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Simple Summary 

Anguilla japonica is a catadromous species that migrates to the ocean for spawning. By comparing the 

fatty acid composition in different tissues of A. japonica before and after their entry into the sea, this 

study elucidated the energy allocation and ovarian nutritional status during the migratory process. 

The distribution patterns of different fatty acids across tissues were closely associated with the 

progression of the seaward migration. Prior to entering the sea, A. japonica in the Yangtze River 

Estuary were primarily focused on energy accumulation and hepatic metabolism. After entering the 

sea, with the progression of gonadal development, the ovaries gradually accumulated 

polyunsaturated fatty acids (PUFA) such as EPA, DPA+DHA, and n3-PUFA. The selective retention 

of specific fatty acids in the ovaries represents a physiological regulation that meets the nutritional 

demands of gonadal development. These findings reveal the energy utilization and conversion 

mechanisms underlying the eel’s adaptation to reproductive migration, offering insights into its 

reproductive physiology. This study provides foundational data for assessing the reproductive 

potential of A. japonica after entering the sea, and offers theoretical guidance for the selection of wild 

broodstock and the conservation of reproductive populations. 

Abstract 

To elucidate the characteristics of fatty acid composition in different tissues of Anguilla japonica before 

and after their seaward spawning migration, this study measured the fatty acid contents in the 

muscle, liver, and ovary of eels collected from the Yangtze River Estuary and offshore waters, and 

analyzed the distribution characteristics and transformation patterns of various fatty acids in 

different tissues. The results showed that the fatty acid composition in different tissues of eels from 

both the Yangtze River Estuary and offshore waters was essentially similar. Among all fatty acids, 

C18:1n9c had the highest proportion, accounting for over 31% of the total fatty acids in each tissue. 

Comparing different tissues, in eels from the Yangtze River Estuary, the muscle had the highest 

content of EPA, the liver had the highest content of DHA and EPA+DHA, and the ovary had the 

highest contents of ARA, n6-PUFA and SFA. In offshore eels, the muscle had the highest contents of 

C16:1, C18:1n9c and MUFA; the liver had the highest content of C16:0; and the ovary had the highest 

contents of C18:0, DPA, HUFA, n3-PUFA and PUFA. Comparing eels before and after seaward 

migration, the contents of C16:0, ARA, n6-PUFA, SFA, and the DHA/EPA ratio in the ovary of 
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Yangtze River Estuary eels were higher than those in offshore eels. Conversely, the contents of C18:0, 

C16:1, C18:1n9c, EPA, DPA, DHA, EPA+DHA, HUFA, n3-PUFA, MUFA, PUFA, as well as the 

EPA/ARA, n3/n6 PUFA and PUFA/SFA ratios in the ovary of offshore eels were higher than those in 

Yangtze River Estuary eels. The ovary of Yangtze River Estuary eels mainly contained fatty acids for 

energy provision and precursors for long-chain fatty acid synthesis, whereas the ovary of offshore 

eels had preliminarily accumulated PUFA nutrients required for egg and embryonic development. 

Thus, the distribution patterns of different fatty acids among tissues are closely related to the seaward 

spawning migration process of A. japonica. Before migration, eels in the Yangtze River Estuary 

primarily focus on energy accumulation and liver metabolism; after entering the sea, eels gradually 

accumulate PUFA such as EPA, DPA+DHA and n3-PUFA as gonads develop. The selective 

reservation of different fatty acids in the ovary represents a physiological regulation in response to 

the nutritional demands of gonadal development. 

Keywords: Yangtze River Estuary; offshore; Anguilla japonica; fatty acid; energy allocation; nutrient 

reserve 

 

1. Introduction 

Anguilla japonica is a catadromous fish species that is widely distributed across major river 

systems in Asia, and is found in coastal waters, large rivers, and their associated water bodies in 

China [1,2]. Each spring, juvenile eels migrate from the sea into estuaries and ascend rivers to inhabit, 

grow, and fatten in various river sections and lake-connected water bodies. Mature adult eels begin 

their seaward spawning migration in autumn [3,4]. Under natural conditions, the gonadal 

development and reproductive activity of A. japonica depend on their physical condition and 

nutritional status, with nutrition derived from prey organisms in their habitats [3]. A. japonica is 

omnivorous, typically feeding on invertebrates, including various crabs and oligochaete worms, as 

well as various fish species. The main diet composition and feeding intensity vary across different 

growth stages, with the highest feeding intensity occurring in summer and autumn. After autumn, 

eels gradually enter the reproductive migration stage, and it is generally believed that eels do not 

feed during their seaward spawning migration, with their digestive organs degenerating accordingly 

[5,6]. Given that the nutritional status of broodstock, particularly the level of essential fatty acids, is 

a crucial factor affecting reproductive performance and larval quality [7,8], the nutritional reserves 

of eels before entering the sea are directly related to their subsequent reproductive activities after 

seaward migration. 

For a long time, research on A. japonica has mainly focused on nutritional requirements during 

aquaculture [9,10], eel rearing [11], artificial reproduction [12,13], and larval cultivation [14,15]. In 

recent years, due to dam construction, water conservancy projects along rivers, environmental 

degradation, and overfishing, A. japonica resources have gradually declined [16]. To better protect A. 

japonica resources, studies have gradually been conducted on wild population resource surveys [17], 

migratory behavior [18,19], and spawning ecology [20,21]. However, regarding the nutritional status 

of wild A. japonica, only studies on the muscle of adult eels distributed in freshwater [22] and on the 

tissues of glass eels captured in offshore waters [23] have been reported. No studies have been 

reported on the fatty acid composition in different tissues of reproductive eels before and after their 

seaward migration. 

