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Abstract

:

The fatty acid accumulation in fish tissues are closely related to fish sex, yet the sex differences in fish fatty acids have not been fully known. This experiment investigated the sex differences in fatty acid composition of Chinese tongue sole (Cynoglossus semilaevis), which have typical sexual dimorphism and reversal. Three sexes, namely females, males and pseudomales, were involved in this study. Five batches of fish samples were collected from different fish farms in Shandong Province, China. These fish were identified to be at the gonadal development stage of III–IV. The disparity of fatty acid between sexes (female vs male and pseudomale vs. male) was evaluated by the distance coefficient (Dsex) and multi-variate similarity of percentages analysis (SIMPER). The highest Dsex values between females and males were found in gonad, followed by liver and eye. The fatty acids that differed between females and males were mainly DHA, 16:1n-7, 18:1n-9, and 18:0. The sex difference in DHA and 18:1n-9 contributed significantly to the overall sex difference in fatty acid of brain, eye, and gonad, whereas that in 16:1n-7 contributed significantly in heart, gill, liver, and muscle. The sex difference in 18:0 contributed significantly to the overall sex difference in fatty acid of heart, gill, gut, and skin. The sex differences in fatty acid between pseudomales and males were generally insignificant. In conclusion, at this gonadal development stage (III–IV), the sex differences in fatty acid between female and male Chinese tongue sole have emerged, mainly in the gonad. The testes had higher DHA levels but lower levels of 16:1n-7 and 18:1n-9 than ovaries. In addition, for pseudomales, the phenotypic sex more substantially determined the fatty acid composition than the genetic sex.
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Key Contribution: This study revealed the sex differences in fatty acids between different sexes, namely, females, males and pseudomales, of a flatfish species, which have typical sexual dimorphism and reversal.










1. Introduction


Fatty acids are essential nutrients for aquatic animals and play important roles in energy supply and other physiological processes such as maintenance of cell brane fluidity, immune response and reproduction [1,2,3,4,5,6]. During fish development, fatty acids are deposited selectively in different tissues according to their function, especially in the gonads during the reproductive periods [7,8,9]. Considering the different characteristics between ovaries and testes regarding cell structure, energy requirement, and gametogenesis, it is reasonable to assume that the fatty acid deposition probably largely differs between sexes.



Indeed, several studies have shown the selective deposition of fatty acids depending on sex, season and reproductive cycle [10,11,12,13,14]. The selective deposition of fatty acids in fish of specific sexes may reflect the specific fatty acid preference and utilization. The relevant mechanisms involved have not been well-known. The study on the selective fatty acids deposition in fish of different sexes may not only enrich our knowledge in this area, but also provide useful information for management of sex-specific feeds for fish broodstocks.



Chinese tongue sole (Cynoglossus semilaevis) is an economically important aquaculture species in Northern China. This species has a typical sexual dimorphism. Males grow slowly, whereas females grow about four times faster than males [15,16]. Also, females can be sexually transformed into pseudomales during the juvenile stage, breaking the normal male/female ratio and leading to a reduction in the number of females [17]. These characteristics make Chinese tongue sole a good model species for studies on sex difference in fatty acid. The present study aims to comprehensively investigate the differences in fatty acid among different sexes of Chinese tongue sole, namely, female, male, and pseudomale. The results may enhance our knowledge about the sex difference in fish fatty acids.




2. Materials and Methods


2.1. Experiment Fish


Five batches of experiment fish were collected from five different fish farms in Hongdao (HD), Rizhao (RZ), and Weifang (three batches: WF1, WF2 and WF3), Shandong Province. Each batch had 30 healthy fish. All the fish were nearly 11 months old. The average weight of the female fish, male fish, and pseudomale fish of all batches was 182.48 g, 124.94 g, and 138.89 g, respectively. Fish were transported to the laboratory in bags inflated with oxygen and water since purchased. After being anesthetized with MS-222, the body weight, body length, and liver weight were measured to calculate the hepatosomatic index (HSI) and condition factor (CF). The fish were then dissected on ice and a total of 10 tissues (fin, brain, eye, gill, heart, liver, intestine, gonad, skin, and muscle) were collected. The samples were stored at −20 °C before used. All sampling protocols, as well as all fish handling processes, in this study were reviewed and approved by the Animal Care and Use Committee of Yellow Sea Fisheries Research Institute.




