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中  文  摘  要

	微孢子虫(Protozoan: Microsporidia)是一类细胞内专性寄生的单细胞真核生物，广泛寄生于无脊椎动物和脊椎动物，包括人类；是经济昆虫、鱼类、兔类、产毛动物、啮齿类及灵长类的常见病原。自19世纪发现家蚕微孢子虫以来，不断有新的种类被分离鉴定，目前已发现有超过150个属1 200多种。自1959年发现了微孢子虫感染免疫缺陷型病人后，相继发现8个属14个种感染人类，尤其是AIDS病人。由于微孢子虫与人类的健康密切相关，因此引起了科学界的广泛关注。微孢子虫曾一度被认为是缺乏线粒体的原始的真核生物，但近年来的研究表明微孢子虫归属于真菌类，而其经历了简化进化的过程才呈现出较原始的特征；同时实验证明了微孢子虫具有称之为“线体”的简化的线粒体细胞器。家蚕微孢子虫是微孢子属的典型种，普遍寄生于家蚕而引发家蚕微粒子病导致毁灭性病害，攻克微粒子病这一顽症，是蚕业界研究领域的重点和难点，但目前国内外有关家蚕微孢子虫的分子生物学研究极为薄弱，缺乏对家蚕微孢子虫的深刻认识。位于微孢子虫孢壁结构内的孢壁蛋白是微孢子虫最先、最直接地与宿主接触的部分，很可能在感染寄生宿主的过程中扮演着重要的角色，已成为研究热点。目前已报道的微孢子虫孢壁蛋白共有7种，且研究结果表明其参与到微孢子虫的侵染过程中，但其在微孢子虫侵染过程中的作用机制仍不清楚。家蚕微孢子虫孢壁蛋白的研究还处于探索阶段，基因的序列信息及基因的功能研究均未见报道，本研究首先在家蚕微孢子虫孢壁蛋白前期研究的基础上，优化了孢壁蛋白的提取方法，然后结合家蚕微孢子虫的全基因组数据以及蛋白质分析手段鉴定家蚕微孢子虫孢壁蛋白，旨在了解孢壁蛋白在家蚕微孢子虫生活周期内所起的作用，为家蚕微粒子病的防治进一步奠定研究基础并提供作用靶标。主要研究结果如下：
1．家蚕微孢子虫孢壁蛋白不同提取法与获得蛋白组分情况的比较研究。
蛋白质的提取方法与提取量一直是微孢子虫蛋白质研究的瓶颈之一。本研究系统地比较了家蚕微孢子虫孢壁蛋白的提取方法，并且通过孢子发芽后收集孢子空壳的方法获得孢壁蛋白，既丰富了微孢子虫蛋白质的提取方法，又充分控制了蛋白质的纯度。研究结果显示：不同的处理方法所提取的家蚕微孢子虫孢壁蛋白在数目及含量上都有很大的区别。SDS处理的孢壁蛋白有3条明显的主带，分子量28～35 kDa之间,其他条带非常弱。煮沸法处理的孢壁蛋白有5条明显的主带，分子量28～35 kDa之间，其中包括SDS处理的3条主带。不同浓度的KOH处理的孢壁蛋白也有很大的差异，其中0.1 mol/L KOH处理只有2条明显的主带，分子量大约在30～33 kDa之间，且包含于煮沸法处理的五条主带之中；而0.05 mol/L 和0.01 mol/L KOH处理的孢壁蛋白条数基本一致，但含量相差较大。Laemmli提取法以收集发芽后的孢子空壳为材料，既控制了孢壁蛋白的纯度又提高的蛋白质的丰度。从不同处理方法所得到的孢壁蛋白可以看出家蚕微孢子虫孢壁蛋白达到20～30种，其中有3种蛋白质含量极其丰富。
2．去孢壁蛋白状态下家蚕微孢子虫的形态类型分析
本研究综合利用显微镜技术对家蚕微孢子虫的外形、内部超微结构进行了系统的观察，并检测孢壁蛋白提取后孢子的形态完整性及超微结构的变化。家蚕微孢子虫个体形状各异，体积大小、极丝的圈数上也存在很大的差别(通常为11~14圈)，但多数呈椭圆形，表面光滑，具折光性。孢子发芽后极丝细长，具有方向不定性，发芽后的孢子空壳虽然凹陷但仍保持其完整性。被感染的家蚕胚胎细胞呈蜂窝状，感染后期细胞破碎，释放出大量成熟的孢子及二次感染体(短极丝孢子)；同时具有许多不同形状的孢子，如梨形孢子，可能是孢子处于不同的发育时期。在细胞感染过程中，孢子只存在于细胞质中，在细胞核中并无发现。通过显微镜技术观察处理后的孢子发现：不同方法处理后的孢子虽然在形态、大小等方面发生变化，但均能保持孢子的完整性，其超微结构也保持完整。发芽后收集的孢子空壳经镜检后发现99 %以上为孢子空壳，进一步证实了本研究所提的蛋白质为孢壁蛋白，为孢壁蛋白的研究提供了严谨的材料。