The Yangtze River Estuary serves as a critical passageway for the seaward spawning migration 

of A. japonica. Previous studies have found that eels generally have gonads at stage II before entering 

the sea, with gonads continuously developing and maturing after seaward migration [3]. Currently, 

direct evidence is lacking regarding the migratory routes and distribution areas of eels from sea entry 

to spawning grounds, whether and where they stay in offshore waters, how long they remain there, 

and whether they require further feeding to replenish energy and reserve nutrients. The energy 

reserves and nutritional status of different tissues in eels with initially developed gonads distributed 
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in the Yangtze River Estuary remain unknown, and there is also a lack of understanding regarding 

the nutritional transformation and directional enrichment among different tissues after seaward 

migration. Given that the distribution characteristics of fatty acids in different tissues can directly 

reflect the functions of these tissues and the roles of various fatty acids in energy provision and 

nutritional reserve [24,25], this study compared the fatty acid composition in different tissues of A. 

japonica before and after seaward migration. The aim is to reveal the functions of different tissues, 

elucidate the allocation and transformation patterns of different fatty acids among tissues during the 

reproductive migration, and thereby infer the energy allocation, fatty acid reserves, and gonadal 

development status of eels before and after seaward migration. This study provides fundamental 

data for evaluating the reproductive potential of eels after seaward migration and reveals the energy 

utilization and transformation mechanisms of A. japonica in adapting to reproductive migration, 

along with their potential reproductive physiological significance. 

2. Materials and Methods 

2.1. Animals and Sampling 

In this study, A. japonica samples were collected from the Yangtze River Estuary waters (EW) 

and offshore waters (OW), respectively (Figure 1). Six female individuals from EW and 6 from OW 

were randomly selected for analysis. The mean body length of the samples from EW was 60.90±4.78 

mm, and the mean body weight was 401.78±158.81 g; the mean body length of the samples from OW 

was 72.38±4.86 mm, and the mean body weight was 681.49±79.03 g. 

 

Figure 1. A. japonica sampling waters. 

2.2. Sample Processing and Analysis 

Samples collected in the field were preserved in self-sealing bags, transported back to the 

laboratory under refrigeration, and dissected under low-temperature conditions. Muscle, liver, and 

ovary tissues were taken from A. japonica samples collected from EW and OW, respectively. Each 

tissue was cut into small pieces, homogenized by grinding, and used for fatty acid determination and 

analysis. Fatty acids were extracted and fatty acid methyl esters (FAMEs) were prepared according 

to the ISO 5509 method: first, Soxhlet extraction and then, saponification, followed by esterification 
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and finally, extraction of FAMEs in hexane. FAMEs were subsequently analyzed by capillary gas 

chromatography (column: 30 m × 0.25 mm I.D., 0.5 µm film thickness; Supelco. Flame ionisation 

detected temperature at 210 °C; carrier gas N2 at 1.0 ml/min; injector temperature at 210 °C; oven 

temperature programmed from 180 to 250 °C) using an Agilent 6890 capillary gas chromatograph. 

Quantitative data were calculated using the peak area ratio (% total fatty acids) [26]. 

2.3. Statistical Analysis 

Experimental data were analyzed and processed using SPSS 25.0 statistical software. An 

independent samples t-test was used to compare samples from the two sources (EW and OW), and 

One-way ANOVA was used to test for significant differences among three tissues (muscle, liver and 

ovary), followed by SNK multiple comparisons. Descriptive statistics are presented as means and 

standard deviations (SD), and p<0.05 was considered statistically significant. 

3. Results 

3.1. Difference of Fatty Acid Composition Before and After Seaward Migration 

Table 1 shows the fatty acid composition in the muscle of A. japonica from EW and OW. A total 

of 32 fatty acids were detected, including 12 SFA, 9 MUFA and 11 PUFA. The fatty acid composition 

in the muscle of A. japonica from the two sources was generally consistent, with significant differences 

observed only in five fatty acids (C12:0, C15:1, C18:1n9t, C22:1n9 and C20:2), PUFA and the 

PUFA/SFA ratio (p<0.05). Among the SFA, C16:0 was the most abundant in both groups, with its 

content being higher in A. japonica from EW than in those from OW. Among the MUFA, C18:1n9c 

was the most abundant in both groups, with its content being lower in A. japonica from EW than that 

from OW. Regarding PUFA, the predominant fatty acids in the muscle of A. japonica from EW were 

C18:2n6c and DHA, whereas in A. japonica from OW, they were DPA and C18:2n6c. The contents of 

important fatty acid combination indices, including EPA+DHA, HUFA, n3-PUFA, and n6-PUFA, 

were all higher in the muscle of A. japonica from EW than that from OW. Among different types of 

fatty acids, the SFA and PUFA contents in the muscle of A. japonica from EW were slightly higher 

than those from OW, while the MUFA content was lower. Among the key fatty acid ratios, the 

DHA/EPA, EPA/ARA and PUFA/SFA ratios in the muscle of A. japonica from EW were higher than 

those from OW, whereas the n3/n6 PUFA ratio was lower. 

Table 1. Fatty acid composition in the muscles of A. japonica from EW and OW (%). 

Fatty Acid EW OW 

C10:0 0.01±0.00 0.01±0.00 

C12:0 0.16±0.04a 0.08±0.03b 

C13:0 0.08±0.04 0.05±0.02 

C14:0 4.00±1.17 3.60±0.38 

C15:0 0.88±0.33 0.99±0.68 

C16:0 24.58±7.01 22.42±0.51 

C17:0 0.78±0.21 0.81±0.08 

C18:0 5.67±1.73 5.38±0.56 

C20:0 0.25±0.05 0.22±0.03 

C21:0 0.08±0.01 0.11±0.06 

C22:0 0.11±0.03 0.10±0.07 

C23:0 0.14±0.05 0.19±0.12 

SFA 36.75±9.36 33.96±1.62 

C14:1 0.23±0.07 0.19±0.06 

C15:1 0.05±0.01a 0.01±0.00b 

C16:1 9.81±1.59 10.13±1.85 

C17:1 0.91±0.18 0.83±0.43 
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C18:1n9t 0.32±0.07a 0.44±0.11b 

