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Abstract: Greenshell™ mussels (GSM—Perna canaliculus) are a source of omega-3 (n-3)
long-chain polyunsaturated fatty acids (LC-PUFA). Farmed GSM are considered to be a
sustainable source of LC-PUFA as they require no dietary inputs, gaining all of their oil by
filter-feeding microorganisms from sea water. GSM oil is a high-value product, with a
value as much as 1000 times that of fish oils. GSM oil has important health benefits, for
example, anti-inflammatory activity. It also contains several minor lipid components that
are not present in most fish oil products, and that have their own beneficial effects on
human health. We have shown the lipid content of the female GSM (1.9 g/100 g ww) was
significantly greater than that of the male (1.4 g/100 g ww). Compared with male GSM,
female GSM contained more n-3 LC-PUFA, and stored a greater proportion of total lipid in
the gonad and mantle. The higher lipid content in the female than the male GSM is most
likely related to gamete production. This information will be useful to optimize extraction
of oils from GSM, a local and sustainable source of #-3 LC-PUFA.

Keywords: phospholipids; triacylglycerols; fatty acid composition; eicosapentaenoic acid,
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1. Introduction

The New Zealand Greenshell™ mussel (GSM), Perna canaliculus, is indigenous to the coastlines
of New Zealand. GSM are distinguishable by the green coloration of the shell near the lip, which gives
the mussel its name. Since the establishment of GSM aquaculture in New Zealand in 1969 [1],
the GSM industry has seen consistent and substantial growth. In 2011, the export value of GSM
was 218 million New Zealand dollars (increased from approximately 40 million NZ dollars in 1989)
from a product volume of more than 38,000 t (~90,000 t at harvest) [2]. GSM are sold as food, and are
also used to produce high-value nutraceuticals including oil extracts and freeze-dried mussel powders,
for example, Lyprinol® and Seatone®. Studies have shown that lipid extracted from GSM has numerous
health benefits, including the ability to reduce inflammation [3—13]. GSM lipid contains a high
proportion of omega-3 long-chain (C > 20) polyunsaturated fatty acids (n-3 LC-PUFA), predominantly
docosahexaenoic acid (DHA, 22:6n-3) and eicosapentaenoic acid (EPA, 20:5z-3), which are split
between the triacyglycerol and polar lipid classes [14]. There are also several minor lipid components
in GSM oil, including non-methylene-interrupted (NMI)-FA, plasmalogen, phytosterols, and furan
fatty acids [14,15]. These minor lipids are not present in most fish oil products, and some have been
shown to have beneficial effects on human health [15-18]. Because of the low concentration of oil in
GSM [14,19] and the expensive extraction techniques (supercritical CO, with ethanol as a co-solvent,
or chemical extraction) required to extract it, GSM oil is very expensive. The estimated price is
NZ $3000/kg.

There has been extensive research confirming the health benefits of increased consumption of n-3
LC-PUFA, especially DHA and EPA [20-23]. Consequently, there is an increasing market for n-3
marine oil supplements. The proportion of #n-3 LC-PUFA is higher in GSM oil [14] than in certain fish
oils, such as those extracted from sardine, anchovy, and cod liver. GSM obtain n-3 LC-PUFA from
their diet, which is rich in zooplankton and phytoplankton [24,25]. GSM are considered to be one of
the most sustainable sources of n-3 LC-PUFA as they are farmed, rather than wild harvested, and do
not require any dietary inputs for their nutrition. The lipid content and FA profile of GSM have been
analyzed previously [14,19,26,27]. Those studies reported that polar lipids (PL) were the major lipid
class (42.5-61.7 g/100 g) in GSM, followed by triacylglycerides (TAG) (17.8-49.2 g/100 g) with the
remainder made up of sterols (5.5-6.8 g/100 g), free fatty acids (FFA) (2.9-14.9 g/100 g), and trace
amounts of wax esters [14,19]. Previous studies reported that the concentration of PUFA in GSM lipid
ranged from 19 to 49.1 g/100 g, with 6-12 g/100 g DHA, and 8-24 g/100 g EPA [14,28]. The lipid
content of GSM, and the lipid classes and FA profile of GSM oil, are affected by many factors,
including the season, location, and the types and amounts of algae consumed. To date, there have been
no reports on the FA profiles of lipid extracted from different organs of the GSM.

In this study, we investigated the lipid classes and fatty acid profile of GSM lipids, and analyzed the
lipid content of male and female GSM. To analyze lipid localization within the GSM, we dissected the
GSM body into five components: the mantle, gonad, heart and foot, posterior adductor muscle, and the
digestive gland. A knowledge of the differences in the amounts and composition of lipids between
genders, and of how physiological function affects GSM lipids, will be useful to optimize the lipid
extraction process, which would benefit the GSM marine oil industry.
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2. Experimental Section
2.1. Sampling

Whole live GSM were collected 12 November 2012 from the Marlborough Sounds
(South Island, New Zealand) and stored in a recirculating sea water system until experiments began on
16 November 2012. After transport and dry storage, mussels were rehydrated for 24 h in 100 L bins
supplied with 10 L/min filtered seawater on a flow-through basis with auxiliary aeration. The mussels
were weighed, shucked, and then the mussel meat was weighed. 10 Female and 10 male mussels were
selected for lipid extraction based on gonad color; gonads of males are creamy white while those of
females are various shades of orange (Figure 1). The data for one mussel was excluded from the
analysis because that individual was an outlier in terms of size and oil content. Six female and six male
mussels were used for analyses of the various components of the GSM body. The shell and meat were
weighed and then the meat was dissected into the mantle, gonad, posterior adductor muscle, heart/foot,
and the digestive gland (Figure 1). The gonad was not able to be completely separated, and some
gonad tissue remained attached to the digestive gland. Other un-dissectible smaller organs including
the gill and labial palp were omitted from this analysis. All samples were stored at —80 °C prior to
freeze drying before lipid extraction.

Figure 1. (A) Female Greenshell™ mussel (Perna canaliculus) with orange gonad;
(B) Male Greenshell™ mussel with creamy white gonad. Dissected organs of a male
Greenshell™ mussel: (C) mantle; (D) gonad; (E) digestive gland and digestive gland;
(F) posterior adductor muscle; (G) heart and foot.

TV T

The mussels were assigned a condition index as follows:

condition index (CI) = dry meat weight/(whole weight-shell weight) x 100 [29] (1)

2.2. Lipid Extraction, Fractionation, and Fatty Acid Analysis

GSM oils were extracted using a modified Bligh and Dyer protocol [30]. A single phase extraction
with CHCI;:MeOH:H,O (1:1:0.9, v/v/v) yielded the total lipid extract (TLE). Lipid classes were
analyzed with an latroscan MK V thin-layer chromatography-flame ionization detector (TLC-FID)
(Iatron Laboratories, Tokyo, Japan). Samples were spotted onto silica gel SIII Chromarods (5-um
particle size) and developed in a glass tank lined with pre-soaked filter paper. The solvent system used
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for lipid separation was hexane: diethyl ether: acetic acid (60:17:0.1, v/v/v). After development for 25 min,
the Chromarods were oven-dried and analyzed immediately to minimize adsorption of atmospheric
contaminants. Lipid classes were quantified using Azur v5.0 software (DATALY'S, St Martin D’Heres,
France). The FID was calibrated for each compound class using the following compounds:
phosphatidylcholine; cholesterol; cholesteryl ester; oleic acid; hydrocarbon (squalene); wax ester
(derived from fish oil); and triacylglycerol (TAG, derived from fish oil).

