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草鱼(Ctenopharyngodon idella)是目前全球最大的淡水养殖品种，仅在国内年产量就

500余万吨（中国渔业统计年鉴，2019年）
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池塘养殖草鱼肉质品质改良的研究也是营养专家长期关注的焦点

针对目前的草鱼营养学研究现状，谢骏、郁二蒙团队做了一些营养调控机理方

面的探索

养殖实践中发现摄食蚕豆的草鱼肌肉硬度显著增加而深受消费者欢迎，研究显

示鱼类肌肉硬度的增加与Ⅰ型胶原蛋白的表达有显著相关性，而Ⅰ型胶原蛋白的表

达受 TGF-β1/Smad4 信号通路调控

营养调控机理尚不清晰
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TGF-β/smads 信号通路

TGF-β超家族是一类具有多种功能的细胞调节因子，它们以自分泌、

旁分泌和内分泌的方式通过细胞表面的受体参与细胞信号转导过程。该

信号通路在机体的免疫调节、细胞生长和分化、细胞外基质的合成和贮

存等方面发挥着重要的作用。目前国内外关于该信号通路在哺乳动物当

中的研究比较多，但是在鱼类研究方面相对较少；



除了 TGF-β超家族配体和受体外，信号通路发挥功能还需要另一组下游因

子 Smad蛋白家族，它们在整个信号通路中处于中枢的位置，起承上启下的作用

在高等动物中证实至少有 9 种不同的 Smad蛋白可以选择性的与两种 TGF-β

受体结合，从而发挥不同的功能；按结构与功能不同，人们将 Smad蛋白分为 3 类：

①受体调节型 (receptor-regulated  Smad),  它们是一类可与活化的Ⅰ型受体直接作用并

被磷酸化激活的蛋白，

②共同介质型（Co-Smad/Smad4）, 需要与受体调节型 Smad形成异源寡聚物，不

能被其它受体磷酸化，可结合其它磷酸化的 Smad蛋白，形成复合体后进入细胞核，

发挥转录因子的作用

③拮抗型（Smad6 和 Smad7），这类蛋白不能与DNA 结合，可与 TβR-Ⅰ结合阻止

其它 Smad 蛋白的磷酸化, 形成负反馈调节环路。
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TGF-β/smads信号通路的转导机制及主要进展
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磷酸化

磷酸化

激活的 Smad蛋白

异源三聚体
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正向研究：TGF-β1 过表达、采用免疫组化和原位杂交（ISH）等方法

反向研究主要采用的技术手段之一是RNA 干扰技术

RNA干扰技术（RNA interference,RNAi）是一种双链RNA（dsRNA）

分子在mRNA水平关闭相应序列基因的表达使其沉默的过程，是一种序

列特异性的转录后基因沉默技术。

（1）病毒防御；（2）疾病治疗；

（3）基因功能：目前最广泛的应用，一是通过与靶mRNA3′UTR结合抑

制其翻译（miRNA）;  二是降解mRNA（siRNA）；

（4）研究信号转导通路的新工具
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siRNA:双链 RNA 

miRNA:单链 RNA 



RESEARCH BACKGROUNDS

RNAi存在技术其核心内容是siRNA能够抑制同源基因的表达。对于siRNA 

而言，现在颇有争议的地方在于它对靶基因的沉默特异性，主要体现在两个

方面

（1）打破内源性miRNA的平衡：非特异性表型的缺失或缺陷和毒理效应

（2）特异的转录后沉默有效性：脱靶效应

RNAi机制的缺陷
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为了探究草鱼肌肉品质改良的营养调控机制，郁二蒙等主要构建了草鱼