C18:1n9c 35.74±2.74 37.80±5.58 

C20:1n9 1.79±0.56 1.58±0.36 

C22:1n9 0.13±0.03a 0.08±0.02b 

C24:1n9 0.05±0.03 0.05±0.02 

MUFA 42.70±13.52 51.11±3.79 

C18:2n6c 4.99±3.08 2.67±1.35 

C20:2 0.91±0.26a 0.60±0.14b 

C22:2 0.06±0.02 0.05±0.04 

C18:3n6 0.14±0.12 0.10±0.06 

C18:3n3(ALA) 2.11±0.41 1.70±0.60 

C20:3n6 0.45±0.22 0.38±0.17 

C20:3n3 0.51±0.05 0.36±0.18 

C20:4n6(ARA) 1.83±0.33 2.05±0.25 

C20:5n3(EPA) 2.88±0.71 2.12±1.28 

C22:5n3(DPA) 2.56±0.47 2.68±0.93 

C22:6n3 (DHA) 4.01±2.24 2.21±1.28 

PUFA 20.36±4.26a 14.93±2.43b 

EPA+DHA 6.89±2.18 4.34±2.04 

HUFA 14.39±1.75 11.60±2.79 

n3-PUFA 11.98±1.81 9.08±2.72 

n6-PUFA 7.42±3.20 5.20±1.35 

DHA/EPA 1.52±1.00 1.17±0.30 

EPA/ARA 1.62±0.46 1.05±0.62 

n3/n6 1.83±0.74 1.90±0.92 

PUFA/SFA 0.56±0.03a 0.44±0.06b 

Values are expressed as mean value ± SD; Values in the same row with different superscript letters 

mean significant difference (p<0.05). 3. Tables 2 and 3 are the same. 

Table 2 shows the fatty acid composition in the liver of A. japonica from EW and OW. A total of 

30 fatty acids were detected in the liver, including 12 SFA, 7 MUFA and 11 PUFA. The fatty acid 

composition in the liver of A. japonica from the two sources was generally consistent, with significant 

differences observed only in four fatty acids (C16:0, C18:1n9t, C20:1n9 and C22:1n9), as well as in SFA 

content and the DHA/EPA ratio (p<0.05). Among the SFA, C16:0 was the most abundant in both 

groups, with its content being significantly lower in the liver of A. japonica from EW than in that from 

OW. Among the MUFA, C18:1n9c was the most abundant in both groups, with its content being 

higher in the liver of A. japonica from EW than that from OW. Regarding PUFA, the predominant 

fatty acids in the liver of A. japonica from EW were DHA and C18:2n6c, whereas that from OW were 

ARA and DHA. The contents of important fatty acid combination indices, including EPA+DHA, 

HUFA, and n3-PUFA, were all higher in the liver of A. japonica from EW than that from OW, while 

the n6-PUFA content was lower. Among different types of fatty acids, the SFA content in the liver of 

A. japonica from EW was lower than that from OW, while the MUFA and PUFA contents were higher. 

Among the key fatty acid ratios, the DHA/EPA, EPA/ARA, n3/n6 PUFA and PUFA/SFA ratios in the 

liver of A. japonica from EW were all higher than those from OW. 

Table 2. Fatty acid composition in the liver of A. japonica from OW and EW (%). 

Fatty Acid EW OW 

C6:0 0.02±0.03 0.01±0.01 

C11:0 0.03±0.01 0.05±0.06 

C12:0 0.07±0.02 0.06±0.04 

C13:0 0.05±0.03 0.03±0.02 

C14:0 2.72±0.84 2.39±0.74 
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C15:0 0.40±0.22 0.75±0.46 

C16:0 21.35±2.67a 25.21±2.88b 

C17:0 0.48±0.22 0.73±0.17 

C18:0 7.13±1.88 7.09±1.65 

C20:0 0.22±0.09 0.22±0.05 

C21:0 0.05±0.02 0.09±0.06 

C22:0 0.05±0.02 0.10±0.07 

SFA 32.59±2.86a 37.04±3.94b 

C14:1 0.12±0.04 0.10±0.05 

C16:1 6.02±1.87 7.56±1.71 

C17:1 0.48±0.19 0.75±0.43 

C18:1n9t 0.30±0.05a 0.49±0.09b 

C18:1n9c 36.81±7.36 33.79±3.05 

C20:1n9 1.80±0.41a 1.23±0.26b 

C22:1n9 0.15±0.05a 0.09±0.03b 

MUFA 45.70±8.43 44.03±4.56 

C18:2n6c 4.27±1.86 2.48±1.06 

C20:2 0.71±0.20 0.75±0.20 

C22:2 0.07±0.04 0.05±0.02 

C18:3n6 0.09±0.05 0.06±0.03 

C18:3n3(ALA) 0.90±0.51 1.17±0.26 

C20:3n6 0.53±0.26 0.37±0.09 

C20:3n3 0.24±0.17 0.35±0.10 

C20:4n6(ARA) 2.72±2.05 4.32±1.72 

C20:5n3(EPA) 1.76±0.93 2.15±0.90 

C22:5n3(DPA) 1.79±0.46 2.93±1.93 

C22:6n3 (DHA) 8.88±7.20 4.32±2.23 

PUFA 21.44±8.51 18.93±5.61 

EPA+DHA 10.64±8.01 6.47±3.02 

HUFA 16.42±9.51 15.67±6.46 

n3-PUFA 13.53±7.89 10.92±4.98 

n6-PUFA 7.16±2.12 7.23±1.32 

DHA/EPA 5.03±2.29a 2.02±0.49b 

EPA/ARA 0.70±0.26 0.53±0.23 

n3/n6 1.97±1.18 1.51±0.60 

PUFA/SFA 0.66±0.27 0.53±0.20 

Table 3 shows the fatty acid composition in the ovary of A. japonica from EW and OW. A total of 

24 fatty acids were detected in the ovary, including 8 SFA, 7 MUFA and 9 PUFA. The fatty acid 

composition in the ovary of A. japonica from the two sources was generally consistent, with significant 

differences observed only in seven fatty acids (C14:0, C16:0, C18:0, C20:0, C20:1n9, C20:2 and DPA), 

as well as HUFA, n3-PUFA and the n3/n6 PUFA ratio (p<0.05). Among the SFA, C16:0 was the most 

abundant in the ovary of A. japonica from EW, whereas C18:0 was the most abundant in that from 

