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Abstract

Lipid composition in the reproductive and somatic tissues were investigated for female alba-

core tuna, Thunnus alalunga, in the western Indian Ocean, between latitude 18–21˚S and

longitude 56–60˚E, from January 2014 to March 2015. Highest total lipids (TL) were found in

the gonads of spawning-capable females (SCP) (mainly phospholipids, PL, triacylglycerols,

TAG and wax esters, WE) and in the liver of females in the late regressing and regenerating

ovary phases (mainly TAG, PL and sterols, ST). Muscle TL was low but exhibited high inter-

individual variability. Correlations between gonadosomatic and hepatosomatic indices with

TL and the lipid classes in albacore gonads and liver describes a pattern of reallocation of

energy from the liver to the gonads during SCP. Female albacore were also observed to

pursue foraging activities even during this period. Therefore, female albacore can be con-

sidered as a capital-income breeder relying mostly on stored lipids before the onset of re-

production and to a lesser extent on energy derived from concurrent feeding during the

spawning season. Overall, the three examined tissues had similar general fatty acid profiles

with the dominance of 22:6ω3 (docosahexaenoic acid, DHA), 16:0, 18:0 and 18:1ω9. The

proportions of fatty acids varied with maturity stage and ovary lobe, with the smaller lobe

having significantly higher proportions of essential fatty acids, as well as 16:0 and 18:1n9,

compared to the larger one. Our results provide new information on the life-history and

energy allocation strategy of albacore which will assist fisheries managers.

Introduction

Lipids are the main source of metabolic energy in marine fish for swimming, growth and

reproduction [1] and lipid levels are known to vary in relation to the reproductive cycle [2,3].

Lipids can be obtained directly from the diet, mobilized from storage tissues to the gonads and

from de novo synthesis [4]. Tunas allocate a significant amount of energy into egg production

[5] and lipids act as the main source of food for the embryo [4]. In addition, the importance of

fatty acids in fish reproduction, especially the omega-6 (ω6) arachidonic acid (AA: 20:4ω6)
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and those of the omega-3 (ω3) type like eicosapentaenoic acid (EPA: 20:5ω3) and docosahexa-

enoic acid (DHA: 22:6ω3), in fish reproduction is well established. These fatty acids promote

fecundity, the rates of hatching, fertilization, egg viability and survival of fish larvae [6–9].

Thus, a reduction in the amount of energy and essential nutrients could be a constraint for

productivity of the fish [10,11] by affecting the viability of its progeny [8]. Changes in the con-

centrations and proportions of these lipid classes and constituent fatty acids in different tissues

throughout oocyte maturation are strongly linked to their functions [12] and the fish repro-

ductive potential [10].

The allocation of energy to resource acquisition, growth, reproduction and survival, is an

integral part of life-history. The breeding strategy of a species regulates the partitioning of

energy during reproduction [13] with the two main strategies identified as capital and income

breeders [14]. Most organisms develop a combination of breeding strategies [15] and adapt

the strategy based on their internal and external conditions [14], such as prey (energy and

nutrient) availability in their marine environment [16]. Fish species inhabiting temperate

waters, where environmental conditions (e.g., day length, temperature and productivity) are

highly variable, are expected to store energy seasonally for gonad development [2] prior to

reproduce at a later time regardless of food availability (i.e., capital breeder) [16]. Thus, for

capital breeders, essential fatty acids required for the early survival of the developing larvae

largely originate from the spawner’s lipid reserves [4,17]. In contrast, fish species inhabiting

tropical and subtropical regions with relatively constant environmental conditions, are likely

to fulfil their energy requirements for reproduction by concurrent feeding (i.e., income

breeder) and do not have a mechanism to store energy. These represent the extremes of a con-

tinuum. There is no clear separation between the two strategies and species may develop dif-

ferent strategies depending on their environment [15]. The assessment of the cost that

reproduction implies and identification of the type of energy allocation strategy is essential

since the reproductive potential may depend on endogenous energy reserves rather than on

food availability during the spawning season [16].

Migrating fish, like tunas, seem to have a higher and more variable lipid content than the

majority of non-migrating fish species [18]. Albacore tuna, Thunnus alalunga (Bonnaterre

1788), is a pelagic species occurring worldwide throughout temperate waters, sub-tropical and

tropical zones [19]. In the western Indian Ocean, large and mature individuals were found to

occur mostly north of 30˚S while small and immature ones occurred further south [20,21]. It

has also recently been shown that albacore spawn between 10˚S and 30˚S, mainly to the east of

Madagascar, from October to January. Albacore have an asynchronous oocyte development

and indeterminate fecundity [21,22]. The fork length (LF) at which 50% of the population is

mature was estimated at 85.3 ± 0.7 cm and the minimum size-at-maturity was 83 cm LF [21].

Batch fecundity ranged between 0.26 and 2.09 million eggs and the relative batch fecundity

was estimated at 53.4 ± 23.2 oocytes g-1 of somatic-gutted body weight. Currently, information

on the lipid dynamics involved in reproduction is available only for tropical tunas such as yel-

lowfin (T. albacares; [3] and skipjack (Katsuwonus pelamis; [23]) and other temperate tunas

(e.g., in Atlantic bluefin tuna, T. thynnus thynnus; [2]), as well as various farmed species [24].

To date, most studies that have reported the chemical composition of albacore tissues have

focused on the quantification of polyunsaturated fatty acid (PUFA) content in the context of

human nutrition [25,26]. More recently, some studies have investigated the spatial variation of

fatty acids in muscle tissue of albacore in the southwest Pacific to explore trophodynamics [27]

and variations with the environment [28]. Bioenergetic models have shown that albacore pop-

ulations allocate 43% of consumed energy to active respiration with only 6% to growth and

reproduction, reflecting a “periodic” life strategy with late maturation, slow growth, low mor-

tality, and moderate to high reproductive output [29]. Currently, no investigation on the
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related energetics of albacore tuna that includes the importance of lipids in gonad develop-

ment, maternal investment and determination of repro-somatic energy allocation patterns has

been undertaken. The description of the role of lipid classes and fatty acids in mature albacore

could provide better understanding of the reproductive potential of the species in the region

[10]. Such studies may also provide baseline information for future research including those

that are focused on the potential impacts of climate change on the food web, bioenergetics,

behaviour and eventually the reproductive potential of the studied fish.

The present study aims first to investigate the energy allocation strategy of albacore tuna

from the western Indian Ocean through the analysis of total lipid content (TL) and lipid classes

from somatic and reproductive tissues during and after the spawning season, and by describ-

ing their relationships with condition indices. In view of the importance of fatty acids during

reproduction, we also describe their variation in the different tissues. Additionally, given the

asymmetry in the size of gonads in albacore [22,30–32], the difference in fatty acid composi-

tion between the small- and large-sized ovary lobe is also investigated.

Material and methods

Sample collection

Albacore caught from January 2014 to March 2015 were sampled in the Exclusive Economic

Zone (EEZ) of Mauritius in the western Indian Ocean, between latitude 18–21˚S and longitude

56–60˚E (Fig 1). Fish were caught either by local longliners or artisanal fishermen fishing

around anchored fish aggregating devices (aFADs) set around the coast of Mauritius island.

Fish caught by the longliners were sampled at the local processing plants while albacore caught

by coastal fishermen on the same day were sampled directly at landing sites. The following

measurements were taken from the fish caught around aFADs and by local longliners: LF,

somatic fish weight (WS) corresponding to the total fish weight minus the total viscera weight,

total gonad weight (WG), trimmed of mesenteric tissue, and liver weight (WL). For the females,

a 4–5 cm cross-section from the middle portion of the larger ovary lobe was collected for con-

sistency and preserved in neutral 4% buffered formaldehyde for histological analysis to assess

the maturity stage. In parallel, tissue samples of around 2 g were collected from the liver, the

Fig 1. Map of the western Indian Ocean showing the fishing positions of sampled albacore tuna. Grey circles: local longliner (LL), black cross: artisanal

coastal fishermen operating around anchored fish aggregating devices (aFADs)].

https://doi.org/10.1371/journal.pone.0194558.g001
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larger ovary lobe and the front dorsal white muscle, and stored frozen at -80˚C for lipid and

fatty acid analyses. Among the females sampled, 20 individuals in the spawning-capable phase

(SCP), first identified macroscopically as described by Brown-Peterson et al. [33], were ran-

domly selected for collection of an additional 2 g-samples from their smaller gonad lobeto

compare lipid and fatty acid profiles between the small- and large-sized ovary lobes. Three

condition indices were calculated; the gonadosomatic index (IG), hepatosomatic index (IH)

and Fulton’s condition factor (FK):

IG ¼
WG

WS
� 100 IH ¼

WL

WS
� 100 FK ¼

WS

LF
3
� 100

All fish sampled under the study were caught by professional fishermen, licensed by the

Ministry of Ocean Economy, Marine Resources, Fisheries and Shipping in Mauritius. Fish

were already dead by the time of sampling and no ethical approval was required. All institu-

tional, national and international guidelines were also followed during the research work.

