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Abstract: Sichuan taimen (Hucho bleekeri), a critically endangered species, is listed as a first-class
protected species in China. The natural population has been missing from most of its known
distribution areas for many years but was rediscovered in the Taibai River in 2012, providing an
important resource for the conservation stocking of the Sichuan taimen. In this study, 43 wild adult
Sichuan taimen collected from the Taibai River were determined for gamete maturity for artificial
reproduction using ultrasonography. The echogenicity of the gonads before and after hormonal
induction was described to determine broodstock identification, injection dose of hormones, and
spawning time. Four batches of artificial breeding were successfully achieved in 2013, 2014, and 2016.
Broodstock (19 females and 16 males) spawned with average fertilization and hatching rates reaching
80.2% and 61.0%, respectively. This study demonstrates that ultrasonic imaging is a convenient and
efficient method to track the state of gonads of mature Sichuan taimen during artificial reproduction,
which will assist in broodstock cultivation, and further large-scale proliferation and effective resource
restoration of the Sichuan taimen.

Keywords: Sichuan taimen; rescue and domestication; artificial reproduction; gonadal maturation;
endangered species

Key Contribution: It is the first study to systematically investigate parental breeding, gonadal
development monitoring, artificial fertilization, and fry breeding in Sichuan taimen using ultrasound
imaging to identify mature gonads.

1. Introduction

Sichuan taimen (Hucho bleekeri Kimura), belonging to Salmoniformes, Salmonidae,
and Hucho, is a unique, land-locked cold-water fish in China [1-3]. It is mainly distributed
in the upper reaches of the Min River and Dadu River in Sichuan Province, the Taibai
River and Xushui River, tributaries of the Hanjiang River in Shaanxi Province, and the
Make River in Qinghai [1,4]. Sichuan taimen may be a remnant fish that invaded from the
north to the south during the glacial period. This species has important academic value in
different fields, such as zoogeography and paleoecology, and may help further reveal the
relationship between fish system evolution and climate change [5,6]. In addition, Sichuan
taimen is an important cold-water fish germplasm resource in China and has a huge market
development potential in aquaculture [7,8].

Since the 1960s, due to environmental degradation, overfishing, and other impacts, the
resource quantity of Sichuan taimen has sharply decreased and its distribution area has been
shrinking. To date, there has been no trace of this species in most of its known distribution
areas for many years [9-11]. Owing to its endangered status, Sichuan taimen has been
listed as an extremely endangered species on the International Union for Conservation
of Nature Red List and as a national first-class protected aquatic wildlife in 2021 [12].
However, due to the limitations of experimental materials, research on Sichuan taimen
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has mainly focused on the preliminary study of its biology, resource distribution, and
habitat characteristics in the early years [3,13,14], as well as the genetic study of specimen
samples [15-18]. Fortunately, several Sichuan taimen populations were rediscovered in
the Taibai River, Shanxi Province, in 2012 [19]. Therefore, artificial domestication and
reproduction using these limited resources is a positive strategy for conservation research
on this species [20-22].

Identification of gonad maturity in broodstocks is a critical part of artificial repro-
duction in fish. The sex and gonad maturity of Salmonidae during the breeding period
are mainly determined by examining the ventral shape and cloacal color or the ovulation
by squeezing the belly of broodstocks [7,23]. These methods can increase the stress of
artificial operation and easily lead to inaccurate judgment of spawning time, resulting in
failure of artificial spawning or overmaturity of eggs, which greatly impedes the efficiency
of artificial reproduction [24]. Therefore, a more convenient and efficient method for the
accurate assessment of the gonad state is urgently needed for Sichuan taimen. In this
study, a wild broodstock of Sichuan taimen collected from the Taibai River since 2012 were
domesticated and bred in an artificial environment, and ultrasound images were captured
to examine the gonadal echogenicity before and after hormonal induction for estimation
gonadal maturity of broodstock, injection dose of hormones, and spawning time during ar-
tificial reproduction. This study provides important insights into the reproductive process
of Sichuan taimen and the captive conservation of this endangered species.

