeding period, females increased their weight from 533 ± 13g to 950 ± 25g, with a specific 196 

growth rate (SGR) of 0.20% dia
-1

 and males from 515 ± 16g to 755 ± 24g, with an SGR of 197 



0.13% day
-1

. Feed conversion rate was 1.3 ± 0.04, and no significant differences were observed 198 

among the six groups, either in growth or feed conversion.  199 

3.1.  Monthly changes in ARA content in blood 200 

Blood fatty acid composition was analyzed from the samples taken in September and December 201 

2009 and in March and May 2010. ARA content was 3.6 ± 0.3% in males and 3.4 ± 0.2% TFA in 202 

females at the beginning of the feeding period (September 2009). During the experiment the 203 

content of ARA increased significantly (P<0.05) in the blood of all the fish groups except in 204 

group A (control) and in the females from group B (Figs. 1 and 2). In December 2009, ARA in 205 

both males and females showed significant differences among all the groups (P<0.05) and these 206 

differences were maintained until the end of the experiment (Fig. 1). Thus, male fish from group 207 

F showed 8.7 ± 0.8% ARA in the blood, 3.1-fold higher than the control group A (2.8 ± 0.2% 208 

ARA) (P<0.05) whereas the fish from groups E, D and C had 7.3 ± 0.4%, 6.7 ± 0.8% and 5.5 ± 209 

0.6% ARA, respectively all being significantly higher than the control (P<0.05).  Fish from 210 

group B also showed an increase in ARA levels but not significantly different from the control. 211 

In the case of females, in December 2009 the fish from groups F (8.6 ± 0.4% ARA, 2.5-fold 212 

higher than the control), E (8.4 ± 0.8% ARA) and D (7.4 ± 0.7% ARA) showed a significant 213 

(P<0.05) increase in ARA levels compared to the control A. Fish from the groups C and B also 214 

exhibited an increase in levels of ARA in blood, but not significantly higher than control A. 215 

After this initial increase in ARA content found in December, ARA remained stable within each 216 

group throughout the following months with the values recorded in March very similar to those 217 

of December with a slight increment in the fish from groups E (males) and F (both females and 218 

males). In March 2010 the males of all the groups and the females of groups F, E, D and C 219 

showed ARA values significantly higher than the control (P<0.05).  In May 2010 significantly 220 

higher ARA levels were found in groups F, E, D and C in both sexes (P<0.05) compared to 221 

group A (Fig. 1). Male fish fed diet F showed a slight ARA reduction compared to the levels 222 

found in March, while females from groups C, B and control showed a slight increment in ARA 223 

compared to March.  224 

 225 

 226 



3.2.  Monthly changes in blood EPA/ARA ratio  227 

All the fish showed a similar EPA/ARA ratio (2.3 ± 0.2) in September, at the beginning of the 228 

experiment (Fig. 2). In December the ratio was significantly reduced in both males and females 229 

from groups F, E, D and C and these were maintained until May. In the case of males, groups F 230 

(0.8 ± 0.1), E (1.1 ± 0.1), D (1.2 ± 0.2), C (1.7 ± 0.4) and B (2.1 ± 0.2) showed a significantly 231 

(P<0.05) lower ratio than the control A (3.5 ± 0.4), similar to observations in females from 232 

groups F (1.1 ± 0.1), E (1.2 ± 0.2), D (1.4 ± 0.1), C (1.7 ± 0.4) and B (2.1 ± 0.2). In females, all 233 

except B, had significantly lower ratios than group A (3.5 ± 0.1), that showed an increase in the 234 

ratio in both sexes (Fig. 2). In March fish from groups A and B exhibited an increase in the ratio 235 

whereas those from F, E, D, and C continued with decreasing values. In May all the groups, 236 

including B and in both sexes showed lower EPA/ARA ratio than the control A (P<0.05).  237 

3.3.  Fatty acid composition of the blood at the end of the feeding period (May 2010) 238 

ARA levels in the blood measured at the end of the experiment (May 2010) were significantly 239 

higher (P<0.05) in group F, E, D, C and B in males and the same was observed in females for 240 

group F, E, D and C compared to the initial values in September 2009 at the start of the 241 

experiment (3.6 ± 0.3 in males and 3.4 ± 0.2% TFA in females) (Tables 4 and 5). The ARA 242 

content in blood varied in a range from 3.5 ± 0.2 from group A (control, both sexes) to 10.3 ± 0.3 243 

and 8.7 ± 0.6% in females and males of group F (Tables 4 and 5). ARA levels of fish from group 244 

A (both sexes) in May 2010 were similar and not significantly different to those found in 245 

September. In contrast, in May 2010, EPA levels in the blood of group A were 9.4 ± 0.3% in 246 

males which was significantly higher (P<0.05) than those recorded in September 2009 and from 247 

groups F, E, D, C and B in May 2010. In females the May 2010 group A level of EPA was 9.0 ± 248 

0.5%, which was similar to the initial September level and final levels in groups B and C, whilst 249 

significantly higher (P<0.05) than those recorded groups F, E and D (Tables 4 and 5).  250 

The fatty acid 22:4n-6 levels were significantly higher (P<0.05) in the blood of the males and 251 

females from groups F, E, D and C compared to group A and the initial September level. 252 

Similarly the fatty acid 22:5n-6 was higher in the blood of fish from group F compared to the 253 

control A (P<0.05), in both males and females due to elongation and desaturation of ARA to 254 