TGF-β1/Smad4信号通路关键信号因子TGF-β1和Smad4基因的真核过表达载体

pcDNA3.1 (+)-TGF-β1 和 pcDNA3.1(+)-Smad4 和 RNA 干扰表达载体 pRNA-

6.1/Neo-TGF-β1（Ⅰ）、pRNA-6.1/Neo-TGF-β1(Ⅱ)、pRNA -6.1/Neo -TGF-β1(Ⅲ)、

pRNA-6.1/Neo-Smad4(Ⅰ)、pRNA-6.1/Neo-Smad4(Ⅱ)和 pRNA-6.1/ Neo-Smad4 (Ⅲ)，

随后分别在细胞和鱼体水平验证构建的过表达和 RNA 干扰表达载体的活性，

继而探索鱼类肌肉硬度的增加与Ⅰ型胶原蛋白的表达的调控机理。



（1）养殖实验

（2）TGF-β1、Smad4 基因克隆及真核过表达和 RNA 干扰表达载体的构建

（3）TGF-β1、Smad4 基因过表达和 RNA 干扰表达载体细胞水平和在体水平的

活性验证。
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500 ± 50 g

2.5×2.5×1.2m水泥池

8:00, 14:00 and 18:00

投饲量4%蚕豆pre-soaked

Sampled：0 (control; before the 

initiation of faba bean feeding), 

30, 60, 90 and 120 days



TGF-β1 基因的过表达载体构建

TGF-β1 基因 ORF 片段正向插入表达载体
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TGF-β1 基因的过表达载体构建

TGF-β1 基因 ORF 片段正向插入表达载体
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TGF-β1、Smad4 基因 RNA 干扰表达载体的构建
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shRNA（short hairpin）的合成shRNA 靶序列的设计

①从 TGF-β1、Smad4 基因 ORF 序列起始密码子

AUG 开始搜寻下游 19 个碱基长度且 GC 含量约在

50%左右的正反义互补序列 3 对；

②将每一对正反义序列展开，在中间插入 10 个碱基

的 Loop 片段；

③为确保转录能够终止，在每一条序列的 3′端加上 6 

个连续的 T 碱基外加两个胸腺嘧啶，补加胸腺嘧啶

是使人工合成的干扰片段尽量接近于自然形成的

siRNA，更有利于启动双链 RNA 的沉默效应；

④在每对序列两端加上相应的酶切位点，根据干扰

载体图谱，选取的酶切位点，这样转录形成的整条

RNA 即为 shRNA; 

Loop 片段



TGF-β1、Smad4 基因 RNA 干扰表达载体的构建

33 研究方法 RESEARCH METHODS

shRNA（short hairpin）的合成
双链 shRNA 的制备

①相应的正义和反义链，退火形成双链shRNA 茎环

样双链结构；

②shRNA 发挥效应时会在细胞内 Dicer 酶作用下经

剪接形成只包含 19 个碱基长度的双链小 RNA 即

dsRNA, dsRNA 在解旋酶作用下解开双链同时与胞内

核酶复合物相结合，进而形成RNA 沉默诱导复合物

RISC

③激活的 RISC 可根据碱基互补配对原则结合到同源

的 m RNA 转录本上 ，最后在核酸酶作用下将

mRNA 彻底降解，从而实现对目的基因的精确沉默



TGF-β1 基因 shRNA 片段插入干扰表达载体
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Smad4基因shRNA 片段插入干扰表达载体
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过表达和 RNA 干扰表达载体细胞水平活性检测
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草鱼成纤维细
胞的分离培养

斑马鱼 ZF4 细
胞瞬时转染

36h后，荧光定量检测
TGF-β1、COL1-A1、COL1-A2

293T 细胞（人
胚肾上皮细胞）



过表达和 RNA 干扰表达载体鱼体活性检测

33 研究方法 RESEARCH METHODS

过表达实验组
RNA 干扰表达
实验组

注射后1 d, 2 d, 5 d, 10 d 和 15 d 取样，WB及荧光定量检测
TGF-β1、COL1-A1、COL1-A2及相应的基因

阴性对照组

载体注射
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TGF-β1、Smad4 基因 ORF 片段 PCR 结果检测