An aliquot of the TLE from each sample type was trans-methylated in methanol: chloroform:
hydrochloric acid (10:1:1, v/v/v) for 1 h at 100 °C. After addition of water the mixture was extracted
three times with hexane: chloroform (4:1, v/v) to obtain fatty acid methyl esters (FAME). Samples
were completed to 1 mL with an internal injection standard (23:0 or 19:0 FAME) and analyzed by gas
chromatography mass spectrometry (GC-MS). The analytical system consisted of a Shimadzu 2010
QP GC-MS equipped a Restek GTx silica capillary column (30 m x 0.25 mm i.d., 0.25 pm film
thickness). Samples (1 uL) were injected via a splitless injector at 220 °C. The column temperature
program was as follows: 60 °C at 0 min; 40 °C min ' to 100 °C; then 10 °C min' to 170 °C;
then 5 °C min ' to 185 °C; 2 min hold; then 3 °C min "' to 197 °C; then 0.5 °C min_' to 199 °C; 1 min
hold; then 5 °C min to 230 °C; 3 min hold; then 5 °C min ' to 250 °C; 5 min hold. Helium was the
carrier gas. GC results were typically repeatable to within +£5% of the area of each individual
component in replicate analyses.

Different classes of lipids were separated using a solid phase extraction (SPE) cartridge containing
500 mg silica (Grace Pure, Grace Davison Discovery Sciences, North Shore City, New Zealand). The
SPE column was pre-treated with chloroform, and then a TLE sample from whole mussel, mantle,
gonad, or digestive gland samples was loaded onto the column. Lipids were eluted with 10 mL chloroform
followed by 10 mL methanol [31]. The oil fractions were concentrated by rotary evaporation and
added to vials for analysis. Success of elution was confirmed via thin-layer chromatography (TLC).

2.3. Sterol Analysis

Sterols were isolated by saponifying 200 pL TLE in 5% w/v KOH in methanol/water (8:2 v/v)
at 60 °C for 3 h. The mixture was cooled to room temperature and then 1 mL water was added. The
sterols were then extracted twice using 1 mL hexane/chloroform (4:1). The extracted total
non-saponifiable neutral (TSN) lipid fraction was transferred to labeled vials for further analysis.
The TSN lipid fraction was blown down under a nitrogen stream and then heated at 60 °C with 50 pL
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) for 40 min. BSFTA was evaporated under nitrogen
and the sample was made up to 2 mL with chloroform before GC-MS analysis. Samples were injected
into the GC at an oven temperature of 100 °C, which was increased to 300 °C at a rate of 10 °C/min
and then held for 30 min. The mobile phase carrier gas was He. The silylated sterols were identified by
their retention times and characteristic peaks in the mass spectrum [32].

2.4. Statistical Analysis

Mean values and standard error are reported. Normality and homogeneity of variance were
confirmed and mean values were compared by one-way analysis of variance (ANOVA). Multiple
comparisons were conducted using the Tukey-Kramer HSD (honestly significant difference) test.
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Differences were considered significant at p < 0.05. Statistical analyses were performed using GenStat
14th Edition software.

3. Results
3.1. Lipid Content of Whole GSM

The lipid content of whole female GSM (1.9 g/100 g ww; 9.3 g/100 g dw) was significantly
(» < 0.01) higher than that of male GSM (1.4 g/100 g ww; 7.4 g/100 g dw). The average total meat
mass per individual was 18.3 g + 3.3 g for females and 19.87 g £ 2.2 g for males. The Condition Index
(CI) was 11.25 + 2.0 for females and 9.57 + 1.6 for males. There was no statistically significant
difference between the two genders in the CI, size, or weight.

3.2. Lipid Classes of GSM

The major lipid class in both genders of GSM was PL. There was a significantly (p < 0.03) higher
concentration of PL in males (82.3 g/100 g TLE) than in females (77.8 g/100 g TLE) (Table 1). The
concentration of TAG in females (19.4 g/100 g TLE) was significantly higher (p < 0.03) than that in
males (13.2 g/100 g TLE). The minor lipid classes in males and females were sterols (2.8-2.9 g/100 g
TLE) and trace amounts (0.1 g/100 g TLE) of free fatty acids (FFA).

Table 1. Absolute FA (wet weight) and proportion of lipid classes (g/100 g TLE) in female

and male Greenshell™ mussel (GSM) oil.

Fatty acids (mg/g mussel ww) Female Male F P
14:0 10.6 £ 2.1 73+1.2 18.2 <0.001
16:0 473+6.9 422 +6.1
17:0 24+04 26+04
18:0 11.7+1.8 12.1+2.0

Other SFA 56+1.1 54+0.7
Total SFA 77.7+12.0  69.5+9.6
16:1n-7 18.3+£3.1 120+£2.0 26.5 <0.001
18:1n-9 3.0+£0.6 2.8+0.7
18:1n-7 7.6+1.5 59+1.0 7.7 <0.05
20:1n-9 9.8+1.5 10.0£2.1
20:1n-7 43+£1.5 3.0+£0.6 59 <0.05
Other MUFA 1.7£0.5 09+03 15.5 <0.001
Total MUFA 447 +7.4 346+5.1 11.4 <0.01
18:4n-3 57+1.0 32+0.7 37.8 <0.001
18:2n-6 3.7+£0.7 3.1+£0.6
18:3n-3 27+03 2005 14.1 <0.01
20:4n-6 4.6=+0.7 45+1.0
20:5n-3 609+114 425+63 18.0 <0.001
20:2 53+0.7 5.8+1.8
20:2NMI 32+0.5 2.7+0.5
22:6n-3 59.2+102  529+8.1
22:5n-3 4.1+0.7 32+£0.5 10.05 <0.01
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22:2NMI 50+£0.8 4.7+1.1
Other PUFA 77+1.5 7.6+2.1
Total PUFA 162.1£254 1322+ 7.9 <0.01
19.3
Total n-3 132.8+22.5 104.3 + 10.2 <0.01
14.5
Total n-6 12.0+ 1.7 11.1+£2.2
Total other 9.7+64 10.1+7.8
Lipid Classes
(g/100 g TLE)
TAG 19.4+49 13.8+3.2 5.8 0.03
ST 28+1.3 29+0.5
FFA tr tr
PL 77.8+4.5 823+£32 6.0 0.03
Lipid content
g lipid /100 g wet weight 1.9+0.2 1.4+0.3 14.7 0.001
g lipid/100 g dry weight 92+1.1 74+1.5 8.7 0.01

Values are mean + standard error (n = 9). ww; wet weight; Other SFA: Sum of 15:0, 17:0, 20:0, 22:0 and
24:0; Other MUFA: Sum of 16:1n-5, 18:1n-Ttrans, 18:1n-5, 22:n-11 and 22:1n-9; Other PUFA: Sum of
16:2n-6, 18:3n-6, 20:4n-6, 20:2n-6, 22:5n-6, 22:4n-6 and 22:2n-6; Other includes fatty aldehydes and 4,8,12
trimethyl tetradecanoic acid (4,8,12-TMTD); NMI, non-methylene interrupted; TAG; triacylglycerols;
PL: polar lipid; ST: sterols, FFA; free fatty acids; tr: trace.