Histological classification

The preserved ovary sections were dehydrated in alcohol solutions, cleared with xylene and

embedded in paraffin [21]. Cross-sections of 6 μm were cut from the paraffin blocks, stained

with haematoxylin and eosin, and viewed under a light microscope. For each ovary, the pres-

ence of the most advanced oocyte stage, signs of previous spawning (maturity markers, such as

residual hydrated oocytes and yellowbodies [34]), postovulatory follicles and atresia stage were

identified, as described by Dhurmeea et al. [21], and were grouped into the following phases:

the immature phase containing the most developed oocytes in the primary growth stage (chro-

matin nucleolus and perinuclear oocytes), the developing phase characterized by the occur-

rence of cortical alveoli, vitellogenic 1 and vitellogenic 2 oocyte stages, and the SCP which

included the presence of oocytes in the vitellogenic 3, migratory nucleus or hydrated stage and

where<50% of the yolked oocytes were atretic (atretic stage 1).

Females in the early regressing phase (RGN) were characterised by ovaries with�50%

yolked oocytes in alpha atresia (atretic stage 2) while those in late regressing had 100% of

yolked oocytes in alpha atresia (atretic stage 3) or only in beta atresia (atretic stage 4). Regener-

ating females had ovaries containing no viable or atretic yolked oocytes but where maturity

markers were present. The ovary phase of the selected females for assessment of the small and

large-ovary lobes were also confirmed through histology.

Lipid and fatty acid analysis

Lipids were extracted from the albacore tissues (gonad: 0.23–1.29 g, liver: 0.27–0.75 g and mus-

cle: 0.62–2.18 g) according to the Bligh and Dyer [35] method. A solution of dichloromethane:

methanol:water (10:20:7.5 ml) was added to the tissue in a separatory funnel, shaken at inter-

vals and left overnight. It was then separated into two phases through addition of 10 ml of

dichloromethane and saline water (9 g sodium chloride L-1). The extract was then collected

from the lower dichloromethane phase using a rotary evaporator and transferred into pre-

weighed glass vials. Excess solvent was evaporated under nitrogen gas until a constant weight

was reached. The final TL weight was calculated by extracting the corresponding vial weight

and was expressed in μg mg-1 ww.

Lipid classes were analyzed according to Pethybridge et al. [36]. Samples were developed in

a solvent system of hexane:diethyl ether:acetic acid (70:10:0.1 ml), and run along with standard

solutions using an Iatroscan Mark V TH10 thin layer chromatograph (TLC) coupled with a
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flame ionisation detector (FID). Results of phospholipids (PL), triacylglycerol (TAG), sterols

(ST), wax esters (WE) and free fatty acids (FFA) were reported as μg mg-1 ww.

Fatty acids were identified and quantified following the method by Parrish et al. [37]. The

fatty acid methyl esters (FAME) were liberated from the lipid backbone by transmethylation

where aliquot samples of TL were heated at 100˚C for 2 hours in a mixture of methanol:con-

centrated hydrochloric acid:dichloromethane (10:1:1). After cooling, 1 ml of water was added

to the samples before extraction in hexane:dichloromethane (4:1) solution three times. The

mixture was vortexed and centrifuged following each extraction to separate the layers. The

upper layer containing the FAME was transferred into vials and evaporated to dryness under

nitrogen gas. Gas chromatographic analyses were achieved using an Agilent Technologies

6890N GC (Palo Alto, California, USA) fitted with an HP-5 cross-linked methyl silicone fused

silica capillary column (50 x 0.32 mm i.d.), an FID, a splitless injector and an Agilent Technol-

ogies 7683 Series auto-sampler and injector. For peak verification, further analyses were made

through gas chromatography-mass spectrometry (GC-MS) on a Finnigan Thermoquest system

fitted with an on-column injector and using Thermoquest Xcalibur software (Austin, Texas,

USA). Fatty acid results were obtained as area of peaks which were then expressed as a propor-

tion of the total identified compounds. Finally, out of the 65 fatty acids identified, 22 of them

accounting each for >0.8% in the samples were considered for statistical analysis.

Data analysis

One-way analysis of variance (ANOVA) was used to study the variability of the log-trans-

formed condition indices (IG, IH and FK), TL and lipid classes in the somatic and reproductive

tissues between ovary phases. The relationships between tissue lipid results (TL and lipid clas-

ses) and morphometric condition indices (FK, IG and IH) were investigated using Pearson’s

correlation. TL data were ln + 1 transformed when required to achieve normality of the residu-

als and homogeneity of the variance.

Arc-sinus root squared transformation was applied to the % fatty acid data to improve nor-

mality of residuals and homoscedasticity [38] prior to using ANOVA to test for significant dif-

ferences between ovary phases. Ratios of fatty acids (Sω3/Sω6, DHA/EPA, DHA/AA, EPA/

AA) did not require transformation. Post-hoc Tukey test was performed when significant dif-

ferences were obtained.

The difference in fatty acid profiles between the large- and small-sized ovary lobes of alba-

core tuna in the SCP was investigated using PRIMER v6 software [39] including principal

component analysis (PCA), analysis of similarities (ANOSIM) based on Euclidean distance

matrix, and similarity of percentages analysis (SIMPER). The main fatty acids leading to the

dissimilarity were then analysed using paired t-tests after data transformation. Maps, t-tests,

ANOVAs and regressions were performed using R version 3.2.2 [40]. Maps were built using

the package ’rgdal’ [41] and data from http://www.diva-gis.org/Data.

Results

Variations in condition indices and tissue lipid class composition during

albacore spawning

A total of 47 female albacore tuna ranging from 89 to 107 cm LF sampled from the EEZ of

Mauritius were used for lipid and fatty acid analysis. Due to their low gonad TL (<15 μg mg-1

ww), females in late regressing and regenerating phases were grouped together into the other

post-spawning phase (OPS). All females were mature and included 66% SCP (with vitello-

genic 3 and migratory nucleus as most advanced group of oocytes), 17% RGN and 17% OPS
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(Table 1). The sampled females had IG varying from 0.34 to 2.57, with significantly higher val-

ues being observed for SCP and RGN compared to OPS (F(2,44) = 62.3, P< 0.0001). IH and FK

varied from 0.43 to 1.14 and 1.69 to 2.70, respectively, and did not show significant variations

with ovary phase (IH: F(2,43) = 1.71, P = 0.19; FK: F(2,44) = 3.0, P = 0.06).

The highest concentration of TL was observed in the liver of OPS females (80.3±38.9 μg

mg-1) which was almost double that observed in liver of SCP (41.5±4.92 μg mg-1) and RGN

(43.5±8.80 μg mg-1) (F(2,44) = 16.8, P< 0.0001; Fig 2). In the gonads, significantly higher con-

centrations of TL were observed in the SCP females (43.0±8.59 μg mg-1) while OPS gonads

had the lowest TL (10.2±2.62 μg mg-1) (F(2,44) = 40.3, P< 0.0001). TL in muscle was very low

(around 8 μg mg-1) compared to other tissues and was characterised by high inter-individual

variance, and did not exhibit any variation with ovary phase (F(2,42) = 0.07, P = 0.93).

Lipid class composition in the gonads varied depending on the ovary phase although the

proportion of PL was predominant contributing to 40–75% of TL compared to the three other

classes (around 1–35% of TL) (Fig 2). As observed for TL, PL, WE and TAG showed a signifi-

cant progressive decrease from SCP to RGN and OPS (PL: F(2,43) = 39.4, P< 0.0001, WE:

F(2,43) = 18.0, P< 0.0001, TAG: F(2,43) = 14.2, P< 0.0001). The mean concentrations of PL,

WE and TAG were 21.5±4.04, 10.8±4.30 and 6.52±3.15 μg mg-1, respectively in the SCP, and

decreased to 6.50±1.48, 0.53±0.62 and 0.24±0.24 μg mg-1, respectively in OPS. However, the

concentration of ST in the ovaries did not vary significantly and remained at around 2 μg mg-1

(F(2,43) = 1.41, P = 0.26).

Unlike the gonads, a significant depletion of TAG in the liver was noted in the SCP where

the mean concentration was 0.44±0.89 μg mg-1 while higher but variable levels were observed

in the liver of OPS females (27.3±32.4 μg mg-1) (F(2,43) = 13.8, P< 0.0001). ST and PL showed

a weak but significant accumulation in the OPS individuals (ST: F(2,43) = 3.59, P< 0.05, PL:

F(2,43) = 4.12, P< 0.05). ST and PL were 3.02±0.76 and 19.9±3.46 μg mg-1, respectively in SCP

and increased up to 3.87±1.16 and 23.7±5.49 μg mg-1 respectively, in OPS.