1:  以 c DNA 为模板扩增的 TGF-β1 基因 ORF  

片段，

M：DNA marker DL2000，

2：以cDNA

为模板扩增的 Smad4 基因 ORF 片段

TGF-β1、Smad4 重组载体双酶切鉴定

M1: DNA marker DL2000，

1: pcDNA3.1(+)-Smad4重组载体双酶切，

2: Smad4 基因 ORF 片段，

3: pcDNA3.1(+)双酶切，

4: TGF-β1 基因 ORF 片段，

5: pcDNA3.1(+)-TGF-β1 重组载体双酶切，

M2: DNA marker DL5000 



44 分析与讨论 ANALYSIS AND DISCUSSION

A、草鱼成纤维细胞形态图 B、草鱼成纤维细胞低密度伸展状态

C、ZF4 细胞转染效果 D、ZF4 细胞转染效果

草
鱼
成
纤
维
细
胞
培
养
及ZF4

 

细
胞
转
染
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A．293T 细胞形态图 B．293T 细胞转染效果图

2
9

3
T 

细
胞
形
态
和
转
染
效
果
图

A 图展示了该细胞系形态细胞呈扁平
圆形，团团粘附在一起，增殖十分迅速；
B 图为该细胞系经转染后绿色荧光蛋白检
测情况，可以看到转染效率很高，最高可达到 80%。
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单独转染 pcDNA3.1(+)-TGF-β1 过表达载体 36h 后的相对定量

A 显示的是人TGF-β1,COL1-A1,COL1-A2 三种基因空白组与对照组的相对表达量，

B  显示的是草鱼TGF-β1,COL1-A1,COL1-A2 三种基因的相对表达量，不同字母的代表相互比较具显

著性差异（P<0.05）
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单独转染 pcDNA3.1(+)-Smad4过表达载体 36h 后的相对定量

A 显示的是人Smad4,COL1-A1,COL1-A2 三种基因空白组与对照组的相对表达量

B  显示的是草鱼Smad4,COL1-A1,COL1-A2 三种基因的相对表达量,  不同字母代表相互之间具显著性差

异（P<0.05）
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同时转染 pcDNA3.1(+)-TGF-β1, 

pcDNA3.1(+)-Smad4过表达载体 36h 

后的相对定量

A显示的是人 TGF-β1, Smad4, 

COL1-A1, COL1-A2 四种基因的相对

表达量，

B  显示的是草鱼TGF-β1, Smad4, 

COL1-A1, COL1-A2 四种基因的相对

表达量,不同字母代表相互之间存在

显著性差异（P<0.05)
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分别单独转染 pRNA-6.1/Neo-TGF-β1(Ⅰ)、p 

RNA-6.1/Neo-TGF-β1(Ⅱ)和 p RNA-6.1/Neo 

–TGF-β1(Ⅲ)  干扰表达载体 36h 后 TGF-β1, 

COL1-A1, COL1-A2 相对表达量：A 为转染

pRNA-6.1/Neo-TGF-β1(Ⅰ)干扰表达载体相对表

达量，B 为转染 pRNA-6.1/Neo-TGF-β1(Ⅱ)干扰

表达载体相对表达量, C 为转染 p RNA-6.1/Neo-

TGF-β1(Ⅲ)干扰表达载体相对表达量，不同字

母代表相互之间存在显著性差异（P<0.05）



44 分析与讨论 ANALYSIS AND DISCUSSION

分别单独转染 p RNA-6.1/Neo-Smad4(Ⅰ)、p 

RNA-6.1/Neo-Smad4(Ⅱ)和 p RNA-6.1/Neo-

Smad4(Ⅲ)  干扰表达载体 36h 后 Smad4、

COL1-A1、COL1-A2 相对表达量：A 为转染

pRNA-6.1/Neo-Smad4(Ⅰ)干扰表达载体相对表达

量，B 为转染 pRNA-6.1/Neo-Smad4(Ⅱ)干扰表

达载体相对表达量, C 为转染 pRNA-6.1/Neo -

Smad4(Ⅲ)干扰表达载体相对表达量，不同字母

代表相互之间存在显著性差异（P<0.05）
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同时转染 pRNA-6.1/Neo-TGF-β1(Ⅲ)和 p RNA-6.1/Neo-Smad4(Ⅱ)干扰表达载体 36h 

后TGF-β1、Smad4、COL1-A1、COL1-A2 相对表达量，不同字母代表相互之间存

在显著性差异（P<0.05）



44 分析与讨论 ANALYSIS AND DISCUSSION

Relative mRNA and protein expressions of Col1α1 in the muscle of grasscarp (crisp grass carp fed with faba bean/the 

control). Control is the muscle of grass carp before the initiation of faba bean feeding. Groups 30 d, 60 d, 90 d and 120 

d are crisp grass carp fed with faba bean for 30, 60, 90 and 120 days, respectively.

