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ABSTRACT Changes of gonadal morphology and mRNA expression patterns of
vitellogenin were investigated in Siberian sturgeon Acipenser baerii (Chondrostei)
during its early gonadal maturation period. Early differentiations and morphological
transitions of both ovaries and testes appeared to occur actively until the age of 3
years, however from then on, the maturation patterns to full maturity were largely
gender-dependent, in which males showed a faster progression of maturation than
did females while females experienced a steady-state progress with a lagged interval
before entering the final maturation. Expression of vitellogenin mRNAs are closely
correlated with transitional patterns of gonadal appearances. In both females and
males, hepatic mRNA levels of vitellogenin exponentially increased in the earliest
interval (up to 1-year-old). However, in subsequent periods, vitellogenin expression in
females continued to increase with age, whereas in males, the expression stabilized at
a younger age. Nevertheless, at the age older than or equal to 7-year-old, fully matured
individuals showed a quite low level of vitellogenin expression in both females and
males. Collectively, results from this study could be useful as a fundamental guideline
to address the gonad maturation of this sturgeon species, which is helpful for making
practical decisions about farming practices and management for caviar production on
local sturgeon farms.
Keywords: Acipenser baerii , gonad maturation, Siberian sturgeon, vitellogenin expression

INTRODUCTION

Ruban, 2003; Doukakis et al., 2012). This sturgeon species was also introduced into the Korean aquaculture do-

The Siberian sturgeon Acipenser baerii is a critically

main in the late 1990s, and from then on, early pioneer-

endangered fish in Acipenseriformes. Owing to increas-

ing works on artificial fingerling production (Park et al.,

ing demand for the caviar production with this species,

2013a, 2013b) have been followed by a wide spectrum of

Siberian sturgeon has become one of the most popularly

studies including evolution (Kim et al., 2019a), cell cul-

aquacultured Acipenser species worldwide (Gisbert and

ture (Ryu et al., 2018), anesthesia (Kim and Nam, 2018)
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and innate immunity (Kim et al., 2019b). However, the

early maturity and full maturity.

reproductive performance of farm-bred Siberian sturgeon under local culture conditions in Korea has been

MATERIALS AND METHODS

little explored, where, hitherto, the investigation on the
gonadal maturity based on periodical observations dur-

Sturgeon specimens and culture conditions

ing its reproductive cycle has not been challenged. From

Siberian sturgeon specimens used in this study were

aquaculture point of view, one of the most chief concerns

farm-bred stocks that had been artificially propagated

of sturgeon farming is to understand how long it will take

and maintained in a local farm, Dinoville Sturgeon Aqua-

until caviar production is possible. Because most sturgeon

farm, Hamyang, Kyoung-nam, South Korea. Induced

species including A. baerii typically have long life spans

spawning was conducted by using an intraperitoneal in-

and achieve reproductive maturity late in life (Birstein et

jection of LHRH analogue, and artificial insemination was

al., 1997; Webb and Doroshov, 2011), the caviar produc-

carried out using wet-method according to descriptions

tion is generally only possible through continuous farming

in our previous work (Park et al., 2013a). Egg incuba-

efforts for many years even under well-controlled culture

tion and larval nursery were also performed following the

conditions. Within this context, it is important to validate

method described by Park et al. (2013b). Fish were reared

whether artificially produced sturgeons are maturing nor-

at 17-19℃ until they reached the fingerling size (approxi-

mally in the farm environment, and knowing this fact is

mately 10-12 cm of total length), and afterward, cultured

undoubtedly indispensable in making various decisions

at ambient water temperature. Over the entire period of

about culture practices on farms.