22:4n-6 and 22:5n-6 respectively. Total lipid and total fatty acid content were similar and not 255 



significantly different in all the groups (from A to F), either compared to the beginning or among 256 

groups at the end of the feeding period and in both sexes.  257 

3.4.  Cholesterol in blood 258 

At the end of the experiment in May 2010, CHOL levels exhibited a positive correlation in males 259 

and females (r
2
=0.8, P<0.05) with dietary ARA levels (not shown). In male fish from groups F 260 

and E, CHOL levels in the blood were 32 ± 1.6 and 30 ± 1.9% TL, which was significantly 261 

higher (P<0.05) than the levels found in the males from groups C, B and A that exhibited levels 262 

of 23 ± 1.1%, 24 ± 0.8% and 22 ± 0.9% TL respectively (P<0.05) (Fig. 3). Males from group D 263 

had an intermediate value, 26 ± 0.6%, which was not different from the other groups. In the case 264 

of female fish from groups F (35 ± 1.3), E (33 ± 1.5) and D (30 ± 1.8) CHOL were significantly 265 

higher compared to the control A (26 ± 0.7) (P<0.05) (Fig. 3). The CHOL in diets was 12 ± 266 

0.8%, and no significant differences among diets were found (Table 3).  267 

3.5.  Prostaglandins in blood 268 

Prostaglandins were measured at the end of the experiment, in May 2010. Plasma concentration 269 

of PGs 3-series was always higher than PGs 2-series PGs in all the fish groups studied (Figs. 4 270 

and 5). Thus, PGF3α was significantly (P<0.05) higher than PGF2α in both females and males of 271 

the control and females in group B. Similarly, higher PGE3 levels were found in both sexes 272 

compared to PGE2, although in this case the differences were not significant. PGs 3-series 273 

concentration showed a negative correlation with ARA in blood of males and females (r
2
=0.45, 274 

P<0.05, Fig. 5) and consequently no statistical differences were found between PGs 2- and 3- 275 

series in groups C, D, E and F with the levels in groups, D, E and F being similar in 276 

concentration and between sexes. In the case of PGs 2-series, the levels found in the plasma of 277 

males and females did not change with the diet, although PGs F2-isomers were always found in 278 

higher concentration than PG E2-isomers in both sexes.  279 

3.6.  Plasma steroids levels 280 

The sex hormone, 11-ketotestosterone (11-KT) was the most concentrated steroid in males with 281 

plasma levels varying between 2.2 and 16.4 ng ml
-1

, compared to testosterone (T) with 0.8- 2.2 282 

ng ml
-1

 (Fig. 6). The levels of both esteroid hormones were significantly (P<0.05) affected by the 283 



diet in the month of April in groups E and F for 11-KT (Figs. 6d and 6e) and in group D for T 284 

(Fig. 6c). Although the levels were not significantly different from the control group, during the 285 

months of February, March, April and May the fish fed diets D, E and F exhibited higher 286 

plasmatic levels of steroids. Plasma estradiol (E2) levels in females were similar in all the 287 

groups, although in group B a slight but not significant increment was observed (Fig. 7a).  288 

Circulating 11-KT, T, and E2, followed a seasonal trend (Figs. 6 and 7). In males, an increase in 289 

the titre of steroid levels was detected between January and February with plasma concentrations 290 

of both androgens increasing progressively to a significantly (P<0.05) higher peak found in 291 

April. Thereafter steroid levels gradually declined until reaching minimal initial values in June 292 

2010. In females an increase in E2 levels was detected between January and February with 293 

plasma concentrations increasing progressively afterwards to reach a peak in March, one month 294 

earlier than in males, in all the groups except for the control which peaked in April. Then, plasma 295 

levels gradually declined until reaching the initial values in June 2010.  296 

4. Discussion  297 

This study was conducted to analyse the effects of six dietary ARA levels on the reproductive 298 

physiology of G1 Senegalese sole. Thus, the analysis of blood and plasma lipid and fatty acid 299 

composition, CHOL levels, prostaglandins and steroid production was carried out during the 300 

experiment. ARA levels increased in a dose dependent manner during the first period (September 301 

2009 to December 2010) remaining stable throughout the rest of the experiment, in both sexes, to 302 

reach levels of around 8.5% TFA (groups E and F). In contrast to the ARA increase, EPA levels 303 

decreased and, consequently produced a decrease in the EPA/ARA ratio. Thus, dietary fatty acid 304 

composition had a direct effect on blood composition. Increasing ARA levels in blood had as a 305 

consequence an increase in the levels of 22:4n-6 and 22:5n-6 in males, a consequence of the 306 

elongation of ARA to 22:4n-6 and desaturation of this fatty acid to 22:5n-6 [31].  Long chain 307 

PUFAs (n-3 and n-6) have been detected in the spermatozoa of mammals [7, 13, 29, 30, 60] and 308 

in the gonads of male marine fish (i.e., wild Senegalese sole) being these fatty acids, 22:4n-6 and 309 

22:5n-6  closely related to the sperm membrane fluidity needed to participate in the membrane 310 

fusion events associated with fertilization [30]. The diets used in the experiment were formulated 311 

using high quality northern fish oil (G. Rosenlund, pers. Comm. 2011, Skretting, Norway) with 312 

similar levels of EPA (approx., 15% TFA) and DHA (approx., 13% TFA) (see Table 2) with the 313 



variations in ARA as a consequence of the addition of a special ARA-rich oil. Thus, EPA content 314 

in the blood of the fish was very similar for all the groups and the variations in the ratio 315 

EPA/ARA were mostly a consequence of the graded ARA levels. 316 

Both ARA and EPA are precursors of PGs,  2- and 3-series respectively [52, 61]. In the fish of 317 

the present experiment, PG 3-series were always higher than PG 2-series in spite of the increase 318 

in dietary ARA content. PGs F-isomer PGF2α, is responsible for the synchronization of 319 

courtship between male and female fish during spawning [20, 38, 55-58] whereas PGE2 is 320 

important for the follicle maturation and steroid production in ovaries and testis [10, 12, 27, 55-321 

57, 65, 66]. Thus, the low concentrations of PGs 2-series in G1 Senegalese sole found in this 322 

study, compared to those of PGs 3-series, might have a detrimental effect in fish reproduction. In 323 

previous studies the production of 2- and 3-series PGs was proportional to EPA/ARA ratio found 324 

in fish tissues, with the ARA dietary content having a direct effect on the production of 2-series 325 