2. Materials and Methods
2.1. Parent Fish Cultivation

In this study, a total of 23 wild females (average body weight: 0.93 & 0.27 kg) and
20 wild male broodstocks (average body weight: 1.35 + 0.43 kg) were collected from
Taibai River and cultured in the conservation and domestication base of Sichuan taimen
established by Yangtze Fisheries Research Institute, Chinese Academy of Fishery Sciences
in Taibai, Shaanxi Province. Based on the conditions of the natural spawning ground,
including a water temperature of 4.5-9 °C gentle water flow, sand and gravel substrate and
clear water quality, all fish were maintained in a flow-through pond (8 m in length, 6 m in
width, and 2-5 m in depth) with a pebble substrate and water flow rate of 0.4-0.7 m/s. Water
samples were collected from the Taibai River. The annual water temperature and dissolved
oxygen were 4.7-16.2 °C and 7.6-11.0 mg/L. Fish were fed Tenebrio molitor and trash fish at
2-6% body weight 1-3 times a day, adjusted according to seasonal temperature fluctuations.
After the culture water temperature was stabilized to more than 4.5 °C from March to May
every year, mature parent fish were identified and chosen for artificial spawning.

2.2. Ultrasound Imaging Procedures and Evaluation

Before identification, the Sichuan taimen specimen was anesthetized using MS-222
solution (concentration, 20 ppm) and held on a wet towel. An ultrasound scan was
performed along the abdominal surface using a Terason T3000 portable ultrasonograph and
a linear array broadband probe with 7.5 MHz center frequency and 4 cm scanning depth.
The anterior area from the end of the pectoral fin to the dorsal fin below the lateral line
(P1) and the posterior area from the end of the dorsal fin to the anal fin (P2) were scanned
separately, and ultrasound images in longitudinal and transverse views were recorded
for comparative analysis to determine the timing of induced spawning (Figure 1a). A few
accidentally dead specimens were scanned and verified by dissection to precisely identify
maturity stages (Figure 1b—d) [25].

2.3. Artificial Spawning

The compounds S-GnRH-A (10 ng/kg) + domperidone (5 mg/kg) + VB2 (2 mg/kg)
were prepared in 0.7% isotonic sodium chloride solution. The broodstocks were injected
twice at an interval of 24 h, in which the male fish were injected with half the dose as
that for the female fish. The fish were anesthetized with 20 ppm of the MS-222 solution
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in advance, wrapped with a wet towel, and injected intraperitoneally with 0.1-0.2 mL of
the dose via the tail. After 48 h of injection, fish maturity was examined by ultrasound
every 24 h.
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Figure 1. Ultrasound scanning areas and dissection views of Sichuan taimen Hucho bleekeri.
(a) scanning areas; (b) prespawn female with stage IV ovary; (c) postspawn female with stage
VI ovary; (d) postspawn male with stage II testis.

2.4. Artificial Fertilization and Hatching

The dry method of artificial fertilization was performed, in which sperm and eggs
were separately collected using abdominal pressure and fully mixed by stirring for 30-60 s.
The eggs were stirred slightly after adding water, washed several times, and evenly spread
onto hatching frames in an indoor pond for incubation. During incubation, the water flow
rate was less than 0.1 m/s, the water temperature was 10.0-11.2 °C, dissolved oxygen
was 9.8-10.5 mg/L, and bright light was avoided. The development of fertilized eggs was
monitored regularly, and dead eggs and impurities were removed. The fertilization rate was
calculated at the gastrula stage, and the hatching rate was calculated one day post-hatching.

2.5. Seedling Breeding

The hatched larvae were transferred to a round fiberglass basin (diameter, 2 m;
depth, 0.45 m) and cultured in a micro flow-through system, with a culture density of
500-1000 ind./L and controlled water temperature and dissolved oxygen at 10.2-19.9 °C
and 7.7-11.6 mg/L, respectively. The larvae were first fed with artificially hatched jointless
larvae of brine shrimp 3—4 times a day, and artificial feed (Alle cold-water fish open bait;
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particle size, 0.2-0.3 mm) was gradually added 10 days post-hatching. The amount of feed
was based on the satiety of the larvae. After feeding, residual bait and feces were removed.