experiment, the minimum and maximum ‘in-tank’ water

Reproductive biology of A. baerii has been previously

temperatures were 11.4℃ (recorded in January) and 21.8℃

described (Le Menn et al., 2018; Williot and Chebanov,

(in August). There was no significant difference in the

2018), however, it has been widely agreed that the repro-

monthly change pattern of water temperature between

ductive performance of farmed sturgeons could be highly

years. During the grow-out period after fingerling stage,

influenced by culture environments, as evidenced by re-

fish were cultured in a semi-closed water recirculating

petitive observations that times to sexual maturity could

system, in which daily ‘in-tank’ water recirculation rate

be significantly variable depending on different regions

was five times during October to February, while six to

and countries (Chebanov and Galich, 2011; Williot and

seven times during March to September. Water exchange

Chebanov, 2018). Siberian sturgeon is an exotic fish spe-

rate was 10% per day in average. Dissolved oxygen (DO)

cies to Korea, and the reproductive capability of domes-

level was adjusted to be ranged within 8.0 ± 1.5 ppm.

tically farm-bred individuals has been insufficiently ad-

Subadult and adult fish were fed with commercial diet

dressed. Accordingly, guidelines are highly recommended

pellets for rockfish (50% of crude protein, Woosung Feed

for local farm managers to evaluate the normal maturity

Corp., Daejeon, Korea) with the daily feeding rate of 0.3%

progression of Siberian sturgeons being cultured for cavi-

of body weight (BW). Stocking density was 20-30 kg per

ar production.

1 ton of in-tank water with periodic adjustments of the

In accordance with our final goal to figure out the biotic

density at 4-month intervals. Described experiment was

and abiotic factors affecting maturation of Siberian stur-

approved by the Animal Care and Use Committee of Pu-

geon farmed in Korea, a long-term observational study

kyong National University (Approval number: 201818).

was conducted on the gonadal maturation of Acipenser

baerii cultured in farm. We quantitatively investigated

Observation regimes for gonadal maturity

age-dependent patterns of hepatic vitellogenin mRNA

Siberian sturgeon individuals were sampled over a pe-

expression levels during early gonadal maturity at 1-year

riod of 7 months to 4 years of age where specific ages in

intervals (up to age of 4 years), accompanied with obser-

a daily basis were 215 days (7.07 months or 0.59-year-

vational assessments of morphological transitions of both

old), 374 days (1.02-year-old), 731 days (2.00-year-old)

ovaries and testes. Vitellogenin expression levels in fully

and 1,115 days (3.05-year-old) and 1,456 days (3.99-year-

mature, 7- or 8-year-old adult individuals were also mea-

old). To minimize seasonal bias for evaluating gonadal

sured for comparing vitellogenin mRNA levels between

maturity, every sampling except for the age of 7 months
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was made in the spawning season (March to April) under

at 95℃ for 20 s, 60℃ for 20 s and 72℃ for 20 s with an

the farm conditions. Fish were euthanatized with over

initial denaturation step at 94℃ for 3 min using 2X SYBR

dose (10,000 ppm) of clove oil (Sigma-Aldrich, St. Louis,

master mix and Light Cycler 480 Real-Time Detection

USA), and body weight (BW) and total length (TL) of each

System (Roche Applied Science, Penzberg, Germany).

individual were measured to the nearest 1.0 g and 0.1

After the final extension step, primer dissociation curves

cm, respectively. Gonads were surgically removed and

were examined to confirm the specificity of the am-

subjected to phenotypic sexing and maturity assessment.

plification for both genes. Relative expression levels of

If needed, histological examination was carried out us-

hepatic vitellogenin mRNAs across experimental groups

ing conventional hematoxylin-eosin staining of 6-μm-

were estimated with the 2-ΔCt method based on the nor-

sectioned gonadal tissue samples. Liver sample was also

malization against expression levels of 18S rRNA control

obtained in order to measure vitellogenin gene expression

(Schmittgen and Livak, 2008). Triplicate amplifications

at each time point of gonad sampling.

were made for each cDNA sample.