3.3. FA Profiles of GSM

The major FA class (in % FA) was PUFA (53.8-55.9 g/100 g TLE), the main component
of which was n-3 LC-PUFA (42.4-45.6 g/100 g TLE). The n-3/n-6 ratio was 6.6 in male GSM and 8.3
in female GSM. The major fatty acids (>10 g/100 g TLE) in both male and female GSM were EPA,
DHA, and palmitic acid (16:0 PA). There were small amounts of NMI FA, including 20:2 NMI FA
(2.8-3.4 g/100 g TLE) and 22:2 NMI FA (1.0-1.9 g/100 g TLE). The absolute FA content of the male
and female (in mg/g ww) are shown in Table 1. Compared with male GSM, female GSM showed
significantly (p < 0.01) higher concentrations of alpha-linolenic acid (ALA, 18:3n-3), stearidonic acid
(SDA 18:4n-3), EPA, docosapentaenoic acid (DPA(n-3), 22:5n-3), total n-3s, and total PUFA.

3.4. Lipid Content and Lipid Classes in Different Organs

We used SPE to separate the non-polar and polar lipid fraction of TLE from the whole male and
female GSM and from the various organs (Figure 2). The success of chromatographic separation was
confirmed by TLC-FID. The most lipid-rich organs were the gonad (male, 3.1 g lipid/100 g ww; female,
4.0 g lipid/100 g ww), digestive gland (male, 3.1 g lipid/100 g ww; female, 3.7 g lipid/100 g ww) and
mantle (1.5 g lipid/100 g ww; female, 2.0 g lipid/100 g ww). There were lower concentrations of lipid
in the heart/foot (male, 1.3 g lipid/100 g ww; female, 1.0 g lipid/100 g ww) and adductor muscle
(male, 1.2 g lipid/100 g ww; female, 0.8 g lipid/100 g ww) (Table 2, Supplementary Table S1). In all
organs, PL was the major lipid class in the TLE. There were higher concentrations of TAG in the
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digestive gland (male, 28.8 g/100 g TLE; female, 33.5 g/100 g TLE) and gonad (male, 38.5 g/100 g
TLE; female, 33.7 g/100 g TLE) than in the other organs. The lowest concentrations of TAG were in
the heart/ foot and adductor muscle samples (<8 g/100 g TLE). The main lipid class in the TLE from
those samples was PL (>80 g/100 g TLE).

Figure 2. Lipid distribution in female and male Greenshell™ mussels (GSM) organs.
* Gonad also contained gill and labial palp. Values are mean + standard error (n = 9).
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3.5. FA Profiles of Lipids from Different Organs

In both male and female GSM, there were no differences in the proportions of the major FA (those
detected at more than 10 g/100 g TLE; i.e., EPA, DHA, and PA) among the five different organs. For
the minor FA, the proportions of SDA and ALA in the TLE from the digestive gland were significantly
(p <0.01) greater in the female GSM than the male GSM.

3.6. Sterols

Saponification of the TLE produced a total non-saponifiable neutral (TSN) fraction, which
contained mainly sterols (Table 3). GC-MS analysis was performed after silylation of the TSN
fraction. In total, 18 sterols were identified in GSM, with cholesterol being the predominant sterol.
There was a significantly (p < 0.01) higher proportion cholesterol (30.2% of total sterols) in male GSM
than in female GSM (28.5% of total sterols). The second most abundant sterol was brassicasterol; the
proportion of brassicasterol was significantly (p < 0.01) higher in female (23.4% of total sterols) than
in male GSM (21.05% of total sterols). Other major sterols were 24-nordehydrocholesterol, occelasterol,
trans-22-dehydrocholesterol, and 24-methlenecholesterol.

4. Discussion
4.1. Male vs. Female GSM

In this study the lipid content of female GSM was significantly (p < 0.01) higher than that of
male GSM even though it was previously reported that female mussels contain lower levels of total
lipids [33]. Also, there was a significantly (p < 0.01) higher concentration of the TAG lipid class in the
female than in the male. Because female GSM contained larger amounts of lipid than did males, the
total amount of FA was higher in females than in males. In particular, the amounts of FA in the n-3
LC-PUFA class (ALA, SDA, EPA, and DPA) were all significantly (p < 0.01) higher in female than in
male GSM. Differences in the lipid profile between male and female GSM have not been
published previously, although a recent report showed similar results for the mussel species
Mytilus galloprovincialis [34]. In another study, the FA composition of male and female GSM from
two locations (Marlborough Sounds and Stewart Island) was profiled over three seasons (winter,
spring, summer) but the types of lipids, that is, the lipid classes, were not reported [26]. Further, it was
reported that GSM contained higher levels of lipids in summer and autumn than in winter and spring,
but that the highest #-3 content was in winter [28]. In our study, we analyzed GSM collected in late
spring (November) of 2012. Our results showed differences in lipid content, lipid classes, and total
FA content between male and female GSM. In future research, it would be interesting to analyze
changes in lipid content, lipid class composition, and the FA profile of male and female GSM on a
finer time scale.
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Fatty acids (g/100 g TLE)

14:0
16:0
18:0
Other SFA
Total SFA
16:1n-7
18:1n-9
18:1n-7
20:1n-9
20:1n-7
Other MUFA
Total MUFA
18:4n-3
18:2n-6
18:3n-3
20:4n-6
20:5n-3
20:2NMI
20:4n-6
20:2n-6
22:6n-3
22:5n-3
22:2NMI

Mantle

Gonad

Digestive gland

Female Male Female Male Female Male ! p
2.8+02 34+22 3.5+0.3 29+04 3.4+07 3.0+04

155+04 17.1£43 165+1.1 16.8+1.5 17.1+3.8 15.6+1.3

43+0.4 45+0.4 42+03 52415 51+1.6 48+04

1.8+02%® 1.8+£0.1% 1.7+022 174012 1.7+£02%® 24+09° 2.9 0.03
253+0.4 27.7+6.6 26.6+ 1.4 275+2.6 28.1+6.3 26.5+1.3

52406 53+1.8% 63+04%® 47+1.6% 6.8+0.6° 6.2+08% 3.2 0.02
13+£05% 0.9+02% 1.1+£03%® 1.0£02® 1.7+06° 14+03%® 3.0 0.03
22+£03%® 20+022 27+02°¢ 26+£04%® 25+02°% 244+£02% 6.2 <0.001
42404 42+0.7 3.5+£03 35+06 3.8+05 3.7+03

1.3+0.1 1.0+£04 1.3+£0.1 1.2+03 1.5+£04 1.2+£02

0.5+02%® 19+13° 0.5+0.1% 03+0.1% 0.9+08% 1.6+1.6% 3.1 0.02
146+09%® 153+1.0% 153+0.8"% 133+12° 171+13° 164+12"% 9.4 <0.001
12+04%® 1.0+£03° 20+£04"% 1.4+0.6 " 21+06° 21+04° 6.4  <0.001
1.0+02° 1.0+0.12 13+£03%® 1.1+£022 1.5+03° 1.3+£02%® 4.5 0.01
0.6+02? 0.7+02%® 1.0+£02%® 0.8+0.3%® 1.0+£02° 1.0+£0.1° 4.4 0.01
19+02° 19+05° 13+0.12 12+0.12 13+£02° 13+£02° 9.3 <0.001
189+1.5 179+ 1.5 20+15 19.5+3.7 18.1+4.0 17.6 3.0

