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  Abstract              The primary goal of this study was to assess the eff ect of varying densities on serum 
reproductive parameters of immature rainbow trout  Oncorhynchus   mykiss . Experimental trout were 
maintained in intensive, pen-reared farms for 300 days in fresh water reservoirs. Initial densities were 4.6, 
6.6, and 8.6 kg/m 3  (40, 60, 80 ind./m 3 ), indicated as SD1, SD2, SD3, and fi nal densities were 31.1, 40.6, 
49.3 kg/m 3 , respectively. A summary of the ovarian stages were observed by histological examination. 
Serum E 2  (estradiol), T (testosterone) were evaluated by radioimmunoassay and FSH (follicle-stimulating-
hormone), LH (luteinizing-hormone), vitellogenin, 17α,20β-P (17α,20βdihydroxy4-pregnen-3-one) were 
measured by enzyme-linked immunosorbent assay. Our fi ndings demonstrated that ovarian development 
were retarded (from stage III to stage IV) at highest rearing density (SD3) after 180 days of intensive 
culture (over 40.6 kg/m 3 ). In addition, we observed an inverse relationship between serum reproductive 
parameters and rearing density. Furthermore, compared to serum reproductive parameters of SD1, E 2 , T, 
FSH, vitellogenin, 17α,20β-P, GSI and LH of two higher density groups decreased fi rstly and signifi cantly 
at 60 (over 15.9 kg/m 3 ), 180 (over 31.7 kg/m 3 ), 180 (over 40.6 kg/m 3 ), 240 (over 36 kg/m 3 ), 240 (over 
36 kg/m 3 ), 240 (over 45 kg/m 3 ) and 300 (over 49.3 kg/m 3 ) days, respectively. Comparing serum reproductive 
parameters within the same ovarian development stage of rainbow trout from varying densities revealed that 
higher population density also led to signifi cantly lower overall serum reproductive parameters. Overall, 
this study presents the reproductive, endocrinological parameters of juvenile female rainbow trout at high 
rearing densities and indicates the need for rainbow trout (114.44±5.21 g, 19.69±0.31 cm) that are initially 
stocked at 6.6 or 8.6 kg/m 3  should be classifi ed and subdivided into lower density after 180 days of farming 
(not over 31.7 kg/m 3 ). 
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 1 INTRODUCTION  

 High rearing density can lead to poor gonadal 
maturation and poor growth performance for rainbow 
trout  Oncorhynchus   mykiss  (Berg et al., 1996; Skov et 
al., 2011). A review of previous studies indicates that 
the majority of negative eff ects of farming rainbow 
trout at high densities are manifested in poor fi sh 
growth (Larsen et al., 2012) and reductions of 
respiratory capacity (Skov et al., 2011). In addition, 
high-density farming has also been shown to aff ect 

the welfare behaviors (Laursen et al., 2013) and 
antioxidation functions (Sahin et al., 2014). These 
studies, however, lack details regarding how density 
aff ects the serum reproductive parameters of the 
rainbow trout.  

 Gonadal maturation of rainbow trout is an 
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interesting fi eld of aquaculture and food industry 
(Schubring, 2004). From the reproduction point of 
view, good quality eggs (roe) could usually ensure 
excellent survival rates during incubation and the 
quantity of fry hatched. For example, World 
production of salmon increased 2.6-fold from 1970 to 
2005 as a result of increased aquaculture, and this 
increase had led to signifi cant amounts of salmon roe 
of diff erent sizes and maturity (Bekhit et al., 2009). 
From the point of using roe for human consumption, 
roe obtained from the ovaries of females is a well-
known snack in the Mediterranean area (Rodrigo et 
al., 1998). For processing salmon roe as caviar, the 
ovaries are most valuable when they are at stage IV, 
while salmon eggs at stage V have membranes which 
are too thick to be really acceptable for good caviar 
(Sternin and Dore, 1993; Schubring, 2004).  