RT-qPCR assay of vitellogenin mRNA expression

Statistics

Total RNA was extracted from liver samples using Trizol

Differences in vitellogenin gene expression levels were

reagent (Thermo Fisher Scientific, Waltham, MA, USA)

assessed with one-way ANOVA followed by Duncan’s

and further purified using RNeasy Plus Mini-kit (Qia-

multiple range tests and/or Student’s t -test at the level of

gen, Hilden, Germany) including the DNA removal step

p < 0.05. Sex ratio examined for each group was assessed

according to the manufacturer’s recommendations. In-

with Chi-square test at p < 0.05.

tegrity of total RNA samples was validated based on the
intensity ratio of 28S rRNA and 18S rRNA bands visual-

RESULTS

ized in ethidium-bromide-stained MOPS/formaldehyde
1% agarose gel. Purity of the total RNA was confirmed by

Average values of body weight (BW) and total length (TL)

examining absorbance ratios at least higher than 1.9 at

of A. baerii individuals examined for gonad observation

both 260/280 nm and 260/230 nm measured with Nano-

and gene expression assay were indicated in Table 1. For

Drop spectrophotometer (ND 1000, Thermo Fisher Scientific). An aliquot of total RNA was reverse transcribed
into cDNA using Omniscript RT System (Qiagen) including
both oligo-d(T)20 and random nonamer primers according
to manufacturer’s instructions. Synthesized cDNAs were
ten-fold diluted with water and 2 μL of the diluted cDNA
was used as the template for quantitative PCR amplification (qPCR).
For qPCR assay, a pair of oligonucleotide primers (ABVTG-q1F: 5’-ACTACCAAAGGCTCTGTCAG-3’ and ABVTG-q1R: 5’-ACCTTGACCTGCACTGTCTT-3’) were
designed to amplify the 182-bp of internal segment

Table 1. Information on the experimental Acipenser baerii specimens
used in gonad observation and vitellogenin mRNA expression assay
Age

7 months Female

1 year
2 years
3 years

-ATACAGGACTCTTTCGAGGC-3’ and AB-18S-q1R: 5’
-CTCAGTTAAGAGCATCGAGG-3’) were used to amplify

4 years
7 years

the 248-bp A. baerii 18S rRNA (AY904463.1) (Kim et al.,
2019a) segment as a normalization reference. PCR efficiency higher than 90% was verified for both genes with
standard curves prepared with five serially log-diluted
cDNA samples. Amplification was conducted for 45 cycles

8 years

No. of specimens Body weight
examined (n)
(g)

Total length
(cm)

8

39.5 ± 9.6

21.5 ± 3.1

6

40.1 ± 5.8

20.9 ± 2.7

Unknown

11

36.6 ± 6.5

21.8 ± 3.3

Female

14

693.5 ± 135.1

61.5 ± 6.1

Male

12

712.0 ± 201.2

68.8 ± 3.9

Female

12

1021.8 ± 192.5

78.5 ± 4.9

Male

12

1321.5 ± 212.4

80.1 ± 6.4

Female

13

2244.5 ± 298.5

91.5 ± 8.9

Male

14

2431.7 ± 321.6

94.4 ± 7.8

Female

12

2833.5 ± 421.5 104.5 ± 8.5

Male

13

2599.1 ± 314.2

Female

11

5151.6 ± 522.3 121.4 ± 11.5

Male

10

3521.6 ± 287.9 115.5 ± 10.9

Male

of vitellogenin transcript (GenBank accession number HQ007054.1), while a primer pair (AB-18S-q1F: 5’

Gender

98.9 ± 6.6

Intersex

2

3685.0 ± 316.0 104.7 ± 14.9

Female

9

5322.4 ± 625.4 136.8 ± 14.5

Male

7

3905.7 ± 349.6 122.1 ± 15.5

Seven-month-old individuals of unknown gender were excluded from RTqPCR analysis.
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each age group, the sex ratio was close to 1 : 1 without

Oocytes in those ovaries represented the vitellogenesis in

significant deviations (p > 0.05).