29+0.7 3.0+09 1.6+0.2 1.2+0.2 1.9+03 1.7+£0.2

0.4+0.1 0.3+0.1 0.2+0.1 0.2+0.1 1.3+0.2 13+03

15+03° 1.4+£03% 0.8+0.12 0.7+0.12 1.0+£0.1%® 09+0.1° 148  <0.001
220+ 1.4 20.5+4.0 192+1.3 21.9+2.4 17.9+3.8 19.1+15

1.5+03 1.3+£04 1.2+0.1 2.0+2.1 1.4+03 1.1+0.1

224+04° 1.9+1.0% 12+0.1° 12+02° 1.7+£03%® 1.6+03® 4.4 0.01
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. Digestive gland
Fatty acids (g/100 g TLE) Female Male Female Male Female Male U P
Other PUFA 1.8+03%® 1.8+£0.5° 29+20% 26+13%° 33+14%® 44+£22° 2.7 0.04
Total PUFA 56.0+2.3 52.8+7.1 540+ 1.8 545+25 51.6+7.1 525+25
Total n-3 442 £ 1.6 415£45 454+19 457 £4.1 40.7 £8.1 412+4.0
Total n-6 55405 52+1.0 48+0.8 49409 6.0+1.1 6.7+1.8
Total other 39+1.8 38+1.4 29+2.1 44+1.5 2.8+1.1 42+1.7
Lipids class (g/100 g)
TAG 229+80%® 18.4+6.0° 33.7+£43% 38.5+17.6° 33.5+108 % 28.8+8.1% 3.3 0.02
ST 35+0.9 32+04 1.2+0.6 6.1+11.0 1.0+1.1 1.7+£0.6
PL 73.5+74° 773+64° 64.5+4.0% 54.6+12.7° 65.1 £10.6® 68.7+7.6™ 5.1 0.002
Lipid content
g lipid /100 g wet weight 20+04° 15+0.7° 40+06° 3.1+0.6° 37+03° 31+03° 19.8  <0.001
g lipid/100 g dry weight 11.8+1.8° 79+36° 13.3+14° 11.7+2.0° 132+1.0° 11.9+1.1° 56  <0.001

TLE: Total lipid extract. Values are mean + standard error (n = 6). Other SFA: Sum of 15:0, 17:0, 20:0, 22:0, and 24:0. Other MUFA: Sum of 16:1n-5, 18:1n-7trans, 18:1n-5, 22:1n-11, and
22:1n-9. Other PUFA: Sum of 16:2n-6, 18:3n-6, 20:4n-6, 20:2n-6, 22:5n-6, 22:4n-6, and 22:2n-6. Other includes fatty aldehydes and 4,8,12 trimethyl tetradecanoic acid (4,8,12-TMTD).

TAG: triacylglycerols, PL: polar lipid; ST: sterols.
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Table 3. Sterol content of female and male Greenshell™ mussel (GSM) oil extract.

Sterols g/100 g total sterols Sterol name Female Male f )4
24-nordehydrocholesterol 24-nordecholesta-5,22 E-dien-3f-ol 6.3+0.9 6.7+04
24-nordehydrocholestanol 24-nor-5a-cholest-22 E-en-33-ol 0.1+0.0 0.2+0.0

Occelasterol 27-nor-24-methylcholest-5,22 F-dien-33-ol 43+0.3 45+0.3
Trans-22-dehydrocholesterol Cholesta-5,22 E-dien-3-ol 12.4+0.7 13.1£0.8
Trans-22-dehydrocholestanol Sa-cholesta-22 E-en-3f-ol 03+0.1 0.2+0.1

Cholesterol Cholest-5-en-3f-o0l 285+1.5 30.2+£0.8 11.1  0.004

Cholestanol Sa-cholestan-3f-ol 0.3+0.2 0.5+0.4

Brassicasterol 24-methylcholesta-5,22 E-diene-3 -0l 23.4+0.9 21.0+1.4 213 <0.001
Brassicastanol 24-methyl-Sa-cholest-22 E-en-33-ol 0.3+0.3 0.3+0.2

Ergosterol 24-methylcholesta-5,7,22 E-triene-3f3-ol 0.6+0.4 0.0+0.1 16.6  <0.001
24-Methylenecholesterol 24-methylcholesta-5,24(28)-en-33-o0l 16.2+1.2 16.6 + 1.6
24-Methylcholesterol 4-methyl-5a-cholestan-33-ol 1.9+04 1.6 +0.7
Stigmastanol/Porifasterol 24-ethyl-5a-cholesta-5,22 E-diene-33-ol 0.6+0.2 0.7+0.2
Sitosterol 24-ethyl-5a-cholestan-33-ol 1.8+04 2.1+0.3
Isofucosterol 24-cthylcholesta-5,24(28)Z-dien-33-ol 1.7+ 0.4 1.7+ 0.4

Unknown sterols 1.3+0.1 0.3+0.1 40.8 <0.001

Values are mean =+ standard error (n = 9); Unknown sterols could not be identified from MS data.

There is significant biological investment by the GSM into the production/storage of lipids during
gonad development during winter, before spawning [28]. In general, the amount of lipid increases in
GSM before spawning, and decreases to its lowest level immediately after spawning as a result of lipid
loss during reproduction. GSM can also spawn in autumn (March—April) or shed eggs throughout their
life cycle [28]. These reproductive events could explain differences in FA and lipid accumulation
throughout the seasons. The higher lipid content in the female GSM is likely associated with
oogenesis, during which lipid globules and small quantities of glycogen accumulate in the eggs [35].
There is a large variation in the timing and duration of gonad development in GSM and other
mollusks, and the timing of gametogenesis varies according to the season and location [35]. A better
understanding of the reproductive cycle, and how it affects the amount of lipid in GSM, may allow
GSM oil producers to optimize the harvest time to obtain higher lipid yields.

Little is known about FA biosynthesis in GSM. In general, most bivalve species gain the majority
of FA from their diet, although biochemical modifications of some FA occur in some species. The idea
of “you are what you eat” has led to the study of signature lipids that can help to shed light on the
prey-predator relationships in ecosystems. When analyzed using high-powered statistical models,
signature FA profiles can reveal prey-predator relationships in a food web. GSM are filter feeders that
consume a variety of phytoplankton and zooplankton [24,25]. Recently, studies on feeding blue
mussels (Mytilus edulis) organic waste from an aquaculture facility showed that when they were fed on
a non-traditional (fish waste) diet, they did not feed or grow, but instead showed significant decreases
in growth and total lipid content [36,37]. Phytoplankton and zooplankton are high in n-3 LC-PUFA,
which results in the FA profile of GSM oil being rich in EPA and DHA. The types of FA present in the
food sources of GSM will depend on factors such as season, location, and temperature. The similarity
in the relative proportions of FA (g/100 g TLE) in males and females (and even among organs)
suggested that there was little adaption of FA from their shared diet by either gender. However, the
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larger amount of lipid in the female GSM suggests that it has a greater capacity than the male GSM to
store, and possibly biosynthesize, FA, especially n-3 LC-PUFA.