 The synthesis and release of reproductive steroids 
are primarily under the control of follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH). Both 
FSH and LH mediate steroid hormones production 
within the follicular cells surrounding the oocyte 
(Nagahama, 1994). Studies have demonstrated that 
FSH plays a primary role in the regulation of oocyte 
growth and folliculogenesis whereas LH plays a 
primary role in the regulation of fi nal maturation 
(Richards, 1994; Luckenbach et al., 2013). Estradiol 
(E 2 ) is regulated by both FSH and LH and is known to 
induce the synthesis and release of liver vitellogenin 
((vg), Kagawa et al., 1981; Nagler et al., 2012). In 
salmonids (synchronous gonadal development 
species), serum testosterone (T) level in females 
matches the patterns of E 2  during vitellogenin 
synthesis (King and Pankhurst, 2003). 
17α,20βdihydroxy4-pregnen-3-one (17α,20β-P) 
regulates the fi nal stages of oocyte maturation and is 
considered to be the maturation inducing steroid 
((MIS), Thomas, 1994; Pramanick et al., 2013). 

 Rainbow trout are reared extensively in fresh water 
reservoirs through pen-reared culture systems for 
intensive farming. In these culture systems, 

profi tability largely depends on the volumes of 
production, which seems to have a correlation with 
rearing density. Previous studies were designed to 
evaluate the eff ect of varying rearing densities on 
growth performance and the humoral immune system 
(Morgan et al., 2008; Larsen et al., 2012). However, 
there is little information regarding the reproductive 
parameters of rainbow trout at varying pen-reared 
rearing density. 

 The present study was designed to evaluate the 
eff ect of varying rearing densities on serum 
reproductive parameters of rainbow trout in puberty 
reared under intensive conditions in pen-reared 
culture systems. Eff ects of varying rearing densities 
on serum gonadotropin (LH, FSH), sexual steroid 
hormone (E 2 , T, 17α,20β-P), vitellogenin as well as 
GSI were evaluated. These reproductive parameters 
were also measured in diff erent ovarian development 
stages of rainbow trout from varying densities. The 
relationships of rearing density with serum 
reproductive parameters are presented within the 
context of the reproductive endocrine processes. 

 2 MATERIAL AND METHOD 

 2.1 Experimental design 

 Rainbow trout ((114.44±5.21) g, (19.69±0.31) cm) 
used in this study were fed and maintained in pen-
reared farms (3 m×3 m×3 m) in Liujia Gorge Reservoir 
(fresh water reservoir) in Gansu Province, China for a 
period of 300 days (from May 2011 to March 2012). 
The initial stocking densities were 40 ind./m 3  
(4.6 kg/m 3 ) as SD1; 60 ind./m 3  (6.6 kg/m 3 ) as SD2; 
80 ind./m 3  (8.6 kg/m 3 ) as SD3 and the fi nal densities 
(in the fi nal phase of the experiment) were 31.1 kg/m 3  
for SD1; 40.6 kg/m 3  for SD2 and 49.3 kg/m 3  for SD3 
(Table 1). Three pen-reared cages at each density. The 
growth performance is shown in supplementary Table 
2. Low and high stocking densities were considered 
as 40 ind./m 3  (4.6 kg/m 3 ) and 80 ind./m 3  (8.6 kg/m 3 ) 
according to the standards of aquaculture industry 
(private information from Gansu Fisheries Research 
Institute and Liujia Gorge Fish Farm). All trout were 
spawned on the same day and all were therefore at the 
same reproductive stage when entering the fi rst gonad 
development. Before distribution into diff erent 
densities, the fi sh never entered the reproductive 
cycle. Fish were fed two times a day (pellet diet: 
protein (40%), fat (26%), carbohydrate (14%)) and 
water quality in the cages was constantly monitored 
once a week (Supplementary Table 1). Factors 

 Table 1 Density variation of SD1, SD2 and SD3 at six 
sampling days during the experiment 