progress. Owing to increased ovary size, external gonad
biopsy without sacrificing the fish may also be possible at

Ovarian appearances during early maturation

this age (Fig. 1D). The ovarian maturity was further signi-

Representative images for ovarian maturation ad-

fied at the age of 4 years, and the ovarian volumes were

dressed in this study are provided in Fig. 1. At the age of 7

also greater compared to those of 3-year-old females, in

months, the phenotypic sexing with naked eyes is almost

general. A number of clearly yolk-laden (but still white-

impossible with many individuals, and even if examined

colored) oocytes were easily found in ovarian tissues (Fig.

under microscopy, the gonadal sexes of several fishes

1E). Notably, at the age of 4 years, we found that there

was still unclear (not shown). From the external view, the

were larger individual variations in ovarian maturation,

müllerian duct, which is an annex of the ovary, could be

compared to at younger ages. Many of 4-year-old females

identifiable, but any specific sign related to the apparent

examined generally represented a significant advance of

maturation was not visually observed (Fig. 1A). When fish

maturation from the previous year whereas some oth-

reached 1-year-old, the differentiation of early ovary was

ers still showed similar appearances with the ovaries of

obvious, allowing visual identifications of ovarian fats and

3-year-old fishes. Even though we did not periodically

oocyte-containing tissues. The oocyte-containing tissue

continue the observational monitoring in subsequent

was observed in the form of a white, opaque, lined shape

ages, such a non-uniformity in the degrees of ovarian

in an undeveloped state. Oocytes were mainly at previtel-

maturation tended to be persistent at ages of 5 and 6

logenic stage. The ovarian fat tissue appeared as a yellow

years, based on occasional and non-periodical observa-

line structure (Fig. 1B). At the age of 2 years, the lobe-

tions. Thereafter, ovaries containing fully yolk-laden, dark

shaped ovary was more easily identifiable with unaided

grey colored oocytes with diameters ranging from 2.0-3.0

eyes along with the ovarian fat tissue. In some parts of

mm, which corresponds to a typical appearance of Sibe-

ovarian tissues, oocytes that entered early vitellogenic

rian sturgeon caviar, began to be observed from the age

phase were visually distinguishable from one another (Fig.

of 7 years (Fig. 1F).

1C). Three-year-old females showed ovaries with significantly enlarged volumes compared to younger females.

A

D

B

E

Fig. 1. Representative photographs

C
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F

showing ovarian appearances of Siberian sturgeon Acipenser baerii examined in this study at the age of 7
months (A), 1 year (B), 2 years (C), 3
years (D), 4 years (E) and 7 years (F).
Abbreviations are müllerian duct (MD),
kidney (Ki), liver (Li), ovarian fat (OF),
ovarian tissue (OT), intestine (In) and
mature oocyte (OC).
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Testicular appearances during early maturation

were easily amenable to the external gonad biopsy-based

Similar with females, testicular development was not

sex identification (Fig. 2C). Morphological appearances of

clearly visible at the earliest detection point (7-month-old)

testes from 4-year-old males were not significantly differ-

when assessed with naked eyes, and the maleness is iden-

ent from those observed with 3-year-old males. In those

tifiable in some individuals when analyzed with histologi-

males, testicular fats were almost absorbed or was no lon-

cal techniques (not shown). However, afterward, Siberian

ger observed (Fig. 2D). Subsequently, the external appear-

sturgeon males exhibited relatively a faster progress of

ance of testis was not fundamentally changed till the end

their testicular maturation than did females (Fig. 2). As

of our observational study, although older males usually

early as at the age of 1 year, developments of immature

tended to exhibit increased testicular volumes (Fig. 2E).

testis and Wolffian duct could be identified with naked

Meanwhile, at the age of 7 years, we found two hermaph-

eyes. In the lobe-shape structure, small and scattered

roditic individuals representing intersex gonads contain-

testicular tissues were interconnected with red-yellow fat

ing both ovarian and testicular tissues together (Fig. 2F).