2.2. Sex Identification


The fin DNA was extracted and the genetic sex was identified by the Marine Animal Tissue Genome DNA Extraction kit (TIANGEN, Beijing, China). A total of 5 μL DNA template was obtained for the subsequent PCR study. Sex-specific markers (F: CCTAAATGATGGATGTAGATTCTGTC, R: GATCCAGAGAAAATAAACCCAGG) were synthesized by Tsingke Biotechnology Co., Ltd. (Qingdao, China). The system of Polymerase Chain Reaction (PCR) is shown in Table 1. The amplified fragment length was detected with 2% agarose gel at 180 v and 30 min. At the end of electrophoresis, the bands were checked under ultraviolet light. The genetic males had one band (169 bp) and the genetic females had two bands (169 bp/134 bp) (see examples in Figure 1). The biological sex of each fish was determined by observational check. The testes were grayish white in appearance, and a small amount of white sperm can be seen. Under the microscope, the spermatic sac cannot be seen and the spermatic lobule was filled with white sperm. The testes development stage was around IV. The ovaries were translucent and light red, and small blood vessels can be seen on the surface. The eggs cannot be clearly seen by naked eye. The ovaries development stage was III–IV. For pseudomale fish, the genetic sex was female and the biological sex was male. Based on the check of fish biological and genetic sex, the sex identification results are shown in Table 2.




2.3. Analysis of Total Lipid and Fatty Acid Compositions


Three randomly selected fish from a same sex of each group were used for the analysis of total lipid content and fatty acid composition. The total lipid of the liver, muscle and gonad samples was extracted and analyzed with the chloroform: methanol (2:1 v/v) method [18]. The fatty acid compositions were analyzed with gas chromatograph (GC-2010 pro, Shimadzu, Japan). Briefly, fatty acids in wet samples (about 0.5 g) (the fatty acids in the liver, muscle, and gonads are derived from lipid (about 50 μL) extracted by the chloroform methanol method) were esterified first with KOH-methanol and then with BF3-methanol on 75 °C water bath. Fatty acid methyl esters were extracted with hexane and then subjected to the gas chromatography equipped with a fused silica capillary column (SH-RT-2560, 100 m × 0.25 mm × 0.20 μm) and a flame ionization detector. The column temperature increase was programmed: from 100 °C up to 190 °C at a rate of 10 °C min−1; then from 190 °C to 200 °C at a rate of 0.3 °C min−1; and then from 200 °C to 230 °C at a rate of 4 °C min−1. Both injector and detector temperature were 230 °C. Temperature of flame-ionization detector, injector, and column was 300 °C, 250 °C, and 100 °C, respectively. The flow rate of the carrier gas helium was 3 mL/min. For each sample, a total of 1 μL was injected into the machine. The split ratio was 50%. A mixture of 37 standard reference fatty acids (Solarbio, Beijing, China) was used to identify the fatty acid peaks. The results were expressed as % total fatty acids (%TFA, % peak areas).




2.4. Calculations and Statistical Methods


Formula for calculating the hepatosomatic index: HSI (%) = wet liver weight/fish body weight × 100



Formula for calculating the condition factor: CF = body weight/(body length3) × 100



The inter-sex distance coefficient (Dsex) is used to indicate the difference in fatty acid composition between different sexes [19]. The Dsex is calculated according to the following equation [12]:


   D  s e x   =       ∑   i = 1  n       P  i f   −  P  i m      2       1 2     








where Dsex is the distance coefficient between the female sample f and the male sample m; Pif and Pim are contents of fatty acid i in the sample f and m, respectively. For each fish batch, an average content was used for each fatty acid in each tissue. One Dsex value was returned for each tissue. In general, the Dsex represents the geometrical distance, or disparity, between the fatty acid composition of females and males. The Dsex between males and pseudomales was calculated in similar way.



Besides, the multi-variate similarity of percentages analysis (SIMPER) was also used to analyze the fatty acid dissimilarities between sexes [12,20]. The fatty acid compositions were pretreated with Prime-E (Version 6.1.10, Plymouth Routines in Multivariate Ecological Research, Ivybridge, UK). Additionally, the relative contribution of each individual fatty acid’s sex difference to the total sex difference in fatty acid was also evaluated by SIMPER.



For other data, one-way ANOVA in SPSS 16.0 for Windows were used. Tukey’s multiple range test was used to detect the significant difference between the means. There was significant difference when p ˂ 0.05. The data of female and male fish in the WF3 group were analyzed using an independent sample t-test. The results are presented as means ± standard error.