The biosynthetic pathway for n-3 LC-PUFA is unknown in GSM. Vertebrates have a poor capacity
to produce DHA from precursors via the Sprecher pathway [38]. However, there is some evidence that
invertebrates, such as the nematode Caenorhabditis elegans, have different pathways to produce n-3
LC-PUFA [39]. The FA results confirmed that the major biosynthetic precursors in the n-3 LC-PUFA
pathway are present in the FA profile of GSM. These biosynthetic precursors include ALA, SDA,
EPA, and DPA (n-3), with DHA being the final product. All of these FA except for DHA were present
in significantly (p < 0.01) higher proportions of total FA in the female than in the male GSM. The
higher concentrations of ALA, SDA, EPA, and DPA (n-3) may indicate that the female GSM has a
greater n-3 LC-PUFA biosynthetic capacity during gametogenesis. Furthermore, in the digestive gland,
the proportions of ALA and SDA in the FA profile were significantly (» < 0.01) higher in female than
in male GSM. This may indicate a higher rate of FA biosynthesis in the digestive gland before lipids
are transported for storage in the gonad. However, these FA results could also indicate that female
GSM have an enhanced capacity to filter, process, and store n-3 LC-PUFA. To date, there have been
no published reports of feeding trials to clarify aspects of lipid metabolism and/or storage in GSM.
Therefore, it remains a matter of speculation whether the higher concentrations of FA in female than in
male GSM are a result of enhanced biosynthesis or greater storage capacity.

Minor bioactive FA present in the GSM profiles included NMI PUFA, 4,8,12 trimethyl tetradecanoic
acid (4,8,12-TMTD), and fatty aldehydes, all of which have been reported previously [14,19]. NMI FA
are present in various mollusks at concentrations of up to 20% of wet weight [16]. Mollusks can synthesize
NMI, which are believed to have structural and functional roles in biological membranes [16], via
biosynthetic pathways that are still not fully understood. Our results showed that there were differences
in the amount of NMI between male and female GSM, and that there was significantly less NMI in the
gonad than in the other organs. Fatty aldehydes and 4,8,12-TMTD were present in GSM, but at very
low concentrations (<1 g/100 g TLE), and were not included in the FA profiles. The amounts of
both 4,8,12-TMTD and fatty aldehydes were substantially lower than those detected in our previous
analyses of GSM that were collected from a similar location but at a slightly earlier time of the year
(August and September 2009) [14]. Both NMI and 4,8,12-TMTD are possible indicators of red algae
and/or some zooplanktonic pteropods, which could have been directly or indirectly consumed [19].
However, in other mollusks such as the green abalone, Haliotis fulgens, there is some evidence that
20:2 and 22:2 NMI may be metabolic products of desaturation of LC-MUFA [40]. Therefore, their
presence may indicate an endogenous biosynthetic capacity of GSM.

4.2. Differences among Organs

Although the gonad contained the highest concentrations of lipid, the digestive gland also contained
high lipid concentrations, which may be indicative of lipid-rich stomach contents. The lipid extracted
from the digestive gland was darker and stickier than that extracted from the other organs. The dark
color may represent non-enzymatic browning during extraction; this reaction occurs between oxidized
lipids and primary amine groups, and has been observed in PL emulsions [41]. The digestive gland
will likely contain the highest concentrations of endogenous lipases and low pH which may lead to the
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oxidization of lipid because of the more extreme conditions. Further, the dark color could be due to
pigment residues derived from algae from the GSM diet

Generally, different lipid classes perform different functions in biological systems. Neutral lipids
(i.e., TAG) are used as energy storage, while PL are mainly components of structural and functional
parts of the cell. The lipid content of bivalves is directly linked to the gametogenic cycle, as TAGs and
PLs play important roles as structural components and energy reserves in the gonads and gametes and
during embryonic development [35]. Previous studies have shown the accumulation of neutral lipid
reserves in eggs for a number of bivalve species, although studies looking at lipid production in GSM
are not as detailed with regards to the effects of the gametogenic cycle [26,28]. It has been suggested
that the digestive gland plays an important role in storing metabolic reserves, such as lipids, for use in
gametogenesis and during periods of stress [35,42]. As previously mentioned, the higher proportion of
n-3 LC-PUFA biosynthetic precursors (ALA and SDA) in the GSM digestive gland indicates that this
organ is the most likely site of FA biosynthesis, and that these FA may have structural and functional
roles in gamete development. The GSM analyzed in this study were collected in single sampling
during a period of gametic growth; therefore, we cannot comment on changes in lipid composition
during the year.

The mantle was the largest of the organs analyzed in this study, and accounts for approximately 20%
of the wet weight of the mussel (Figure 2). The mantle is an important store of lipids in GSM; our
results showed that this organ contained 21.5% (male mussels) and 28.0% (female mussels) of the total
lipid. The main lipid class in the mantle was PL (73.5 g/100 g TLE in females; 77.3 g/100 g TLE in
males) because of the large amount of structural tissue in this organ. The mantle consists of vascular
connective tissue and plays a role in directing particles to the gills and deflecting other materials [35].
Our results suggested that the mantle of GSM also functions in lipid storage. The proportion of neutral
lipids, which are generally used for storage, was higher in the mantle (22.9 g/100 g TLE in females;
18.4 g/100 g TLE in males) than in organs such as the adductor muscle (<3.0 g/100 g of TLE), which
have different functions.

The three major organs of the GSM that store and use lipids are the gonad, digestive gland, and
mantle. Our results showed that the adductor muscle and the heart and foot contained lower
concentrations of lipids (3.9 g/100 g of TLE for adductor muscle and 5.4 g/100 g of TLE for heat and
foot). The lipid extracted from the adductor muscle and the heart and foot showed similar FA profiles
to that of the mantle. In the TLE from both the adductor muscle and the heart and foot samples, the
major lipid class was PL (83.1-91.78 g/100 g of TLE) with minor amounts of TAG (1.9-7.5 g/100 g of
TLE) and sterols (4.7-8.1 g/100 g of TLE). Profiles are included in the Supplementary Files. In general,
the differences in lipid classes among different organs and between genders were minimal, suggesting
that the diet is the main source of these FA and has the greatest influence on FA composition.

4.3. Sterols

The sterols in marine invertebrates are generally derived from sterols in the diet. However, some
unconventional sterols are more common in primitive invertebrates, while cholesterol is found in
greater proportions in more complex organisms [43]. The sterol profile of GSM reported here
(Table 3) is similar to that of the only other published GSM sterol profile [19]. In a previous study,
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GSM were sampled from a similar region (Marlborough Sounds) at a similar time of year (October,
compared with our sampling time in early November). In that study, there were only minor differences
in the sterol profile among samples collected from four different sites [19]. This finding suggested that
there was little difference in the diets of GSM among sites.

Phytosterols have wide bioactivity in humans. In particular, they are considered to be effective in
lowering cholesterol, and consequently may have a preventive role against vascular disease [18,44].
Further beneficial properties of phytosterols include cancer prevention [18,45]. Phytosterols and
cholesterol are likely metabolized by internal and external microorganisms into other bioactive
substances. Phytosterols cannot be synthesized by humans and, therefore, can only be obtained through
the diet. However, GSM may have some capacity to biosynthesize cholesterol into different phytosterols
depending on their stage of the life cycle, sexual maturity, and gender [46]. As they are lipophilic
substances with positive health benefits, phytosterols have been added to margarines and spreads to
create “functional” foods. The amount of phytosterols derived from land sources is increasing in the
marine environment as a result of land base ingredients increased used in aquafeeds. Changes from
marine to terrestrial sources of protein and oil for use in aquafeeds has resulted in increased amounts
and different types of phytosterols in farmed Atlantic salmon [47]. Here, we report that GSM oil
contained approximately 3% phytosterols, of which about one-third was cholesterol. Larger amounts
of sterols (5.5%—6.9%) have been reported previously for GSM [19]. Phytosterols such as isofucosterol
and occelasterol are not common in our diets as they are not typical in terrestrial food sources, but may
have novel beneficial functionalities. Isofucosterol and occelasterol are most likely derived from
marine algae. In future research, it would be interesting to investigate whether novel phytosterols,
along with the high content of 3 LC-PUFA in GSM, can provide increased protection against
coronary heart disease in humans.