OW. Among the MUFA, C18:1n9c was the most abundant in both groups, with its content being 

lower in the ovary of A. japonica from EW than that from OW. Regarding PUFA, the predominant 

fatty acids in the ovary of A. japonica from EW were C18:2n6c and DHA, whereas in that from OW 

were DHA and ARA. The contents of important fatty acid combination indices, including EPA+DHA, 

HUFA and n3-PUFA, were all lower in the ovary of A. japonica from EW than that from OW, while 

the n6-PUFA content was higher. Among different types of fatty acids, the SFA content in the ovary 

of A. japonica from EW was higher than that from OW, while the MUFA and PUFA contents were 

lower. Among key fatty acid ratios, the DHA/EPA ratio in the ovary of A. japonica from EW was 

higher than that from OW, whereas the EPA/ARA, n3/n6 PUFA and PUFA/SFA ratios were all lower. 
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Table 3. Fatty acid composition in the ovary of A. japonica from EW and OW (%). 

Fatty Acid EW OW 

C12:0 0.21±0.24 0.02±0.01 

C13:0 0.56±0.50 0.03±0.03 

C14:0 2.83±0.35a 1.24±0.45b 

C15:0 1.11±0.87 0.49±0.30 

C16:0 24.38±3.93a 11.25±2.91b 

C17:0 0.99±0.75 0.41±0.09 

C18:0 8.53±2.93a 15.40±3.93b 

C20:0 0.31±0.21a 3.33±0.14b 

SFA 39.63±9.96 31.62±1.09 

C14:1 0.52±0.45 0.06±0.01 

C15:1 0.32±0.43 0.61±0.22 

C16:1 6.08±1.34 8.52±1.65 

C17:1 0.96±0.04 1.30±0.34 

C18:1n9t 0.40±0.23 0.49±0.10 

C18:1n9c 31.58±8.74 34.34±4.18 

C20:1n9 1.69±0.26a 0.99±0.31b 

MUFA 40.75±8.42 46.23±2.28 

C18:2n6c 4.69±2.76 2.50±1.01 

C20:2 0.84±0.08a 0.57±0.15b 

C18:3n6 0.19±0.04 0.16±0.13 

C18:3n3 (ALA) 1.29±0.29 2.01±0.63 

C20:3n6 0.53±0.16 0.50±0.17 

C20:4n6(ARA) 4.42±2.50 3.88±0.84 

C20:5n3(EPA) 1.87±0.29 2.73±0.66 

C22:5n3(DPA) 1.50±0.09a 3.87±1.29b 

C22:6n3 (DHA) 4.54±2.31 5.49±1.92 

PUFA 19.13±3.98 22.16±3.10 

EPA+DHA 6.41±2.33 8.22±2.48 

HUFA 13.60±1.77a 18.99±3.24b 

n3-PUFA 8.70±2.55a 14.45±3.55b 

n6-PUFA 9.59±2.30 7.09±1.78 

DHA/EPA 2.46±1.32 2.00±0.34 

EPA/ARA 0.54±0.30 0.76±0.34 

n3/n6 0.93±0.26a 2.22±1.07b 

PUFA/SFA 0.52±0.24 0.70±0.12 

3.2. Difference of Fatty Acid Composition Among Different Tissues 

Figure 2 presents the composition of different types of fatty acids in different tissues. For A. 

japonica from EW, SFA content was highest in the ovary and lowest in the liver, with no significant 

differences among tissues (p>0.05). In contrast, for that from OW, SFA content was highest in the liver 

and lowest in the ovary, with the content in the ovary being significantly lower than that in the liver 

(p<0.05). For MUFA, in A. japonica from EW, the content was highest in the liver and lowest in the 

ovary, with no significant differences among tissues (p>0.05); whereas in that from OW, MUFA 

content was highest in the muscle and lowest in the liver, with the content in the muscle being 

significantly higher than that in the liver and ovary (p<0.05). Regarding PUFA, in A. japonica from 

EW, the content was highest in the liver and lowest in the ovary, with no significant differences 

among tissues (p>0.05); while in that from OW, PUFA content was highest in the ovary and lowest in 

the muscle, with the content in the muscle being significantly lower than that in the ovary (p<0.05). 
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Figure 2. Comparison of different types of fatty acids in different tissues of A. japonica from EW and OW. EW: 

estuary waters; OW: offshore waters. Different small letters (a, b) denote significant differences between samples 

from different waters of EW and OW. Different capital letters (A, B, C) denote significant differences among 

different tissues of muscle, liver and ovary. Figures from 3 to 6 are the same. 

Figure 3 presents the main fatty acids contents of SFA and MUFA in different tissues. In A. 

japonica from EW, C16:0 content was highest in the muscle and lowest in the liver, with no significant 

differences among tissues (p>0.05). In contrast, in that from OW, C16:0 content was highest in the 

liver and lowest in the ovary, with the content in the ovary being significantly lower than that in the 

liver and muscle (p<0.05). For C18:0, the content was highest in the ovary in both groups, with the 

distribution across tissues showing the highest level in the ovary and the lowest in the muscle. 

Moreover, the C18:0 content in the ovary of A. japonica from OW was significantly higher than that 

from EW and in other tissues (p<0.05). For C16:1, the content was highest in the muscle in both groups, 

with the distribution across tissues showing the highest level in the muscle and the lowest in the liver. 

Additionally, the C16:1 content in the muscle of A. japonica from EW was significantly higher than 

that in the liver and ovary (p<0.05). For C18:1n9c, in A. japonica from EW, the content was highest in 

the liver and lowest in the ovary, whereas in that from OW, the content was highest in the muscle 

and lowest in the liver. No significant differences were observed among tissues in either group 

(p>0.05). 
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Figure 3. Comparison the main fatty acids contents of SFA and MUFA in different tissues of A. japonica from EW 

and OW. 