3. Results


3.1. Somatic Indicators and Total Lipid Content


In four batch groups (HD, RZ, WF1 and WF2), female fish had the highest body weight, followed by pseudomales, and males had the lowest body weight (Figure 2, Supplementary Table S1). In general, females had significantly (p < 0.05) higher body weight than males. The fish body length followed similar trends to the body weight. However, the hepatosomatic index (HSI) had an opposite trend. The males had the highest HSI values, whereas the females had the lowest ones. In the WF1 and WF2 groups, significant differences were observed between and females and pseudomales/males (p < 0.05). There was no significant difference (p > 0.05) in condition factor among sexes in all fish batches. The differences in total lipid content among sexes were observed mostly in gonads. It was unexpected that testes had significantly (p < 0.05) higher lipid content than ovaries, with pseudomales having intermediate values.




3.2. Dsex Values


The detailed fatty acid compositions of brain, eye, heart, gill, intestine, skin, liver, muscle and gonad are presented in Supplementary Tables S2–S10, respectively. For the comparison between females and males, gonad had the highest average Dsex value, followed by liver and eye, whereas the brain had the lowest average Dsex value (Figure 3). The average Dsex values between pseudomales and males were generally lower than those between females and males. For the comparison between pseudomales and males, liver and eye had the highest average Dsex values, and the brain also had the lowest value.




3.3. SIMPER Analysis


The TOP 5 differentially abundant fatty acids between females and males (DFAsex) were analyzed by SIMPER (Table 3). Of all the TOP 5 DFAsex, docosahexaenoic acid (DHA, 22:6n-3) emerged most frequently (34/225), followed by 18:0 (33/225), 16:1n-7 (32/225), 18:1n-9 (20/225), and 18:2n-6 (19/225) (Table 3). Even only the 1st DFAsex was considered, DHA emerged most frequently (11/45), followed by 18:0 (9/45), 16:1n-7 (7/45), and 18:1n-9 (6/45) (Table 3). However, the 1st DFAsex, was largely different among different fish batches and different tissues of a certain fish batch. For the HD fish, the 1st DFAsex was DHA (brain, eye, heart, and intestine) and 16:1n-7 (gill, skin, liver, muscle, and gonad). Male fish had higher DHA content and females had higher 16:1n-7 content. Other batches have largely different 1st DFAsex in different tissues. In general, female fish had higher contents of mono-unsaturated fatty acid (MUFA) such as 16:1n-7 and 18:1n-9, and saturated fatty acid (SFA) such as 18:0 and 16:0, especially in gonads.



The TOP 5 DFAsex between pseudomale and male is presented in Table 4. Of all the TOP 5 DFAsex, 18:0 emerged most frequently (28/180), followed by DHA (24/180), 16:1n-7 (23/180), 18:1n-9 (19/180), and 18:2n-6 (18/180) (Table 4). If only the 1st DFAsex was considered, DHA emerged most frequently (10/36), followed by 16:1n-7 (5/36), 18:0 (5/36), and 18:2n-6 (4/36) (Table 4). Similarly, compared to pseudomales, males tended to have higher DHA content, but lower contents of MUFA and SFA, in particular in the gonads. The sex difference in fatty acid between pseudomales and males was batch- and tissue-specific too (Supplementary Tables S1–S10). The Dsex between female (F) and male (M) used the mean of all the five groups, whereas the Dsex between pseudomale (P) and M used the mean of all groups except WF3.





4. Discussion


Chinese tongue sole have typical sexual dimorphism. The females are much larger in size than males. In this study, the weight and length of females were higher than those of pseudomales and males, indicating that at this development stage (around 150 g), significant differences in growth rate among females, pseudomales and males had emerged. This was in line with our knowledge that female Chinese tongue sole grow at a higher rate than pseudomales and males [15]. The lack of sex difference in fish body weight of the WF3 group may be due to the unbalanced fish number of females and males (too few males collected), which may enlarge the occasionality. In addition, in most fish groups, females had lower gonadal lipid content than both pseudomales and males. This result was unexpected. Usually, ovaries have higher lipid contents than testes. The present result could be due to the different degrees of gonadal development in the three sexes. Females generally reach gonadal maturity at age 2–3, whereas males reach sexual maturity little earlier than females, with the gonads maturing after only one year [21]. The rapid deposition of lipid in the gonads of pseudomales and males at this stage helps to provide energy for gonad development, sperm formation and maintenance of sperm viability [22,23].