4.4. Implications of Results for the GSM Industry

The major implications of this work are for the GSM oil industry, which is growing in both value
and volume. A detailed understanding of the location of n-3 LC-PUFA in GSM may allow novel
processing techniques to be established. The firmer parts of the mussel (posterior adductor muscle,
heart and foot) contained very low concentrations of oil and n-3 LC-PUFA, and removal of these
organs would reduce the amount of material processed using expensive freeze-drying and super-critical
oil extraction procedures. This could potentially improve yields and benefit producers. Further,
development of all-female lines of mussels would give mussel oil producers a greater source of oil and
n-3 LC-PUFA. We estimate that oil yields could increase by as much as 35%, n-3 yields by 27%, and
EPA yields by 43% if all-female mussels were extracted at the appropriate time of year. Highest yields
could be obtained if female GSM were harvested in the peak reproductive state, since the gonad is the
major storage centre for lipid. Higher investment in reproduction by the female GSM gonad may be to
supply ample nutrition to offspring/eggs. The FA data suggested that female GSM have a higher
biosynthetic capacity than that of males, and that they also store more lipid than do males. Compared
with male GSM, female GSM contained larger amounts of the n-3 LC-PUFA biosynthetic precursors
SDA and ALA. If both genders obtain the same FA from the shared diet, the increase in these biosynthetic
precursors provides further evidence of an enhanced biosynthetic capacity in female GSM.
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5. Conclusions

The lipid profiles of GSM were evaluated on the basis of gender and anatomy. The lipid content of
the female GSM (1.9 g/100 g ww) was significantly greater than that of the male (1.4 g/100 g ww).
The major lipid class in both genders was PL. Compared with male GSM, female GSM contained
more n-3 LC-PUFA, and stored a greater proportion of total lipid in the gonad and mantle. The higher
lipid content in the female than the male GSM is most likely related to gamete production. The mantle
and digestive gland were other important sites for lipid storage and/or function/production. Novel
bioactives, such as NMI-FA, plasmalogens, and phytosterols were identified in GSM oil.
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Table S1. Fatty acid concentration (mg/g) of Greenshell™ mussels. Polar and neutral lipid

fractions were separated by solid phase extraction (SPE).

1469

Fatty acid Female Male Female Male F P
(mg/g ww) Polar lipid Polar lipid Neutral lipid Neutral lipid

14:0 53+09°¢ 35+1.1° 1.9+09° 0.9+0.5° 50.8 <0.001
16:0 232+28" 19.8+43" 59+27° 3.0°+1.62 110.8 <0.001
18:0 56+08" 58+13° 1.0£0.5° 0.7+03° 113.0 <0.001
Other SFA 26+04° 25+0.7° 0.5+03° 03+0.2° 84.8 <0.001
Total SFA 37.9+£45° 32.8+7.4° 95+44° 52+27° 105.7 <0.001
16:1n-7 92+1.6° 57+18° 33+1.7° 1.6+1.0° 455 <0.001
18:1n-9 1.5+£04° 13+03° 0.6+032 04+02° 26.6 <0.001
18:1n-7 3.7+05° 29+09° 1.1+£0.6° 0.6+0.3° 59.5 <0.001
20:1n-9 47+0.7° 46+08° 0.7+03 0.6+ 0.2 2233 <0.001
20:1n-7 20+£0.6° 14+04° 0.5+02° 03+0.1° 28.5 <0.001
Other MUFA 0.8+£02°¢ 04+02° 03+£01% 0.1+0.1° 27.6 <0.001
Total MUFA 21.7+28° 163+4.0" 6.5+29° 3.6+1.8° 0.8 <0.001
18:4n-3 2.8+04¢ 15£05°¢ 1.1+0.6° 0.5+0.3% 422 <0.001
18:2n-6 1.8+£03° 1.5+£04° 0.5+03° 03+02° 482 <0.001
18:3n-3 13+£03°¢ 09+02° 04+03° 02+0.1° 459 <0.001
20:4n-6 22+03° 21+04° 02+0.1° 02+0.1° 201.5 <0.001
20:5n-3 305+52°¢ 205+57" 75+32° 41+19° 80.0 <0.001
20:2n-6 26+0.5° 26+04° 03+0.1° 02+0.0° 172.2 <0.001
20:2NMI 15+0.1° 13+03° 04+0.12 02+0.1° 146.7 <0.001
22:5n-6 03+0.1° 03+0.1° 0.1+0.1° 0.1+£0.0° 6.8 <0.001
22:6n-3 28.7+3.7° 248+49" 63+3.3° 39+1.7° 121.9 <0.001
22:5n-3 20+£02° 1.5+£04° 03+02° 02+0.1° 139.4 <0.001
22:2NMI 24+04° 22+04° 02+0.12 02+0.0° 177.7 <0.001
Other PUFA 43+1.0° 41+14° 13+1.8 0.8+0.6° 20.7 <0.001
Total PUFA 795+96°¢ 62.7+14.0° 17.84+7.9% 104+452 112.7 <0.001
Total n-3 65.5+86°¢ 495+11.6° 156+69° 9.0+39° 107.5 <0.001
Total -6 58+1.1° 55+1.7° 1.1+£0.6° 0.8+03° 62.73 <0.001
Total other 43+29° 3.9+25° 02+0.1% 02+0.1%2 11.2 <0.001

Values are mean + standard error (n=9). ww; wet weight; Other SFA: Sum of 15:0, 17:0, 20:0, 22:0 and 24:0; Other MUFA: Sum of
16:1n-5, 18:1n-Ttrans, 18:1n-5, 22:n-11, and 22:1n-9; Other PUFA: Sum of 16:2n-6, 18:3n-6, 20:4n-6, 20:2n-6, 22:5n-6, 22:4n-6, and
22:2n-6; Other includes fatty aldehydes and 4,8,12 trimethyl tetradecanoic acid (4,8,12-TMTD).
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Table S2. Fatty acid concentrations in oil extracted from Greenshell™ mussel (GSM)
adductor muscle and heart and foot.