Figure 4 presents the main fatty acids contents of PUFA in different tissues. In A. japonica from 

EW, ARA content was highest in the ovary and lowest in the muscle, with no significant differences 

among tissues (p>0.05). In contrast, in that from OW, ARA content was highest in the liver and lowest 

in the muscle, with the content in the muscle being significantly lower than that in the liver and ovary 

(p<0.05). For EPA, in A. japonica from EW, the content was highest in the muscle and lowest in the 

liver, whereas in that from OW, EPA content was highest in the ovary and lowest in the muscle. No 

significant differences in EPA content were observed among tissues in either group (p>0.05). For DPA, 

in A. japonica from EW, the content was highest in the muscle and lowest in the ovary, with the content 

in the muscle being significantly higher than that in the liver and ovary (p<0.05). In that from OW, 

DPA content was highest in the ovary and lowest in the muscle, and the DPA content in the ovary of 

A. japonica from OW was significantly higher than that from EW (p<0.05). For DHA, in A. japonica 

from EW, the content was highest in the liver and lowest in the muscle, whereas in that from OW, 

DHA content was highest in the ovary and lowest in the muscle, with the content in the ovary being 

significantly higher than that in the muscle (p<0.05). 

 

Figure 4. Comparison the main fatty acids contents of PUFA in different tissues of A. japonica from EW and 

OW. 

Figure 5 presents the content of the important fatty acid combinations in different tissues. In A. 

japonica from EW, DHA+EPA content was highest in the liver and lowest in the ovary, with no 

significant differences among tissues (p>0.05). In contrast, in that from OW, DHA+EPA content was 

highest in the ovary and lowest in the muscle, with the content in the muscle being significantly lower 

than that in the ovary (p<0.05). For HUFA, in A. japonica from EW, the content was highest in the liver 

and lowest in the ovary, with no significant differences among tissues (p>0.05), whereas in that from 

OW, HUFA content was highest in the ovary and lowest in the muscle, with the content in the muscle 

being significantly lower than that in the ovary (p<0.05). For n3-PUFA, in A. japonica from EW, the 

content was highest in the liver and lowest in the ovary, with no significant differences among tissues 

(p>0.05), while in that from OW, n3-PUFA content was highest in the ovary and lowest in the muscle, 

and the n3-PUFA content in the ovary of A. japonica from OW was significantly higher than that from 

EW (p<0.05). For n6-PUFA, in A. japonica from EW, the content was highest in the ovary and lowest 

in the liver, whereas in that from OW, n6-PUFA content was highest in the liver and lowest in the 
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muscle. No significant differences in n6-PUFA content were observed among tissues in either group 

(p>0.05). 

 

Figure 5. Comparison the content of the important fatty acid combinations in different tissues of A. japonica from 

EW and OW. 

Figure 6 presents the key fatty acid ratios in different tissues. The DHA/EPA in both groups of 

A. japonica was highest in the liver and lowest in the muscle. In A. japonica from EW, the DHA/EPA 

in the liver was significantly higher than that in the ovary and muscle (p<0.05), whereas in that from 

OW, the DHA/EPA in the muscle was significantly lower than that in the liver and ovary (p<0.05). 

The EPA/ARA in both groups was highest in the muscle. In A. japonica from EW, the EPA/ARA in 

the muscle was significantly higher than that in the liver and ovary (p<0.05), while in that from OW, 

the EPA/ARA was lowest in the liver (p<0.05). For the n3/n6 PUFA, in A. japonica from EW, it was 

highest in the liver and lowest in the ovary, with no significant differences among tissues (p>0.05); 

whereas in that from OW, the n3/n6 PUFA was highest in the ovary and lowest in the liver, and the 

ratio in the ovary of A. japonica from OW was significantly higher than from EW (p<0.05). For the 

PUFA/SFA, in A. japonica from EW, it was highest in the liver and lowest in the ovary, with no 

significant differences among tissues (p>0.05); whereas in that from OW, the PUFA/SFA was highest 

in the ovary and lowest in the muscle, and the ratio in the ovary was significantly higher than that in 

the liver and muscle (p<0.05). 

 

Figure 6. Comparison the key fatty acids ratios in different tissues of A. japonica from EW and OW. 
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4. Discussion 

4.1. Fatty Acid Composition Characteristics in Different Tissues and the Manifestation of  

Tissue-Specific Functions 

The distribution of fatty acids in different tissues of fish is not uniform but is rather tailored to 

the functional demands of each tissue, exhibiting a high degree of regularity. The content and ratios 

of different fatty acids can reflect the physiological functions of different tissues, such as energy 

reserve, nutrient metabolism, and accumulation [27,28]. Muscles is the primary tissue for storing 

energy, and SFA and MUFA are considered the preferred fatty acids for oxidation to provide energy 

[29]. Studies have shown that, in both freshwater and marine fish, the most abundant fatty acids in 

muscle are typically C16:0 and C18:1n9c [30]. The fatty acid composition of the muscle for eels from 

both EW and OW in this study followed this pattern, indicating the fundamental roles of these two 

fatty acids in energy provision and maintenance of muscle cell membrane function. Comparing 

different tissues, the C16:0 content was highest in the muscle of eels from EW, while the C18:1n9c 

content was highest in the muscle of eels from OW, suggesting that before seaward migration, the 

eels in Yangtze River Estuary primarily use muscle for energy storage, whereas after entering the sea, 

the offshore eels undergo adaptive changes such as osmoregulation, exhibiting a stronger role in 

maintaining cell membrane function. Additionally, during the early stages of gonadal development, 

muscle also stores considerable amounts of PUFA such as EPA+DHA and n3-PUFA. Studies have 

found that in the muscle of Illex argentinus, DHA is the most abundant PUFA, followed by EPA [31], 

which is consistent with the distribution of DHA and EPA contents in the muscle of the eels from 

EW. This indicates that before seaward migration, Yangtze River Estuary eels store substantial 

amounts of DHA and EPA in their muscle. Research on European whitefish has shown that DHA 

and EPA contents in muscle decrease by approximately 60% from late summer to the spawning 

period [32]. In this study, the DHA/EPA in the muscle of offshore eels decreased by 23% compared 

with that of Yangtze River Estuary eels, indicating that after entering the sea, the key fatty acids such 

as DHA stored in the muscle are extensively mobilized during the reproductive period to support 

gonadal development. 