   Days following density treatment 

 Group  0 day  60 days  120 days  180 days  240 days  300 days 

 SD1  4.6  8.9  12.0  22.6  26.3  31.1 

 SD2  6.6  12.7  16.4  31.7  36.0  40.6 

 SD3  8.6  15.9  20.0  40.6  45.0  49.3 

 SD1: stocking density 1; SD2: stocking density 2; SD3: stocking density 3; 
density is presented as kg/m 3 . 
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checked included pH, temperature, ammonia nitrogen 
and dissolved oxygen. During the experimental 
period, temperature ranged from 8.51 to 18.2°C, pH 
ranged from 8.5 to 8.9 and under a nature photoperiod. 
Maximum NH 4 +  -N at SD1, SD2, SD3 were 0.53±0.05 
(mean±S.E., the same below), 0.55±0.01, and 
0.60±0.06 (mg/L) respectively, mean NH 4 +-N at SD1, 
SD2, SD3 were 0.38±0.07, 0.40±0.08 and 0.45±0.10 
(mg/L). Minimum dissolved oxygen at SD1, SD2, 
SD3 were 6.5±0.22, 6.3±0.35 and 5.4±0.31 (mg/L) 
respectively, mean dissolved oxygen at SD1, SD2, 
SD3 were 6.93±0.36, 6.71±0.50 and 6.61±0.75 
(mg/L). Mortality at SD1, SD2 and SD3 were 
2.21±0.21%, 2.48±0.24% and 3.35±0.14% 
respectively during the experimental period 
(Supplementary Table 1). Experimental procedures 
were performed by workers specifi cally trained. 

 2.2 Rainbow trout samples and collection 

 Twelve rainbow trout were removed from each of 
three densities every 60 days over the course of 300 
days. They were anesthetized by MS-222 (35–
45 mg/L) for 10 minutes and then killed. The weight 
(g), body length (cm), ovary weight (g), liver weight 
(g), eviscerated weight (g) were recorded to calculate 
the GSI (gonad somatic index; GSI=ovary weight/
eviscerated weight), and HSI (hepatic somatic index; 
HSI=liver weight/eviscerated weight). Blood was 
sampled by using a 1.5-mL syringe from caudal 
vessels and the serum was separated from the blood 
by centrifugation and frozen at -80°C. Small portions 
of the ovaries were excised and immediately placed in 
a 1.5-mL EP tube (RNase-free) and eventually frozen 
at -80°C for storage. Small pieces sampled from the 
middle of the ovary were fi xed in Bouin’s fl uid for 
histology classifi cation (Nagler et al., 2012). 

 According to the histological observations of the 
ovaries, the teleost were grouped into six stages: stage 
I, perinucleolar; stage II, previtellogenic; stage III, 
vitellogenic; stage IV, postvitellogenic; stage V, 
spawning; stage VI, spent (Pramanick et al., 2013). In 
this experiment, ovaries were mainly at stage II 
(previtellogenic), stage III (vitellogenic) and stage IV 
(postvitellogenic). 

 2.3 Sexual steroid hormone (T and E 2 ) 
radioimmunoassay (RIA) 

 A commercial radioimmunoassay kits (Tianjin Nine 
Tripods Medical & Bioengineering Co. Ltd., Sino-US 
joint-venture enterprise) were used to detect the Iodine 

isotope [ 125 I] to measure T and E 2  concentrations in 
serum. Previous studies demonstrated details and 
methods of radioimmunoassay (Wen et al., 2006). 

 2.4 Gonadotropin, 17,20beta-P and vitellogenin 
enzyme-linked immunosorbent assay (ELISA) 

 The ELISA kits (RD Biosciences, USA) for 
rainbow trout serum vg, LH, FSH and 17,20beta-P 
level analysis were made the use of purifi ed fi sh 
antibody to make solid-phase antibody. Combined 
antibody with HRP (Horse Reddish Peroxidase) 
labeled had become to antibody-antigen-enzyme-
antibody complex. After washing completely, TMB 
substrate (3,3,5,5 tetramethylbenzidine Substrate, a 
kind of Color-substrate solution) solution was added. 
Reaction was terminated by the addition of a sulphuric 
acid solution and the color change was measured 
spectrophotometrically at a wavelength of 450 nm by 
microplate reader. The concentrations of gonadotropin, 
17,20beta-P and vitellogenin in the samples (10 μL) 
were then determined by comparing the O.D. of the 
samples to the standard curve. 

 2.5 Statistical analysis 

 Reproductive parameters (gonadotropin, sexual 
steroid hormone and vg) subjected to one-way 
analysis of variance (ANOVA) and diff erences among 
means were analyzed via Duncan’s multiple 
comparison range test with a level of signifi cance set 
at  P <0.05. Statistical analysis was shown among three 
diff erent rearing densities. Moreover, these 
reproductive parameters were also grouped by ovarian 
development stage for statistical data analysis 
( P <0.05, one-way ANOVA, followed by Duncan’s 
multiple Range test). All data were analyzed using the 
SPSS17 program. Results are expressed as mean±S.E. 