PG [4, 5, 40, 44]. In the present experiment, although PGs 3-series were always higher than 2-326 

series in both F- and E- isomers, both metabolites PGE3 and PGF3α were reduced concomitant 327 

with the increase in ARA content in the blood. The high values of PGs 3-series might be 328 

explained by the high dietary EPA content and the high EPA/ARA ratio found in the diet, 329 

although the ratio was progressively reduced from diet A (24) to diet F (2.4). Consequently, an 330 

increase in dietary ARA produced a significant reduction of 3-series PGs, although the effects on 331 

fish reproduction (i.e., ovulation, spermiation or courtship behaviour) were not established. 332 

Further studies are required to clarify the effects of EPA content in the diet and COX pathway, 333 

since the optimal dietary ARA content will be strongly dependent on the EPA content.  334 

Steroid production (11-KT and T) in males was higher in fish fed increasing ARA levels 335 

especially in April at the peak of maturation, whereas E2 in females did not show any change. 336 

ARA and CHOL levels in blood also showed a significant increase in an ARA-dose dependent 337 

manner. In vitro studies with goldfish and trout have shown that an ARA-stimulated testosterone 338 

production via the COX pathway and the effect of the ARA was mediated through its conversion 339 

to PGs [39, 65, 66, 68]. According to these studies, EPA exerted an opposite effect inhibiting 340 

testosterone production via the inhibition of cAMP production, with ARA-induced maturation 341 

depressed. Thus, an increase in the production of EPA-derived PGE3 had no effect on fish 342 

maturation [53, 54]. Any change in dietary EPA/ARA ratio or in the levels of these two fatty 343 



acids in fish tissues may influence the production of PGs and steroids. The in vivo effects of 344 

increased dietary ARA in the present experiment are consistent with previous in vitro studies 345 

showing a significant positive correlation (r
2
=0.7, P<0.05) between plasma steroid levels and 346 

dietary ARA. Thus, 11-KT and T in males showed a clear dietary response with blood ARA 347 

levels increasing and EPA/ARA ratio reduced, and with steroid levels increasing progressively to 348 

peak in April in all the groups. However, the steroid levels found in this study were lower than 349 

those reported in wild males of Senegalese sole (i.e., 11-KT peak of ≈33 ng mL
-1

) [15]. In 350 

females plasmatic levels of Estradiol (E2) did not show any increase derived from increasing 351 

ARA dietary content, only group B showed a higher but not significantly different peak of E2 352 

similar to the levels found in wild and cultured females (i.e., aprox. 6-7 ng mL
-1

) [21]. The peak 353 

in E2 levels was in March, one month earlier than in males, in all the groups except the control. 354 

Similar results have been found in other studies with marine fish in response to graded levels of 355 

dietary ARA, thus plasma vitellogenin concentration peaked one month earlier in cod fed 356 

increasing levels of ARA [45] and showed a two week delay in the spawning season in the case 357 

of halibut [1]. However, more studies are required to clarify the effects of dietary ARA on the 358 

steroid production in females. Changes in dietary CHOL could be affecting the steroid 359 

production in broodstock fish [2]. In the present study, blood ARA and CHOL levels increased 360 

in parallel (r
2
=0.8, P<0.05) to ARA in the diet, in spite of CHOL levels being the same in all the 361 

diets used (i.e., 12% TL, see Table 2). Thus, dietary ARA might have increased the mobilization 362 

of CHOL in the blood by means of cAMP formation [36]. Wang and Stocco [70] showed the 363 

interaction between ARA metabolism and CHOL during steroidogenesis in Leydig cells of rat, 364 

indicating that mobilization of CHOL regulated by StAR protein in turn affected ARA-mediated 365 

pathways and metabolites produced by lipoxygenase, epoxygenase and cyclooxygenase activity. 366 

Mercury and Kraak [35] demonstrated that EPA blocks cAMP formation and consequently StAR 367 

protein and the transport of CHOL in steroidogenic tissues. The results of the present experiment 368 

showed that EPA in blood was reduced in a dietary ARA dose-related manner (r
2
=0.6, P<0.05), 369 

therefore availability of ARA in blood (tissues) might be inducing StAR regulation and CHOL 370 

circulation, however StAR protein, lipooxygenase, epoxygenase and cyclooxygenase gene 371 

expression were not studied in the present experiment. Another explanation of CHOL 372 

incorporation in blood, is the biosynthesis by the fish. Leaver et al. [28] showed that Atlantic 373 

salmon increased CHOL biosynthesis after dietary substitution of fish oil with vegetable oil [28], 374 



however, in Senegalese sole there is no information regarding to the capacity of the fish for 375 

CHOL synthesis.  376 

5. Conclusion 377 

There was a significant effect of dietary ARA levels on steroid production in G1 Senegalese sole 378 

males, which might have important consequences in the reproduction of cultured fish although 379 

no effect was observed in females. Changes in dietary ARA content modified the fatty acid 380 

profile of fish blood, with a concomitant increase in ARA and a reduction of EPA and EPA/ARA 381 

ratio. Increased ARA levels in blood resulted in a reduction in the production of 3-series 382 

prostaglandins an increase of CHOL mobilization in the blood.   383 
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Fig. 1 ARA levels in red blood cells (% TFA) of six (A, B, C, D, E F) fish groups of Senegalese 590 

sole (Solea senegalensis) fed different dietary ARA levels over nine months. Fish are grouped by 591 

sex in Fig 1a) males and Fig 1 b) females. Different letters for the same month indicate 592 

significant differences (ANOVA, P<0.05, N=10) among groups. ARA content, diet A = 0.7, B = 593 

1.6, C = 2.3, D = 3.2, E= 5.0 and F= 6.0 % TFA.  594 

Fig. 2 EPA/ARA ratio in red blood cells of six groups (A, B, C, D, E, F) of Senegalese sole 595 

(Solea senegalensis) fed different dietary ARA levels over nine months. The fish were sampled in 596 

