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Abstract  23 

Enchytraeus albidus is a small euryhaline earthworm that is abundant in the supralittoral zone where is 24 

can be found in decaying seaweed. This species is readily mass cultured and due to its relatively high 25 

contents of protein and polyunsaturated fatty acids (PUFA) there has been a renewed interest in this 26 

species as an alternative source of valuable nutrients for fish feed. Here, we have investigated the 27 

influence of substrate salinity (0, 1, 2, 8, 15, 30 and 40 ppt) on reproduction, growth and nutrient 28 

content of worms. We found that intermediate salinities (8-15 ppt) of the substrate maximizes biomass 29 

production as well as protein and PUFA contents of the worm tissue. In particular, we observed that the 30 

often used culturing of E. albidus in non-saline growth medium resulted in low reproduction and 31 

biomass production. Increasing the salinity from 0 to 15 ppt resulted in a higher proportion of 32 

unsaturated fatty acids both in storage lipid and membrane phospholipid fractions.  33 

 34 

Key words: biomass; fish feed; eicosapentaenoic acid; mass production; protein content 35 

  36 
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1. Introduction 37 

The demand for protein to sustain the growing human population of the World calls for increased and 38 

sustainable production of key food sources with a less detrimental climate footprint than traditional 39 

livestock (Herrero et al., 2013). Fish produced in aquaculture has a low climate footprint and is one of 40 

the fastest growing food sectors; presently more than 50% of fish consumed worldwide are farmed 41 

(FAO, 2016). This creates the demand for new climatically and ecologically sustainable feed 42 

ingredients in order to support intensive production, but without extensive and detrimental exploitation 43 

of natural resources (FAO, 2016). Fish meal and fish oil (traditional ingredients in fish feed) are at 44 

present in short supply with prices rising and the industry is therefore exploring possibilities to use 45 

alternative high-quality protein sources such as insect meal (Henry et al., 2015; Makkar et al., 2014). 46 

While rich in protein, the lipids of the most common mass-produced insects (e.g. black soldier fly, 47 

house flies, meal worms or crickets) are not optimal for growth and development of juvenile marine 48 

fish because essential highly unsaturated fatty acids (HUFA) are scarce or missing in these insect 49 

species (Henry et al., 2015; Makkar et al., 2014).  50 

Other invertebrates that are rich in both protein and HUFA would be of interest as fish feed if 51 

sustainable mass production is feasible. One such candidate species is the oligochaete Enchytraeus 52 

albidus Henle (Clitellata; Oligochaeta) which has the potential to meet with these criteria (Fairchild et 53 

al., 2017; Ivleva, 1973). Enchytraeus albidus is widespread along the coasts of northern Europe and 54 

North America where it often occurs in decaying seaweed in the supra-littoral zone (Stephenson, 1930). 55 

Populations of this species may reach substantial densities (up to 25 g L-1 or more) in the field 56 

suggesting that it can indeed be efficiently mass-produced when given the right abiotic and nutritional 57 

conditions (Ivleva, 1973). Depending on which type of food has been used to culture E. albidus, its 58 

nutritional composition when used as live feed is suitable for fish species demanding high protein (50-59 
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70% of dw) and lipid content (15-20% of dw) including omega-3 HUFAs (Bouguenec, 1992; Fairchild 60 

et al., 2017; Walsh et al., 2015).  61 

 Enchytraeus albidus occurs in habitats spanning from beaches of the Atlantic Ocean to shores 62 

of lakes, and even inland compost heaps (Erseus et al., 2019) witnessing tolerance of a wide range of 63 

salinities. Moreover, worms dwelling in wrack beds on seashores are often exposed to rapidly shifting 64 

salinities during rain events, inundation at high tides or desiccation of wrack beds increasing the 65 

salinities above full-strength seawater. While E. albidus is well adapted to changing salinity as a typical 66 

euryhaline species and readily survives in both freshwater and seawater (Generlich and Giere, 1996; 67 

Kähler, 1970), studies have shown that cocoon production and embryonic development is influenced by 68 

salinity (Patricio Silva et al., 2013; Schöne, 1971). Nevertheless, various authors have recommended 69 

very different salinity of the substrate in which E. albidus is cultured ranging from non-saline tap water 70 