3. Results
3.1. Ultrasonic Evaluation of Gonads

In this study, the shape, contour, and echogenicity were the main ultrasonographic
characteristics used to determine the sex and gonadal maturity of the parent fish. In general,
well-developed ovaries (stage III and later stage) presented a homogeneous appearance
with bright reflections whereas the testes were usually dark and displayed well-defined
lobules with distinct margins, especially in the transverse views (Figure 2). Ultrasound
images of both scan areas became synchronously more recognizable because of the response
of the ovaries to the induction of exogenous hormones. Vacuole-like structures appeared
after 48 h (Figure 3c,d), and were augmented, well-distributed, and arranged after 90 h
(Figure 3e,f), indicating that the ovary was fully developed for ovulation. After spawning,
irregular hypoechogenicity was observed (Figure 3g,h).

pl. female, longitudinal view pl. female, transversal view

p2. female, longitudinal view p2, female, transversal view

p2, male, longitudinal view p2, male, transversal view

Figure 2. Ultrasound images of the gonads of mature Hucho bleekeri. Mature ovary (a—d) and testis
(e-h) of p1 and p2 in both longitudinal and transversal views were shown.
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pl1, longitudinal view, 0 h after hormone inducing pl, transversal view, 0 h after hormone inducing

pl1, longitudinal view, 48 h after hormone inducing pl, transversal view, 48 h after hormone inducing

p1, longitudinal view, 90 h after hormone inducing p2, longitudinal view, 90 h after hormone inducing

"
e

p2, longitudinal view, after spawning

Figure 3. Ultrasound images of ovaries of mature Hucho bleekeri after hormonal induction. (a,b) 0 h
after hormonal induction; (c,d) 48 h after hormonal induction; (e,f) 90 h after hormonal induction;
(g h) after spawning.

Ultrasound images from p1 and p2 views show the unsynchronized maturity state of
the inducing testis (Figure 4). After 80 h of hormonal induction, the testes of p1 appeared
as deeply dark regions (sperm), indicating that these testes were ready for spermiation, and
then degenerated into a single line after spawning. However, the testes of p2 had no sperm
and still could be imaged with comparative bright reflection after artificial spawning. These
results were also validated by observation of dissected individuals (Figure 1d). Therefore,
the linearly arranged oocytes and homogeneous dark structures in testis were the key
characteristics for making decisions regarding the artificial collection of eggs and sperm.

3.2. Artificial Spawning

The compounds S-GnRH-A (10 ng/kg) + domperidone (5 mg/kg) + VB2 (2 mg/kg)
were prepared in 0.7% isotonic sodium chloride solution. The broodstocks were injected
twice at an interval of 24 h, in which the male fish were injected with half the dose as
that for the female fish. The fish were anesthetized with 20 ppm of the MS-222 solution
in advance, wrapped with a wet towel, and injected intraperitoneally with 0.1-0.2 mL of
the dose via the tail. After 48 h of injection, fish maturity was examined by ultrasound
every 24 h.
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Figure 4. Ultrasound images of testes of mature Hucho bleekeri after hormonal induction. (a,b) 80 h
after hormonal induction; (c,d) after spawning.

3.3. Artificial Reproduction

Artificial reproduction was successfully performed in domesticated wild Sichuan
taimen in 2013, 2014, and 2016. As shown in Table 1, 19 females in 4 batches with an
average body weight of 1.06 kg spawned. The effect time of the exogenous hormones was
48-108 h. The eggs were collected once by ventral compression, and a total of 25,329 eggs
were obtained in four batches. The average egg-laying amount per female was 1333.
Moreover, 16 males with an average body weight of 1.26 kg spawned, and 8.8 mL sperm
were collected in total. The fertilization rate of eggs collected in different batches was not
far different, ranging from 75.71% to 83.00%, and 20,442 fertilized eggs were obtained.

Table 1. The results of artificial propagation in 2013, 2014, and 2016.