The liver is the central organ for lipid metabolism in fish, responsible for the synthesis, 

transformation and distribution of fatty acids to other tissues [33]. Therefore, its fatty acid 

composition can better reflect the metabolic status and nutritional level of fish. The MUFA content in 

the liver of eels from EW was the highest among all tissues and significantly higher than that in 

muscle and gonad, suggesting that MUFA in the liver serve not only as energy storage forms but also 

as substrates for active metabolism and synthesis. The liver is not only rich in MUFA such as 

C18:1n9c, but rich in substrates of ARA for synthesis and metabolism. During fish reproductive 

migration, the ARA metabolic pathway in the liver is significantly activated, participating in 

environmental adaptation such as osmoregulation and gonadal development [34]. In this study, the 

ARA content in the liver of eels from OW was higher than that from EW, indicating that after seaward 

migration, the liver of eels undergoes active ARA metabolism, which can supply more unsaturated 

fatty acids to the ovary. Compared with muscle, the liver often contains a higher proportion of PUFA, 

particularly EPA and DHA [35]. In this study, the contents of ARA, DHA, EPA+DHA, HUFA, n3-

PUFA and PUFA in the liver of both groups of eels were higher than those in their respective muscles, 

with DHA content in the liver being 2.21 and 1.95 times that in the muscle, respectively. As the 

processing and reserve center for DHA, the liver often contains the highest DHA content, exhibiting 

tissue specificity [36,37]. In Tridentiger trigonocephalus, the DHA/EPA ratio in the liver was 1.75, higher 

than that in the ovary and muscle [38]. In Paralichthys olivaceus, the DHA/EPA ratio in the liver of 

stage III to IV gonadal development of broodstock was significantly higher than that in stage V 

broodstock, suggesting that the liver reserves DHA in the early stages of gonadal development to 

provide sufficient DHA to the gonads later [35]. In this study, the DHA/EPA ratio in the liver of eels 

from EW was the highest and significantly higher than that from OW, which is consistent with the 

characteristics of gonadal development during the migration to the sea of the eels. As seaward 
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migration and gonadal maturation proceed, DHA is gradually transferred to the ovary, resulting in 

a gradual decrease of this ratio in the liver. The n3/n6 PUFA ratio can reflect tissue functional 

orientation and metabolic homeostasis [39,40]. In Tridentiger trigonocephalus distributed in the Yangtze 

River Estuary, the n3/n6 PUFA ratio in the liver reached 8.05, higher than that in the ovary (7.00) and 

muscle (6.44) [38], which is similar to the pattern in the liver of Yangtze River Estuary eels, where this 

ratio was highest. In contrast, in Pampus argenteus distributed in offshore waters, the n3/n6 PUFA in 

the gonad was significantly higher than that in the liver and muscle [41], which is similar to the 

pattern in the liver of offshore eels. The differences in the n3/n6 PUFA among different tissues at 

different migratory stages of eels are closely related to the metabolic functions of tissues during 

different migration processes, reflecting the physiological differences of eels at different gonadal 

development stages. The Yangtze River estuary eels at the early stage of gonadal development, the 

n3/n6 PUFA was highest in the liver. As gonads develop, the n3/n6 PUFA in the ovary gradually 

increases, and that in the ovary of offshore eels was significantly higher than that in Yangtze River 

Estuary eels. The high ratio of n3/n6 PUFA in the liver of Yangtze River Estuary eels is related to its 

function as a metabolic center for n3-PUFA, while the high ratio in the gonad of offshore eels reflects 

their priority accumulation demand for n3-PUFA. 

The fatty acid composition of the gonad has distinct characteristics related to reproductive 

demands. In the process of reproduction, fish preferentially transport and store the most critical 

HUFA in the developing gonad [42]. In Takifugu flavidus, the gonad has the highest relative PUFA 

content, significantly higher than that in the liver and muscle [43]. Studies on Siganus guttatus have 

also reached the same conclusion, with the highest contents of PUFA, n3-PUFA, and n6-PUFA in the 

ovary [44]. Research on wild Paralichthys olivaceus broodstock found that the fatty acid composition 

of stage V eggs contains a large amount of n3-HUFA, and the proportions of EPA, DPA, and DHA 

were also significantly higher than those in muscle and liver at the same developmental stage [35]. 

This clearly indicates that during the critical period of gonadal maturation, fish comprehensively 

regulate fatty acids across tissues to transfer HUFA into the eggs. In this study, the contents of EPA, 

DPA, DHA, EPA+DHA, HUFA, n3-PUFA and PUFA in the ovary of eels from OW were all the 

highest and higher than those from EW, indicating that with the seaward migration process and 

continuous gonadal development, the ovary has begun to directionally accumulate various 

important fatty acids required for ovarian development. The DHA/EPA can reflect the tissue’s 

demand for DHA [45]. In Tridentiger trigonocephalus, the DHA/EPA in the ovary was 1.59, higher than 

that in muscle [38]. This characteristic is even more extreme in bluefin tuna, where the DHA/EPA 

ratio in the ovary reaches 4.5. This indicates that during gonadal development, fish preferentially 

transport and retain DHA in reproductive tissues to support the nervous system development of 

offspring [46]. In this study, the DHA/EPA in the ovary of both groups of eels was higher than that 

in muscle, being 1.6 and 1.7 times that of the latter, respectively, indicating that eels have begun to 

retain DHA in the gonad at the onset of reproduction, with more pronounced DHA enrichment in 

the ovary of offshore eels after sea entry. The n3/n6 PUFA in the gonad is relatively high, and is 

significantly higher than that in the liver and muscle [38,41], indicating that developing germ cells 

have a specific demand for n3-PUFA. A relatively low n6-PUFA level helps maintain an appropriate 

n3/n6 PUFA balance, ensuring reproductive success. In this study, the n3/n6 ratio in the ovary of 

offshore eels was the highest, higher than that in muscle and liver, and significantly higher than that 

in the ovary of Yangtze River Estuary eels, indicating that after migrating into the sea, offshore eels 

have gradually accumulated n3-PUFA in their ovaries. 