(ISO, 2004; Ivleva, 1973; Memis et al., 2004) to seawater 25-31 ppt (Fairchild et al., 2017; Walsh et al., 71 

2015). In order to exploit the full potential of E. albidus as a possible new source of protein and lipids 72 

for fish feed more research is needed to optimize mass production conditions. This research has until 73 

now mainly focussed on finding suitable diets for E. albidus that promote population growth and 74 

nutritious value (Memis et al.; Fairchild et al.). However, effects of the salinity conditions on biomass 75 

production and nutrient composition of E. albidus has not been methodically explored. Therefore, the 76 

aim of the present study was to investigate to what extent the salinity of the growth medium influence 77 

the biomass production of E. albidus under laboratory conditions and thereby identify the most optimal 78 

salinity range for mass production. Further, we investigated the role of salinity for the nutritional 79 

composition of worms harvested for fish feed.  80 

 81 

 82 
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2. Materials and Methods 83 

 84 

2.1 Experimental animals 85 

E. albidus used in this study originated from a population collected in August 2013, on a beach near 86 

Mossfellbær, south-west Iceland (latitude 64°20 N, longitude 21°71 W). The worms were collected 87 

from decomposing seaweed just above the tidal line. A laboratory culture was established and 88 

maintained for several generations at 20 °C before being used in experiments. The worms were kept in 89 

an agricultural soil from Askov, Jutland, Denmark, mixed with peat (2:1 v/v). A suitable moisture 90 

content was established by thoroughly mixing tap water and soil in a ratio of 200 mL water to 1 kg of 91 

dry soil/peat mixture. The worms were fed a mixture of rolled oats and dried seaweed ad libitum until 92 

the onset of experiments. The seaweed (mainly Fucus spp.) was collected near Aarhus, Denmark. 93 

 94 

2.2 Experimental soil 95 

For growth experiments we Askov soil (without addition of peat) consisting of 38.4 % coarse sand 96 

(200-2000 µm), 23.6 % fine sand (63-200 µm), 10.0 % coarse silt (20-63 µm), 12.3 % fine silt (2- 20 97 

µm), and 13.0 % clay (< 2 µm). The soil pH was 6.4 and the organic content was 2.8 %. Before use, the 98 

soil was dried at 80°C for 24 h and sifted through a 2 mm a mesh.  99 

 100 

2.3 Population growth experiment 101 

The experiment was performed according to the standardized guideline for the enchytraeid 102 

reproduction test used in ecotoxicological studies (OECD, 2004), but with minor adjustments. The 103 

growth substrate consisted of dried Askov soil mixed with aqueous solutions of NaCl in 7 different 104 

concentrations (0, 1, 2, 8, 15, 30 and 40 ppt NaCl) representing the range of salinities that this strain of 105 
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E. albidus may meet in its habitat. Saline water and soil were mixed in a ratio of 170 mL to 1 kg of soil. 106 

Soil (30 g of moist soil) was placed in 150 mL plastic beakers with perforated lids allowing air 107 

exchange and left for 24 h at 20 °C. After 24 h, eight adult worms were added to the soil together with 108 

20 mg powdered oatmeal serving as food for the worms. The beakers (6 replicate beakers in each 109 

treatment) were stored at 20 °C for three weeks. On a weekly basis, demineralized water was 110 

replenished if the beakers had lost water by evaporation (based on repeated weighing of each beaker) 111 

and oatmeal was added if needed to provide the worms with food ad libitum. After 3 weeks, the soil 112 

was gently spread out in a tray and the adult worms were removed. The soil with cocoons and newly 113 

hatched juveniles were put back in beakers, which were incubated at 20 °C for 6 weeks, and watered 114 

and fed on a weekly basis. After the six weeks, the worms were extracted from the soil using Baermann 115 

extraction (O'Connor, 1955). The worms were collected in water of a salinity similar to that of the 116 

respective soil. The extracted worms were counted and subsequently briefly rinsed three times in tap 117 

water to remove salt content of excess water that would otherwise influence dry weight after drying. 118 