September (Sep.), December (Dec.), March and May. Fish are grouped by sex in Fig 2a) males 597 

and Fig 2b) females. Values are mean ± SEM significant differences between groups were 598 

established by one-way ANOVA and are indicated by different superscripts for each month 599 

(P<0.05, N=10). ARA content, diet A= 0.7, B= 1.6, C= 2.3, D= 3.2, E= 5.0 and F= 6.0% TFA. 600 

Fig. 3 Cholesterol (CHOL) levels in the blood of six fish groups of Senegalese sole, males and 601 

females fed different dietary ARA levels (A, B, C, D, E and F), over nine month (September – 602 

May). Values are mean + SEM and are expressed as % of total lipids. Columns assigned 603 

different letters were significantly different (ANOVA, P<0.05, N=10). ARA content, diet A= 0.7, 604 

B= 1.6, C= 2.3, D= 3.2, E= 5.0 and F= 6.0% TFA. 605 

 606 

Fig. 4 Concentration of plasma prostaglandins a) E-isomers, PGE2 and PGE3 and b) F-607 

isomers, PGF2α and PGF3α, of six groups of Senegalese sole females fed over nine month with 608 

different dietary ARA levels (A, B, C, D, E and F). Values are mean + SEM and are expressed as 609 

pg ml
-1

 plasma, significant differences between groups were established by one-way ANOVA and 610 

are indicated by different superscript letters within individual bars (P<0.05, N=10). ARA 611 

content, diet A= 0.7, B= 1.6, C= 2.3, D= 3.2, E= 5.0 and F= 6.0% TFA. 612 

Fig. 5 Concentration of plasma prostaglandins a) E-isomers, PGE2 and PGE3 and b) F-613 

isomers, PGF2α and PGF3α, of six groups of Senegalese sole males, fed over nine months with 614 

different dietary ARA levels (A, B, C,D, E and F). Values are mean + SEM are expressed as pg 615 

ml
-1

 plasma, significant differences between groups were established by one-way ANOVA and 616 

are indicated by different superscript letters within individual bars (P<0.05, N=10). ARA 617 

content, diet A= 0.7, B= 1.6, C= 2.3, D= 3.2, E= 5.0 and F= 6.0% TFA. 618 

 619 

Fig. 6 Changes in plasma levels of 11-ketotestosterone (11-KT) and testosterone (T) (mean ± 620 

SEM) of Senegalese sole males measured in  December 2009 (Dec.), January (Jan.), February 621 
(Feb.), March (Mar.), April (Apr.), May and June 2010  and fed different dietary ARA levels. a) 622 

Fish fed diets A and B, b) fish fed diets A and C, c) fish fed diets A and D, d) fish fed diets A and 623 
E, e) fish fed diets A and F. Different letters indicate significant differences (ANOVA, P<0.05, 624 
N=10) between sampling months and within treatments. Small letters are used  for diet A used as 625 
a control and capital letters for dietary treatments B, C, D, E and F. (*) indicate significant 626 
differences (P<0.05) with respect to the control group (A) and the dietary treatment. ARA 627 
content, diet A= 0.7 (control), B= 1.6, C= 2.3, D= 3.2, E= 5.0, F= 6.0% TFA.  628 



Fig. 7  Changes in plasma levels of estradiol (E2) (mean ± SEM) of Senegalese sole females 629 

measured in  December 2009 (Dec.), January (Jan.), February (Feb.), March (Mar.), April 630 

(Apr.), May and June 2010  and fed different dietary ARA levels. a) Fish fed diets A and B, b) 631 

fish fed diets A and C, c) fish fed diets A and D, d) fish fed diets A and E, e) fish fed diets A and 632 

F. Different letters indicate significant differences (ANOVA, P<0.05, N=10) between sampling 633 

months and within treatments. Small letters are used  for diet A used as a control and capital 634 

letters for dietary treatments B, C, D, E and F. (*) indicate significant differences (P<0.05) with 635 

respect to the control group (A) and the dietary treatment. ARA content, diet A= 0.7 (control), 636 

B= 1.6, C= 2.3, D= 3.2, E= 5.0, F= 6.0% TFA. 637 

 638 

Table 1 Ingredients and chemical composition of six experimental diets (A, B, C, D, E and F)  639 

Table 2 Lipid, fatty acid content and fatty acid composition (% TFA ± SEM) of the diets used (A, 640 

B, C, D, E and F) to feed G1 Senegalese sole (Solea senegalensis). Rows assigned different 641 

letters were significantly different (ANOVA, P<0.05, N=3)  642 

Table 3 Lipid class composition (% ± SEM) of the diets used (A, B, C, D, E and F) to feed G1 643 

Senegalese sole (Solea senegalensis) (ANOVA, P<0.05, N=10).  644 

 645 

Table 4 Lipid, fatty acid content and fatty acid composition (% TFA) of Senegalese sole male 646 

blood sampled in September 2009 (Initial), and in May 2010 (Final) and fed 6 different diets (A, 647 

B, C, D, E, F). Rows assigned different letters were significantly different (ANOVA, P<0.05, 648 

N=10). ARA content, diet A= 0.7, B= 1.6, C= 2.3, D= 3.2, E= 5.0 and F= 6.0% TFA 649 

Table 5  Lipid, fatty acid content and fatty acid composition (% TFA) of Senegalese sole female 650 

blood sampled in September 2009 (Initial), and in May 2010 (Final) and fed six different diets 651 

(A, B, C, D, E, F). Rows assigned different letters were significantly different (ANOVA, P<0.05, 652 

N=10). ARA content, diet A= 0.7, B= 1.6, C= 2.3, D= 3.2, E= 5.0 and F= 6.0% TFA 653 
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Table 1 721 