 3 RESULT 

 3.1 Histological observations on ovaries of the 
female rainbow trout 

 During the experiment, no juvenile female rainbow 
trout in the ovarian development stage were found to 
be the fi nal maturation stage (stage V, Supplementary 
Fig.1). A summary of the histological examination of 
ovaries at 180, 240 and 300 days were given 
respectively in Fig.1. Histological observation 
revealed that ovarian development was unifi ed within 
SD1 and SD2 trout population at 180 days (Fig.1a, b, 
c). Most ovaries had reached ovarian stage III and IV 
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at SD1 and SD2 at 240 days, however, 41.7% of 
ovaries at SD3 remained in ovarian stage II at the 
same time, which occupied the largest proportion at 
three densities (Fig.1d, e, f). 58.4% and 33.3% of 
females had reached ovarian stage IV at SD1 and 
SD2, whereas only 16.7% of females had reached 
ovarian stage IV at SD3 at 300 days (Fig.1g, h, i). 

 3.2 GSI and HSI of the female rainbow trout 
among densities as well as grouped by ovarian 
development 

 GSI of SD1 increased throughout the experiment, 
whereas decreased GSI trends of SD2 and SD3 were 
seen at 300 days. GSI of SD3 were decreased and 
signifi cantly lower than those of SD1 and SD2 at 300 
days. Signifi cant diff erences in GSI between SD1 and 

SD2 were noted at 300 days as GSI of SD2 were 
decreased (Fig.2a). We also analyze GSI levels in 
diff erent stages of ovarian development for all density 
groups. In ovarian stage III, GSI of SD1 were 
signifi cantly higher than those of SD2 and SD3. In 
ovarian stage IV, GSI of trout in all density groups 
showed signifi cant diff erences (Fig.2b). 

 Trout displayed increasing HSI from 60 to 120 
days, and HSI were relatively stable from 120 to 240 
days. At 300 days, decreasing trends in HSI were 
observed at SD1, SD2 and SD3. There were no 
signifi cant diff erences in HSI among densities 
throughout the experiment (Fig.2c). In ovarian stage 
II, HSI of SD1 were signifi cantly higher than those of 
SD3. In ovarian stage III and IV, HSI showed no 
signifi cant diff erences among densities (Fig.2d). 
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 Fig.1 A summary of the histological examination of the ovarian stages at 180, 240 and 300 days of the female rainbow trout 
 a: a summary of ovaries at 180 days at SD1; b: a summary of ovaries at 180 days at SD2; c: a summary of ovaries at 180 days at SD3; d: a summary of ovaries 
at 240 days at SD1; e: a summary of ovaries at 240 days at SD2; f: a summary of ovaries at 240 days at SD3; g: a summary of ovaries at 300 days at SD1; h: 
a summary of ovaries at 300 days at SD2; i: a summary of ovaries at 300 days at SD3. Figures show that the number of trout in specifi c ovarian stage.  n =12 
for each pie chart. 
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 3.3 Gonadotropin (FSH and LH) levels of the 
female rainbow trout among densities as well as 
grouped by ovarian development 

 FSH of SD1 and SD2 increased from 0 to 180 days. 
At 180 and 240 days, FSH of SD3 were signifi cantly 
lower than those of SD1 and SD2. Subsequently, trout 
displayed decreasing FSH patterns at SD1 and SD2, 
and FSH of trout in all density groups showed no 
signifi cant diff erences (Fig.3a). FSH displayed 

increasing levels from ovarian stage II to III and 
reduced trends from ovarian stage III to IV. FSH of 
SD3 were signifi cantly lower than those of SD1 and 
SD2 in ovarian stage III (Fig.3b).  

 LH increased continuously from 120 to 300 days. 
At 300 days, LH of SD1 were signifi cantly higher 
than those of SD3 (Fig.3c). LH increased from ovarian 
stage II to ovarian stage IV in each density group. No 
signifi cant diff erences in LH were observed among 
densities in diff erent ovarian stages (Fig.3d). 
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 Fig.2 Changes of GSI (Gonad somatic index) among three stocking densities (a), grouped by ovarian development stage 
(b) and changes of HSI (Hepatic somatic index) among three stocking densities (c), grouped by ovarian development 
stage (d) 
 Data are presented as mean±S.E.,  n =12. Diff erent superscript letters within one sample time (a, c) and same ovarian development stage (b, d) indicate 
signifi cant diff erences ( P <0.05, one-way ANOVA, followed by Duncan’s multiple Range test).  
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 Fig.3 Changes of FSH (Follicle-Stimulating Hormone ) among three stocking densities (a), grouped by ovarian development 
stage (b) and changes of LH (Luteinizing Hormone) among three stocking densities (c), grouped by ovarian 
development stage (d) 
 Data are presented as mean±S.E.,  n =4. Diff erent superscript letters within one sample time (a, c) and same ovarian development stage (b, d) indicate 
signifi cant diff erences ( P <0.05, one-way ANOVA, followed by Duncan’s multiple Range test).  
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 3.4 Sexual steroid hormone levels of the female 
rainbow trout 