The rinsed worms were tranferrred to 2 mL Eppendorf tubes and immediately stored at -80 °C until 119 

analysis of dry mass, ash content, total protein, glycogen and lipid composition. 120 

 121 

2.4 Nutritional composition of worms 122 

Prior to analysis of total protein, glycogen, lipid composition and ash content, samples of worms were 123 

freeze-dried and weighed using a Sartorius MC5 microanalytical balance with an accuracy of ±1 μg. 124 

Total nitrogen (N) concentration in approximately 2 mg worm tissue was determined using a CHNS 125 

analyzer (vario EL cube Elementar, Elementar Analysensysteme GmbH, Hanau, Germany). Total 126 

protein content was estimated as total N divided by 0.16. 127 

 Glycogen content of ca. 2 mg worm tissue was analyzed as described by Overgaard et al. 128 
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(2007). In brief, glycogen was extracted in warm (80 °C) 1M NaOH for 3 h. The glycogen extract was 129 

neutralized with 1 M HCl, vortexed, and 100 µL transferred to 2 mL acetate buffer (0.25 M, pH 4.75) 130 

containing 400 mg amyloglucosidase L-1 (EC 3.2.1.3, Sigma-Aldrich Denmark A/S, Copenhagen, 131 

Denmark). After 2 hr of digestion at 25 °C all glycogen had been cleaved to glucose. Glucose content 132 

was then measured spectrophotometrically at 340 nm using a standard glucose kit (Glucose Gluc-DH, 133 

Diagnostic systems GmbH, Holzheim, Germany). The glycogen content was calculated relative to 134 

glycogen standards (Oyster glycogen, Sigma-Aldrich Denmark A/S, Copenhagen, Denmark) that had 135 

been subjected to the same extraction procedure as tissue samples. 136 

 Ash content was determined gravimetrically after total combustion in a muffle furnace at 137 

650 °C for 4 h. 138 

 Total crude lipids were extracted from ca. 5 mg freeze-dried worm tissue using a modified 139 

Bligh-Dyer single-phase method with 2:1:1 v/v/v chloroform:methanol:phosphate buffer in two steps 140 

(Waagner et al., 2013). Samples were centrifuged and the chloroform phase transferred to test tubes 141 

and evaporated to dryness under a stream of N2. The crude lipid extract was re-dissolved in a small 142 

volume of chloroform and added to pre-packed silica columns (100 mg silicic acid; Isolute, Mid 143 

Glamorgan, UK) placed on a vacuum manifold. Storage lipids (primarily tri-acyl glycerols) were eluted 144 

with chloroform followed by acetone and collected in glass centrifuge tubes. Subsequently, the 145 

phospholipids were eluted with methanol and collected in separate glass centrifuge tubes. All samples 146 

were dried under a stream of N2 before lipids were turned into single-chain fatty acid methyl esters 147 

(FAMEs) by trans-methylation using the method of Dowling et al. (Dowling et al., 1986). The FAMEs 148 

were dried and redissolved in heptane (see (Waagner et al., 2013) for further details). The composition 149 

of FAMEs was analysed by gas chromatography coupled with mass spectrometry (GC-MS) on a  150 

Shimadzu GCMS-QP2010 Plus with auto-sampler (Columbia, MD, USA). The GC was equipped with 151 
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a Supelco Omegawax 320 capillary column (lenght 30 m, inner diameter 0.32 mm; Sigma-Aldrich, 152 

Stockholm, Sweden). Samples were injected (1 μL) in split mode with a split ratio of 10. Helium was 153 

used as carrier gas with a total flow of 22.7 mL min-1 and a column flow at 1.79 mL min-1. The 154 

injection temperature was 220 ºC and the oven was programmed as follows: The initial temperature 155 

was set at 50 °C and held for 2 min,  then increased to 240 °C with a rate of 20 °C min-1 , and finally 156 

held at this temperature for 5 min. FAMEs were identified by a comparison of the obtained mass 157 

spectra to known FAME standards (Nu-check Prep, Inc., Elysian, MN, USA). The  concentration of 158 

individual fatty acids was calculated based on the area under the identified peaks and  quantified using 159 