Ingredients (g/Kg) A B C D E F

Fish meal
1

645.0 645.0 645.0 645.0 645.0 645.0

Wheat gluten
2

120.0 120.0 120.0 120.0 120.0 120.0

Wheat
3

125.8 125.8 125.8 125.8 125.8 125.8

Fish oil
4

80.0 76.0 71.8 67.6 63.2 59.0

Vevodar
5

0.0 4.0 8.2 12.4 16.8 21.0

Premixes
6

29.2 29.2 29.2 29.2 29.2 29.2

Analysed values

Moisture, % 8.0 7.8 8.3 8.4 8.6 8.3

Crude protein, % DM
7

61,2 61,4 61,6 61,7 61,8 62,2

Crude fat, % DM 13.8 14.1 14.4 13.7 14.1 14.3  722 
1
 LT fish meal, Skretting, Stavanger, Norway 723 

2
 Cargill Nordic, Charlottenlund, Denmark 724 

3
 Skretting, Stavanger, Norway 725 

4
 Scandinavian fish oil, Skretting, Stavanger, Norway 726 

5
 Contains 35% arachidonic acid, DSM Food Specialities, Delft, The Netherlands 727 

6
 Include micro nutrients, vitamin and mineral supplementation. Trouw Nutrition, Boxmeer,  728 

   the Netherlands, proprietary composition Skretting ARC 729 
7
 Dry matter 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 

 741 

 742 

 743 



Table 2 744 

 745 
TL: total lipids, L: lipids, TFA: total fatty acids, DW: dry weigh, SFA: total saturated fatty acids, MUFA: total 746 
monounsaturated fatty acids, PUFA: total polyunsaturated fatty acids, ARA: arachidonic acid, EPA: 747 
eicosapentaenoic acid, DHA: docosahexaenoic acid, SEM: standard error of the mean.  748 
 749 
 750 

TFA(µg mg
-1

 L) 880 ± 87 702 ± 34 820 ± 74 861 ± 82 961 ± 19 911 ± 94

Fatty acid composition (%TFA)

14:0 2.5 ± 1.2 3.6 ± 2.8 3.8 ± 2.1 3.6 ± 2.3 3.7 ± 2.8 4.0 ± 2.9

16:0 14.9 ± 1.1 15.3 ± 3.7 17.6 ± 2.6 15.8 ± 1.8 15.0 ± 2.8 16.1 ± 2.7

18:0 1.8 ± 0.9 2.4 ± 0.9 2.6 ± 0.7 2.6 ± 0.6 3.0 ± 0.7 3.2 ± 0.4

Total SFA 19.4 ± 1.5 21.7 ± 5.7 24.4 ± 4.2 22.3 ± 3.6 21.9 ± 4.8 23.4 ± 5.2

16:1n-7 4.9 ± 0.8 4.8 ± 2.0 5.0 ± 0.8 4.9 ± 0.8 4.3 ± 1.8 4.4 ± 1.2

18:1n-9 15.0 ± 1.3 15.7 ± 2.4 16.9 ± 1.9 15.9 ± 2.0 15.1 ± 2.7 15.7 ± 0.6

18:1n-7 1.2 ± 2.0 0.9 ± 1.6 1.0 ± 1.7 0.8 ± 1.4 0.8 ± 1.4 1.0 ± 1.7

20:1n-9 7.2 ± 1.5 7.1 ± 0.3 7.2 ± 1.1 6.3 ± 0.5 6.9 ± 0.7 6.6 ± 0.4

22:1n-9 3.5 ± 6.0 3.9 ± 6.7 2.9 ± 5.0 3.0 ± 5.2 3.9 ± 6.7 2.9 ± 5.1

Total MUFA 32.3 ± 10.5 32.7 ± 4.7 33.4 ± 4.4 31.3 ± 4.9 31.4 ± 5.5 31.1 ± 6.0

18:2n-6 5.9 ± 0.7 6.4 ± 0.7 6.0 ± 0.9 6.6 ± 0.4 5.9 ± 0.1 7.2 ± 0.7

20:4n-6, ARA 0.7 ± 0.3
c

1.6 ± 0.6
c

2.3 ± 0.8
bc

3.2 ± 0.7
b

5.0 ± 0.6
a

6.0 ± 0.1
a

22:4n-6 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

22:5n-6 0.3 ± 0.6 0.3 ± 0.2 0.2 ± 0.3 0.2 ± 0.3 0.2 ± 0.2 0.3 ± 0.4

Total n-6 PUFA 9.3 ± 3.4 8.4 ± 1.3 8.9 ± 1.5 10.6 ± 0.8 12.4 ± 1.0 14.0 ± 1.6

18:3n-3 1.3 ± 0.2 1.4 ± 0.2 1.3 ± 0.3 1.3 ± 0.2 1.2 ± 0.1 1.2 ± 0.1

18:4n-3 2.2 ± 0.3 2.0 ± 0.1 1.8 ± 0.3 2.0 ± 0.1 1.8 ± 0.2 1.7 ± 0.2

20:4n-3 0.7 ± 0.1 0.7 ± 0.1 0.6 ± 0.1 0.7 ± 0.0 0.6 ± 0.1 0.6 ± 0.1

20:5n-3, EPA 13.0 ± 8.4 16.8 ± 5.3 15.9 ± 5.4 16.4 ± 5.4 14.8 ± 6.0 14.7 ± 4.9

22:5n-3, DPA 1.6 ± 0.4 3.0 ± 2.3 2.0 ± 1.0 2.3 ± 1.3 4.6 ± 5.7 2.0 ± 0.9

22:6n-3, DHA 14.4 ± 2.0 13.0 ± 2.1 11.3 ± 2.5 13.0 ± 1.6 11.1 ± 0.6 11.3 ± 2.3

Total n-3 PUFA 39.0 ± 11.0 37.1 ± 0.7 33.4 ± 2.9 35.8 ± 2.1 34.3 ± 1.9 31.5 ± 1.4