The mRNA levels of Col1α1 gene were detected by real-time PCR and were normalized to the levels of EF1a (internal 

control). Col1α1 proteins were detected by Western blot, and relative protein expression levels

were calculated by using the Quantity One software using β-actin protein as the reference. Results are expressed as 

means ± standard error (bars in the graph) from three fish (n=3). Bars with different letters indicate the significant 

difference (P < 0.05). Col1α1, Collagen type I alpha 1.
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Relative mRNA and protein expressions of Col1α2 in 

the muscle of grass carp (crisp grass carp fed with 

faba bean/the control). Control is the muscle of grass 

carp before the initiation of faba bean feeding. Groups 

30 d, 60 d, 90 d and 120 d are crisp grass carp fed 

with faba bean for 30, 60, 90 and 120 days, 

respectively.

The levels of Col1α2 protein and mRNA were 

quantified by Western blot and real-time PCR, 

respectively, and relative protein expression levels 

was calculated as described Fig. 1 legend. Results are 

expressed as means ± S.E. (bars in the graph) from 

three fish (n=3). Bars with different letters indicate 

the significant difference (P < 0.05). Col1α2, 

Collagen type I alpha 2.
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Relative mRNA and protein expressions of TGF-

β1 in the muscle of grass carp (crisp grass carp fed 

with faba bean/the control). Control is the muscle 

of grass carp before the initiation of faba bean 

feeding. Groups 30 d, 60 d, 90 d and 120 d are 

crisp grass carp fed with faba bean for 30, 60, 90 

and 120 days, respectively.

The levels of TGF-β1 protein and mRNA were 

quantified by Western blot and real-time PCR, 

respectively, and relative protein expression levels 

was calculated as described Figs.1 legend. Results 

are expressed as means±S.E. (bars in the graph) 

from three fish (n=3). Bars with different letters 

indicate the significant difference (P < 0.05).
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Relative mRNA and protein expressions of 

Smad4 in the muscle of grass carp (crisp grass 

carp fed with faba bean/the control). Control 

is the muscle of grass carp before the initiation 

of faba bean feeding. Groups 30 d, 60 d, 90 d 

and 120 d are crisp grass carp fed with faba

bean for 30, 60, 90 and 120 days, respectively.

The levels of Smad4 protein and mRNA were 

quantified by Western blot and real-time PCR, 

respectively, and relative protein expression 

levels was calculated as described Figs.1 

legend. Results are expressed as means±S.E. 

(bars in the graph) from three fish (n=3). Bars 

with different letters indicate the significant 

difference (P < 0.05).
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Expressions of Smad4 in the muscle of crisp grass 

carp injected Smad4 over-expression vector. Control 

fish were injected non-recombinant plasmid 

(pcDNA3.1(+)). Groups 1 d, 2 d, 5 d, 10 d,15 d are 

fish sampled 1, 2, 5, 10 and 15 days after injection, 

respectively. The levels of Smad4 protein and 

mRNA were quantified by Western blot and real-

time PCR, respectively, and relative protein 

expression levels was calculated as described Figs.1 

legend. Data are means±S.E. of three independent 

experiments, and different letters indicate significant 

differences (P < 0.05).
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Expressions of Col1α1 in the muscle of crisp grass carp 

injected Smad4 over-expression vector. Control fish 

were injected non-recombinant plasmid (pcDNA3.1(+)). 

Groups 1 d, 2 d, 5 d, 10 d,15 d are fish sampled 1, 2, 5, 

10 and15 days after injection, respectively. The levels 

of Col1α1 protein and mRNA were quantified by 

Western blot and real-time PCR, respectively, and 

relative protein expression levels was calculated  as 

described Figs.1 legend.