GC-MS Solution software and external standards. Fatty acids were designated as x:y(ωn), where x is 160 

the number of carbon atoms in the fatty acid chain, y the number of double bonds and n indicates the 161 

position of the first double bond counting from the methyl end (ω), if known. The amount of the 162 

different fatty acids was calculated and presented as µg mg-1 dry weight (in FAME equivalents). The 163 

ratio between the different fatty acids was calculated and expressed as mol%, from which three 164 

generalized indices were calculated: The degree of unsaturation (UI) was calculated as Σ (% monoenes 165 

+ 2 × % dienes + 3 × % trienes + 4 × % tetraenes  + 5 × % pentaenes)/100, the molar ratio of 166 

unsaturated and saturated fatty acids (UFA/SFA; calculated as Σ unsaturated fatty acids/Σ saturated 167 

fatty acids) and the weighted average number of carbon atoms in the fatty acid chains (Chain length).   168 

 169 

2.5 Statistical analysis 170 

Data were subjected to ANOVA followed by post hoc Holm-Sidak pairwise comparisons to distinguish 171 

differences in mean values between salinity levels. Each type of fatty acid was subjected to ANOVA 172 

with Bonferroni correction for multiple testing where appropriate. All analyses were performed with 173 
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Sigmaplot for Windows version 14.0 (Systat software Inc., San Jose, CA). 174 

 175 

2.6 Ethics statement 176 

This study does not involve experiments with vertebrate species and is therefore not applicable to the 177 

regulations outlined in Directive 2010/63/EU. 178 

  179 

3. Results 180 

 181 

3.1 Production of juveniles 182 

The adult worms added to beakers tolerated all salinities without mortality for the three-week cocoon 183 

production period (data not shown). However, the average number of juveniles emerging was 184 

significantly influenced by salinity (Fig 1A; F = 19.9; P < 0.001). The number of juveniles per beaker 185 

increased from 80 in non-saline soil to about 220 juveniles at 15 ppt. A salinity of 30 ppt resulted in 186 

only 30 juveniles and no juveniles at all were observed at 40 ppt (Fig. 1A). The biomass of juveniles 187 

was also significantly influenced by soil salinity (Fig. 1B; F = 11.9; P <0.001) and increased from ca. 188 

35 mg at 0 ppt to 90 mg dry weight at 15 ppt. As for numbers of juveniles, the biomass was low at 30 189 

ppt (Fig 1B).  190 

 191 

3.2 Nutrient composition of worms 192 

Worms grown in soil of varying salinity consisted of 43-50% protein (on a dry weight basis), 25-40% 193 

glycogen, 7-9% lipid and 4-10% ash (Fig. 2). Only a small proportion (< 5%) of the total dry weight 194 

was not identified. Salinity had a significant influence on the content of protein, storage lipid fatty acids 195 

(neutral lipid fatty acids; NLFA) and ash, whereas total content of phospholipid fatty acids (PLFA) 196 
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were not significantly influenced by salinity (Fig 2; Table 1). The relative nutrient contents are outlined 197 

with more detail including the statistical errors around mean values in Fig. S1-4.  198 

The storage lipid fraction (NLFA) amounted to 6-8 % of dry weight and was clearly 199 

diminishing with salinity increasing, whereas the amount of PLFAs was similar (ca. 0.8 % of dry 200 

weight) at all tested salinities (Fig. S1).  201 

NLFAs were dominated by 14, 16 and 18 carbon atom chains with a mean carbon chain length 202 

of ca. 16. However, fatty acids of longer chain length such as arachidonic acid (20:4ω6) and 203 

eicosapentaeonic acid (20:5ω5)) were also present (Table 2). Salinity had a highly significant influence 204 

on the composition of fatty acids and especially 30 ppt salinity caused a decreased UFA/SFA ratio and 205 

an increase in the average carbon chain length (Table 2).  206 

The PLFAs were dominated by long-chain fatty acids and a mean carbon chain length of ca. 207 