Total PUFA 48.3 ± 11.2 45.5 ± 1.4 42.3 ± 2.6 46.4 ± 1.4 46.6 ± 2.0 45.5 ± 1.7

EPA/ARA 23.6 ± 18.2
a

12.4 ± 6.6
a

7.8 ± 4.2
ab

5.5 ± 2.5
ab

3.0 ± 1.3
b

2.4 ± 0.8
b

EPA/DHA 0.9 ± 0.5 1.3 ± 0.6 1.5 ± 0.8 1.3 ± 0.5 1.3 ± 0.6 1.4 ± 0.7

DHA/ARA 23.5 ± 9.0
a

8.8 ± 1.6
b

5.1 ± 1.1
bc

4.1 ± 0.5
bc

2.2 ± 0.3
bc

1.9 ± 0.4
c

n-3/n-6 4.6 ± 2.3 4.5 ± 0.7 3.8 ± 0.8 3.4 ± 0.4 2.8 ± 0.3 2.3 ± 0.3

FA B C D E



Table 3 751 

 752 

A B C D E F

PC 11.0 ± 0.4 12.2 ± 0.1 11.6 ± 0.3 11.1 ± 0.3 10.2 ± 0.4 10.6 ± 0.0

PS/PI 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

PE 3.4 ± 0.1 3.2 ± 0.0 3.3 ± 0.2 3.3 ± 0.2 5.2 ± 0.0 4.2 ± 0.6

Total PL 14.3 ± 0.1 15.4 ± 0.2 14.9 ± 0.1 14.3 ± 0.3 15.4 ± 0.3 14.8 ± 0.6

CHOL 11.9 ± 0.8 12.3 ± 0.9 12.5 ± 0.8 11.1 ± 0.7 13.3 ± 0.6 11.2 ± 0.1

FFA 2.9 ± 0.4 3.8 ± 0.5 3.3 ± 0.6 3.6 ± 0.3 4.3 ± 0.5 4.0 ± 0.1

TAG 61.5 ± 0.3 60.2 ± 0.4 60.8 ± 0.5 62 ± 0.7 59 ± 0.6 60 ± 0.2

SE+W 10.4 ± 0.6 9.32 ± 0.6 9.9 ± 0.6 9.2 ± 0.9 9.8 ± 0.4 9.5 ± 0.4

Total NL 86.7 ± 0.5 85.6 ± 0.2 86.5 ± 0.2 85.7 ± 0.2 86.6 ± 0.2 85.2 ± 0.7  753 
PC: phosphatidylcholine, PS+PI: posphatidylserine plus phosphatidylinositol, PE: phosphatidylethanolamine, PL: 754 
polar lipids, CHOL: cholesterol, FFA: free fatty acids, TAG: triacylglycerides, SE+W: sterol ester plus wax and NL: 755 
neutral lipids.  756 
 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 
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 772 

 773 



Table 4 774 

Initial Final Final Final Final Final Final

Sept. A B C D E F

TL (mg mL
-1

)  8.0 ± 1.6
a

8.6 ± 0.5
a

8.0 ± 0.5
a

8.9 ± 1.1
a

7.8 ± 1.2
a

8.4 ± 0.6
a

8.7 ± 0.9
a

TFA(µg mg
-1

 L) 398 ± 11
a

408 ± 21
a

387 ± 13
a

359 ± 23
a

374 ± 23
a

399 ± 47
a

323 ± 19
a

Fatty acid composition (%TFA)