Finally, none of the lipid classes showed significant differences among the ovary phases in

albacore muscle but rather exhibited high individual variability. The main lipid classes in mus-

cle were PL (around 65%) and TAG (around 20%). PL varied from 2.77–6.59 μg mg-1 in SCP

and 3.17–5.47 μg mg-1 in OPS while TAG reached values as high as 14.3 μg mg-1 in SCP and

4.52 μg mg-1 in OPS. Relative proportions of FFA were low in both muscle and gonad tissues

(<10%) but were relatively high in the liver (around 35% in average).

Results of correlation analyses between condition indices and lipid composition of albacore

gonads, liver and muscle tissues are summarized in Table 2. IG was positively correlated with

TL, PL, WE and TAG in the gonads. Likewise, IH also showed weak but positive correlations

with TL, PL and ST in the gonads. In the liver, decreasing levels of TL, TAG and ST were

observed with IG. In white muscle, the variations in the lipid classes were more apparent with

IG revealing positive correlations with TL and TAG. A positive correlation was observed

between IH and IG (r = 0.48, P< 0.001).

Table 1. Mean (± SD) fork length (LF, cm), gonadosomatic index (IG), hepatosomatic index (IH) and Fulton’s con-

dition factor (FK) for albacore tuna with ovaries in different reproductive phases. SCP = spawning-capable,

RGN = early regressing (ovaries with�50% yolked oocytes in alpha atresia), OPS = other post-spawning (ovaries with

100% yolked oocytes in atresia and regenerating ovaries), n = number of fish.

Reproductive phase n LF IG IH FK

SCP 31 100.2±4.5 1.6±0.4 0.7±0.1 2.1±0.2

RGN 8 101.5±5.5 1.4±0.7 0.7±0.1 2.0±0.2

OPS 8 98.1±3.6 0.4±0.1 0.7±0.2 2.0±0.1

https://doi.org/10.1371/journal.pone.0194558.t001
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Fig 2. Boxplots showing variations in (a) total lipid content (TL) levels (μg mg-1 wet weight) and (b)-(e) lipid classes (μg mg-1 wet weight) in gonads (white)

and liver (grey) of female albacore tuna with ovary phase. SCP: spawning-capable, RGN: regressing, OPS: other post-spawning, WE: wax esters, TAG:

triacylglycerols, ST: sterols, PL: phospholipids.

https://doi.org/10.1371/journal.pone.0194558.g002
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Similar to IG, FK was positively correlated with TL, WE and TAG in the gonads. On the

other hand, in the liver tissue, TL, PL and TAG were negatively correlated with FK.

Variations in tissue fatty acid composition during albacore spawning

Fatty acid profiles in the ovary, liver and muscle of female albacore varied from SCP to OPS

(Table 3). The proportions of total saturated fatty acids (SSFA) in gonads were lower in SCP

and RGN compared to OPS (F(2,43) = 22.6, P< 0.0001) which is mainly due to variations in

18:0 and 17:0. 16:0 composed the majority of SFAs but remained constant around 20% along

the different ovarian phases. Total monounsaturated fatty acids (SMUFA) were significantly

higher in SCP and RGN gonads (F(2,43) = 12.8, P< 0.0001), mainly as a result of increased pro-

portions of 18:1ω9. With regards to the total polyunsaturated fatty acids (SPUFA), no signifi-

cant variation was observed throughout ovarian phases (F(2,43) = 0.59, P> 0.05). SPUFA

accounted for around 40% of the total fatty acids in gonads with DHA constituting more than

half of it, especially during SCP and RGN where their proportions were significantly higher

(>20% higher) than in OPS. Similarly, EPA proportions in SCP and RGN gonads were signifi-

cantly higher (around 30% higher) than in OPS gonads. On the other hand, the proportion of

arachidonic acid (AA: 20:4ω6) was lowest in SCP gonads and showed an increasing trend

through RGN to OPS. Both EPA and DHA mainly drove the variations of %Sω3.% Sω3 was

significantly higher in SCP and RGN gonads compared to OPS, which instead was composed

of higher proportions of Sω6. DHA/EPA ratio remained constant around 5 in the gonads

throughout the three different ovarian phases. The ratios of DHA/AA and EPA/AA in the ova-

ries were higher for the SCP females compared to the other ovarian phases.

SSFA from female albacore liver increased significantly during SCP and RGN (F(2,43) =

7.67, P< 0.01) due to elevated 16:0. 18:0 was the second most abundant SFA but showed no

Table 2. Summary of correlation analyses between condition indices (IG, IH, FK) with total lipid content (TL) and lipid classes (μg mg-1 wet weight) of gonads, liver

and muscle of female albacore tuna collected in the waters of Mauritius. WE: wax esters, TAG: triacylglycerols, ST: sterols, PL: phospholipids.

Tissue Lipid/ lipid class IG IH FK

Gonads TL 0.71���� 0.31� 0.30�

PL 0.79���� 0.35� 0.19

TAG 0.65**** 0.25 0.34*

ST 0.21 0.32� -0.07

WE 0.66���� 0.22 0.33�

Liver TL -0.45�� 0.04 -0.39��

PL -0.16 -0.08 -0.30�

TAG -0.52��� -0.01 -0.35�

ST -0.41�� -0.11 -0.01

WE -0.01 -0.18 -0.18

Muscle TL 0.40�� 0.19 -0.10

PL 0.06 0.00 0.03

TAG 0.43�� 0.24 -0.04

ST 0.12 -0.02 0.11

WE -0.10 -0.04 0.03

Significant rho values are in bold.

�P< 0.05

��P< 0.01

���P< 0.001

����P< 0.0001.

https://doi.org/10.1371/journal.pone.0194558.t002
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significant variation among ovary phases. In contrast, SMUFA showed a decreasing trend

from SCP to OPS (F(2,43) = 8.07, P< 0.01), mainly due to significant decreased proportions of

18:1ω9, 18:1ω7 and 20:1ω9. While SPUFA did not exhibit any specific trend (F(2,43) = 2.42, P =
0.10), DHA was significantly higher in the liver of SCP females and decreased until OPS. How-

ever, EPA was lower in SCP and RGN. This opposite trend in EPA and DHA levels led to

Table 3. Mean values (± SD) of fatty acids (as % of total fatty acids) in gonads, liver and muscle of female albacore tuna collected in the waters of Mauritius. Females

are classified in different ovary phases: SCP: spawning-capable, RGN: early regressing (ovaries with�50% yolked oocytes in alpha atresia), OPS: other post-spawning (ova-

ries with 100% yolked oocytes in atresia and regenerating ovaries). PL: phospholipids; TAG: triacylglycerols; ST: sterols; WE: wax esters; FFA: free fatty acids; SSFA: total

saturated fatty acids, SMUFA: total monounsaturated fatty acids, SPUFA: total polyunsaturated fatty acids, DHA: docosahexaenoic acid, EPA: eicosapentaenoic acid,

Sω3: total omega-3 fatty acids, Sω6: total omega-6 fatty acids. n = number of samples per tissue.

Tissue Gonads Liver Muscle

Ovary Phase SCP RGN OPS SCP RGN OPS SCP RGN OPS

n 31 7 8 30 8 8 30 7 7

14:0 0.7±0.1 0.7±0.1 0.7±0.1 0.4±0.1 0.4±0.1 0.4±0.0 0.5±0.3 0.5±0.5 0.7±0.5

15:0 0.6±0.0 0.6±0.0 0.6±0.0 0.6±0.1RP 0.6±0.1SP 0.5±0.1SR 0.4±0.2 0.4±0.2 0.4±0.2

16:0 19.9±1.4 20.3±0.7 19.3±0.9 23.7±1.6P 24.0±1.0P 20.7±2.8SR 21.2±1.7 21.9±1.2 21.4±0.9

17:0 1.0±0.1P 1.0±0.0P 1.2±0.1SR 1.4±0.1P 1.5±0.1 1.6±0.2S 0.8±0.2P 0.9±0.2P 1.1±0.3SR

18:0 6.6±0.7P 6.9±0.4P 11.9±2.0SR 11.5±1.2 11.2±1.7 10.7±1.7 8.0±1.2P 7.6±0.9P 8.7±1.0SR

SSFA 29.1±2.1P 29.9±1.0P 35.0±2.9SR 38.6±2.1P 38.7±1.7P 34.7±4.4SR 31.6±2.4P 32.0±1.9 33.1±1.8S

16:1ω5 0.4±0.1P 0.5±0.1P 0.1±0.1SR 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0

16:1ω7 3.4±0.3P 3.3±0.3P 1.5±0.4SR 1.3±0.2 1.5±0.3 1.4±0.4 1.7±1.1 1.7±1.4 1.6±1.1

16:1ω9 0.8±0.1P 0.8±0.2P 0.3±0.2SR 0.2±0.0P 0.2±0.0 0.3±0.1S 0.1±0.1 0.1±0.1 0.1±0.1

18:1ω5 0.4±0.2P 0.3±0.2P 0.1±0.0SR 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0