tissues. However, the relative proportion of testicular tissues in the whole gonadal mass was less than 50% in most

Age-dependent vitellogenin mRNA levels

males (Fig. 2A). At the age of 2 years, milky-white colored

As shown in the Fig. 3, 7-month-old individuals rep-

testes were easily observable in majority of males and the

resented a very negligible level of hepatic vitellogenin

proportion of spermatogenetic testicular tissues relative

expression. However, vitellogenin expression was sig-

to fat tissues apparently increased in those males. Even

nificantly upregulated in subsequent studied period in

with not all males, external gonad biopsy might be po-

an age-dependent manner (R2 > 0.90 for both sexes).

tentially possible (Fig. 2B). When fish reached the age of

Mean expression level of vitellogenin mRNAs in 1-year-

3 years, a great deal of changes in the testicular maturity

old females was more than 1,500-fold relative to that of

was detected in a number of males, where testicular vol-

7-month-old individuals. During the age interval from 1

umes became notably enlarged and bulky testes in milky

to 3 years, hepatic vitellogenin mRNA levels in females

white color were evident. Technically, most of those males

continued to increase with age, consequently resulting in

A

D

B

E

Fig. 2. Representative photographs

C

F

showing testicular appearances of
Siberian sturgeon Acipenser baerii
examined in this study at the age of
1 year (A), 2 years (B), 3 years (C),
4 years (D) and 7 years (E). The hermaphroditic intersex gonad simultaneously containing both testicular and
ovarian tissues from a 7-year-old fish
is also shown in (F). Abbreviations are
Wolffian duct (WD), testicular fat (TF),
testicular tissue (TT), swim bladder
(SB), liver (Li), spleen (Sp), intestine
(In), ovarian tissue (OT) and mature
testis (Te).
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Age groups

Age groups

3.5
3.0

1.0
0.5

b

a

b

(15.0)

1.5

(9.4)

2.0

(9.8)

2.5

a

ITS-1
ITS-2

0.0

8 Y-F
8 Y-M

0

a

4Y

5

b

3Y

10

b

4.0

(11.0)

15

4.5

7 Y-F
7 Y-M

20

(4.7)

25

Relative expression of VTG mRNAs
(normalized against 18S rRNA)

(7.2)

c
(5.7)

30

2Y

4 Y-I
4 Y-II
4 Y-P

3Y

2Y

1Y

c

35

(4.2)

b

a

40

2

R = 0.910
y = 4.598x 3.2796

1Y

c

45

(11.5)

d

(16.3)

de

(8.2)

(7.8)

(14.1)

(13.8)

d

(4.9)

e

C

7M

2

R = 0.908
y = 8.2395x 13.033

(13.5)

100
90
80
70
60
50
40
30
20
10
0

Relative expression of VTG mRNAs
(normalized against 18S rRNA)

B

7M

Relative expression of VTG mRNAs
(normalized against 18S rRNA)

A

Age groups

Fig. 3. Age-dependent hepatic mRNA expression levels of vitellogenin (VTG) gene in Siberian sturgeon Acipenser baerii as determined
by RT-qPCR assay. (A) Vitellogenin expression levels in females sampled over a period of 7 months (7M) to 4 years (4Y) of age. At
the age of 4 years, the average expression level in females showing the apparent advance of ovarian maturation from the appearance in the 3Y-individuals is labeled as 4Y-I, while the expression level in 4Y-females exhibiting only similar ovarian appearance with
3Y-fish is indicated as 4Y-II. The label 4Y-P indicates the average with pooled data without distinguishing 4Y-I from 4Y-II. Means with
different letters are significantly different based on ANOVA followed by Duncan’s multiple range tests at p < 0.05. Numbers in parentheses are percent coefficient of variation values. The coefficient of determination (R2) and the corresponding equation are also
provided on the upper left of the graph. (B) Expression levels in males. Regimes for labeling and statistic evaluation are same as in
(A). Additionally, the closed triangle indicates the significantly higher level of vitellogenin mRNA expression in males compared to that
in same-aged females, based on Student’s t-test (p < 0.05). On the other hand, the significantly lower expression level in males compared to that in females is indicated by inverted closed triangle (p < 0.05). (C) Expression levels in fully matured females and males
at ages of 7 and 8 years (7Y-F and 8Y-F for females while 7Y-M and 8Y-M for males). Individual expression levels of two hermaphroditic intersex fish (ITS-1 and ITS-2; 7-year-old) are also presented.