14:0 1.4 ± 0.1
a

1.2 ± 0.1
a

1.0 ± 0.1
a

1.1 ± 0.2
a

0.7 ± 0.1
a

1.0 ± 0.1
a

1.1 ± 0.1
b

16:0 15.0 ± 0.3
a

14.7 ± 0.4
a

14.1 ± 0.7
a

14.9 ± 0.5
a

14.8 ± 0.6
a

13.6 ± 0.5
a

14.9 ± 0.5
a

18:0 8.7 ± 0.4
a

8.1 ± 0.4
a

8.1 ± 0.2
a

8.4 ± 0.7
a

8.9 ± 0.5
a

9.0 ± 0.4
a

9.7 ± 0.5
a

Total SFA 28.0 ± 0.6
a

24.4 ± 0.8
b

23.5 ± 0.9
b

24.6 ± 0.5
b

24.6 ± 0.7
b

24.2 ± 0.6
b

26.1 ± 0.9
a

16:1n-7 2.1 ± 0.2
a

2.1 ± 0.3
a

2.2 ± 0.1
a

2.1 ± 0.4
a

1.8 ± 0.3
a

1.9 ± 0.2
a

2.5 ± 0.2
a

18:1n-9 16.2 ± 0.7
a

12.6 ± 1.5
b

12.5 ± 0.5
b

13.5 ± 0.6
ab

14.2 ± 0.5
ab

11.9 ± 0.5
b

13.6 ± 0.9
ab

18:1n-7 0.5 ± 0.5
b

3.6 ± 1.1
a

2.4 ± 0.1
ab

2.1 ± 0.3
ab

1.2 ± 0.4
b

1.7 ± 0.3
ab

1.5 ± 0.3
ab

20:1n-9 1.4 ± 0.2
b

4.2 ± 0.3
a

4.0 ± 0.2
a

3.8 ± 0.5
a

3.9 ± 0.4
a

4.0 ± 0.4
a

3.4 ± 0.5
a

22:1n-9 0.0 ± 0.0
a

0.0 ± 0.0
a

0.0 ± 0.0
a

0.0 ± 0.0
a

0.0 ± 0.0
a

0.0 ± 0.0
a

0.0 ± 0.0
a

Total MUFA 20.2 ± 0.6
a

22.7 ± 1.0
a

21.3 ± 0.8
a

21.5 ± 1.4
a

20.7 ± 0.7
a

19.5 ± 0.8
a

21.5 ± 0.9
a

18:2n-6 7.5 ± 0.2
a

5.8 ± 0.2
b

5.1 ± 0.3
b

5.6 ± 0.4
b

5.7 ± 0.2
b

4.7 ± 0.2
b

5.3 ± 0.3
b

20:4n-6, ARA 3.6 ± 0.3
c

3.5 ± 0.2
c

5.2 ± 0.3
b

6.3 ± 0.4
b

6.8 ± 0.2
b

8.5 ± 0.6
a

8.7 ± 0.6
a

22:4n-6 0.2 ± 0.0
f

0.4 ± 0.0
ef

0.6 ± 0.0
de

0.9 ± 0.1
cd

1.0 ± 0.1
c

1.4 ± 0.1
b

1.6 ± 0.1
a

22:5n-6 0.4 ± 0.0
c

0.6 ± 0.1
bc

0.7 ± 0.1
abc

0.7 ± 0.1
ab

0.9 ± 0.1
ab

0.9 ± 0.1
ab

0.9 ± 0.0
a

Total n-6 

PUFA 12.1 ± 0.4
cd

10.3 ± 0.3
d

11.7 ± 0.4
cd

13.9 ± 0.4
bc

14.8 ± 0.4
ab

16.7 ± 0.6
a

16.7 ± 0.9
a

18:3n-3 0.4 ± 0.0
a

0.2 ± 0.1
a

0.1 ± 0.1
a

0.2 ± 0.1
a

0.1 ± 0.1
a

0.2 ± 0.1
a

0.2 ± 0.1
a

18:4n-3 0.7 ± 0.0
a

0.6 ± 0.2
ab

0.2 ± 0.0
b

0.6 ± 0.1
ab

0.6 ± 0.1
ab

0.2 ± 0.1
b

0.3 ± 0.2
ab

20:4n-3 0.3 ± 0.0
a

0.2 ± 0.1
a

0.2 ± 0.0
a

0.4 ± 0.1
a

0.4 ± 0.1
a

0.2 ± 0.0
a

0.2 ± 0.0
a

20:5n-3, EPA 7.8 ± 0.2
b

9.4 ± 0.3
a

8.6 ± 0.3
b

7.9 ± 0.2
b

7.7 ± 0.3
b

7.4 ± 0.4
b

7.3 ± 0.6
b

22:5n-3, DPA 6.2 ± 0.3
a

6.2 ± 0.3
ab

6.6 ± 0.4
a

5.5 ± 0.4
a

5.5 ± 0.4
a

5.3 ± 0.2
a

4.6 ± 0.5
b

22:6n-3, DHA 21.3 ± 0.7
a

23.9 ± 1.1
a

22.3 ± 1.2
a

21.0 ± 1.1
a

22.2 ± 1.0
a

21.1 ± 0.6
a

21.0 ± 0.9
a

Total n-3 

PUFA 37.1 ± 0.9
ab

40.6 ± 1.4
a

38.0 ± 1.6
ab

35.4 ± 1.6
abc

36.6 ± 1.4
abc

34.3 ± 0.6
bc

31.3 ± 1.1
c

Total PUFA 49.2 ± 0.8
a

50.9 ± 1.4
a

49.6 ± 1.7
a

49.3 ± 1.8
a

51.5 ± 1.4
a

51.0 ± 0.8
a

48.0 ± 1.5
a

EPA/ARA 2.3 ± 0.2
a

2.8 ± 0.2
a

1.7 ± 0.1
b

1.3 ± 0.1
b

1.2 ± 0.0
b

0.8 ± 0.1
b

0.9 ± 0.1
b

EPA/DHA 0.4 ± 0.0
a

0.4 ± 0.0
a

0.4 ± 0.0
a

0.4 ± 0.0
a

0.4 ± 0.0
a

0.3 ± 0.0
a

0.4 ± 0.0
a

DHA/ARA 6.4 ± 0.6
a

7.0 ± 0.4
a

4.3 ± 0.2
b

3.4 ± 0.2
b

3.3 ± 0.2
b

2.4 ± 0.2
b

2.2 ± 0.2
b

n-3/n-6 3.1 ± 0.1
bc

4.0 ± 0.2
a

3.2 ± 0.2
b

2.6 ± 0.1
cd

2.5 ± 0.1
cd

2.1 ± 0.1
d

1.9 ± 0.1
d

 775 
TL: total lipids, L: lipids, TFA: total fatty acids, DW: dry weigh, SFA: total saturated fatty acids, MUFA: total 776 
monounsaturated fatty acids, PUFA: total polyunsaturated fatty acids, ARA: arachidonic acid, EPA: 777 
eicosapentaenoic acid, DHA: docosahexaenoic acid, SEM: standard error of the mean.  778 
 779 

 780 

 781 



Table 5 782 

Initial Final Final Final Final Final Final

Sept. A B C D E F

TL (mg mL
-1

)  6.8 ± 1.6
a

7.6 ± 0.9
a 

7.0 ± 0.8
a

7.0 ± 0.7
a

6.5 ± 0.5
a

6.4 ± 0.5
a

7.0 ± 0.5
a

TFA(µg mg
-1

 L) 210 ± 19
a

372 ± 15
b

354 ± 10
b

321 ± 21
b

315 ± 15
b

320 ± 34
b

336 ± 30
b

Fatty acid composition (%TFA)