19.4. In particular, long-chain PLFAs (20 and 22 carbon fatty acids) were abundant in combination with 208 

18:1 and 18:2ω6 (Table 3). Like in the NLFA pool, PLFAs also responded to salinity which caused the 209 

UFA/SFA ratio to increase substantially from 0 to 15 ppt salinity. Carbon chain length also increased 210 

with increasing salinity (Table 3).  211 

 212 

4. Discussion 213 

 214 

The production of juveniles was clearly higher in moderately saline soil as compared to non-saline or 215 

highly saline soils. However, our experiment does not tell whether the positive salinity effect was based 216 

in higher cocoon production rate, higher number of juveniles hatched from each cocoon, or both. 217 

According to previous studies, cocoons of E. albidus typically contain 5-12 eggs, each of which may 218 
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develop into juvenile worms hatching from the cocoon after about 12 days at 20 °C (Ivleva, 1973). 219 

From the few studies that have compared reproduction at different salinities it appears that 220 

genetic differences in salinity requirements may exist. Thus, E. albidus from the Baltic Sea near Kiel, 221 

Germany, had a the highest reproductive rate and cocoon hatchability at 5-15 ppt (Schöne, 1971), but, 222 

opposed to our study, cocoons were also produced at 40 ppt. Another study have shown that worms 223 

originating from garden compost (Germany) reproduced best in the range 8-30 ppt (Patricio Silva et al., 224 

2013). The present study using a strain from south-west Iceland clearly showed that salinities at 30 ppt 225 

or above were detrimental to reproductive output and biomass increment although this population must 226 

have been exposed to full strength seawater on a regular basis in its original habitat. All three studies 227 

mentioned here show that the use of non-saline water is clearly sub-optimal. Interestingly, increasing 228 

salinity from 0 to just 1 ppt almost doubled the biomass production, but further increases in salinity had 229 

less effect even though there was a steady increase in both juvenile number and their total biomass up 230 

to 15 ppt (Fig. 1). Fairchild et al. (2017) recently evaluated the production capacity of E. albidus fed a 231 

range of organic waste materials (e.g. spent brewing grains, coffee grounds and old bread). These 232 

authors cultured worms in a substrate consisting of potting soil moistened with seawater (i.e. 233 

approximately 30 ppt) and concluded that further development of culturing techniques was needed to 234 

achieve production rates high enough for attractive commercialization of E. albidus as an alternative 235 

fish feed. Results of the present study suggest that adjustment of salinity is important for optimal 236 

biomass production, but the most optimal salinity must be found by experimentation with each 237 

particular strain of E. albidus used. 238 

Salinity had a significant effect on the nutrient composition of worm tissues. Note that relative 239 

contents of different nutrients depend on the relative contributions of each other, including the ash 240 

content which was increasing with soil salinity simply because worms take up Na+ and Cl- ions which 241 
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are dissolved primarily in the extracellular fluids (Oglesby, 1969; Schöne, 1971). This means that the 242 

relative contents of protein, lipid and glycogen are bound to decrease simply due to uptake of Na+ and 243 

Cl- when exposed to high salinity. Euryhaline annelid worms as E. albidus increases their intracellular 244 

concentration of organic compatible solutes such as various sugars, sugar alcohols and free amino acids 245 

to osmotically counterbalance the increased concentrations of extracellular inorganic ions when 246 

exposed to high salinity (Yancey, 2005). Sugars and sugar alcohols are synthesized from catabolism of 247 

glycogen, and this may have contributed to the observed decrease of glycogen stores at high salinity 248 