the mean expression level at the age of 3 years was 3.8-

In contrast to substantial increases during early gonadal

fold and 8.1-fold relative to those at 2 years and 1 year,

maturity, fully matured Siberian sturgeons represented

respectively (p < 0.05). At the age of 4 years, many females

significantly low levels of vitellogenin mRNAs. Even

showed a further increase of vitellogenin mRNA levels (p

though vitellogenin expression levels in females at full

< 0.05) whereas some others represented no assignable

maturity were higher than those in fully matured males,

increase in vitellogenin expression levels from the age of

the mean expression levels in 7- or 8-year-old females

3 years (p > 0.05). Such discrepancies came from differ-

were only about 1% of that measured with 4-year-old

ent degrees of ovarian maturity between the two expres-

females. As similar, the 7- or 8-year-old mature males

sion groups, although such a close relationship between

represented the mean expression levels that accounted

ovarian maturity and vitellogenin expression level doesn’t

for only 0.6% of that expressed in 4-year-old males. On

always fit exactly in all the 4-year-old females (Fig. 3A).

the other hand, the two exceptional hermaphroditic in-

Males also showed a sharp and exponential increase of

dividuals (both 7-year-old) showed significantly different

vitellogenin expression during the interval from 7 months

expression levels one another: one intersex fish showed a

to 1 year of age (more than 2400 times increased from the

significantly higher expression than those measured with

basal level at 7 months). Notably, the average vitellogenin

normal females and males, while the other exhibited a

mRNA level in 1-year-old males was even higher than that

similar level with that observed with same-aged normal

in same-aged females (p < 0.05). However, males did not

females (Fig. 3C).

show any assignable changes of the vitellogenin expression during the period from 1 year to 2 years (p > 0.05).

DISCUSSION

At the age of 3 years, vitellogenin mRNA levels increased
from the previous year (p < 0.05), but no more increase
was found at the age of 4 years (p > 0.05) (Fig. 3B).
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Early sex identification is important in the culture of
fish species exhibiting sex-related dimorphism in eco-
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nomic traits. Because the commercial culture of sturgeons