14:0 1.6 ± 0.2
a

1.3 ± 0.2
a

1.1 ± 0.1
b

0.7 ± 0.1
b

0.6 ± 0.1
b

1.1 ± 0.1
b

1.0 ± 0.1
b

16:0 19.6 ± 0.5
a

15.1 ± 0.7
a

15.1 ± 0.5
a

14.2 ± 0.6
a

13.7 ± 0.5
a

15.3 ± 0.7
a

14.2 ± 0.6
a

18:0 9.5 ± 0.5
a

8.3 ± 0.5
a

8.2 ± 0.4
a

9.5 ± 0.4
a

9.4 ± 0.4
a

9.8 ± 0.9
a

8.7 ± 0.5
a

Total SFA 31.1 ± 0.8
a

25.4 ± 0.9
b

24.8 ± 0.7
b

24.8 ± 0.9
b

24.1 ± 0.8
b

26.7 ± 1.3
b

24.4 ± 0.8
b

16:1n-7 2.8 ± 0.2
a

2.1 ± 0.3
a

2.1 ± 0.2
a

2.0 ± 0.2
a

2.0 ± 0.3
a

2.1 ± 0.2
a

2.2 ± 0.4
a

18:1n-9 16.9 ± 0.7
a

13.5 ± 0.4
b

12.4 ± 0.4
b

12.9 ± 0.6
b

13.2 ± 0.5
b

11.1 ± 0.7
b

12.4 ± 0.8
b

18:1n-7 1.1 ± 0.1
a

1.9 ± 0.3
a

1.5 ± 0.1
a

1.4 ± 0.4
a

1.3 ± 0.4
a

1.8 ± 0.3
a

1.7 ± 0.3
a

20:1n-9 3.6 ± 0.2
a

4.1 ± 0.4
a

3.2 ± 0.3
a

3.0 ± 0.2
a

3.4 ± 0.2
a

3.4 ± 0.2
a

3.3 ± 0.3
a

22:1n-9 0.0 ± 0.0
a

0.0 ± 0.0
a

0.0 ± 0.0
a

0.0 ± 0.0
a

0.0 ± 0.0
a

0.0 ± 0.0
a

0.0 ± 0.0
a

Total MUFA 21.4 ± 0.7
a

21.6 ± 0.9
a

20.2 ± 0.7
a

18.5 ± 0.7
a

19.4 ± 0.7
a

18.4 ± 1.0
a

19.9 ± 1.0
a

18:2n-6 6.8 ± 0.3
a

5.5 ± 0.2
a

5.3 ± 0.2
a

4.9 ± 0.3
a

4.6 ± 0.1
a

4.1 ± 0.3
a

3.9 ± 0.5
a

20:4n-6, ARA 3.4 ± 0.2
d

3.5 ± 0.2
d

5.1 ± 0.4
cd

6.5 ± 0.4
bc

7.6 ± 0.4
b

8.5 ± 0.6
ab

10.3 ± 0.8
a

22:4n-6 0.2 ± 0.0
d

0.3 ± 0.0
d

0.5 ± 0.0
c

0.9 ± 0.1
b

0.8 ± 0.0
b

1.3 ± 0.1
a

1.4 ± 0.1
a

22:5n-6 0.4 ± 0.0
c

0.5 ± 0.0
bc

0.5 ± 0.1
bc

0.7 ± 0.1
bc

0.6 ± 0.1
ab

0.7 ± 0.1
ab

0.9 ± 0.0
a

Total n-6 PUFA
11.3 ± 0.3

c
10.3 ± 0.3

c
11.7 ± 0.3

c
14.5 ± 0.6

b
14.0 ± 0.5

b
14.9 ± 0.8

b
17.3 ± 0.7

a

18:3n-3 0.1 ± 0.1
a

0.1 ± 0.1
a

0.1 ± 0.1
a

0.1 ± 0.0
a

0.1 ± 0.0
a

0.1 ± 0.0
a

0.2 ± 0.1
a

18:4n-3 0.6 ± 0.0
a

0.5 ± 0.1
a

0.4 ± 0.0
a

0.5 ± 0.2
a

0.5 ± 0.1
a

0.5 ± 0.1
a

0.4 ± 0.1
a

20:4n-3 0.2 ± 0.1
a

0.2 ± 0.1
a

0.2 ± 0.1
a

0.2 ± 0.1
a

0.2 ± 0.1
a

0.2 ± 0.1
a

0.1 ± 0.1
a

20:5n-3, EPA 7.5 ± 0.3
ab

9.0 ± 0.5
a

8.0 ± 0.5
ab

7.4 ± 0.4
ab

7.2 ± 0.1
b

6.7 ± 0.2
b

6.6 ± 0.2
b

22:5n-3, DPA 6.0 ± 0.3
a

6.0 ± 0.4
a

5.4 ± 0.3
a

5.9 ± 0.4
a

4.5 ± 0.3
a

5.0 ± 0.3
a

4.6 ± 0.4
a

22:6n-3, DHA 19.4 ± 1.1
a

23.2 ± 1.0
a

24.7 ± 1.3
a

23.7 ± 0.7
a

23.4 ± 1.3
a

19.7 ± 0.9
a

21.2 ± 1.4
a

Total n-3 PUFA
34.9 ± 1.3

a
39.1 ± 1.2

a
38.1 ± 1.1

a
37.7 ± 0.8

a
36.6 ± 1.7

a
32.5 ± 1.0

b
33.8 ± 1.6

a

Total PUFA 46.2 ± 1.4
a

49.4 ± 1.4
a

49.8 ± 1.2
a

52.2 ± 1.3
a

50.6 ± 1.9
a

47.4 ± 1.5
a

51.1 ± 2.1
a

EPA/ARA 2.4 ± 0.2
ab

2.6 ± 0.3
a

1.7 ± 0.1
b

1.1 ± 0.1
c

0.9 ± 0.0
c

0.8 ± 0.1
c

0.6 ± 0.1
c

EPA/DHA 0.4 ± 0.0
a

0.4 ± 0.0
a

0.3 ± 0.0
a

0.3 ± 0.0
a

0.3 ± 0.0
a

0.4 ± 0.0
a

0.4 ± 0.0
a

DHA/ARA 6.0 ± 0.4
ab

7.1 ± 0.3
a

5.0 ± 0.4
bc

3.2 ± 0.3
cd

3.0 ± 0.1
d

2.4 ± 0.1
d

2.1 ± 0.1
d

n-3/n-6 3.1 ± 0.1
b

3.8 ± 0.1
a

3.3 ± 0.1
b

2.6 ± 0.1
c

2.5 ± 0.1
d

2.2 ± 0.1
d

2.0 ± 0.1
d

783 
Abbreviation as in table 4. 784 

 785 