4.2. Fatty Acids Distribution Pattern in Different Tissues and Its Roles in Energy Allocation and  

Gonadal Development 

Different fatty acids play distinct and well-defined roles in the energy supply and reproductive 

processes of fish [8,47]. SFA and MUFA, as the primary energy-providing fatty acids, are mainly 

stored in the form of triglycerides in the muscle, liver, and peritoneal fat of adult fish. When fish face 

periods of high energy demand, such as starvation, migration or reproduction, these fatty acids are 
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preferentially mobilized to provide energy through β-oxidation [43]. Gonadal development requires 

substantial energy consumption, and major fatty acids such as C16:0 and C18:1n9c can provide large 

amounts of energy and carbon skeletons for the growth and maturation of oocytes [30]. Particularly 

during the early life stages of fish, they rely entirely on nutrients from the yolk for energy. At this 

stage, C16:0, C18:0 and C18:1n9c were used preferentially to provide necessary ATP for embryo 

development and larval hatching [48]. In this study, compared with offshore eels, Yangtze River 

Estuary eels had a higher C16:0 content in the ovary, while offshore eels had higher contents of C18:0, 

C16:1 and C18:1n9c in the ovary. This indicates that the ovary of offshore eels contains a greater 

variety and higher contents of major saturated and monounsaturated fatty acids, which can provide 

energy security for later embryonic development and larval hatching. The PUFA/SFA reflects the 

energy allocation strategy of fish. A high PUFA/SFA gives the oocyte membrane optimal fluidity and 

functionality, which is the basis for cell division, signal transduction, and material exchange. At the 

same time, these stored PUFA provide essential structural components and energy sources for early 

embryonic development [46]. The low PUFA/SFA in muscle and liver reflects their functional roles 

as energy storage and metabolic organs, while the high PUFA/SFA in the gonad reveals the 

nutritional allocation strategy of fish during the critical life process of reproduction, preferentially 

transferring precious PUFA to the gonad while retaining more SFA in tissues such as muscle and 

liver for basal metabolism [38,44,49]. During the embryonic development of Takifugu flavidus, SFA 

and MUFA are preferentially used as energy sources, while PUFA such as DHA are highly retained 

for constructing the larval nervous system and cell membranes [48]. This indicates that between 

energy supply and structural construction, fish prioritize the latter. In this study, the PUFA/SFA in 

the muscle and liver of offshore eels was relatively low, while it was highest in the ovary, which is 

more consistent with the energy allocation and reproductive nutritional demands of eels after sea 

entry, indicating that the ovary of eels has stored a certain amount of PUFA nutrients after migrating 

into the sea. 

The PUFA content in the fish gonad is usually significantly higher than that in tissues such as 

muscle and liver. This directional transfer of nutrients required for later oocyte development to the 

ovary is termed tissue-specific accumulation, which is the result of fish actively and preferentially 

transporting and storing valuable PUFA such as ARA, EPA, and DHA in the gonad to ensure 

successful offspring development [30]. Among these, ARA is a precursor for the synthesis of 

eicosanoids such as prostaglandins, directly participating in the regulation of reproductive processes 

such as ovulation and spawning [8]. Studies on Cynoglossus semilaevis have found that the dietary 

ARA level significantly affects the synthesis of estradiol (E2) in females and testosterone (T) in males, 

and this regulation is achieved by modulating the expression of key genes such as steroidogenic acute 

regulatory protein (StAR) and 3β-hydroxysteroid dehydrogenase (3β-HSD) in the gonad. This 

explains why the ARA pathway is significantly enriched in fish during reproductive migration [50]. 

A systematic study on Plectorhynchus cinctus broodstock showed that there is an optimal dosage range 

of dietary n3-HUFA content for reproductive performance. When the dietary n3-HUFA content was 

2.40% and 3.70%, indicators such as spawning amount, egg fertilization rate, oil globule diameter, 

larval survival rate, and larval body length at first feeding performed best; whereas insufficient 

(1.12%) or excessive (5.85%) n3-HUFA content reduced spawning performance and sex steroid 

hormone (17β-estradiol and testosterone) levels [51]. n3-HUFA affect hormone synthesis and egg 

quality by regulating the production of sex steroid hormones, the sensitivity of isolated ovarian 

follicles to chorionic gonadotropin, and the fatty acid composition of eggs and larvae [52]. It is evident 

that n3-PUFA, particularly DHA, are irreplaceable in physiological functions, and the ovary has a 

strong selective retention effect on them. 

The DHA/EPA ratio is also crucial for reproductive success [45]. Studies on the artificial 

reproduction of A. japonica found that the gonadosomatic index (GSI) showed the strongest negative 

correlation with the DHA content in muscle, indicating that during gonadal development, DHA 

stored in muscle is extensively and preferentially mobilized and transferred to the gonad [53]. In this 

study, the distribution of DHA content in different tissues of both Yangtze River Estuary and offshore 
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eels followed a similar pattern. Before seaward migration, Yangtze River Estuary eels had the lowest 