Data are means±S.E. of three independent experiments, 

and different letters indicate significant differences (P < 

0.05).
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Expressions of Col1α2 in the muscle of crisp grass 

carp injected Smad4 over-expression vector. Control 

fish were injected non-recombinant plasmid 

(pcDNA3.1(+)). Groups 1 d, 2 d, 5 d, 10 d,15 d are 

fish sampled 1, 2, 5, 10 and 15 days after injection, 

respectively. The levels of Col1α2 protein and mRNA 

were quantified by Western blot and real-time PCR, 

respectively, and relative protein expression levels 

was calculated as described Figs.1 legend.

Data are means±S.E. of three independent 

experiments, and different letters indicate significant 

differences (P < 0.05).



44 分析与讨论 ANALYSIS AND DISCUSSION

Expressions of Smad4 in the muscle of crisp grass 

carp injected Smad4 RNAi vector. Control was 

injected using the non-recombinant plasmid 

(pRNAU6.1/ Neo). 1 d, 2 d, d, 10 d, 15 d were 

injected RNAi vector for 1 day, 2 days, 5 days,10 

days and 15 days. The levels of Smad4 protein and 

mRNA were quantified by Western blot and real-

time PCR, respectively, and relative protein 

expression levels was calculated as described 

Figs.1 legend. Data are means±S.E. of three 

independent experiments, and different letters 

indicated significant different (P < 0.05).
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Expressions of Col1α1 in the muscle of crisp grass carp 

injected Smad4 RNAi vector. Control was injected 

using the non-recombinant plasmid (pRNAU6.1/ Neo). 

1 d, 2 d, 5 d, 1 d, 15 d were injected RNAi vector for 1 

day, 2 days,5 days,10 days and 15 days. The levels of 

Col1α1 protein and mRNA were quantified by Western 

blot and real-time PCR, respectively, and relative 

protein expression levels was calculated as described 

Figs.1 legend. Data are means±S.E. of three 

independent experiments, and different letters 

indicatedsignificant different (P < 0.05).



44 分析与讨论 ANALYSIS AND DISCUSSION

Expressions of Col1α2 in the muscle of crisp grass carp 

injected Smad4 RNAi vector. Control was injected using the 

non-recombinant plasmid (pRNAU6.1/ Neo). 1 d, 2 d, 5 d, 

10 d,15 d were injected RNAi vector for 1 day, 2 days,

5 days,10 days and 15 days. The levels of Col1α2 protein and 

mRNA were quantified by Western blot and real-time PCR, 

respectively, and relative protein expression levels was 

calculated as described Fig. 1 legend. Data are means ± S.E. 

of three independent experiments, and different letters 

indicated significant different (P < 0.05).
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In sum, this study demonstrated that in grass carp fed with faba bean, both 

mRNA and protein expressions of key factors of the TGF-β1/Smads pathway 

increase in association with the expression of type I collagen. Over-expression and 

knock down of Smad4 led to the significant increase and decrease of both mRNA 

and protein expressions of Col1α1 and Col1α2, respectively. 

According to these results, Smad4 could be considered as an important 

regulator of type I collagen in crisp grass carp. 

Our study will provide an important mechanistic basis for the regulation of 

type I collagen in the muscle of fish, and a reference for the nutritional regulation 

for muscle hardness of fish.

结论
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建议

格式上的问题比较多；

讨论部分没有对机制问题提出假设，谈论的文献多用的是哺乳动物的，

应该增加从鱼类的其他物种的肌肉胶原蛋白含量与肉质的质构特性的相

关性和草鱼基因组层面加以讨论；

柱状图比较粗糙



66 总结SUMMARY



66 总结 SUMMARY

通过对郁二蒙、谢骏团队关于蚕豆对草鱼营养调控相关的文献整理和

学习，对该领域的了解更深一步，进一步理解RNAi在细胞水平和个体水平

调控的技术手段。

同时，也几个疑问：

蚕豆对鱼类的脆化，是否符合消费者对理想中淡水鱼类肉质质构的预期？

蚕豆对鱼类的脆化，是正常营养调控还是不正常的营养层面的环境胁迫？

技术层面，鲤科鱼类的基因组的复杂性，有没有更好的技术手段进行体

内和体外的基因沉默或敲降？
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