 3.4.1 Changes of E 2  levels among and within densities 
as well as grouped by ovarian development 

 Trout in SD1 groups showed increasing E 2  from 0 
to 240 days, whereas decreasing levels in E 2  of 
SD1were seen at 300 days. Moreover, E 2  of SD2 and 
SD3 were relatively stable at low levels from 60 to 
180 days. At 60 days, E 2  of SD3 were signifi cantly 
lower than those of SD1 and SD2. E 2  levels from 120 
to 300 days showed signifi cantly decreasing levels 
with increasing densities for all density groups 
(Fig.4a). E 2  increased continuously from ovarian 
stage II to ovarian stage IV. In the ovarian stage IV, E 2  
of SD1 were signifi cantly higher than those of SD2 
and SD3 (Fig.4b). 

 3.4.2 Changes of T levels among and within densities 
as well as grouped by ovarian development 

 T of SD1 increased throughout the experiment. A 
fl uctuating trends in T of SD2 and SD3 were seen 
from 120 to 240 days. At 300 days, trout showed 
reduced T in SD2 and SD3 groups. SD1 showed 
signifi cantly higher T levels than those of SD2 and 
SD3 from 180 days to 300 days. Signifi cant diff erences 
in T levels were observed between SD2 and SD3 at 
300 days (Fig.4c). T increased continuously from 
ovarian stage II to IV at SD1 and SD2, and T levels of 
SD3 were relatively stable. In ovarian stage III and 
IV, T of SD1 were signifi cantly higher than those of 
SD2 and SD3 (Fig.4d). 

 3.4.3 Changes of 17α,20β-P levels among and within 
densities as well as grouped by ovarian development 

 17α,20β-P displayed increasing trends from 120 to 
300 days for all density groups. No signifi cant 
diff erences in 17α,20β-P levels were seen among 
densities from 0 to 180 days, whereas 17α,20β-P of 
SD1 were signifi cantly higher than those of SD2 and 
SD3 at 240 and 300 days (Fig.5a). 17α,20β-P 
increased from ovarian stage II to IV. In ovarian stage 
IV, 17α,20β-P of SD1 were signifi cantly higher than 
those of SD2 and SD3 (Fig.5b). 

 3.5 Changes of vitellogenin levels among and 
within densities as well as grouped by ovarian 
development 

 Vitellogenin of the three density groups increased 
throughout the experiment. At 240 and 300 days, 
serum vitellogenin levels of SD2 and SD3 showed 
signifi cantly decreasing levels in comparison to those 
of SD1 (Fig.5c). Vitellogenin increased continuously 
from ovarian stage II to IV. In ovarian stage IV, serum 
vitellogenin of SD1 were signifi cantly higher than 
those of SD2 and SD3 (Fig.5d). 