3．家蚕微孢子虫孢壁蛋白质组的初步研究。
本研究采用蛋白质组学的分析方法对家蚕微孢子虫孢壁蛋白进行了分析，共获得了14个假定的孢壁蛋白，其中LC-MS/MS获得了12个，MALDI-TOF-MS获得了10个，有8个蛋白在2种方法中均检索到，且其中7个蛋白质具有EST数据。从蛋白质样品的严谨性以及不同方法之间的相互佐证充分证实了本研究所获得数据的可靠性。同源性搜索发现除HSWP10外，其余的13个蛋白质均无同源物，为家蚕微孢子虫物种所特有(除本实验室所登录的SWP30部分CDS序列)。序列分析显示，微孢子虫孢壁蛋白具有N-端信号肽序列、无跨膜结构域、具有磷酸化位点和N-糖基化位点，大部分具有肝素结合基序(HBMs)，但无O-糖基化位点。从序列分析的结果和HSWP10的同源性分析结果表示：微孢子虫孢壁蛋白主要为分泌性蛋白，且不同种的微孢子虫孢壁蛋白虽然无序列相似性，但可能具有相似的二级结构，在微孢子虫的生理过程中可能起作相似的作用。本研究为家蚕微孢子虫的孢壁蛋白研究提供了基础数据，为微粒子病的防治提供了更多的作用靶标。
4． 3种孢壁蛋白SWP25、SWP30、SWP32基因的克隆。
SDS法提取的家蚕微孢子虫孢壁蛋白含有3条主带，分子量分别为25.3 kDa (SWP25)，30.4 kDa (SWP30)和32.7 kDa (SWP32)，本研究采用N-端测序，MALDI-TOF MS分析，并通过搜索家蚕微孢子虫基因组数据库，克隆了这3个蛋白的编码基因。这三个蛋白质均为含有信号肽的碱性蛋白，SWP25是由807 bp的ORF编码的268个氨基酸组成的蛋白质，其分子量为30.7 kDa，等电点为8.35，含有20个氨基酸长度的信号肽，以及一个HBM结构域；SWP30是由837 bp的ORF编码的278个氨基酸组成的蛋白质，其分子量为32.1 kDa，等电点为7.93，含有19个氨基酸长度的信号肽，无HBM结构域；SWP32是由951 bp的ORF编码的316个氨基酸组成的蛋白质，其分子量为37.4 kDa，等电点为7.25，含有18个氨基酸长度的信号肽，以及一个HBM结构域。
5． 3种孢壁蛋白SWP25、SWP30、SWP32的鉴定。
本研究采用原核表达，制备抗血清，以及免疫学的方法，鉴定了3个家蚕微孢子虫孢壁蛋白SWP25, SWP30, 以及SWP32。并通过免疫电镜的方法成功地将SWP30定位于家蚕微孢子虫内壁和SWP32定位于家蚕微孢子虫外壁。首次通过实验的方法确定了3个家蚕微孢子虫孢壁蛋白。这3种孢壁蛋白均包含于孢壁蛋白质组分析的14个HSWPs中，进一步证实了蛋白质组学分析的可靠性，为家蚕微孢子虫孢壁蛋白的深入研究提供了基础数据，同时也为微粒子病的防治提供了作用靶标。免疫电镜实验结果显示SWP32位于家蚕微孢子虫外壁(最外层)，而SWP30位于家蚕微孢子虫内壁(第二层)，这一现象结合家蚕微孢子虫发芽后SWP32比SWP30更易脱落的现象和肝素结合基序的分析结果(SWP32含有HBMs结构域，而SWP30无HBMs结构域)，我们可以推测：SWP32在孢子的侵染过程中发挥作重要的作用，可能识别宿主细胞表面的某些特殊受体，参与孢子与宿主细胞的粘附过程和孢子的激活过程；而SWP30则可能只起作孢子细胞的骨架作用，保护孢子内环境的稳定。
家蚕微孢子虫总蛋白抗血清免疫电镜结果显示，有大量的胶体金颗粒存在于家蚕微孢子虫寄生位点的宿主组织内，说明了家蚕微孢子虫寄生位点的宿主组织内存在大量的孢子蛋白质，证实了家蚕微孢子虫在寄生过程中将许多孢子蛋白质分泌到宿主体内，初步探讨了家蚕微孢子虫与宿主家蚕之间的互作关系。
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Studies on the spore wall proteins of Nosema bombycis (Microsporidia)