(linear regression; P = 0.012; Fig S2). 249 

We observed that the amount of PLFA was not influenced by salinity. This is perhaps not 250 

surprising since phospholipids are constituting cell membranes. The number of cells and their volume 251 

in each worm is likely not influenced by salinity. However, the observed decrease of NLFA levels 252 

suggest that increased energetic costs associated with life at high salinities in E. albidus reduced the 253 

ratio between build-up and consumption of storage lipids leading to a lower storage lipid level in 254 

parallel to lower glycogen levels.  255 

We must assume that lipid contents and quality of the feed given to the worms (rolled and 256 

powdered oats) was equal at all salinities, meaning that the observed alterations of the storage lipid 257 

fatty acid composition reflect alterations in the biochemical modifications of assimilated lipids and/or 258 

modifications in the de novo synthesis of fatty acids due to different salinities. Further, the increased 259 

concentration of Na+ and Cl- in the extracellular fluids of worms associated with exposure to changing 260 

salinity is likely to alter membrane fluidity characteristics because of interactions with charged 261 

phospholipid headgroups (Hazel and Williams, 1990). Shifts from low to high salinity are therefore 262 

often associated with increased unsaturation of fatty acid chains in various euryhaline organisms 263 

(Glemet and Ballantyne, 1995; Hazel and Williams, 1990; Tocher et al., 1995). Our results are 264 
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congruent with this general pattern and these responses in both NLFA and PLFA pools to salinity may 265 

be important for the value of E. albidus as feed for fish, because adjustment of salinity in mass 266 

production makes it possible to improve nutritious value as well as production output of E. albidus.  267 

The most valuable nutrients of E. albidus tissues for fish feed are undoubtedly the protein and 268 

PUFA fractions.  Since biomass production and these nutrient fractions did not respond similarly to 269 

salinity of the substrate, we have, as an example (Fig 3), integrated the tissue production and these two 270 

nutrient fractions in order to illustrate the importance of salinity for production of the most valuable 271 

foodstuffs using this species as a source of fish feed. Our main conclusion is that keeping salinity of the 272 

growth medium at moderate salinities between 8 and 15 ppt may provide the most optimal production 273 

conditions. 274 
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Table 1. Analysis of variance statistics for nutrient contents of Enchytraeus albidus grown in soil of 424 

varying salinity. “DF” indicate degrees of freedom. 425 

Parameter DF Sum of squares F-value P-value 

Neutral lipids 5 2338.9 5.20 0.002 

Phospholipids 5 16.47 1.73 0.16 

Glycogen 5 387.1 1.84 0.14 

Protein 5 179.3 5.20 0.004 

Ash content 5 88.1 2.72 0.042 

 426 
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Table 2. Neutral lipid fatty acid (NLFA) content of Enchytraeus albidus grown in different salinities 428 
(mean ± SE, N = 6). Contents are in µg mg-1 dry weight (in fatty acid methyl ester equivalents). The 429 
lowest three rows represent degree of unsaturation (UI), unsaturated:saturated ratios of fatty acids 430 
(UFA/SFA) and average C-chain length (all based on molar percentages). ANOVA P-values (column 431 
to the right) shown in bold are statistically significant after Bonferroni correction (P < 0.0036). 432 
Different letters indicate significant differences between salinities (Holm-Sidak, P < 0.05). 433 

 NaCl concentration  

Fatty acid 0 ppt 1 ppt 2 ppt 8 ppt 15 ppt 30 ppt Statistical 
significance 

14:0 8.476 ± 0.69 7.775 ± 0.56 7.831 ± 0.56 6.465 ± 0.74 6.374 ± 0.54 5.739 ± 0.60 P = 0.029 

14:1 9.358 ± 0.929ab 9.610 ± 0.274a 10.585 ± 0.50a 9.701 ± 0.666a 8.264 ± 0.943ab 6.385 ± 0.666b P = 0.003 

14:1ω6 8.628 ± 0.775a 10.830 ± 0.550a 9.605 ± 0.814a 9.022 ± 1.053a 7.596 ± 1.640a 3.077 ± 0.517b P < 0.001 

16:0 4.316 ± 0.33 4.426 ± 0.26 4.661 ± 0.37 4.429 ± 0.21 4.469 ± 0.43 4.790 ± 0.44 P = 0.930 

16:1ω6 14.984 ± 0.85a 14.298 ± 0.90ab 13.704 ± 0.40ab 11.491 ± 0.78b 11.324 ± 1.27b 7.693 ± 0.43c P < 0.001 