The Distance Coefficient (Dsex) between sexes can reflect the level of disparity in fatty acids between sexes. It was easy to understand the present result which showed that the gonads had higher Dsex than other tissues. This was consistent with our previous findings in other fish species [12]. Gonads are the main sites where the energy for gametogenesis is prepared. The different fatty acid composition between ovaries and testes indicates that different fatty acids are required during gonadal development and gametogenesis between ovaries and testes [24,25]. The analysis of the fatty acid dissimilarity between ovaries and testes of this five fish batches clearly showed that more 18:1n-9 and 16:1n-7 were deposited in ovaries but more DHA was deposited in testes. Both 18:1n-9 and 16:1n-7 are preferential substrates of β-oxidation for energy purpose, which was consistent to the energy storage requirement of ovaries [26,27]. It has been demonstrated that DHA plays important roles in the maintenance of sperm viability [28,29].



The liver and eye had moderate Dsex levels and other tissues have much lower Dsex levels. The liver is a center of fatty acid metabolism. During fish reproduction, fatty acids from the liver can be selectively transferred to the gonads to support the energy storage in the gonads [5,30,31]. The Dsex value in the eye had a large variation among different fish batches. The relatively high average Dsex value in the eye may be associated with the fact that fish eyes have high levels of DHA, which was a primary differing fatty acid between sexes. In human studies, it has also been shown that DHA is an important fatty acid for maintaining visual function and is enriched in the cell membranes of the outer segments of the optic rod cells [32,33,34]. Other tissues had relatively lower Dsex values, indicating that they are less involved in the reproduction-related fatty acid transportation across tissues.



In general, the Dsex values between pseudomales and males were much lower compared to those between females and males. This indicates that the fatty acid profile is much more similar between pseudomales and males than between females and males. Although pseudomales contain the same sex chromosome ZW as females, the gonads are physiologically developed as testes and produce sperm in the same way as males. This further indicates that the phenotypic sex more substantially determined the fatty acid composition than the genetic sex. The fatty acids deposition and mobilization may be similar between pseudomales and males at the stages near testicular maturity.



The fatty acid dissimilarity analysis by SIMPER showed that DHA, 16:1n-7, 18:0 and 18:1n-9 are the main differentially abundant fatty acids between sexes. This was similar to what observed in our previous studies [35]. As mentioned above, testes may require more DHA than ovaries at this stage. Previous studies on Chinese tongue sole [5], European sea bass (Dicentrarchus labrax) [36], and European eel (Anguilla anguilla) [37] have shown that DHA is an important regulator of testes maturation and sex steroid hormones synthesis. However, the specific mechanisms involved in the regulation of androgen synthesis and testes development by DHA remain unclear and need to be elucidated by future studies. Different from our previous studies, which showed that arachidonic acid (ARA, 20:4n-6) was also largely different in concentration between female and male tongue sole [5], this study did not reveal a similar result. The discrepancy could be mainly related to the gonadal development stage. The roles of ARA in fish reproduction and many other physiological processes have been reported to be stage-specific [6]. In contrast, the sex difference in eicosapentaenoic acid (EPA, 20:5n-3) was low, indicating that EPA might not be very important to fish reproduction [5].



Also as mentioned above, 16:1n-7 and 18:1n-9 are main differentially abundant fatty acids between sexes too. They were more abundant in ovaries than in testes. In general, these two fatty acids play major roles in energy supply. Although the sex difference in 16:1n-7 and 18:1n-9 were not consistent across fish batches and tissues, their transportation across tissues could be active during gonadal development. Currently, 16:1n-7 has not been well-studied in aquatic animals. This fatty acid has been reported to be closely associated with insulin sensitivity and regulation of triglyceride and glucose metabolism in white adipose tissue [38,39,40]. Besides the energy roles, 18:1n-9 also has regulatory effects on cholesterol and insulin and can reduce the production of steroid hormones [41,42]. The present study showed that the testes contain lower levels of 16:1n-7 and 18:1n-9 than the ovaries, which was easy to understand from the energy storage aspect.