. Adductor Muscle Heart & foot
Fatty acids (g/100 g TLE)
Female Male Female Male
14:0 1.9+£0.6 24+0.5 2.6+0.5 23+0.7
16:0 18.6 6.1 26.3+£10.1 19.0+ 1.8 16.1 £4.1
17:0 1.4+£0.5 1.5+04 1.5+0.2 1.3+£0.2
18:0 56+09 6.8+2.7 52+0.3 50+04
Other SFA 1.7+£0.5 1.3+0.5 2.6+0.2 24+0.5
Total SFA 29.2+7.9 38.1+134 30.8+2.4 27.1+£53
16:1n-7 20+£1.2 2.2+0.6 44+0.7 40+1.2
18:1n-9 0.7+0.2 0.7+0.3 0.8+0.1 0.8+£0.2
18:1n-7 2.6+£0.8 2.1+0.7 1.9+0.2 1.9+0.3
20:1n-9 43+0.7 35+09 4.7+£0.6 48+0.3
20:1n-7 0.9+0.1 0.6+0.3 1.1+0.1 1.2+0.2
Other MUFA 04+04 0.6+1.0 0.4+0.0 04+0.1
Total MUFA 10.8 £ 1.1 9.8+23 13.2+£0.7 13.2+1.1
18:4n-3 0.8+0.5 03+04 0.7+0.3 0.8+£0.2
18:2n-6 1.5+£0.5 1.1+£0.6 1.5+0.2 1.5+0.1
18:3n-3 0.8+0.3 0.6+04 0.8+0.1 0.8+0.1
20:4n-6 1.9+0.3 1.2+0.6 31+04 32+0.2
20:5n-3 13.5+1.8 120£1.0 11.3£1.5 129+3
20:2NMI 1.0+£0.3 0.5+04 1.8+0.3 1.7+£0.2
20:4n-6 04+0.2 02+0.2 0.5+0.1 0.6+£3.2
20:2n-6 0.1+0.1 0.1+0.1 02+0.0 0.2+0.1
22:6n-3 253+6.4 23.7+10.8 19.6 +3.0 21.7+£0.2
22:5n-3 32+09 24+1.8 1.7+£04 1.9+0.1
22:3 0.5+0.1 0.3+0.3 0.8+0.2 09+04
22:2NMI 2.1+£0.8 1.7+1.5 23+04 24402
Other PUFA 1.5+0.5 1.0+ 0.5 1.8+0.2 22+0.2
Total PUFA 559+9.6 47.6 £13.0 50.5+£3.8 54.5+£6.6
Total n-3 43.6 £8.0 39.1+£11.5 341+3.5 38.1+5.8
Total n-6 49+13 32+13 65+12 6.4+0.3
Total other 40+1.2 44+28 52+1.5 49+19
Lipids
TAG 1.9+22 2.7+£1.7 49+33 7.5+58
ST 7.1+1.6 4.7+2.7 8.1+1.8 6.9+0.7
PL 87.8+6.0 91.3+2.5 86.8+1.8 83.1+7
Lipid content
g lipid /100 g wet weight 0.8+04 1.2+0.6 1.1+£0.1 1.3+0.2
g lipid/100 g dry weight 32+1.7 46+2.7 5.0+0.7 58+1

TLE: Total lipid extract; Values are mean + standard error (n = 6); Other SFA: Sum of 15:0, 17:0, 20:0, 22:0,
and 24:0; Other MUFA: Sum of 16:1n-5, 18:1n-7trans, 18:1n-5, 22:n-11, and 22:1n-9; Other PUFA: Sum of
16:2n-6, 18:3n-6, 20:4n-6, 20:2n-6, 22:5n-6, 22:4n-6, and 22:2n-6; Other includes fatty aldehydes and
4,8,12 trimethy] tetradecanoic acid (4,8,12-TMTD); TAG: triacylglycerols, PL: polar lipid; ST: sterols.



Nutrients 2014, 6 1471

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Jenkins, R.J. Mussel Cultivation in the Marlborough Sounds, 2nd ed.; Wright & Carman Ltd.:
Wellington, New Zealand, 1985.

2. Aquacultue New Zealand. Available online: http://aquaculture.org.nz/industry/ (accessed on 26
Novemeber 2013).

3.  Whitehouse, M.W.; Macrides, T.A.; Kalafatis, N.; Betts, W.H.; Haynes, D.R.; Broadbent, J.
Anti-inflammatory activity of a lipid fraction (lyprinol) from the NZ green-lipped mussel.
Inflammopharmacology 1997, 5, 237-246.

4. Shiels, I.A.; Whitehouse, M.W. Lyprinol: Anti-inflammatory and uterine-relaxant activities in
rats, with special reference to a model for dysmenorrhoea. Allerg. Immunol. 2000, 32, 279-283.

5. Halpern, G.M. Anti-inflammatory effects of a stabilized lipid extract of Perna canaliculus
(lyprinol). Allerg. Immunol. 2000, 32, 272-278.

6. Gruenwald, J.; Graubaum, H.J.; Hansen, K.; Grube, B. Efficacy and tolerability of a combination
of lyprinol (r) and high concentrations of EPA and DHA in inflammatory rheumatoid disorders.
Adv. Ther. 2004, 21, 197-201.

7. Treschow, A.P.; Hodges, L.D.; Wright, P.F.A.; Wynne, P.M.; Kalafatis, N.; Macrides, T.A. Novel
anti-inflammatory omega-3 PUFAs from the new zealand green-lipped mussel, Perna canaliculus.
Comp. Biochem. Physiol. B 2007, 147, 645—656.

8. Tenikoff, D.; Murphy, K.J.; Le, M.; Howe, P.R.; Howarth, G.S. Lyprinol (stabilised lipid extract
of new zealand green-lipped mussel): A potential preventative treatment modality for inflammatory
bowel disease. J. Gastroenterol. 2005, 40, 361-365.

9. McPhee, S.; Hodges, L.D.; Wright, P.F.A.; Wynne, P.M.; Kalafatis, N.; Harney, D.W.;
Macrides, T.A. Anti-cyclooxygenase effects of lipid extracts from the New Zealand green-lipped
mussel, Perna canaliculus. Comp. Biochem. Physiol. B 2007, 146, 346-356.

10. Halpern, G.M. Novel anti-inflammatory mechanism of action of Lyprinol (r) in the aia rat model.
Prog. Nutr. 2008, 10, 146—152.

11. Wood, L.G.; Hazlewood, L.C.; Foster, P.S.; Hansbro, P.M. Lyprinol reduces inflammation and
improves lung function in a mouse model of allergic airways disease. Clin. Exp. Allergy 2010, 40,
1785-1793.

12. Pumpa, K.L.; Fallon, K.E.; Bensoussan, A.; Papalia, S. The effects of Lyprinol (r) on delayed
onset muscle soreness and muscle damage in well trained athletes: A double-blind randomised
controlled trial. Complement. Ther. Med. 2011, 19, 311-318.

13. Lee, C.-H.; Lum, J.H.-K.; Ng, C.K.-C.; McKay, J.; Butt, Y.K.-C.; Wong, M.-S.; Lo, S.C.-L.
Pain controlling and cytokine-regulating effects of lyprinol, a lipid extract of Perna canaliculus,
in a rat adjuvant-induced arthritis model. Evid. Based Complement. Altern. Med. 2009, 6, 239-245.



Nutrients 2014, 6 1472

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Miller, M.R.; Perry, N.; Burgess, E.; Marshall, S. Regiospecific analyses of triacylglycerols of
hoki (Macruronus novaezelandiae) and Greenshell™ mussel (Perna canaliculus). J. Am. Oil
Chem. Soc. 2011, 88, 509-515.

Wakimoto, T.; Kondo, H.; Nii, H.; Kimura, K.; Egami, Y.; Oka, Y.; Yoshida, M.; Kida, E.;
Ye, Y.P.; Akahoshi, S.; et al. Furan fatty acid as an anti-inflammatory component from the
green-lipped mussel Perna canaliculus. Proc. Natl. Acad. Sci. USA 2011, 108, 17533—-17537.
Barnathan, G. Non-methylene-interrupted fatty acids from marine invertebrates: Occurrence,
characterization and biological properties. Biochimie 2009, 91, 671-678.