DHA content in muscle and the highest in the liver, indicating that DHA in muscle is being 

continuously consumed and transferred through the liver before sea entry. After sea entry, offshore 

eels had the highest DHA content in the ovary and the lowest in muscle, indicating that DHA from 

muscle has been gradually transferred and enriched in the ovary. During early fish development, fish 

actively regulate the levels of ARA, EPA, and DHA, indicating that they play irreplaceable roles in 

early growth and sexual maturation [8]. DHA is an essential fatty acid for the development of the fish 

brain and retina [54]. A high DHA/EPA ratio ensures the development of the larval brain and retina, 

which is directly related to larval survival rate, growth rate, and predatory ability [55]. Therefore, 

during gonadal development, fish regulate the DHA/EPA to ensure that more DHA is transferred to 

the ovary, providing nutritional support for later larval development [56]. For example, the high ratio 

of 4.5 in the ovary of Atlantic bluefin tuna is a manifestation of this preferential retention [46]. In 

Paralichthys olivaceus broodstock, the DHA/EPA ratio in the liver of stage III–IV broodstock was 

significantly higher than that in stage V broodstock, while the EPA/ARA in the eggs was significantly 

lower than that in stage V broodstock [35]. This result is similar to the situation in the ovary of Yangtze 

River Estuary and offshore eels. The DHA/EPA ratio in the liver of Yangtze River Estuary eels at the 

early stage of gonadal development was significantly higher than that in offshore eels, while the 

EPA/ARA ratio in the ovary was significantly lower than that in offshore eels. These changes in ratios 

reveal that during different stages of gonadal development, fish have dynamic adjustments in their 

demands for DHA, EPA, and ARA. The extremely low EPA/ARA ratio in the gonad is to ensure 

sufficient ARA for the synthesis of eicosanoids such as prostaglandins, as excessive EPA can inhibit 

the conversion of ARA into active hormones [49]. Therefore, maintaining an appropriate EPA/ARA 

ratio is crucial for ensuring normal ovulation and improving fertilization and hatching rates [8]. The 

ratio of n3/n6 PUFA fundamentally affects the quality of eggs and larvae [57]. The different 

requirements of fish for the compositional ratios of n3-PUFA and n6-PUFA are essentially 

determined by the competitive relationships of DHA and EPA, as well as EPA and ARA, in 

metabolism and enzyme actions [58]. An appropriate n3/n6 ratio is crucial for maintaining normal 

reproductive cycles, stable sex hormone synthesis, and the healthy development of eggs and sperm 

[57]. The n3/n6 PUFA was highest in the liver of Yangtze River Estuary eels, while it was highest in 

the ovary of offshore eels, reflecting the characteristics of the n3/n6 ratio in the liver and ovary before 

and after seaward migration, respectively, which is closely related to the migration process. 

In this study, ARA content was highest in the ovary of Yangtze River Estuary eels, EPA content 

was highest in muscle, DHA content was highest in the liver, while HUFA, n3-PUFA, and PUFA 

contents were highest in the ovary of offshore eels. Comparing Yangtze River Estuary and offshore 

eels, ARA content in the ovary of Yangtze River Estuary eels was higher than that in offshore eels, 

while the contents of PUFAs such as EPA, DPA, and DHA in the ovary of offshore eels were higher 

than those in Yangtze River Estuary eels. The DHA/EPA and n3/n6 ratios in the ovary of offshore eels 

were significantly higher than those in Yangtze River Estuary eels. It is evident that before seaward 

migration, the ovary of Yangtze River Estuary eels mainly reserves precursors such as ARA in 

preparation for initiating seaward migration, whereas after entering the sea, the gonad of offshore 

eels has gradually accumulated PUFAs such as EPA, DPA, and DHA required for egg and embryonic 

development. These eels are in the process of gonadal maturation, and the PUFA nutrients (EPA, 

DPA, and DHA) stored in their gonads can support ovarian maturation and subsequent larval 

development. 

5. Conclusion 

In this study, A. japonica from the Yangtze River Estuary and offshore waters were selected as 

research subjects. The fatty acid composition in the muscle, liver, and ovary of eels from both sites 

was determined using national standard methods, and the differences in corresponding components 

among different tissues were comparatively analyzed. The results showed that, comparing different 

tissues, EPA; DHA and EPA+DHA; ARA, n6-PUFA, and SFA were highest in the muscle, liver, and 
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ovary of Yangtze River Estuary eels, respectively; while C16:1, C18:1n9c, and MUFA; C16:0; C18:0, 

DPA, HUFA, n3-PUFA and PUFA were highest in the muscle, liver, and ovary of offshore eels, 

respectively. The DHA/EPA was highest in the liver of Yangtze River Estuary eels, while the n3/n6 

PUFA and PUFA/SFA were highest in the ovary of offshore eels. The distribution of different fatty 

acids in different tissues exhibited tissue specificity, which is related to the functions of different 

tissues. Comparing Yangtze River Estuary and offshore eels, the contents of C16:0, ARA, n6-PUFA, 

SFA, and the DHA/EPA ratio in the ovary of Yangtze River Estuary eels were higher than those in 

offshore eels, while the contents of C18:0, C16:1, C18:1n9c, EPA, DPA, DHA, EPA+DHA, HUFA, n3-

PUFA, MUFA, PUFA, and the n3/n6 PUFA and PUFA/SFA in the ovary of offshore eels were higher 

than those in Yangtze River Estuary eels. The ovary of Yangtze River Estuary eels mainly contained 

energy-providing fatty acids and precursor substances, whereas the ovary of offshore eels had 

preliminarily accumulated fatty acid nutrients required for egg and embryonic development. The 

distribution patterns of corresponding components among different tissues are closely related to the 

migration process of eels before and after seaward migration. In particular, the abundant PUFA 

nutrients accumulated in the ovary can promote gonadal development after sea entry and provide 

sufficient nutrition for later egg and larval development. The selective accumulation of 

polyunsaturated fatty acid nutrients in the ovary is an adaptation to the environmental adaptation 

and nutritional demands of gonadal development after eels enter the sea. In this study, the selected 

eels were individuals before and after seaward migration, respectively. The findings can lay a 

foundation for further elucidating the relationship between ovarian fatty acid composition and 

gonadal development status at different migratory stages of A. japonica. The relevant data can enrich 

the knowledge of the reproductive ecology and biology of A. japonica, and provide theoretical 

guidance for the selection of wild broodstock and the protection of reproductive populations. 
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