somewhat accelerated and such that ‘caviar-like’ oocytes

is usually aimed to produce caviar, the achievement of

are found in considerable numbers of females, implying

all-femaleness in culture stocks might have been a matter

that a certain biological signaling is essentially needed to

of long agony in sturgeon aquaculture industries. How-

trigger oocytes to enter the final maturation stage (Naga-

ever, despite a lot of efforts in the past, the highly effec-

hama and Yamashita, 2008; Samarin et al., 2019). Unlike

tive DNA markers capable of genetic sexing has not been

ovarian maturation, the process of testicular matura-

developed yet in Acipenser species (Keyvanshokooh and

tion was achieved relatively earlier without a lag inter-

Gharaei, 2010; Simide and Gaillard, 2018). Alternatively,

val intercepted between the initial and final maturation

several instrumental technologies including the reading of

stages. Siberian sturgeon males in this study is potentially

ultrasound image have been being developed as a non-

capable of the final maturation of male gametes at the

invasive means for gonadal sexing (Chebanov and Galich,

age of 4 years. Although not all those males were tested,

2011; Memiş et al., 2016), however, its applicability is

several 4-year-old males subjected to induced hormonal

still limited to substantially mature individuals. For this

spermiation trials were proven to be able to provide a

reason, the most common and practical method in many

good quality of sperm that can be highly compatible with

sturgeon farms has still relied on the direct examination

artificial insemination trials (data not shown), suggesting

of a small piece of gonad sample through the skill called

that, at least in a certain portion of males, the process of

micro-surgery-based external gonad biopsy (Chapman

not only spermatogenesis but also functional spermiogen-

and Park, 2005; Webb et al., 2019). With this viewpoint, it

esis could be completed by this age (Schulz et al., 2010;

is therefore important to know the minimum age at which

Dzyuba et al., 2017; Grandi et al., 2018).

the external gonad biopsy can be effectively applied to

From the vitellogenin gene expression assay, the ex-

both sexes. From our observational data, we recommend

pression was modulated toward upregulation during early

that the external gonad biopsy is practically applicable

gonadal maturity. It is similar with the elevated vitel-

to most males and females at age of 3 years, if they are

logenin expression in accordance with either gonadal

grown under similar culture conditions from those de-

development or reproductive cycle, which has been

scribed in this study. When considering the sacrifice of

observed not only in this chondrostean fish group but

the fish, the visual verification of phenotypic sex is vir-

in other teleost species (Amberg et al., 2010; Zhang et

tually possible at the age of 1 year even though earlier

al., 2011a; Hara et al., 2016; Fajkowska et al., 2016). In

identification might also be achieved by using the gonad

early works, vitellogenin has been originally thought as a

histology.

mature female-specific protein since it is the main pro-

Under present culture conditions, Siberian sturgeon

teinogenic component of fish yolk, however, a number of

females display significant changes in their ovarian ap-

subsequent studies have indicated that the transcription

pearances during early life period up to 3 years, however,

of vitellogenin gene is active also in both males and sexu-

subsequently, the maturation of oocytes seems to be ex-

ally immature fishes (Arukwe and Goksøyr, 2003; Zhang

ecuted at relatively a steady-state and slow rate until the

et al., 2005; Reading et al., 2018). Similarly, in this study,

final maturation is triggered around the age of 7 years.

Siberian sturgeon males robustly display hepatic vitel-

During this steady-state period, sexually differentiated but

logenin transcripts of which expression levels are readily

immature females might invest or allocate their energy to

comparable to those observed in females or even higher

both growth and gonad maturation (McBride et al., 2015).

than in females in a certain life interval. Congruent with

Our finding on noticeable variations in maturity among

previous reports, vitellogenin, as a member of large lipid

4-year-old females may be in relation to individual-

transfer protein, should play important roles in not only

dependent energy allocation strategies to egg maturation.

the accumulation of yolks in ovary but also other ‘gender-

Although we did not conduct detail monitoring in sub-

independent’ metabolic pathways in this chondrostean

sequent ages due to such large individual variations, we

fishes. Noticeably, several previous studies have proposed

found that the oocyte growth in this phase seemed to be

that the regulation of vitellogenin expression would be

notably slow and even suspected to be almost halted. Only

closely intertwined with the innate immune response in

after reaching the age of 7 years, oocyte maturation is

teleosts (Tong et al., 2010; Zhang et al., 2011b; Sun and
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Zhang, 2015).

step of spermiogenesis in aged A. baerii males may hap-

Nevertheless, our RT-qPCR data have indicated that the

pen in parallel with the negative regulation of hepatic vi-

gonadal maturation is a principal factor that modulates

tellogenin genes, although much extensive investigations

vitellogenin gene expression in males as well as females.

