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中  文  摘  要

	植物和昆虫在长期的协同进化过程中，越来越多样化和复杂化。植物为昆虫提供了栖息场所和食物，许多昆虫则在取食过程中为植物传粉，成为这些植物家族繁衍不可或缺的成员。但是，许多植食性昆虫严重影响植物生长。植物在被昆虫取食时，合成并积累大量的对植食性昆虫有毒的次生代谢物质，昆虫则在长期协同进化过程中发展了一系列适应机制来克服植物的防御反应。例如，植食性昆虫具有非常发达的解毒酶系，其中P450单加氧酶是重要成员，对昆虫克服植物次生代谢产物以及杀虫剂的毒性至关重要。
RNA干扰（RNAi）是一种新发现的基因调控机制，是指一些双链RNA（dsRNA）经加工形成21-25bp左右的小分子干扰RNA（siRNA），它通过DNA甲基化，mRNA降解或阻断蛋白质翻译，高效、特异地阻断体内特定基因的表达。人们从植物的基因表达共抑制和真菌的抑菌作用现象发现了RNA干扰这一古老的生物体基因调控机制，在植物中RNA干扰参与抗逆和抗病等反应。目前，RNA干扰已被发展成为一种成熟的技术被广泛应用于基因功能研究和基因专一治疗。
在研究棉酚与棉花抗虫过程中，开发了一种利用RNA 干扰机制、以植物作为载体来抑制昆虫生长的方法。即：将包含正向和反向昆虫基因(或片段)序列导入到植物内，在植物中表达昆虫基因的dsRNA，当昆虫在取食了转基因植物后，体内的靶基因通过RNA干扰途径被抑制，从而使害虫的生长发育受到抑制。
棉酚等倍半萜醛类是存在于棉花组织中的次生代谢化合物，具有抑制植物病原菌生长以及抵御昆虫侵袭的作用，对许多生物包括昆虫具有一定的毒性。棉铃虫（Helicoverpa armigera）是最重要的农业害虫之一，不仅对棉花生产造成严重影响，还危害十字花科、豆科、茄科甚至禾本科植物。尽管棉酚在一定条件下对棉铃虫的生长发育有一定影响，但经过长期进化，棉酚含量正常的棉花对棉铃虫取食几乎没有影响，甚至具有助食作用，这说明棉铃虫有一套有效的棉酚解毒体系。如果利用RNA干扰破坏这种解毒机制，棉酚对棉铃虫的抑制作用将大大增强。利用棉铃虫 (H. armigera) cDNA文库，分离到了一个与棉酚耐受性相关的P450基因GIP (CYP6AE14)。CYP6AE14在棉铃虫中肠高表达，能被棉酚专一诱导。当食物中存在棉酚时，其表达水平与棉铃虫的生长呈正相关。为抑制CYP6AE14的表达，进一步设计了特异的基因载体，转入植物后，在植物组织中产生了与CYP6AE14相匹配的dsRNA和小分子干扰RNA。当棉铃虫幼虫进食了这些转基因植物后，内源CYP6AE14基因的表达显著降低。将生长在dsRNA转基因植物上的幼虫分别转移至含1mg/g棉酚或1 mg/g单宁的人工饲料上生长，两天后发现来自喂食dsRNA转基因植物的棉铃虫对棉酚的耐受性大大减弱。同样，用有酚棉的叶片喂食这些棉铃虫时，幼虫生长缓慢或停止生长，发育受到抑制。
为了证明植物介导的RNA抑制对CYP6AE14的作用是否可应用于其他的棉铃虫中肠基因，一个由EST测序得到的棉铃虫中肠高表达的基因，GST1，编码谷胱甘肽-S-转移酶被用来考察其是否也存在植物介导的RNAi调控。用同样的方法构建了dsGST1载体，将其转入到拟南芥中。选择其中一个表达量较高的株系（AtdsGST1-5）进行了棉铃虫饲喂实验。Northern检测发现在进食AtdsGST1的棉铃虫中肠内的GST1转录水平明显降低。对这一实验进行多次重复，都得到了类似结果。由于GST1在中肠有较高的表达，因此认为当GST1表达受到植物介导的RNA抑制后，可能会引起中肠GST活性的降低。将三龄进食AtdsGFP和AtdsGST1植物四天后的棉铃虫幼虫被解剖后，取中肠总蛋白，以二硝基苯酚为底物测试了中肠总蛋白中GST的酶活，证实进食AtdsGST1的棉铃虫其中肠内的GST活性明显低于进食AtdsGFP植物的棉铃虫。以上结果表明，在植食性昆虫中，植物体内的dsRNA通过昆虫取食进入到昆虫体内并干扰昆虫靶基因的表达具有普遍性。
植物介导的昆虫RNA干扰的一个显著优点是通过昆虫直接取食植物来干扰昆虫体内靶基因的表达，这比目前常用的注射dsRNA简便得多，使RNA干扰抗虫植物在农业生产中的应用成为可能。目前常用的Bt转基因抗虫作物，Bt蛋白毒性大，选择性小，并且已在大田发现了抗Bt毒蛋白的农业害虫。植物介导的昆虫RNA干扰，由于可以根据昆虫特定基因的序列设计dsRNA，能够专一地，有选择地抑制昆虫特定基因的表达，从而为开发更有效和更安全的转基因抗虫植物开辟了新方向。
同时，这一工作为RNA干扰信号在不同生物间的传播提供了直接的证据，首次将RNA干扰与植物对昆虫的防御途径联系起来。自然界中，植物含有大量小RNA，如在拟南芥的花序或萌发的小苗中存在将近150万的小RNA，其中只有很小的一部分确定了其靶基因，多数植物小RNA的功能尚属未知。植物介导的昆虫RNA干扰暗示植物内源小RNA可能与植物的抗虫性有关，以一个全新的角度来探讨RNA干扰在植物与昆虫互作中的生物学功能，具有重要的理论意义。
相关论文在国际著名杂志《自然-生物技术》(Nature Biotechnology)上作为封面文章(article)发表；同期杂志还发表了美国孟山都（Monsanto）公司詹姆士·罗伯特(James Roberts)课题组的论文（letter），报道了利用RNAi增加转基因玉米对根虫抗性的研究结果。Nature和Science等杂志对该项成果给予高度评价，Nature将其列为亮点论文之一，称之为“RNA干扰杀虫剂”。这一成果引起了社会和学术界的广泛关注，论文作者应邀在法国科学院、澳大利亚昆士兰大学、昆虫肠道生物学国际研讨会、国际棉花基因组研究等国际学术会议上做大会报告，并和孟山都公司签署了合作意向。
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Cloning and Characterization of a gossypol inducible P450 in Helicoverpa armigera
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ABSTRACT