18:0 1.729 ± 0.11a 1.519 ± 0.04ab 1.616 ± 0.14ab 1.534 ± 0.07ab 1.473 ± 0.12ab 1.201 ± 0.08b P = 0.017 

18:1ω6 6.984 ± 0.43 6.940 ± 0.44 6.878 ± 0.42 5.999 ± 0.29 5.942 ± 0.46 5.956 ± 0.34 P = 0.148 

18:2ω6 18.896 ± 1.37 18.741 ± 1.00 20.692 ± 0.88 19.248 ± 1.14 17.429 ± 1.28 16.627 ± 1.00 P = 0.182 

α-18:3ω3 1.148 ± 0.07 1.132 ± 0.05 1.174 ± 0.08 1.040 ± 0.07 0.974 ± 0.11 0.912 ± 0.06 P = 0.081 

20:1 0.701 ± 0.03 0.651 ± 0.03 0.644 ± 0.06 0.652 ± 0.02 0.644 ± 0.03 0.665 ± 0.05 P = 0.908 

20:2 1.164 ± 0.07 1.144 ± 0.12 1.060 ± 0.08 1.251 ± 0.06 1.196 ± 0.08 1.409 ± 0.11 P = 0.143 

20:3 0.621 ± 0.05a 0.628 ± 0.07a 0.562 ± 0.05a 0.625 ± 0.06a 0.718 ± 0.10ab 0.940 ± 0.06b P = 0.004 

20:4ω6 2.170 ± 0.11ab 2.137 ± 0.21a 1.969 ± 0.12ab 2.140 ± 0.14ab 2.576 ± 0.32ab 2.786 ± 0.16b P = 0.026 

20:5ω3 0.526 ± 0.04 0.512 ± 0.04 0.484 ± 0.03 0.529 ± 0.05 0.660 ± 0.08 0.712 ± 0.08 P = 0.032 

        

Index        

UI 1.170 ± 0.011 1.173 ± 0.010 1.181 ± 0.008 1.215 ± 0.011 1.231 ± 0.021 1.300 ± 0.021 P < 0.001 

UFA/SFA 4.231 ± 0.162ab 4.603 ± 0.138a 4.558 ± 0.235a 4.744 ± 0.181a 4.383 ± 0.132ab 3.758 ± 0.163b P = 0.005 

Chain 
length 

16.14 ± 0.03a 16.07 ± 0.04a 16.10 ± 0.04a 16.16 ± 0.05a 16.25 ± 0.05a 16.59 ± 0.07b P < 0.001 
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Table 3. Phospholipid fatty acid (PLFA) content of Enchytraeus albidus grown in different salinities 436 
(mean ± SE, N = 6). Contents are in µg mg-1 dry weight (in fatty acid methyl ester equivalents). The 437 
lowest three rows represent degree of unsaturation (UI), unsaturated:saturated ratio of fatty acids 438 
(UFA/SFA) and average C-chain length (all based on molar percentages). ANOVA P-values (column 439 
to the right) shown in bold are statistically significant after Bonferroni correction (P < 0.0031). 440 
Different letters indicate significant differences between salinities (Holm-Sidak, P < 0.05). 441 

 NaCl concentration  
Fatty acid 0 ppt 1 ppt 2 ppt 8 ppt 15 ppt 30 ppt Statistical 