 4 DISCUSSION  

 Rearing density is an important element for fi sh 
rearing and high density can infl uence the gonadal 
development (Berg et al., 1996). GSI is an important 
index to gonad development. In the present study, 
rainbow trout at highest density showed signifi cant 
decreases of GSI and the lowest proportion of ovaries 
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 Fig.4 Changes of E 2  (Estradiol) among three stocking densities (a), grouped by ovarian development stage (b) and changes 
of T (Testosterone) among three stocking densities (c), grouped by ovarian development stage (d) 
 Data are presented as mean±S.E.,  n =12. Diff erent superscript letters within one sample time (a,c) and each ovarian development stage (b,d) indicate 
signifi cant diff erences ( P <0.05, one-way ANOVA, followed by Duncan’s multiple Range test).  
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in ovarian stage IV at 300 days (SD3, at 49.3 kg/m 3 ). 
This fi nding suggests that female rainbow trout reared 
at 40–50 kg/m 3  were not able to adjust to the increasing 
density in terms of the ovarian development under the 
pen-reared culture systems in a fresh water reservoir 
or lake. Fish could be either positively or negatively 
aff ected by rearing density. High density may result in 
stress (Leatherland and Cho, 1985), but studies 
measuring plasma cortisol (an important stress 
response parameter) in rainbow trout which have 
been held over a range of densities are contradictory—
with no eff ect, a transient adverse eff ect, a sample-
time dependent eff ect, and even a favourable eff ect 
being found (Ellis et al., 2002). Although with some 
fi sh species, positive eff ects of density have been 
shown (Jørgensen et al., 1993). As regarded GSI 
patterns in our experiment, rearing density retarded 
ovarian development obviously when density reached 
45 kg/m 3 . Further exploration is warranted to 
investigate whether the metabolism or immune 
function of rainbow trout is infl uenced at about 40–
50 kg/m 3 , as humoral and immune parameters did not 
change in  Dicentrarchus   labrax  (Di Marco et al., 
2008) and  Solea   senegalensis  (Andrade et al., 2015). 
Moreover, signifi cantly lower GSI levels in ovarian 
stage III and IV indicated that ovarian development 
was retarded in rainbow trout at SD2 and SD3 
(initially stocked at 6.6 and 8.6 kg/m 3 ) as density 
increased.  

 Activation of the brain-pituitary-gonad (BPG) axis 

triggers puberty in teleosts, mediated by FSH and LH. 
Previous studies have shown that increasing FSH 
levels were observed during vitellogenin synthesis in 
Atlantic salmon ( Salmo   salar ) (Oppen-Berntsen et 
al., 1994). In addition LH levels, which is initially 
low, increases during vitellogenin synthesis and peaks 
in fully mature females (Andersson et al., 2013). In 
our studies, the lowest density (SD1) presented FSH 
and LH levels comparable to previous descriptions, 
whereas, in comparison to those of SD1, the serum 
FSH and LH levels at SD3 showed signifi cantly 
decreasing levels during the time period when most of 
the ovaries were involved in the accumulation of 
vitellogenin (180 to 300 days). The signifi cantly 
decreasing levels of both serum FSH and LH are 
consistent with the recognized reproductive eff ects of 
rearing density in retarding pubertal activation 
(Siikavuopio et al., 2007) and 40.6 (180 days) or 49.3 
(300 days) kg/m 3    were the densities at which serum 
FSH or LH levels became retarded in SD3 group.  

 In fi sh, sex steroid synthesizing increases and 
gamete maturation is initiated via binding to and 
activation of the FSH and LH receptors in the gonads 
(Levavi-Sivan et al., 2010). In the present study, 
signifi cantly higher levels of FSH, E 2  and T at SD1 at 
180 and 240 days were mostly consistent with the 
recognized role of FSH in synthesizing and releasing 
ovarian steroid hormones (Swanson et al., 2003). 
However, high density caused lower FSH, E 2 , and T 
at SD3 at 180 and 240 days among the varying 
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 Fig.5 Changes of 17α,20β-P (17α, 20β dihydroxy 4- pregnen-3-one) among three stocking densities (a), grouped by ovarian 
development stage (b) and changes of vg (vitellogenin) among three stocking densities (c), grouped by ovarian 
development stage (d) 
 Data are presented as mean±S.E.,  n =4 for 17α,20β-P and  n =12 for vg. Diff erent superscript letters within one sample time (a, c) and same ovarian 
development stage (b, d) indicate signifi cant diff erences ( P <0.05, one-way ANOVA, followed by Duncan’s multiple Range test). 
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densities. Moreover, signifi cantly reduced trends of 
E 2  and T within SD2 and SD3 at 300 days (40.6 and 
49.3 kg/m 3 ) were observed. These fi ndings suggest 
that sex steroid synthesis was retarded. Rainbow 
trout within SD3 (initially stocked at 8.6 kg/m 3 ) 
showed signifi cantly lower levels of E 2  and T than 
those at SD1 (initially stocked at 4.6 kg/m 3 ) in 
ovarian stage IV, indicating that the accumulative 
eff ects of intensive rearing may retard the synthesis 
of sex steroids.  