	Plants and insects have co-evolved for millions of years. Plants produce defense compounds, such as secondary metabolites, to resist or repel herbivorous insects, and on the other side, insects possess the ability to catalyse these deleterious phytochemicals to nontoxic compounds. Insect pests cause a great loss of crop production, and understanding the plant-insect interactions is important for engineering plant resistance to insect pests. Although transgenic crop plants expressing the Bacillus thuringiensis (Bt) toxin genes have been successful, Bt crops are protected from some of the insect species only and are threatened by the emergence of insect resistance. Therefore, new approaches of insect pest control are needed.

RNA interference (RNAi) is a newly discovered mechanism of gene regulation. It was reported in 1998 that dsRNAs had potency to cause gene silencing in C. elegans. Shortly after this discovery, RNAi had been developed as an effective tool in functional research. Plants engineered to produce artificial microRNAs targeting virus genes can resist viral infection, but RNAi had not been reported to defend plants against insects. Insect gene silencing can be achieved by injection of dsRNAs or by oral administration of high concentration of dsRNAs added to artificial diet, however, it was not known if insect RNAi could be triggered by plants that produce dsRNA. 

We developed a technique to protect plants from insect attack through RNAi. In detail, plants were engineered to produce dsRNAs targeting specific insect genes, when insects ingested these transgenic plants, the target genes would be silenced by RNAi pathway. 

Cotton plants accumulate a high concentration of gossypol and related sesquiterpene aldehydes, which are toxic to insects. The cotton bollworm (Helicoverpa armigera) is a major agricultural pest that attacks not only cotton but also other plants. Despite of the adverse effect of gossypol, cotton bollworms complete their life cycle on cotton plants. This implies that the bollworms have effective mechanisms that enable them to either detoxify or tolerate gossypol. We isolated a gossypol-inducible P450 gene, GIP (CYP6AE14), from H. armigera. GIP is mainly expressed in midgut, and its expression level is correlated with the larval growth when gossypol is supplemented in diet. We tried to knock-down GIP expression in midgut by plant-mediated RNA interference. A dsRNA construct targeting GIP (dsGIP) was introduced into plants of Arabidopsis thaliana and Nicotiana tobacum. After worms were fed on these transgenic plants, the expression level of GIP was obviously suppressed. We then transferred these worms to artificial diet containing 0.1% gossypol or cotton leaves. It was found that the growth of the worms that were previously reared on dsRNA transgenic plants was severely inhibited. 

To determine whether the plant-mediated insect RNAi, exemplified here with GIP, was applicable to other midgut-expressed genes. We tested another H. armigera gene, GST1 (GenBank accession no. EF033109), which encodes a glutathione-S-transferase. Expression of GST1 was not altered by gossypol treatment. After larvae were fed on dsGST1 plants for four days, levels of GST1 transcripts in the midgut were reduced and total GST activity also decreased. These experiments were repeated several times. The results demonstrate that, at least in the midgut, expression of GIP and other genes of this herbivorous insect can be suppressed by feeding on plants engineered to produce the respective dsRNAs. 

The strongpoint of this finding is that dsRNA was delivered through insect ingestion. This makes it possible for applying RNAi technology to insect control. The related work has been published by Nature Biotechnology. In the same issue, James Roberts’s group of Monsanto Company also reported the similar findings obtained from corn rootworm (Diabrotica virgifera virgifera LeConte). Nature gave a high light on these works: “An important advantage of this approach over the current alternatives is that the interfering RNA could probably be made to target pests very selectively. This could satisfy concerns about insecticides indiscriminately killing key links in the food chain”

There are a large amount of small RNA molecules (~20 nt) in plant cells. Except for a small fraction with target genes identified, the functions of most plant small RNAs remain unknown. The finding that plants can be engineering to trigger insect gene silencing suggests a possible role of plant small RNAs in plant insect interaction and co-evolution.
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