Palmitic acid (16:0) is also an important substrate for energy supply. However, for several tissues, such as testis of HD and WF3 fish, intestine and muscle of RZ fish, as well as heart, gill and liver of WF2 fish, male fish had higher 16:0 levels than females. At this stage, male fish may have different preferential fatty acids for energy supply. The higher 16:0 content in the testes than in the ovaries was consistent with our previous studies [12]. It was speculated that 16:0 not only has an energetic role for the testis, but may also has an unknown physiological function in reproductive processes of male fish. Further studies are needed to explain the current findings. Stearic acid (18:0) was another important differentially abundant fatty acid between sexes. However, whether males or females had a higher 18:0 content was fish batch- and tissue-specific. Specific to gonads, in general testes had higher 18:0 levels than ovaries. Similar results have also been observed in our previous studies [12] as well as studies on Chinese sturgeon (Acipenser sinensis) [43] and sweet smelt (Plecoglossus altivelis) [44] by other researchers.



Considering that the differences between the fatty acids of pseudomale and male fish were not so significant, these difference were not to be discussed in detail. Nevertheless, it was worth mentioning that males still had higher DHA contents than pseudomales, similar to the comparison between males and females, indicating the gradual change of fatty acid composition during sex reversal. Also, it was obvious and important that the phenotypic sex more substantially determined the fatty acid composition than the genetic sex.




5. Conclusions


In conclusion, at the age of 11 months, Chinese tongue sole, which have typical sexual dimorphism and reversal, have had a large sex difference in tissue fatty acid compositions. The highest sex difference in fatty acid was observed in gonads, followed by liver and eye. The fatty acids that differed between sexes were mainly DHA, 16:1n-7, 18:1n-9, and 18:0. The testes tended to have higher DHA levels but lower levels of 16:1n-7 and 18:1n-9 than ovaries. The differences between the fatty acids of pseudomale and male fish were not significant, indicating a more fatty acid-determining role of phenotypic sex than genetic sex, but an obvious difference in DHA can still be observed between pseudomales and males. Future studies are needed to investigate the sex difference in fish fatty acids at different gonadal development stages.
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Figure 1. Examples of genetic sex identification by PCR study. Observation of two bands represents the genetic females Chinese tongue sole Cynoglossus semilaevis and a single band represents the genetic males Chinese tongue sole Cynoglossus semilaevis. 
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Figure 2. Body weight (A), body length (B), hepatosomatic index (C), condition factor (D), and total lipid content (E) for five batches of Chinese tongue sole Cynoglossus semilaevis. For each group, the data from all replicate fish were used to create this graph. The small number of pseudomale fish (only one fish) in batch WF3 failed to meet the requirement of statistical analysis, resulting in a data gap in this group. In addition, the gonad mass of the HD group was small and the intra-group error was too large, making the statistics less reliable. Values are means with their standard errors represented by vertical bars. a–c Mean values within a fish batch not sharing a same letter are significantly different (p < 0.05), and “*” means significantly different values tested by t-test. F: female; P: pseudomale; M: male. 
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Figure 3. Average Dsex values of different tissues across groups of Chinese tongue sole Cynoglossus semilaevis. The Dsex between females (F) and males (M) used the mean of all the five groups, whereas the Dsex between pseudomales (P) and M used the mean of all groups except WF3. The small number of pseudomale fish (only one fish) in batch WF3 failed to meet the requirement of statistical analysis, resulting in a data gap in this group. 
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Table 1. PCR reaction system used for sex identification.
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Reagent

	
Dosage

	
Temperature

	
Time

	






	
2 × A8 PCR MasterMix 1

	
12.5 μL

	
95 °C

	
3 min (pre-degeneration)

	




	
Forward primer

	
1 μL

	
95 °C

	
10 s

	
35 cycles




	
Reverse primer

	
1 μL

	
55 °C

	
15 s




	
DNA

	
2.5 μL

	
72 °C

	
1 min




	
ddH2O

	
8 μL

	
72 °C

	
5 min (Radical extension)

	








1 2 × A8 PCR MasterMix from Aidlab Biotechnologies Co., Ltd. (Beijing, China).













 





Table 2. Sex distribution (number) of the Chinese tongue sole Cynoglossus semilaevis collected from different farms.
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	Sex
	HD
	RZ
	WF1
	WF2
	WF3





	Female
	5
	7
	8
	10
	25



	Male
	7
	17
	9
	11
	3



	Pseudomale
	18
	6
	13
	9
	1 1







1 The small number of pseudomale fish (only one fish) in batch WF3 failed to meet the requirements of statistical analysis. Therefore, this fish was discarded in following analysis.