 17α,20β-P is the most eff ective steroid in the 
induction of fi nal oocyte maturation in the majority of 
teleost species (Nagahama and Yamashita, 2008). 
Previous studies have also indicated that E 2  and 
17α,20β-P exert a synergistic eff ect on the reproductive 
axis and often act in sequence (Atteke et al., 2003). In 
our study, complementary trends of E 2  and 17α,20β-P 
were also observed (viz. 17α,20β-P showed rising 
patterns at 240 days when E 2    exerted reduced patterns). 
Our fi nding that 17α,20β-P levels within SD1 
increased continuously from 180 to 300 days when 
most trouts were in the rapid vitellogenin synthesizing 
stage is consistent with the previous observation that 
17α,20β-P appeared in the circulation for the fi rst 
time during the vitellogenin synthesizing stage and 
abruptly increased at the time of oocyte maturation 
(Pramanick et al., 2013). However, high rearing 
density led to 17α,20β-P levels at SD2 and SD3 
showed signifi cantly decreasing levels in comparison 
to SD1, which may prevent further recruitment of 
oocytes in stage III from entering into rapid 
vitellogenin accumulation and limit further 
developmental chances for oocytes at stage IV (viz. 
low percentage of oocytes in stage IV at 40.6 (SD2) 
and 49.3 (SD3) kg/m 3  at 300 days). In addition, these 
results correspond to previous studies indicating that 
fi nal oocyte maturation in carp ( Labeo   rohita ) and 
rainbow trout are regulated by 17α,20β-P (Yoshikuni 
et al., 1993; Sen et al., 2002).  

 E 2  is responsible for the hepatic production of 
vitellogenin (Nagler et al., 2012). This has been most 
convincingly established by gene knockdown 
experiments in the goldfi sh (Nelson and Habibi, 
2010). In the present study, serum vitellogenin levels 
were in accordance with serum E 2  patterns from 240 
to 300 days among the varying densities. In 
comparison to SD1, signifi cantly reduced levels of 
serum vitellogenin at SD2 and SD3 were seen from 
240 to 300 days. This observation suggests that 
vitellogenin synthesizing in liver was retarded when 
the density was over 36 kg/m 3 .  

 5 CONCLUSION 

 In conclusion, under the present pen-reared 
experimental conditions, overall patterns of serum 
reproductive production in the rainbow trout at lower 
densities (SD1) were regular and in accordance with 
previous studies. Ovarian development, however, was 
not unifi ed as a function of time under diff erent 
rearing densities. Most notably, ovarian development 
was retarded at higher rearing densities (from stage 
III to stage IV) as results of GSI, FSH, LH, E 2 , T, 
17α,20β-P and vitellogenin levels decreased with 
increasing densities, particularly at SD3. Moreover, 
comparison of ovaries at the same developmental 
stages revealed that serum reproductive parameters at 
high density (SD3) exhibited signifi cantly decreasing 
levels compared to those in the low density (SD1) 
group. Based on our experiment, this observation is 
likely attributable to the cumulative results of dense 
rearing condition. Therefore, based on our fi ndings, 
we suggest that rainbow trout (114.44±5.21 g, 
19.69±0.31 cm) that are initially stocked at 6.6 or 
8.6 kg/m 3  for commercial roe should be subdivided 
into lower density groups after 180 days’ farming 
(31.7 kg/m 3 ) while maintaining the water quality is at 
a suitable level (as mentioned in 2.1, Supplementary 
Table 1). 
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 Supplementary Table   1 Parameters of feeding regulation and water quality under various stocking densities in diff erent 
sampling days 

 Items    0 day  60 days  120 days  180 days  240 days  300 days 

 Density (kg/m 3 ) 

 SD1  4.6  8.9  12  22.6  26.3  31.1 

 SD2  6.6  12.7  16.4  31.7  36  40.6 

 SD3  8.6  15.9  20  40.6  45  49.3 

  T  (°C)    11.98  18.2  16.19  9.6  8.51  10.19 

 PH 

 SD1  8.5  8.8  8.7  8.6  8.9  8.7 

 SD2  8.6  8.8  8.7  8.5  8.8  8.7 

 SD3  8.7  8.8  8.7  8.5  8.8  8.6 

 Mortality (%) 

 SD1            2.21±0.21 

 SD2            2.48±0.24 

 SD3            3.35±0.14 

 NH 4  + -N (mg/L) 