on modulation mechanism(s) of vitellogenin gene expres-

The significant fold change of the vitellogenin expression

sion should be needed at finer age intervals after the early

in the earliest interval until the age of 1 year may reflect

gonad maturation. Meanwhile, we found two exceptional

the increasing demand of vitellogenin for preparing the

individuals showing the hermaphroditism in their go-

initiation of gamete growth and the formation of early

nads. Occurrence of intersex gonads in farmed and cap-

gonads in both sexes. The fact that both ovary and testis

tive sturgeons have been reported in Acipenser species

of this sturgeon species have been known to accumulate

(Jackson et al., 2006; Matsche et al., 2013; Rzepkowska et

large amounts of lipids during this period is in agree-

al., 2014), although the causative factor has not been yet

ment with our RT-qPCR data (Ma et al., 2011; Zhu et al.,

clearly elucidated in detail. The two hermaphroditic fish

2020). After this initial elevation, the modulatory pattern

examined in this study showed very different levels of vi-

of vitellogenin expression would be gender-dependent in

tellogenin expression, which may be related to differences

subsequent intervals, which is also closely in relation with

in maturity and mixed composition ratios of ovarian

yearly changes of ovarian and testicular morphologies. In

and testicular tissues. Although we did not quantitatively

overall, females represented a continuous increase of vi-

analyze the composition ratio in detail, the intersex fish

tellogenin expression levels with ages up to 4 years, while

showing the higher vitellogenin expression (ITS-2 in Fig.

the expression in males reached plateau at 3 years and

3C) exhibited relatively a larger proportion of ovarian tis-

no more increased subsequently. Such discrepancies may

sue in its hermaphroditic gonad (shown in Fig. 2F), when

be in relation to the gender-dependent demand of vitel-

compared to the other fish (ITS-1) of which gonad was al-

logenin for preparing the final version of gametes (i.e.,

most occupied with testicular tissues and only a very small

highly yolk-laden eggs vs. spermatozoa almost lacking cy-

portion of immature ovarian tissue was observable in a

toplasmic contents). Within this point of view, the signifi-

restricted area (not shown). Considering that the matura-

cant upregulation of vitellogenin expression at the age of

tion stage of ovarian tissues existing in those intersex go-

3 years may reflect the increasing demand of vitellogenins

nads would roughly corresponded to the early vitellogenic

to meet the active growth of gametes in enlarged gonad

stage, the reason responsible for differential levels of vi-

volumes. Also, no additional increase of the expression

tellogenin expression between the two individuals could

in males during the period from 3 years to 4 years of age

be, at least in part, related to different composition ratios

is in congruent with that there is no significant or fun-

of ovarian tissues. However, due to the limited number, it

damental transition in testicular morphologies between

is currently difficult to develop a generalized interpreta-

3-year-old and 4-year-old males.

tion on the interrelationship between intersex phenotypes

However, when fish reach the full maturity of gonads,

and vitellogenin expression patterns. Further examination

the vitellogenin expression was significantly downregu-

with larger number of intersex specimens is needed to

lated in both females and males. Expression levels in

better solidify our current explanation.

7- or 8-year-old females were equivalent to only 1% of

In summary, hepatic vitellogenin gene expression was

those measured with 4-year-old age females, suggest-

investigated along with observational analysis of gonadal

ing that active transcription of vitellogenin gene is no

appearances in Siberian sturgeon A. baerii during its early

longer needed for the post-vitellogenic process to attain

life periods. Under local culture conditions described

at the final oocyte maturation. Proteolytic vitellogenic

herein, the formation and early differentiation of ovarian

substances are long-lasting molecules in oviparous fish

and testicular tissues appeared to be actively progressed

eggs since those biomolecules should be stably delivered

until the first three years after hatching, however from

to embryos and early larvae (Zhang et al., 2011a; Salmela

then on, gender-dependent discrepancies became signi-

et al., 2015). However, one unexpected finding is the fact

fied in subsequent studied period. Expression patterns

that such a striking downregulation at full maturity is

of vitellogenin mRNAs are closely correlated with the

similarly observed also in males, suggesting that the last

progress of early gonad maturation in both genders. In
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