 





Table 3. TOP 5 differentially abundant FA between female and male Chinese tongue sole Cynoglossus semilaevis (DFAsex) analyzed with SIMPER.






Table 3. TOP 5 differentially abundant FA between female and male Chinese tongue sole Cynoglossus semilaevis (DFAsex) analyzed with SIMPER.





	
Group

	
Tissue

	
1st DFAsex 1

	
2nd DFAsex

	
3rd DFAsex

	
4th DFAsex

	
5th DFAsex




	
FA

	
Contrib% 2

	
FA

	
Contrib%

	
FA

	
Contrib%

	
FA

	
Contrib%

	
FA

	
Contrib%






	
HD

	
brain

	
22:6n-3 3

	
16.7

	
16:0

	
10.8

	
18:1n-9

	
10.6

	
16:1n-7

	
9.7

	
18:0

	
9.6




	
eye

	
22:6n-3

	
22.2

	
16:1n-7

	
16.5

	
20:5n-3

	
14.3

	
14:0

	
13.9

	
18:0

	
8.0




	
heart

	
22:6n-3

	
21.7

	
20:5n-3

	
17.0

	
16:1n-7

	
16.8

	
18:0

	
10.3

	
14:0

	
8.4




	
gill

	
16:1n-7

	
16.6

	
22:6n-3

	
13.9

	
20:5n-3

	
13.1

	
14:0

	
10.5

	
18:0

	
9.0




	
intestine

	
22:6n-3

	
12.6

	
18:0

	
9.4

	
20:5n-3

	
9.2

	
16:1n-7

	
8.4

	
22:5n-3

	
8.1




	
skin

	
16:1n-7

	
13.8

	
20:5n-3

	
11.7

	
18:2n-6

	
10.1

	
16:0

	
8.5

	
14:0

	
8.0




	
liver

	
16:1n-7

	
23.4

	
18:0

	
14.5

	
22:6n-3

	
12.9

	
18:1n-9

	
11.0

	
22:5n-3

	
7.3




	
muscle

	
16:1n-7

	
20.4

	
18:0

	
18.9

	
22:6n-3

	
10.1

	
14:0

	
10.0

	
16:0

	
8.1




	
gonad

	
16:1n-7

	
16.2

	
20:5n-3

	
15.7

	
16:0

	
15.4

	
18:0

	
11.8

	
18:2n-6

	
10.3




	
RZ

	
brain

	
18:2n-6

	
20.2

	
22:6n-3

	
13.0

	
20:5n-3

	
12.7

	
16:1n-7

	
9.9

	
18:1n-9

	
9.5




	
eye

	
18:2n-6

	
18.4

	
22:5n-3

	
14.2

	
14:0

	
11.2

	
22:6n-3

	
11.0

	
16:1n-7

	
11.0




	
heart

	
18:0

	
14.1

	
16:1n-7

	
13.5

	
22:6n-3

	
12.5

	
20:5n-3

	
11.5

	
18:1n-9

	
10.0




	
gill

	
20:3n-3

	
12.9

	
16:1n-7

	
11.8

	
18:0

	
10.9

	
16:0

	
10.9

	
20:5n-3

	
9.0




	
intestine

	
16:0

	
10.4

	
20:5n-3

	
10.3

	
18:0

	
10.0

	
20:2n-6

	
8.4

	
20:3n-6

	
8.1




	
skin

	
18:0

	
13.5

	
14:0

	
13.5

	
16:0

	
11.5

	
20:2n-6

	
11.1

	
16:1n-7

	
8.8




	
liver

	
16:1n-7

	
16.5

	
22:6n-3

	
15.2

	
18:0

	
12.5

	
20:5n-3

	
9.6

	
16:0

	
9.3




	
muscle

	
16:1n-7

	
15.1

	
16:0

	
14.3

	
14:0

	
13.1

	
18:0

	
11.2

	
20:5n-3

	
8.6




	
gonad

	
18:1n-9

	
16.9

	
16:1n-7

	
16.4

	
18:0

	
13.0

	
22:6n-3

	
10.4

	
14:0

	
8.3




	
WF1

	
brain

	
18:1n-9

	
18.1

	
18:0

	
11.8

	
22:6n-3

	
10.9

	
18:2n-6

	
9.4

	
16:1n-7

	
9.2




	
eye

	
22:6n-3

	
17.1

	
18:1n-9

	
15.6

	
18:0

	
13.3

	