 SD1  0.35±0.08  0.35±0.05  0.53±0.05  0.36±0.10  0.36±0.11  0.33±0.05 

 SD2  0.34±0.08  0.37±0.02  0.55±0.01  0.38±0.07  0.39±0.09  0.36±0.08 

 SD3  0.36±0.09  0.37±0.07  0.60±0.06  0.43±0.09  0.41±0.08  0.55±0.07 

 COD 1  (mg/L) 

 SD1  7.54±0.68  8.63±0.71  8.29±0.62  8.21±0.51  9.42±0.68  10.21±0.81 

 SD2  7.73±0.53  8.65±0.69  8.36±0.98  8.23±0.63  9.53±0.77  11.61±0.78 

 SD3  7.86±0.62  8.77±0.84  8.52±0.77  9.71±0.54  9.62±0.98  13.28±0.88 

 DO 2  (mg/L) 

 SD1  7.5±0.12  6.8±0.31  6.5±0.22  6.7±0.25  7.2±0.16  6.9±0.24 

 SD2  7.6±0.20  6.8±0.17  6.4±0.14  6.3±0.11  6.9±0.22  6.3±0.35 

 SD3  7.7±0.15  6.5±0.25  6.8±0.41  6.4±0.31  6.9±0.38  5.4±0.31 

  1 COD=chemical oxygen demand,  2 DO=dissolved oxygen. Data are presented as mean±S.E.M.,  n =24 for density calculation and  n =3 for water quality record.  

100 μm 100 μm
50 μmStage II Stage III Stage IV

a b c

 Supplementary Fig.1 The histological observations on ovary of the female rainbow trout during experiments 
 a. the oocyte in the stage II (the scale is 50 μm); b. the oocyte in the stage III (the scale is 100 μm); c. the oocyte in the stage IV (the scale is 50 μm). 
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 Supplementary Table 2 Growth, Standard length, Eviscerated weight and coeffi  cient of variation in rainbow trout under 
various stocking densities in diff erent sampling days 

 Items    0 day  60 days  120 days  180 days  240 days  300 days 

 Weight (g)     

 SD1  114.42±4.1  221.37±6.84  298.48±8.15  562.15±18.9  654.18±21.65  773.57±20.1 

 SD2  114.7±4.3  220.71±7.86  285.01±7.28  550.90±17.7  625.63±24.32  705.57±18.25 

 SD3  114.22±4.9  211.17±6.44  265.62±10.4  539.22±16.12  597.66±19.83  654.77±20.78 

 CVW 1      

 SD1  3.58   3.09   2.73   3.36   3.31   2.60  

 SD2  3.75   3.56   2.55   3.21   3.89   2.59  

 SD3  4.29   3.05   3.92   2.99   3.32   3.17  

 SL 2  (cm)     

 SD1  20.31±0.58  24.51±0.71  26.81±0.83  33.26±1.36  36.05±1.38  38.20±1.64 

 SD2  20.29±0.52  24.33±0.67  25.35±0.76  31.18±1.52  33.21±1.48  36.58±1.60 

 SD3  20.31±0.59  24.13±0.65  25.41±0.88  30.71±1.37  30.88±1.72  32.22±1.42 

 CVSL 3      

 SD1  2.86   2.90   3.10   4.09   3.83   4.29  

 SD2  2.56   2.75   3.00   4.87   4.46   4.37  

 SD3  2.90   2.69   3.46   4.46   5.57   4.41  

 EW 4  (g)     

 SD1  99.25±5.43  200.23±5.32  263.02±10.75  483.15±21.32  551.93±41.75  651.18±31.20 

 SD2  98.77±5.69  195.07±5.21  237.49±11.9  424.12±22.13  490.60±40.26  570.08±21.62 

 SD3  97.20±6.24  189.12±5.29  222.62±11.47  415.96±21.36  463.42±40.01  509.27±23.21 

 CVEW 5      

 SD1  5.47   2.66   4.09   4.41   7.56   4.79  

 SD2  5.76   2.67   5.01   5.22   8.21   3.79  

 SD3  6.42   2.80   5.15   5.14   8.63   4.56  

 CV=coeffi  cient of variation;  1 CVW=CV of weight;  2 SL=standard length;  3 CVSL=CV of standard length;  4 EW=Eviscerated weight;  5 CVEW=CV of 
Eviscerated weight.   Data are presented as mean±S.E.M.,  n =12.  