Braverman, N.E.; Moser, A.B. Functions of plasmalogen lipids in health and disease.
Biochim. Biophys. Acta Mol. Basis Dis. 2012, 1822, 1442—1452.

Ostlund, R.E. Phytosterols in human nutrition. Annu. Rev. Nutr. 2002, 22, 533-549.

Murphy, K.J.; Mooney, B.D.; Mann, N.J.; Nichols, P.D.; Sinclair, A.J. Lipid, FA, and sterol
composition of New Zealand green lipped mussel (Perna canaliculus) and Tasmanian blue
mussel (Mytilus edulis). Lipids 2002, 37, 587-595.

MacLean, C.H.; Newberry, S.J.; Mojica, W.A.; Khanna, P.; Issa, A.M.; Suttorp, M.J.; Lim, Y.W_;
Traina, S.B.; Hilton, L.; Garland, R.; et al. Effects of omega-3 fatty acids on cancer risk-A
systematic review. JAMA 2006, 295, 403—415.

Horrocks, L.A.; Yeo, Y.K. Health benefits of docosahexaenoic acid (DHA). Pharm. Res. 1999,
40,211-225.

Nettleton, J.A.; Katz, R. @3 long-chain polyunsaturated fatty acids in type 2 diabetes: A review.
J. Am. Diet. Assoc. 2005, 105, 428—-440.

Kris-Etherton, P.M.; Hecker, K.D.; Binkoski, A.E. Polyunsaturated fatty acids and cardiovascular
health. Nutr. Rev. 2004, 62, 414-426.

Zeldis, J.; Robinson, K.; Ross, A.; Hayden, B. First observations of predation by New Zealand
greenshell mussels (Perna canaliculus) on zooplankton. J. Exp. Mar. Biol. Ecol. 2004, 311,
287-299.

Safi, K.A.; Gibbs, M.M. Importance of different size classes of phytoplankton in Beatrix Bay,
Marlborough Sounds, New Zealand, and the potential implications for the aquaculture of the
mussel, Perna canaliculus. N. Z. J. Mar. Freshw. Res. 2003, 37, 267-272.

Taylor, A.G.; Savage, C. Fatty acid composition of New Zealand green-lipped mussels, Perna
canaliculus: Implications for harvesting for n-3 extracts. Aquaculture 2006, 261, 430—439.
Wolyniak, C.J.; Brenna, J.T.; Murphy, K.J.; Sinclair, A.J. Gas chromatography-chemical
ionization-mass spectrometric fatty acid analysis of a commercial supercritical carbon dioxide
lipid extract from New Zealand green-lipped mussel (Perna canaliculus). Lipids 2005, 40,
355-360.

McLean, C.H.; Bulling, K.R. Differences in lipid profile of New Zealand marine species over four
seasons. J. Food Lipids 2005, 12, 313-326.

Hickman, R.W.; Waite, R.P.; Illingworth, J.; Meredythyoung, J.L.; Payne, G. The relationship
between farmed mussels, Perna canaliculus, and available food in Pelorus-Kenepuru Sound,
New Zealand, 1983—-1985. Aquaculture 1991, 99, 49—68.

Bligh, E.G.; Dyer, W.G. A rapid method of total lipid extraction and purification. Can. J.
Biochem. Physiol. 1959, 37,911-917.



Nutrients 2014, 6 1473

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43
44,
45.

46.

Kates, M. Techniques of Lipidology. Isolation, Analysis and Identification of Lipids. In Laboratory
Techniques in Biochemistry and Molecular Biology; Burdon, R.H., Knippenberg, P.H.V., Eds.;
Elsevier: New York, NY, USA, 1986; Volume 3, p. 464.

Jones, G.J.; Nichols, P.D.; Shaw, P.M. Analysis of Microbial Sterols and Hopanoids. In Chemical
Methods in Prokaryotic Sytematics; Goodfellow, M., O’Donnell, A.G., Eds.; John Wiley and
Sons Ltd.: New York, NY, USA, 1994; pp. 163—-195.

Joseph, J.D. Lipid composition of marine and estuarine invertebrates. Part II: Mollusca.
Prog. Lipid Res. 1982, 21, 109-153.

Martinez-Pita, 1.; Sanchez-Lazo, C.; Ruiz-Jarabo, I.; Herrera, M.; Miguel Mancera, J.
Biochemical composition, lipid classes, fatty acids and sexual hormones in the mussel Mytilus
galloprovincialis from cultivated populations in South Spain. Aquaculture 2012, 358, 274-283.
Gosling, E. Bivalve Molluscs. Biology, Ecology and Culture; Blackwell Publishing: Oxford, UK,
2003; pp. 1-443.

Both, A.; Parrish, C.C.; Penney, R.W.; Thompson, R.J. Lipid composition of Mytilus edulis reared
on organic waste from a Gadus morhua aquaculture facility. Aquat. Liv. Resour. 2011, 24,
295-301.

Both, A.; Parrish, C.C.; Penney, R.W. Growth and biochemical composition of Mytilus edulis
when reared on effluent from a cod, Gadus morhua, aquaculture facility. J. Shellfish Res. 2012,
31, 79-85.

Sprecher, H.; Chen, Q. Polyunsaturated fatty acid biosynthesis: A microsomal-peroxisomal
process. Prostaglands Leukot. Essent. Fatty Acids 1999, 60, 317-321.

Lesa, G.M.; Palfreyman, M.; Hall, D.H.; Clandinin, M.T.; Rudolph, C.; Jorgensen, E.M.;
Schiavo, G. Long chain polyunsaturated fatty acids are required for efficient neurotransmission in
c-elegans. J. Cell Sci. 2003, 116, 4965-4975.

Nelson, M.M.; Leighton, D.L.; Phleger, C.F.; Nichols, P.D. Comparison of growth and
lipid composition in the green abalone, Haliotis fulgens, provided specific macroalgal diets.
Comp. Biochem. Physiol. B 2002, 131, 695-712.

Lu, F.S.H.; Nielsen, N.S.; Baron, C.P.; Jacobsen, C. Oxidative degradation and non-enzymatic
browning due to the interaction between oxidised lipids and primary amine groups in different
marine PL emulsions. Food Chem. 2012, 135, 2887-2896.

Bayne, B.L.; Thompson, R.J.; Widdows, J. Phyiology: 1 Marine Mussels and Their Ecology and
Physiology; Cambridge Univeristy Press: Cambridge, UK, 1976.

Kerr, R.G.; Baker, B.J. Marine sterols. Nat. Prod. Rep. 1991, 8, 465—-497.

Ostlund, R.E. Phytosterols and cholesterol metabolism. Curr. Opin. Lipidol. 2004, 15, 37-41.
Kritchevsky, D.; Chen, S.C. Phytosterols-health benefits and potential concerns: A review.
Nutr. Res. 2005, 25, 413-428.

Teshima, S.; Kanazawa, A. Biosynthesis of sterols in abalone, Haliotis gurneri, and mussel,
Mytilus edulis. Compar. Biochem. Physiol. B Compar. Biochem. 1974, 47, 555-561.



Nutrients 2014, 6 1474

47. Miller, M.R.; Nichols, P.D.; Carter, C.G. The digestibility and accumulation of dietary
phytosterols in Atlantic salmon (Salmo salar 1.) smolt fed diets with replacement plant oils. Lipids
2008, 43, 549-557.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