16:1n-7

	
9.0

	
20:3n-3

	
8.9




	
heart

	
18:1n-9

	
18.4

	
16:1n-7

	
15.5

	
18:0

	
10.9

	
20:5n-3

	
9.9

	
20:3n-3

	
8.6




	
gill

	
18:0

	
15.8

	
14:0

	
12.5

	
16:1n-7

	
11.8

	
17:1n-7

	
9.5

	
20:3n-3

	
9.2




	
intestine

	
18:0

	
13.9

	
16:1n-7

	
10.8

	
18:2n-6

	
9.8

	
18:1n-9

	
8.2

	
22:5n-3

	
8.1




	
skin

	
18:0

	
20.7

	
16:1n-7

	
12.1

	
22:6n-3

	
9.4

	
18:3n-3

	
9.2

	
20:3n-3

	
9.1




	
liver

	
18:0

	
21.2

	
22:6n-3

	
10.6

	
18:1n-9

	
9.9

	
16:1n-7

	
8.8

	
18:2n-6

	
7.4




	
muscle

	
18:1n-9

	
16.9

	
14:0

	
15.6

	
22:5n-3

	
10.5

	
16:0

	
9.2

	
22:6n-3

	
8.6




	
gonad

	
22:6n-3

	
22.3

	
22:5n-3

	
15.0

	
16:1n-7

	
9.8

	
18:1n-9

	
7.9

	
18:3n-3

	
7.2




	
WF2

	
brain

	
22:6n-3

	
15.8

	
18:1n-9

	
13.6

	
16:1n-7

	
12.9

	
22:5n-3

	
12.2

	
16:0

	
8.9




	
eye

	
22:6n-3

	
17.3

	
18:1n-9

	
14.5

	
20:5n-3

	
13.6

	
16:0

	
13.3

	
18:2n-6

	
12.7




	
heart

	
16:0

	
13.1

	
18:2n-6

	
12.7

	
16:1n-7

	
11.1

	
18:0

	
10.8

	
22:6n-3

	
10.0




	
gill

	
16:0

	
17.0

	
20:5n-3

	
12.2

	
22:6n-3

	
9.4

	
20:3n-3

	
8.5

	
18:0

	
8.4




	
intestine

	
20:2n-6

	
15.4

	
18:2n-6

	
11.0

	
22:6n-3

	
10.9

	
22:5n-3

	
8.8

	
20:5n-3

	
8.0




	
skin

	
18:0

	
11.0

	
18:2n-6

	
9.8

	
20:3n-3

	
8.6

	
16:0

	
8.3

	
14:0

	
7.5




	
liver

	
16:0

	
17.9

	
18:0

	
15.6

	
18:2n-6

	
11.7

	
22:6n-3

	
9.3

	
18:1n-9

	
8.0




	
muscle

	
18:2n-6

	
22.3

	
18:3n-3

	
13.0

	
22:5n-3

	
12.2

	
22:6n-3

	
11.6

	
18:0

	
8.0




	
gonad

	
18:1n-9

	
19.4

	
16:1n-7

	
17.0

	
22:6n-3

	
16.8

	
14:0

	
7.9

	
20:5n-3

	
5.9




	
WF3

	
brain

	
22:6n-3

	
16.6

	
18:1n-9

	
14.3

	
16:1n-7

	
11.2

	
16:0

	
9.6

	
18:0

	
8.4




	
eye

	
22:6n-3

	
25.9

	
18:1n-9

	
16.9

	
16:0

	
12.1

	
18:2n-6

	
11.4

	
14:0

	
8.5




	
heart

	
18:0

	
23.2

	
20:3n-3

	
12.3

	
18:2n-6

	
10.7

	
22:6n-3

	
10.2

	
18:1n-9

	
8.2




	
gill

	
18:2n-6

	
12.9

	
18:0

	
10.4

	
22:6n-3

	
10.1

	
20:3n-3

	
9.5

	
16:0

	
8.5




	
intestine

	
22:5n-3

	
18.0

	
20:5n-3

	
13.4

	
16:0

	
10.1

	
18:0

	
8.2

	
22:6n-3

	
5.8




	
skin

	
18:0

	
17.3

	
18:2n-6

	
9.3

	
22:5n-3

	
8.8

	
16:1n-7

	
7.6

	
17:1n-7

	
7.1




	
liver

	
22:6n-3

	
15.6

	
18:2n-6

	
13.9

	
16:0

	
11.0

	
18:0

	
10.7

	
20:3n-3

	
7.8




	
muscle

	
18:2n-6

	
16.4

	
22:5n-3

	
10.8

	
16:1n-7

	
10.0

	
22:6n-3

	
9.1

	
17:1n-7

	
9.1




	