18:1ω7 2.6±0.3R 2.3±0.2S 2.6±0.2 1.9±0.3P 2.1±0.3P 2.6±0.6SR 2.1±0.5 2.0±0.5 1.8±0.5

18:1ω9 12.5±1.5P 11.7±0.8P 8.4±0.3SR 8.8±1.1P 9.6±1.1 10.9±4.5S 11.0±4.0 9.8±3.9 7.8±2.2

20:1ω9 0.8±0.2P 0.9±0.2 1.0±0.2S 0.8±0.2RP 1.0±0.3SP 1.9±0.6SR 1.2±0.6 1.2±0.8 1.5±0.7

20:1ω11 0.3±0.1 0.3±0.1 0.2±0.2 0.2±0.1RP 0.3±0.1SP 0.6±0.2SR 0.3±0.1P 0.3±0.2 0.5±0.2S

24:1ω9 0.7±0.2P 1.0±0.4P 3.6±0.9SR 1.5±0.2P 1.6±0.3P 1.0±0.4SR 1.6±0.6 1.6±0.5 1.4±0.4

24:1ω11 0.1±0.1P 0.1±0.0P 0.3±0.1SR 0.1±0.0RP 0.1±0.0S 0.1±0.0S 0.1±0.2 0.1±0.0 0.1±0.0

SMUFA 23.7±2.1P 22.4±1.0P 20.2±0.7SR 16.4±1.7RP 18.4±2.0S 21.0±5.8S 19.8±6.3 18.5±6.9 16.4±4.5

18:2ω6 0.9±0.1RP 0.8±0.1SP 0.6±0.1SR 0.6±0.1P 0.6±0.1 0.7±0.1S 0.6±0.1 0.6±0.1 0.6±0.2

20:4ω6 (AA) 2.9±0.6RP 3.6±0.8SP 9.5±1.8SR 4.6±0.5 4.8±0.6 5.3±1.4 3.2±0.7P 3.3±0.6P 4.1±0.8SR

20:5ω3 (EPA) 5.4±0.6P 5.4±0.3P 3.8±0.7SR 5.4±0.6P 5.6±0.5P 7.4±1.3SR 3.7±0.9P 3.8±1.0 4.7±1.1S

22:4ω6 0.4±0.1P 0.4±0.1P 1.3±0.3SR 0.3±0.0P 0.4±0.1P 0.7±0.2SR 0.6±0.1P 0.6±0.1P 0.7±0.1SR

22:5ω3 1.2±0.1 1.1±0.1 1.2±0.2 0.9±0.1P 1.0±0.4P 2.4±0.9SR 1.3±0.3 1.2±0.4 1.4±0.2

22:5ω6 1.2±0.5P 1.6±0.4P 3.1±0.4SR 1.3±0.5P 1.2±0.5P 0.2±0.5SR 2.3±0.9 2.4±1.1 2.5±0.6

22:6ω3 (DHA) 25.4±2.1P 26.2±1.2P 18.8±4.8SR 28.1±2.2RP 25.3±3.3SP 22.8±1.6SR 32.7±7.4 33.5±8.6 32.4±5.9

SPUFA 38.9±2.7 40.2±1.7 39.1±4.0 42.2±2.4R 40.0±2.5S 41.2±3.7 45.4±7.0 46.2±8.1 47.4±5.3

Sω3 33.0±2.4P 33.5±1.5P 24.2±5.5SR 34.9±2.2R 32.5±2.8S 33.4±2.6 38.2±6.5 38.9±7.2 39.1±4.3

Sω6 5.9±0.8RP 6.7±1.2SP 14.9±2.1SR 7.3±0.8 7.5±1.0 7.7±1.5 7.1±1.4P 7.2±1.6 8.3±1.2S

Sω3/Sω6 5.7±0.8P 5.2±1.0P 1.7±0.7SP 4.8±0.6 4.4±0.8 4.5±0.8 5.5±1.2 5.6±1.4 4.7±0.4

DHA/EPA 4.8±0.5 4.8±0.3 4.9±0.9 5.3±0.8RP 4.5±0.8SP 3.2±0.5SR 9.8±3.9 9.9±4.7 7.4±2.9

DHA/AA 9.0±1.5P 7.6±1.7P 2.1±1.0SR 6.1±0.8RP 5.4±1.1S 4.5±1.0S 10.8±2.2P 10.3±2.2P 7.9±0.8SR

EPA/AA 1.9±0.2RP 1.6±0.3SP 0.4±0.2SR 1.2±0.2P 1.2±0.2P 1.4±0.3SR 1.3±0.5 1.2±0.6 1.2±0.5

Superscripts indicate significant differences among ovary phases for each tissue (P< 0.05 for ANOVA tests on arc-sinus root squared transformed data) with
S different from SCP
R different from RGN
P different from OPS. Totals include minor fatty acid (<0.8%) components that are not shown.

https://doi.org/10.1371/journal.pone.0194558.t003
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lower DHA/EPA ratio in the liver of OPS females. A higher EPA/AA ratio was seen in the liver

of RGN females mainly due to the increase proportion of EPA.

In albacore muscle, the proportion of SSFA was lower in SCP compared to OPS individuals

(F(2,41) = 5.18, P< 0.01) due to variations in 17:0 and 18:0. SMUFA did not show any signifi-

cant variation with ovary phase (F(2,41) = 0.90, P = 0.41) but rather exhibited high inter-indi-

vidual variability. 18:1ω9 was the main MUFA and contributed to 7.8–11% of total fatty acids.

SPUFA did not show significant variation with ovary phase (F(2,41) = 0.17, P = 0.84) and the

same was observed for DHA. However, compared to OPS females, Sω6 (including AA) and

EPA were significantly lower in the muscle of SCP females. Thus, lower DHA/EPA ratio was

also observed in muscle of OPS individuals.

Differences in lipid and fatty acid composition between small- and large-

sized ovary lobes

The weight of the small and large ovary lobe pairs of albacore in the SCP were 137.7±38.3 g

and 200.3±60.2 g (n = 29), respectively. PCA clearly showed two different groupings between

the fatty acid profiles of small- and large-sized ovary lobes (Fig 3) which was confirmed by

ANOSIM (Global-R = 0.361, P = 0.1%). SIMPER analysis revealed that the main fatty acid that

led to the two groupings was primarily DHA which contributed to 61.5% to the observed dis-

similarity. Other fatty acids including EPA, 16:0, 18:1ω9, 18:1ω5, 18:1ω7, 18:2ω6, AA and

22:5ω6 also contributed to the difference (see PCA and paired t-tests results in Figs 3 and 4,

respectively). No significant difference in Sω6, TL (small ovary lobe: 44.9±7.0 μg mg-1; large

ovary lobe: 43.9±9.6 μg mg-1, n = 20) and lipid classes was observed between pairs of ovary

lobes, but Sω3 was significantly higher in the small-sized lobe (t18 = 5.1, P< 0.0001; Fig 4).

Discussion

Energy allocation strategy derived from fish condition and lipid dynamics

Our study shows that TL in female gonads of albacore were within the range observed in other

tunas (0.8–6.5% ww; [3,23,42,43]). An accumulation of TL in the gonads of albacore during

the SCP has been observed in other species showing asynchronous oocyte development such

Fig 3. Scatterplot of principal component analysis for fatty acid data (expressed as % of total fatty acids) of large

(dark grey) and small-sized (light grey) gonads of female albacore tuna caught in the waters of Mauritius.

Principal Components (PC) 1 and 2 contributed to 81.5% of the variation.

https://doi.org/10.1371/journal.pone.0194558.g003
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as in Atlantic bluefin tuna (Thunnus thynnus thynnus) [2], skipjack tuna (Katsuwonus pelamis)
[23] and yellowfin tuna (T. albacares) [3]. This accumulation could in turn be due to a transfer

of lipids from storage tissues to the ovaries via very low-density lipoproteins [4]. The mean TL

of female albacore gonads in the SCP was however, nearly twice the amount of that reported

for the tropical tunas, yellowfin and skipjack. Usually, species having an asynchronous oocyte

development invest a small amount of energy into gametogenesis [44] and are thus expected to

have low gonad TL. It is possible that the higher amount of energy seen in albacore reproduc-

tion may stem from the fact albacore has only one spawning season in austral summer [21,34],

during which the energy acquired at specific feeding grounds, could be allocated entirely to

reproduction. The tropical tunas, instead, have been described as having multiple spawning

seasons throughout the year and females were required to feed intensively during the repro-

ductive season to meet energy requirements [23,45]. The ovaries of SCP albacore, in particular,

contain large proportions of WE, PL and TAG which started to accumulate in the lipid drop-

lets during oocyte growth [1,4]. This prevalence of TAG and WE is a common occurrence in

fish storing energy in the oil globules in their oocytes, such as in the case of albacore and other

tuna species [3,23,46]. Similarly to these teleosts, PL also accumulated in the yolk of the oocytes

in SCP albacore during vitellogenesis as it is an important requirement in the formation of cell

and tissue membranes [1]. Thus, gonads of SCP female albacore, characterised by higher IG
[21], exhibit high TL, PL, WE and TAG, to ensure that sufficient endogenous resources are

available for the metabolic activities in the developing embryo and larvae [46]. As the fish pro-

gresses to the regressing phase and finally to the regenerating phase, the amount of gonad TL,

PL,WE and TAG gradually decreases as the advanced-stage oocytes are reabsorbed after

spawning through atresia [21].