2014

Various Indices 2013 First Batch Second Batch 2016
Mature parental fish 8964 493 694d 5974
Body weight of females (kg) 0.97 1.25 1.07 0.93
Spawned parental fish 7965 4920 493 4950

induced spawning rate (%) 92.9 85.7 70 75

Effect time (h) 48 80 108 48
Number of eggs 8000 9284 4145 3900
Number of fertilized eggs 6680 7424 3138 3200
Fertilization rate (%) 83.50 79.97 75.71 82.05
Number of larvae 4170 4258 1700 2241
Hatching rate (%) 62.43 57.35 54.17 70.03
Incubation time (h) 549 586 571 568

3.4. Hatching and Seedling Breeding

Under an incubation temperature of 10.0-11.2 °C, the fertilized eggs completed em-
bryonic development after 549-586 h of incubation. The larvae began to hatch after 20 days,
the hatching proportion peaked at 22 days, and all larvae hatched after 26 days. A total of
12,369 larvae in four batches were obtained with a full length of 11.62 &= 0.50 mm. Newly
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hatched larvae were fed brine shrimp as the opening bait. After one month of cultivation,
the size of the fry reached 23.49 £ 0.09 mm, and its survival rate reached 98.89 &+ 1.92%.

4. Discussion

Captive breeding is one of the positive strategies for endangered fish species recovery [26].
Under captive conditions, the regulation of ecological environmental factors plays an
important role in fish growth, especially in the development and maturation of gonads [27].
However, research on artificial breeding in Sichuan taimen is still lacking. In the present
study, based on the ecological needs of Sichuan taimen natural reproduction and artificial
domestication conditions of other species of Salmonidae [23,28], especially Hucho [7,29],
we developed environmental factors, such as water temperature and flow rate, and food
regulation scheme and achieved the first successful development and maturation of gonads
of captive Sichuan taimen.

The developmental quality and determination of the suitable period for gonads are es-
sential for the breeding capability of broodstocks. Ultrasound has been used as a convenient
and effective method to obtain identifiable information during the gonadal maturation
of other fish species [30-32]. Similarly, in the present study, the presence and size of the
vacuole-like structures were the key characteristics distinguishing the maturity of ovaries,
and the appearance and intensity of the dark structures were the main characteristics
distinguishing the maturity of the testes. Furthermore, ultrasound images present the
state of gonads of mature individuals after hormonal induction, providing a basis for
determining the right time to sample the oocyte and sperm or for adjusting the dose of the
hormones [33].

Exogenous hormones substantially affect cold-water fish [26,34]; the type, dose,
and injection interval of hormones are crucial for artificial spawning. A mixture of
5-GnRH-A + domperidone is usually used in salmonoids [7,26]. In addition, vitamins
have been used to enhance the physical fitness of induced fish [35,36]. In the present study,
the induced spawning rate exceeded 70%, indicating that the artificial spawning program
was effective for mature Sichuan taimen.

The hatching rate of embryos directly reflects the success of artificial reproduction.
Embryonic development in fish is related to various environmental factors, such as water
temperature, dissolved oxygen, light, and water quality [37]. Salmonids are cold-water
fish with a long incubation period of more than 15 days [22,38]. Therefore, environmental
control is particularly important for increasing the hatching rate. In the present study,
light, water temperature, and dissolved oxygen were controlled in an ecological range.
However, light was not the main influential factor found in our previous work [20], and the
optimal ecological conditions for embryo development still require further study. In the
present study, the water used was natural Taibai River water; therefore, suspended solids
and impurities might have affected the normal metabolism of embryos to a certain extent,
which may be attributed to the low hatching rate in 2014. These findings suggest that water
should be strictly treated and disinfected during incubation and that the incubation density
and microflow control of water are crucial for preventing the adhesion and hypoxia of
fertilized eggs.

5. Conclusions

In summary, this study is the first to systematically investigate parental breeding,
gonadal development monitoring, artificial fertilization, and fry breeding in Sichuan taimen
using ultrasound imaging to identify mature gonads. We have successfully achieved
artificial propagation of wild Sichuan taimen. Due to the limited resources, artificial
propagation technology, such as the breeding of fry and the post-natal rehabilitation of
parent fish, still needs further research. Regardless of these limitations, this study provides
an important reference for further large-scale proliferation and effective resource restoration
of Sichuan taimen.
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