gonad

	
18:1n-9

	
18.1

	
16:1n-7

	
12.4

	
22:6n-3

	
11.0

	
16:0

	
10.2

	
20:4n-6

	
8.7








1 1st, 2nd, 3rd, 4th, and 5th DFAsex is the fatty acid contributing the most, the second, the third, the fourth, and the fifth largely to the total fatty acid difference between sexes, respectively. 2 Contrib%—contribution % of a certain fatty acid difference to the total fatty acid difference between sexes. 3 Underlined fatty acids had higher content in males compared to females.













 





Table 4. TOP 5 differentially abundant fatty acid between pseudomale and male Chinese tongue sole Cynoglossus semilaevis (DFAsex) analyzed with SIMPER.
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Group

	
Tissue

	
1st DFAsex 1

	
2nd DFAsex

	
3rd DFAsex

	
4th DFAsex

	
5th DFAsex




	
FA

	
Contrib% 2

	
FA

	
Contrib%

	
FA

	
Contrib%

	
FA

	
Contrib%

	
FA

	
Contrib%






	
HD

	
brain

	
22:6n-3 3

	
16.8

	
16:1n-7

	
11.7

	
18:0

	
10.9

	
20:5n-3

	
9.5

	
22:5n-3

	
9.0




	
eye

	
22:6n-3

	
25.9

	
16:1n-7

	
17.3

	
14:0

	
12.0

	
18:1n-9

	
9.5

	
18:0

	
7.8




	
heart

	
22:6n-3

	
19.5

	
16:1n-7

	
17.5

	
20:5n-3

	
11.7

	
18:0

	
10.3

	
14:0

	
9.3




	
gill

	
22:6n-3

	
17.2

	
16:1n-7

	
15.6

	
14:0

	
9.2

	
18:0

	
8.9

	
20:5n-3

	
7.0




	
intestine

	
16:1n-7

	
12.8

	
22:6n-3

	
12.6

	
14:0

	
10.2

	
18:0

	
8.8

	
20:5n-3

	
8.1




	
skin

	
18:2n-6

	
10.8

	
22:6n-3

	
10.7

	
16:1n-7

	
9.9

	
20:5n-3

	
8.1

	
14:0

	
8.0




	
liver

	
16:1n-7

	
22.1

	
22:6n-3

	
16.1

	
18:0

	
12.4

	
18:1n-9

	
12.4

	
20:3n-3

	
6.8




	
muscle

	
18:0

	
20.9

	
16:1n-7

	
17.5

	
18:0

	
10.3

	
18:3n-3

	
7.2

	
16:0

	
7.0




	
gonad

	
16:1n-7

	
13.5

	
18:2n-6

	
10.6

	
20:5n-3

	
10.3

	
16:0

	
9.4

	
18:0

	
9.1




	
RZ

	
brain

	
18:2n-6

	
21.6

	
22:6n-3

	
15.3

	
18:1n-9

	
11.4

	
16:1n-7

	
10.7

	
18:0

	
9.6




	
eye

	
22:6n-3

	
18.4

	
18:2n-6

	
12.2

	
14:0

	
11.4

	
20:5n-3

	
11.3

	
18:0

	
10.9




	
heart

	
22:6n-3

	
14.6

	
16:1n-7

	
14.3

	
20:5n-3

	
11.7

	
18:1n-9

	
11.4

	
18:0

	
10.7




	
gill

	
20:5n-3

	
11.6

	
18:3n-3

	
10.6

	
18:2n-6

	
9.7

	
18:0

	
9.7

	
16:1n-7

	
8.7




	
intestine

	
20:5n-3

	
10.4

	
18:0

	
10.0

	
16:0

	
8.6

	
20:2n-6

	
8.3

	
20:3n-6

	
7.8




	
skin

	
18:0

	
11.5

	
18:3n-3

	
10.2

	
17:1n-7

	
9.6

	
20:2n-6

	
8.0

	
20:3n-3

	
7.4




	
liver

	
16:1n-7

	
13.7

	
18:0

	
12.4

	
18:2n-6

	
11.0