The liver plays an essential role in ovarian development in fish through the accumulation of

a large amount of lipids, mainly in the form of TAG [47], derived from storage tissues or prey,

during the process of vitellogenesis [2,4]. We observed that out of the spawning period, when

albacore have the opportunity to accumulate energy derived from prey, the liver acted as a

Fig 4. Mean % of the main fatty acids responsible for significant differences of fatty acid profiles between the large (dark grey) and small-sized

(light grey) gonads of female albacore tuna caught in the waters of Mauritius. Values above the graph are the t values for paired t-tests and letters

indicate P< 0.0001 (a) or P< 0.05 (b). Bars represent SD. n = 19.

https://doi.org/10.1371/journal.pone.0194558.g004
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reserve for lipids, especially TAG and to a lesser extent, ST and PL. The lipids are stored in the

fish hepatocytes as lipid droplets [48]. Low storage activity was however noted in the liver dur-

ing SCP. It is likely that the accumulated TAG was mobilized from the liver to be allocated to

the development of the ovary during the process of vitellogenesis and migratory nucleus as

explained by the simultaneous raise in the gonads of SCP females, as described for yellowfin

tuna [3]. With regards to ST and PL, a similar process could also occur but the allocation of

these lipid classes to the gonads could have been more consequent in earlier oocyte maturity

stages, at pre-vitellogenic or early vitellogenic, where structural compounds were required for

oocyte formation and lipoprotein synthesis [49]. The same trend for liver PL was observed in

the Atlantic bluefin [2] and yellowfin tunas [3]. In contrast to the tropical tunas, we found no

significant variations in liver WE with ovary phase. The high levels of WE found in the SCP

ovaries could have been derived from long-term storage tissues of albacore where energy is

stored mostly in the form of WE [2]. In albacore, we found a decreasing trend of TL in the

liver with IG. An opposite relationship was observed in skipjack tuna, considered as an income

breeder and where ovary growth is not dependent on hepatic energy reserves but rather on

food intake [23]. Albacore, on the other hand, appeared to rely mostly on lipid reserves from

the liver in our study, which is a characteristic of capital breeders [50]. A slight increase in liver

weight with gonad maturation, reflected in but positive trends between IH and IG, gonad TL,

PL and ST, was also observed in the present study. This is in turn related to the relative

increase in liver weight as a result of stimulation of lipoprotein biosynthesis by hormones dur-

ing gonad maturation [17] and is related to the role of liver as a reservoir of lipids. The role of

liver as a lipid depot has also been demonstrated in pouting, Trisopterus luscus [51], described

as a capital breeder. Fishes use the liver as the main site for synthesis of egg constituents which

are then carried to the gonad for uptake [52]. Vitellogenin, which is the egg yolk precursor, has

the ability to transport lipid as lipoprotein throughout the body of eukaryotic organisms. The

importance of IH as an indicator of reproductive success in Atlantic cod (Gadus morhua) was

pointed out by Marshall et al. [10]. Consequently, these studies support the idea that the liver

represents one of the main source of energy for albacore. The liver also contained a greater

proportion of FFA compared to the other tissues, as a result of high lipid catabolism. These

FFA may be used to provide energy or reacylated into lipid classes [53].

Mean TL in white muscle of female albacore was relatively low in our study (<1% ww), as

seen in other tunas [3,23,54], but lower than that reported in albacore sampled from the Pacific

Ocean (1.2–2.6% ww; [27]) and from Reunion Island in the Indian Ocean (0.8–6.4% ww; [55]).

The TL was even lower compared to smaller albacore from the Pacific Ocean (average fish

weight: 6.07 kg; 0.67–18.74% ww; [56]) and from the South African coast (average fish weight:

11.0 kg; 3.7–13.5% ww; [55]). High amounts of lipids in the somatic tissue is a typical character-

istic of capital breeder species from temperate regions, such as the bluefin tuna [2], where the

lipid deposits may be used later for metabolic activity during migration or for reproduction.

Although white muscle TL from western Indian Ocean albacore varied to a large extent among

individuals, regardless the ovary phase, the highest observed maximum values reached 2.3% ww
only. Moreover, even if none of the lipid classes in the muscle showed significant differences

with ovary group, their variation along the ovary phases was more apparent with IG of the indi-

vidual fish revealing increased TL and TAG with increasing IG. An increase in the concentration

of TAG has also been observed in the white muscle of bluefin tuna with gonad development

and was attributed to their high aerobic capacity [2]. Lipid reserves in muscle of SCP females

could indicate that these fish had better condition which may heighten their fecundity as pro-

posed by Schaeffer [57]. As condition is linked to fecundity [58], the positive correlations of

gonad TL and TAG with FK and the associated negative correlations of liver TL, PL and TAG

with FK suggest that albacore in better condition could contribute more into reproduction.
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From our study, mature albacore tuna displayed a low energy storage in the muscle tissues.

Furthermore, during sampling activities, we observed that albacore did not appear to change

its feeding habits even during the SCP and continued foraging. Intensive feeding throughout

ovary maturation allows the incorporation of dietary lipids for development of the oocytes

[59]. These evidences would normally suggest that albacore could be considered as an income

breeder. However, results from other studies as discussed above, revealed the ability of imma-

ture albacore to store large amount of lipids in their muscle tissues, and our study also demon-

strated the high storage capacity of its liver. It was even suggested that the liver acts as a buffer

to ensure maturation of ovaries at low rates of food (energy) intake [60]. Pure income breeders

such as skipjack tuna [23], Pagrus pagrus [44] and Merluccius merluccius [61], are species that

exhibit a higher dependence on food during spawning for successful reproduction. Both blue-

fin [2] and albacore [30] tunas have previously been described to have a large amount of

energy reserves in the form of perigonadal fat. Ratty et al. [30] found that in some albacore

individuals, the perigonadal fat was rudimentary while in others, it was conspicuous and well-

developed being white and creamy, and could even extend beyond the gonad. The fat body

was observed to be proportionate to fish size, being larger in the immature (meiotically inac-

tive) compared to those that were meiotically active. Their results reflect the use of lipids from

the perigonadal fat for gonad development such as in bluefin tuna where lipids are transferred

to the gonad and catabolized to provide energy [2]. Since our study did not include immature

albacore, it is not possible for us to assess the perigonadal and muscle fat content to confirm

this transfer of energy to the gonads during the pre-spawning period. The fact that we did not

find perigonadal fat in any of the females caught in the waters of Mauritius, confirms the

depletion of energy from perigonadal fat depots once the fish has attained maturity and is in

the SCP. Likewise, in the South Pacific albacore, a decrease in energy available for reproduc-

tion can be observed along the spawning season through a reduction in the batch fecundity,

with higher batches occurring at the start than at the end of the spawning season [34]. Previous

investigations have also demonstrated a depletion in the fat reserves of albacore after spawning

[62,63] supporting the fact that the energy to be allocated to reproduction is stored well before

and will be mobilized at a later time to support the energy-demanding processes associated to

reproduction. In the same instance, other studies of other species found increased energy

reserves immediately before gonad ripening which were then depleted at the end of the spawn-

ing season [51,64,65]. Interestingly, perigonadal fat was also absent in OPS female albacore

from the present study. These OPS were caught in May and June shortly after the spawning

season (October to January) [21] and it is thus probable that energy stores, including the peri-

gonadal fat, are fully replenished once on specific feeding grounds as proposed by [21] such as

in the regions located north of 10˚S, where nutrient-rich waters occur as a result of upwelling

[66]. This is highly probable since studies on albacore from other regions have shown that they

do undertake extensive feeding migration [62,63].

Breeding strategies are usually not restricted to extreme forms of capital and income breed-

ers but rather an array of intermediate strategies [14]. Between these two extremes are the

capital-income breeders which are characterized by large energy stores but which exhibit

important feeding activity during spawning. Eventually, our results clearly show that the liver

of albacore acts as an energy storage for future ovarian development. However, to partially off-

set the cost of reproduction during the spawning season, additional energy appears to be

required from concurrent feeding. Storing energy in the form of fat can provide organisms

with the added advantage to adapt to changes in their environment. Albacore which is a tem-

perate tuna spending a large proportion of its life cycle in the tropical and sub-tropical waters

[19], may have resulted to this species in developing a combined strategy rather than being

strictly capital like the temperate bluefin tuna. It appears to use a strategy that more closely
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aligns to capital breeding than for instance, yellowfin tuna which was suggested to be an

income-capital breeder [3]. Thus, albacore can be viewed as a capital-income breeder. Other

temperate species have also been proposed to use a capital-income strategy such as sole (Solea
solea) and the Northern anchovy (Engraulis mordax) [14].