significance 
14:0 0.142 ± 0.02ac 0.179 ± 0.01a 0.165 ± 0.02ab 0.086 ± 0.01c 0.094 ± 0.02bc 0.115 ± 0.02ac P = 0.002 
14:1ω6 0.038 ± 0.01ac 0.053 ± 0.01a 0.046 ± 0.01ab 0.019 ± 0.00c 0.025 ± 0.01bc 0.029 ± 0.00ac P = 0.003 
16:0 0.225 ± 0.01ab 0.256 ± 0.02ab 0.240 ± 0.01ab 0.198 ± 0.00b 0.215 ± 0.01b 0.287 ± 0.03a P = 0.003 
16:1ω6 0.093 ± 0.01 0.120 ± 0.01 0.100 ± 0.01 0.075 ± 0.00 0.081 ± 0.01 0.102 ± 0.02 P = 0.044 
18:0 0.428 ± 0.02 0.429 ± 0.02 0.427 ± 0.01 0.409 ± 0.02 0.440 ± 0.02 0.453 ± 0.02 P = 0.758 
18:1ω6 0.490 ± 0.03 0.621 ± 0.04 0.585 ± 0.02 0.496 ± 0.02 0.566 ± 0.02 0.584 ± 0.07 P = 0.078 
18:2ω6 0.684 ± 0.08 0.919 ± 0.05 0.876 ± 0.05 0.732 ± 0.07 0.791 ± 0.04 0.900 ± 0.08 P = 0.080 
α-18:3ω3 0.059 ± 0.01 0.087 ± 0.01 0.084 ± 0.01 0.070 ± 0.01 0.078 ± 0.01 0.083 ± 0.01 P = 0.147 
20:1 0.495 ± 0.03 0.566 ± 0.03 0.562 ± 0.03 0.528 ± 0.02 0.552 ± 0.02 0.486 ± 0.02 P = 0.203 
20:2 0.749 ± 0.09 1.006 ± 0.06 0.968 ± 0.06 0.895 ± 0.09 0.972 ± 0.06 0.898 ± 0.06 P = 0.183 
20:3 0.063 ± 0.01 0.103 ± 0.01 0.096 ± 0.01 0.097 ± 0.01 0.095 ± 0.01 0.083 ± 0.01 P = 0.086 
20:4ω6 0.801 ± 0.14 1.181 ± 0.09 1.094 ± 0.10 0.940 ± 0.13 1.168 ± 0.10 1.179 ± 0.06 P = 0.102 
20:5ω3 0.404 ± 0.08 0.624 ± 0.03 0.591 ± 0.07 0.544 ± 0.10 0.675 ± 0.06 0.630 ± 0.03 P = 0.124 
22:2 0.724 ± 0.06 0.779 ± 0.05 0.784 ± 0.05 0.682 ± 0.03 0.721 ± 0.03 0.665 ± 0.02 P = 0.324 
22:4 0.470 ± 0.11 0.725 ± 0.07 0.659 ± 0.08 0.500 ± 0.07 0.690 ± 0.08 0.626 ± 0.06 P = 0.160 
22:5ω6 0.137 ± 0.03 0.220 ± 0.01 0.206 ± 0.03 0.187 ± 0.03 0.231 ± 0.02 0.204 ± 0.01 P = 0.140 
        
Index        
UI 2.15 ± 0.08 2.37 ± 0.02 2.33 ± 0.06 2.32 ± 0.10 2.46 ± 0.06 2.40 ± 0.03 P = 0.060 
UFA/SFA 5.63 ± 0.45a 7.04 ± 0.18ab 6.93 ± 0.38ab 7.29 ± 0.53b 7.84 ± 0.36b 6.63 ± 0.14ab P = 0.010 
Chain 
length 

19.31 ± 0.05a 19.39 ± 0.03ab 19.39 ± 0.05ab 19.48 ± 0.05ab 19.54 ± 0.06b 19.39 ± 0.05ab P = 0.038 
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Figure legends  444 

 445 

Figure 1. The influence of soil salinity on the total number (A) and biomass (B) of Enchytraeus albidus 446 

per beaker in the population production experiment. Values represent mean ± SE (N = 6). Mean values 447 

with different letters are significantly different (Tukey, P < 0.05).  448 

 449 

Figure 2. The influence of salinity on relative (% of dry weight) nutritional composition of Enchytraeus 450 

albidus produced in soil of varying salinity for 9 weeks.  Note that “lipid” represent the sum of neutral 451 

lipids (storage triglycerids) and polar lipids (phospholipids) given as fatty acid methyl ester (FAME) 452 

equivalents. For clarity, standard errors are not shown, but can be found in Fig S1-4. 453 

 454 

Figure 3. Influence of salinity on the production during 6 weeks of Enchytraeus albidus protein (open 455 

circles) and poly-unsaturated fatty acids (PUFA; black circles). The values are mean ± SE (N = 6) with 456 

the unit mg kg-1 soil. 457 
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