Albacore fatty acid requirements for spawning

Spawning and egg quality are determined by lipids which provide essential fatty acids needed

for growth and survival [8]. The fatty acid profiles of albacore gonads and liver in this study

are similar to that reported for bluefin tuna in the spawning season [2]. However, since the lat-

ter study did not include regenerating females, it was not possible to make interspecific com-

parisons between SCP and OPS females. The profile of fatty acids in somatic and reproductive

tissues of female albacore from western Indian Ocean was characterised by the predominance

of DHA, 16:0, 18:0 and 18:1ω9, but low proportions of ω3 highly unsaturated fatty acids. All

these fatty acids, with the exception of DHA which is found in polar lipids [67], are generally

found in the neutral lipids of many other marine fish [53] which preferentially accumulate

high levels of SFAs and MUFAs in their lipid reserves [68], that is in the oil droplets of their

oocytes [4] in the case of some teleosts such as albacore. Since TAG and WE were highest in

SCP gonads of albacore, it is not surprising that the levels of these fatty acids, especially

18:1ω9, showed the same trend.

The liver of albacore was richer in 16:0 during the SCP phase. SFAs and MUFAs, especially

16:0 [46], are usually the preferred substrates during β-oxidation in the liver, which is the cen-

tre of metabolic reactions, to provide energy in fish [64], and are often accumulated in fish

gonads [4]. In addition to their role as an energy source, MUFAs play a suite of physiological

roles such as hormone mobilisation, maintenance of buoyancy and permeability control [69].

Compared to liver tissue, no significant difference in the proportion of 16:0 was identified in

both gonads and muscle, but the proportion of 18:0 was greater in the gonads of OPS females.

In female Atlantic bluefin tuna [2], an accumulative pattern of both 16:0 and 18:0 was observed

in the gonads during the ovary phases with peaks just prior to SCP. It is known that some spe-

cific fatty acids are preferentially conserved, converted and used in fish gonads [70]. It is likely

that in female albacore, 16:0 is being conserved in the oocytes mainly as endogenous reserves

for the developing embryo and larvae while the 18:0 is being used as an energy source for the

development of the vitellogenic oocytes. Large amounts of 18:1ω9 could also be found in alba-

core tissues and is thought to be produced during de novo synthesis of fatty acids in fish [71].

Its low proportion in the liver is consistent with its accumulation in the gonads during the

SCP. MUFAs generally do not have a structural role, but are preferentially used for oxidation

to release energy [4]. Ortega and Mourente [46] showed that MUFAs, especially 16:1ω7 and

18:1ω9, decreased to a large extent during larval development in Atlantic bonito, Sarda sarda,

confirming their importance as a source of energy after hatching.

From our results, it is clear that albacore, like other tunas [2,72,73], accumulate DHA which

is preferentially conserved in all tissues. This accumulation of DHA, derived from their prey,

may be considered as a characteristic of tunas due to their position of top predators in the

marine food chain [74,75]. It is widely accepted that fish roe contain copious amounts of long-

chain PUFAs of the ω3 type [1,53] as seen in albacore. These ω3 PUFAs act as structural ele-

ments in biomembrane formation in developing oocytes [2,17]. Compared to OPS individuals,

both DHA and EPA were significantly higher in the gonads of SCP females which were charac-

terised by a DHA/EPA ratio of 4.8/1. This ratio is higher compared to those found in fertilised

eggs of the Atlantic bonito (2.7/1; [46]) but similar to the gonads of the Atlantic bluefin tuna

during spawning (4.5/1; [2]). Essential fatty acids play an important role in the maintenance of
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cellular structure and function in fish [7,17,53] and DHA in the development of brain tissue

and the retina [76,77]. A low DHA/EPA ratio can lead to an imbalance in the membrane phos-

pholipids which may in turn affect larval growth and quality. This is because EPA and DHA

are thought to compete for the same enzymes involved in the esterification of fatty acids into

phospholipids in cell membranes [76,78].

Typically AA is concentrated into fish oocytes to help meet the demands of the developing

embryo and larvae [53,79]. Contrarily to EPA and DHA, lower proportions of AA were

observed in SCP gonads of albacore leading to a lower proportion of AA in relation to EPA

(i.e. EPA/AA of 1.9/1) compared to OPS females (0.4/1). Higher ratios of EPA/AA were found

in the SCP gonads (containing hydrated oocytes) of the Atlantic bluefin tuna (4.9/1) and ferti-

lised eggs of Atlantic bonito (7.7/1) [46]. The variation of AA along the ovary phases of alba-

core is similar to that of Atlantic bluefin tuna as studied by [2] with lower proportions of AA

being recorded in SCP ovaries containing late vitellogenic or migratory nucleus oocytes.

Mourente et al. [2] however showed significantly higher proportions of AA in the ovary of

bluefin tuna containing oocytes in the pre-vitellogenic stage. The decline in the relative con-

centrations of AA to EPA in albacore gonads during the SCP may result from interactions

between ω6 and ω3 fatty acids where they exhibit an inhibitory bioconversion effect on each

other [6]. After the spawning season, when EPA is not relocated from the somatic tissues to be

concentrated into the gonads and its proportion falls in the gonads, the proportion of AA may

rise again as it is preferentially integrated into phospholipids [77] leading to lower EPA/AA

ratio. The opposite trend then occurs in the liver with increased proportion of EPA after the

spawning period, accompanied by a higher EPA/AA ratio in OPS females.

The small-sized ovary lobe was found to have slightly higher TL, and significantly higher

proportions of essential and key fatty acids (DHA, EPA and AA, as well 16:0 and 18:1n9) than

the large-sized one. Such a finding suggests that the small-sized lobe could contribute more to

the reproductive success, a characteristic that may result from a similar strategy in male alba-

core where higher meiotic activity in the smaller testis lobe has been reported [30]. Ratty et al.

[30] were among the first to have described the aspect of gonad dimorphism in albacore and

they found that the right gonad lobes were usually larger in cross-section and volume than

those on the left while the length of both gonad lobes remained the same. They also found that

the size of both left and right testes increased exponentially with LF and had similar rates of

increase in area. In addition, in fish where perigonadal fat was observed, the associated fat was

larger for the larger ovaries. In an energetic aspect, this difference in amount of fat may be

attributed to the increased activity of the smaller ovary lobe which requires more energy than

the other less active lobe. Usually, the size of the gonad lobes in other tunas is nearly symmetri-

cal. To our knowledge, no information is available in the literature to explain the advantage of

fish to have a more active gonad lobe during reproduction. Ratty et al. [30] proposed that the

smaller gonad lobe could be kept in an advanced reproductive state for spawning “opportunis-

tically” while the large lobe matures only when the fish is at appropriate spawning grounds.

They hypothesized that this would allow albacore to extend their reproductive potential with

low energy expenditure. However, no study found differences in maturity stage between ovary

lobes and gonad dimorphism was still observed even on their specific spawning grounds (e.g.,

[21,32]). Recent biological studies have appraised gonad dimorphism in albacore and con-

ducted fecundity estimates for both the small- (left) and large-sized (right) gonads to obtain

more accurate individual batch fecundity (e.g. [32,34]). Indeed, differences in the count of

migratory nucleus or hydrated oocytes between gonad lobes were found [32]. Several studies

also reported gonad asymmetry in other teleosts at the time of the breeding season [80,81].

Our study is the first one to investigate gonad dimorphism in fish based on TL and its con-

stituent fatty acids while others have described mainly the morphological aspects [22,82,83].
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Notably, the study shows that lipid and fatty acid analysis can be used as a means to provide

detailed information on morphological observed differences.

Conclusion

Our results provide evidence that lipids and their constituent fatty acids in the reproductive

and somatic tissues of mature albacore vary along the ovarian phases reflecting lipid utilization

during gonad development. This process is in turn linked to the reproductive strategy of alba-

core which uses a capital-income breeder, relying mostly on stored energy for reproduction

and on supplementary energy derived from feeding for the later gonadal development stages

or other batches along the spawning season to achieve successful reproduction. The extent and

influence of the recently assimilated energy to reproduction still needs to be determined and

the type of energy available (from storage tissues or recent assimilation) for allocation to repro-

duction or maintenance remains unknown. Further energetics studies that include immature

albacore and lipid profiling of their perigonadal fat, as well as post-spawning albacore from

possible feeding grounds in the region, could provide more information on the energy alloca-

tion strategy of albacore. Moreover, the difference in the amount of lipids catabolized may also

vary with the presence of other energy sources. Additional biochemical studies on the protein

and carbohydrate contents in female albacore may provide more information on their energy

dynamics during the reproductive cycle. The difference noted between the small- and large-

sized ovary lobes of albacore should be taken into consideration in future reproductive and

biochemical studies. Studies focusing on the benefits of gonad dimorphism in fish are impor-

tant and may provide further insights into the energy allocation during reproduction. Future

work should seek to understand how projected increases in seawater temperature and associ-

ated changes in phytoplankton community, composition, abundance, may affect the availabil-

ity of fatty acids to albacore that could in turn influence the reproductive potential and thus

productivity of local stocks.

Acknowledgments

The authors would like to thank the fishermen, skippers and the workers from Thon des Mas-

careignes Ltd and Pelagic Process Ltd in Mauritius, for their cooperation and assistance during

sampling activities. Special thanks to Peter Mansour and Peter Nichols for their advice and

help regarding lipid and fatty acid analyses. We are grateful to Jessica Farley for sharing her

extensive knowledge on the biology of tunas and providing feedback that improved a previous

version of the manuscript. We also thank the reviewers for their meticulous reading and

recommendations.

Author Contributions

Conceptualization: Zahirah Dhurmeea, Heidi Pethybridge, Nathalie Bodin.

Data curation: Zahirah Dhurmeea, Nathalie Bodin.

Formal analysis: Zahirah Dhurmeea.

Funding acquisition: Heidi Pethybridge, Nathalie Bodin.

Investigation: Zahirah Dhurmeea, Heidi Pethybridge.

Methodology: Zahirah Dhurmeea, Heidi Pethybridge.

Project administration: Nathalie Bodin.

Resources: Heidi Pethybridge, Nathalie Bodin.

Albacore lipid and fatty acid dynamics

PLOS ONE | https://doi.org/10.1371/journal.pone.0194558 April 2, 2018 16 / 20

https://doi.org/10.1371/journal.pone.0194558


Software: Heidi Pethybridge.

Supervision: Heidi Pethybridge, Chandani Appadoo, Nathalie Bodin.

Writing – original draft: Zahirah Dhurmeea.

Writing – review & editing: Zahirah Dhurmeea, Heidi Pethybridge, Chandani Appadoo,

Nathalie Bodin.

References
1. Tocher DR. Metabolism and functions of lipids and fatty acids in teleost fish. Rev Fish Sci. 2003; 11:

107–184.

2. Mourente G, Megina C, Dı́az-Salvago E. Lipids in female northern bluefin tuna (Thunnus thynnus thyn-

nus L.) during sexual maturation. Fish Physiol Biochem. 2002; 24: 351–363. https://doi.org/10.1023/

A:1015011609017

3. Zudaire I, Murua H, Grande M, Pernet F, Bodin N. Accumulation and mobilization of lipids in relation to

reproduction of yellowfin tuna (Thunnus albacares) in the Western Indian Ocean. Fish Res. 2014;50–

59. https://doi.org/10.1016/j.fishres.2013.12.010

4. Wiegand MD. Composition, accumulation and utilization of yolk lipids in teleost fish. Rev Fish Biol Fish.

1996; 6: 259–286.

5. Korsmeyer KE, Dewar H, Lai NC, Graham JB. The aerobic capacity of tunas: adaptation for multiple

metabolic demands. Comp Biochem Physiol A Physiol. 1996; 113: 17–24.

6. Watanabe T. Lipid nutrition in fish. Comp Biochem Physiol Part B Comp Biochem. 1982; 73: 3–15.

7. Mourente G, Odriozola JM. Effect of broodstock diets on lipid classes and their fatty acid composition in

eggs of gilthead sea bream (Sparus aurata L.). Fish Physiol Biochem. 1990; 8: 93–101. https://doi.org/

10.1007/BF00004436 PMID: 24221942

8. Rainuzzo JR, Reitan KI, Olsen Y. The significance of lipids at early stages of marine fish: a review.

Aquaculture. 1997; 155: 103–115.

9. Furuita H, Tanaka H, Yamamoto T, Shiraishi M, Takeuchi T. Effects of n- 3 HUFA levels in broodstock

diet on the reproductive performance and egg and larval quality of the Japanese flounder, Paralichthys

olivaceus. Aquaculture. 2000; 187: 387–398. https://doi.org/10.1016/S0044-8486(00)00319-7

10. Marshall CT, Yaragina NA, Lambert Y, Kjesbu OS. Total lipid energy as a proxy for total egg production

by fish stocks. Nature. 1999; 402: 288–290.

11. Wiegand MD, Johnston TA, Leggett WC, Watchorn KE, Ballevona AJ, Porteous LR, et al. Contrasting

strategies of ova lipid provisioning in relation to maternal characteristics in three walleye (Sander

vitreus) populations. Can J Fish Aquat Sci. 2007; 64: 700–712. https://doi.org/10.1139/f07-033

12. Norton EC, MacFarlane RB. Lipid class composition of the viviparous yellowtail rockfish over a repro-

ductive cycle. J Fish Biol. 1999; 54: 1287–1299. https://doi.org/10.1111/j.1095-8649.1999.tb02055.x

13. Wootton RJ. Behavioural Ecology of Teleost Fishes Godin J.-GJ (ed.). Rev Fish Biol Fish. 1998; 8:

493–494.

14. McBride RS, Somarakis S, Fitzhugh GR, Albert A, Yaragina NA, Wuenschel MJ, et al. Energy acquisi-

tion and allocation to egg production in relation to fish reproductive strategies. Fish Fish. 2015; 16: 23–

57. https://doi.org/10.1111/faf.12043

15. Houston AI, Stephens PA, Boyd IL, Harding KC, McNamara JM. Capital or income breeding? A theoret-

ical model of female reproductive strategies. Behav Ecol. 2006; 18: 241–250. https://doi.org/10.1093/

beheco/arl080

16. Alonso-Fernández A, Saborido-Rey F. Relationship between energy allocation and reproductive strat-

egy in Trisopterus luscus. J Exp Mar Biol Ecol. 2012; 416–417: 8–16. https://doi.org/10.1016/j.jembe.

2012.02.001

17. Sargent JR. Origins and functions of egg lipids: nutritional implications. In: Bromage NR, Roberts RR

(eds). Broodstock Management and Egg and Larval Quality, Oxford: Blackwell; 1995. pp 353–372.

18. Stansby ME. Chemical characteristics of fish caught in the northeast Pacific Ocean. Mar Fish Rev.

1976; 38: 1–11.

19. Collette B, Nauen C. FAO species catalogue, Vol 2. Scombrids of the world: an annotated and illus-

trated catalogue of tunas, mackerels, bonitos and related species known to date. FAO Fish Synop

1983; No. 125(2),137 p.

Albacore lipid and fatty acid dynamics

PLOS ONE | https://doi.org/10.1371/journal.pone.0194558 April 2, 2018 17 / 20

https://doi.org/10.1023/A:1015011609017
https://doi.org/10.1023/A:1015011609017
https://doi.org/10.1016/j.fishres.2013.12.010
https://doi.org/10.1007/BF00004436
https://doi.org/10.1007/BF00004436
http://www.ncbi.nlm.nih.gov/pubmed/24221942
https://doi.org/10.1016/S0044-8486(00)00319-7
https://doi.org/10.1139/f07-033
https://doi.org/10.1111/j.1095-8649.1999.tb02055.x
https://doi.org/10.1111/faf.12043
https://doi.org/10.1093/beheco/arl080
https://doi.org/10.1093/beheco/arl080
https://doi.org/10.1016/j.jembe.2012.02.001
https://doi.org/10.1016/j.jembe.2012.02.001
https://doi.org/10.1371/journal.pone.0194558


20. Chen IC, Lee PF, Tzeng WN. Distribution of albacore (Thunnus alalunga) in the Indian Ocean and its

relation to environmental factors. Fish Oceanogr. 2005; 14: 71–80.

21. Dhurmeea Z, Zudaire I, Chassot E, Cedras M, Nikolic N, Bourjea J, et al. Reproductive Biology of Alba-

core Tuna (Thunnus alalunga) in the Western Indian Ocean. Plos One. 2016; 11: e0168605. https://doi.

org/10.1371/journal.pone.0168605 PMID: 28002431

22. Otsu T, Uchida RN. Sexual maturity and spawning of albacore in the Pacific Ocean. Fish Bull. 1959;

148: 287–305.

23. Grande M, Murua H, Zudaire I, Arsenault-Pernet EJ, Pernet F, Bodin N. Energy allocation strategy of

skipjack tuna Katsuwonus pelamis during their reproductive cycle. J Fish Biol. 2016; 89: 2434–2448.

https://doi.org/10.1111/jfb.13125 PMID: 27730635

24. Grigorakis K, Alexis MN, Taylor KD, Hole M. Comparison of wild and cultured gilthead sea bream

(Sparus aurata); composition, appearance and seasonal variations. Int J Food Sci Technol. 2002; 37:

477–484. https://doi.org/10.1046/j.1365-2621.2002.00604.x

25. Wheeler SC, Morrissey MT. Quantification and distribution of lipid, moisture, and fatty acids of West

Coast albacore tuna (Thunnus alalunga). J Aquat Food Prod Technol. 2003; 12: 3–16. https://doi.org/

10.1300/J030v12n02_02

26. Rasmussen RS, Morrissey MT, Roblero J. Fatty Acid Composition of US West Coast Albacore Tuna

(Thunnus alalunga) and the Effects of Canning and Short-Term Storage. J Aquat Food Prod Technol.

2008; 17: 441–458. https://doi.org/10.1080/10498850802369211

27. Parrish CC, Pethybridge H, Young JW, Nichols PD. Spatial variation in fatty acid trophic markers in

albacore tuna from the Southwestern Pacific Ocean—a potential “tropicalization”signal. Deep Sea Res

Part II Top Stud Oceanogr. 2015; 113: 199–207. https://doi.org/10.1016/j.dsr2.2013.12.003

28. Pethybridge HR, Parrish CC, Morrongiello J, Young JW, Farley JH, Gunasekera RM, et al. Spatial pat-

terns and temperature predictions of tuna fatty acids: tracing essential nutrients and changes in primary

producers. PloS One. 2015; 10: e0131598. https://doi.org/10.1371/journal.pone.0131598 PMID:

26135308

29. Essington TE. Development and sensitivity analysis of bioenergetics models for skipjack tuna and alba-

core: a comparison of alternative life histories. Trans Am Fish Soc. 2003; 132: 759–770. https://doi.org/

10.1577/T02-094

30. Ratty FJ, Laurs RM, Kelly RM. Gonad morphology, histology, and spermatogenesis in south Pacific

albacore tuna Thunnus alalunga (Scombridae). Fish Bull. 1990; 88: 207–216.

31. Ramón D, Bailey K. Spawning seasonality of albacore, Thunnus alalunga, in the South Pacific Ocean.

Fish Bull. 1996; 94: 724–733.

32. Chen K-S, Crone PR, Hsu C-C. Reproductive biology of albacore Thunnus alalunga. J Fish Biol. 2010;

77: 119–136. https://doi.org/10.1111/j.1095-8649.2010.02662.x PMID: 20646142

33. Brown-Peterson NJ, Wyanski DM, Saborido-Rey F, Macewicz BJ, Lowerre-Barbieri SK. A standardized

terminology for describing reproductive development in fishes. Mar Coast Fish. 2011; 3: 52–70. https://

doi.org/10.1080/19425120.2011.555724

34. Farley JH, Williams AJ, Hoyle SD, Davies CR, Nicol SJ. Reproductive dynamics and potential annual

fecundity of South Pacific albacore tuna (Thunnus alalunga). PloS One. 2013; 8: e60577. https://doi.

org/10.1371/journal.pone.0060577 PMID: 23565258

35. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Can J Biochem Physiol.

1959; 37: 911–917. https://doi.org/10.1139/o59-099 PMID: 13671378

36. Pethybridge H, Daley R, Virtue P, Nichols PD. Lipid (energy) reserves, utilisation and provisioning dur-

ing oocyte maturation and early embryonic development of deepwater chondrichthyans. Mar Biol. 2011;

158: 2741–2754.

37. Parrish CC, Nichols PD, Pethybridge H, Young JW. Direct determination of fatty acids in fish tissues:

quantifying top predator trophic connections. Oecologia. 2015; 177: 85–95. https://doi.org/10.1007/

s00442-014-3131-3 PMID: 25376156

38. Underwood AJ. Experiments in Ecology: Their Logical Design and Interpretation using Analysis of Vari-

ance. London, UK: Cambridge University Press; 1997.

39. Clarke KR, Gorley RN. PRIMER v6: user manual/tutorial. Plymouth, UK: PRIMER-E Ltd; 2006.

40. R Development Core Team. R: A language and environment for statistical computing. R Foundation for

Statistical Computing. Vienna, Austria. 2017 Available: https://www.R-project.org/.

41. Bivanand R, Keitt T, Rowlingson B, Pebesma E, Summer M, Hijmans R et al. Package ’rgdal’. 2016.

42. Hiratsuka S, Kitagawa T, Matsue Y, Hashidume M, Wada S. Lipid class and fatty acid composition of

phospholipids from the gonads of skipjack tuna. Fish Sci. 2004; 70: 903–909. https://doi.org/10.1111/j.

1444-2906.2004.00885.x

Albacore lipid and fatty acid dynamics

PLOS ONE | https://doi.org/10.1371/journal.pone.0194558 April 2, 2018 18 / 20

https://doi.org/10.1371/journal.pone.0168605
https://doi.org/10.1371/journal.pone.0168605
http://www.ncbi.nlm.nih.gov/pubmed/28002431
https://doi.org/10.1111/jfb.13125
http://www.ncbi.nlm.nih.gov/pubmed/27730635
https://doi.org/10.1046/j.1365-2621.2002.00604.x
https://doi.org/10.1300/J030v12n02_02
https://doi.org/10.1300/J030v12n02_02
https://doi.org/10.1080/10498850802369211
https://doi.org/10.1016/j.dsr2.2013.12.003
https://doi.org/10.1371/journal.pone.0131598
http://www.ncbi.nlm.nih.gov/pubmed/26135308
https://doi.org/10.1577/T02-094
https://doi.org/10.1577/T02-094
https://doi.org/10.1111/j.1095-8649.2010.02662.x
http://www.ncbi.nlm.nih.gov/pubmed/20646142
https://doi.org/10.1080/19425120.2011.555724
https://doi.org/10.1080/19425120.2011.555724
https://doi.org/10.1371/journal.pone.0060577
https://doi.org/10.1371/journal.pone.0060577
http://www.ncbi.nlm.nih.gov/pubmed/23565258
https://doi.org/10.1139/o59-099
http://www.ncbi.nlm.nih.gov/pubmed/13671378
https://doi.org/10.1007/s00442-014-3131-3
https://doi.org/10.1007/s00442-014-3131-3
http://www.ncbi.nlm.nih.gov/pubmed/25376156
https://www.R-project.org/
https://doi.org/10.1111/j.1444-2906.2004.00885.x
https://doi.org/10.1111/j.1444-2906.2004.00885.x
https://doi.org/10.1371/journal.pone.0194558


43. Intarasirisawat R, Benjakul S, Visessanguan W. Chemical compositions of the roes from skipjack, ton-

gol and bonito. Food Chem. 2011; 124: 1328–1334.

44. Aristizabal EO. Energy investment in the annual reproduction cycle of female red porgy, Pagrus pagrus

(L.). Mar Biol. 2007; 152: 713–724.

45. Zudaire I, Murua H, Grande M, Bodin N. Reproductive potential of yellowfin tuna (Thunnus albacares) in

the western Indian Ocean. Fish Bull. 2013; 111: 252–264. https://doi.org/10.7755/FB.111.3.4

46. Ortega A, Mourente G. Comparison of the lipid profiles from wild caught eggs and unfed larvae of two

scombroid fish: northern bluefin tuna (Thunnus thynnus L., 1758) and Atlantic bonito (Sarda sarda

Bloch, 1793). Fish Physiol Biochem. 2010; 36: 461–471. https://doi.org/10.1007/s10695-009-9316-8

PMID: 19330458

47. Kiessling A, Pickova J, Johansson L, Åsgård T, Storebakken T, Kiessling KH. Changes in fatty acid

composition in muscle and adipose tissue of farmed rainbow trout (Oncorhynchus mykiss) in relation to

ration and age. Food Chem. 2001; 73: 271–284. https://doi.org/10.1016/S0308-8146(00)00297-1

48. Dutta HM, Datta-Mushi JS. Fish morphology. USA: CRC press; 1996.

49. Almansa E, Martı́n MV, Cejas JR, Badı́a P, Jerez S, Lorenzo A. Lipid and fatty acid composition of

female gilthead seabream during their reproductive cycle: effects of a diet lacking n-3 HUFA. J. Fish

Biol. 2001; 59: 267–286.

50. Kjesbu OS, Jakobsen T, Fogarty MJ, Megrey BA, Moksness E. Applied fish reproductive biology: contri-

bution of individual reproductive potential to recruitment and fisheries management. Fish Reprod Biol

Implic Assess Manag. 2009; 293–332.

51. Merayo CR. Seasonal changes in the biochemical composition of the muscle and liver of bib (Trisop-

terus luscus L.) (Pisces, Gadidae) from the Cantabrian Sea (N Spain), Scientia Marina. 1996; 489–

495.

52. Arukwe A, Goksoyr A. Eggshell and egg yolk proteins in fish: hepatic proteins for the next generation:

oogenetic, population, and evolutionary implications of endocrine disruption. Comparative Hepatology.

2003: 2.

53. Sargent JR, Tocher DR, Bell JG. The lipids. In: Halver JE, Hardy RW (eds). Fish nutrition, 3rd edn. Fish

Nutrition. Academic Press; 2002. pp 182–246.

54. Medina I, Aubourg SP, Martı́n RP. Composition of phospholipids of white muscle of six tuna species.

Lipids. 1995; 30: 1127–1135. PMID: 8614303
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