——Identification, cloning and analysis of three main protein’s components 

Wu Zhengli 
ABSTRACT
	Microsporidia are fungal-like unicellular eukaryotes which develop as obligate intracellular parasites. They can infect a wide variety of animals ranging from invertebrates to vertebrates, including human, and they are the common pathogens and a kind of important pests for sericulture, fishery or shrimp farms. Since the first microsporidia, Nosema bombycis, has been discovered in the middle of the nineteenth century, thus far, more than 1 200 microsporidia species belonging to 150 genera have been reported, from which 14 species belonging to 8 genera can infect humans, lead to several syndromes in immunocompetent hosts and cause opportunistic infections in acquired immunodeficiency syndrome (AIDS) patients. Microsporidia drew great interest of scientists because they are closely related to human health. Microsporidia were long thought to be “primitive” eukaryotes without mitochondria but are now widely recognized as being fungi that have undergone reductive evolution as so to appear to be primitive organisms. And now, a highly reduced mitochondria organelle has been identified, so-called “mitosome”. N. bombycis is known as a pathogen of silkworm pebrine, which usually prevails in sericulture. The prevention and treatment of pebrine is still an important and difficult topic for sericulture. However, little is known about molecular biology of N. bombycis. 

In general, the spore wall proteins (SWPs) are thought to firstly and directly interact with the host cells when they infect hosts. So, they may play an important role in microsporidia infecting process. Because of this, SWPs have been a focus of research in microsporidian pathology. 7 SWPs were reported in microsporidia, and it was found that some SWPs participate in microsporidia infecting process, but the infection mechanism is still unknown. For N. bombycis, there was no information reported about its SWPs, neither gene sequence nor protein function. In the present study, with N. bombycis shotgun genomic sequences completed recently, we have improved the methods to extract spore wall proteins of N. bombycis, and focused on surveying the spore wall proteome and identification of the main spore wall proteins of N. bombycis. The results are as follows:

(1)  Comparative study on the methods of extract spore wall proteins from N. bombycis
The studies on the proteins of microsporidia were always limited by proteins extraction methods and its quantities. Comparative studies on spore wall proteins of N. bombycis treated by different methods were conducted. Furthermore, a new method to collect the germinated empty spores and then to treat them by Laemmli method was used, and this method not only made the SWPs extracted methods abundant but also controlled the SWPs purity rigidly. After treated with different methods, including SDS extraction, boiling extraction, different concentration KOH extraction, K2CO3 extraction and Laemmli extraction, the SDS-PAGE eletrophoresis were used to detect protein samples. Three, five and two main bands had been detected by electrophoresis for SDS, boiling and 0.1 mol/L KOH extraction methods, respectively, and all the bands range in size from 28 to 35 kDa. Laemmli extract showed that number of the spore wall protein bands were around 20～30, suggesting that the composition and function of SWPs are very complicated, and the extraction method can be used for proteomics analyses of spore wall proteins. 

(2)  The observation on morphology and ultrastructure of N. bombycis followed SWP extracted.

In this study, the microscopies were used to observe the morphology and ultrastructure of N. bombycis and corresponding changes after extracting SWPs. The results showed that there are big differences in the shape, the volume of spores, and the cycles of polar tube between microspordian individuals, but most individuals show similar ellipse shape, the smooth and glossy surface, and the refraction properties of light. In the cultivation system of N. bombycis in vitro, the dichotocarpism of spores, the empty spores and the juveniles spores, were observed. There exist great discrepancy amount their distortion degree, the directivity and the thickness of the polar tube, the germinated spores can keep the integrity of the spore wall. The destiny of the infected cells will be crushed and release the mature spores and the secondary infective forms. In the infecting process, the spores were found existing in the sporoplasm but not in nucleus. 

Comparative studies on morphology of N. bombycis treated by different methods were conducted. It is difference of spores’ shape by different methods treated, but the integrity either of the shape or of the ultrastructure is complete. It is suggested that the extracted protein samples are spore wall proteins. Moreover, microscope observation showed that more than 99 % collected germinated spores was empty, it suggested that the extracted spore wall proteins sample is very pure and the obtained data from it is reliable. 

(3)  Proteomic analysis of spore wall proteins from N. bombycis
In this study, we developed two proteomic-based approaches to identify a few N. bombycis proteins belonging to spore wall. 14 hypothetical spore wall proteins (HSWPs) were obtained, 8 of which were detected by LC-MS/MS analysis and MALDI-TOF-MS analysis, 4 by LC-MS/MS analysis, and 2 by MALDI-TOF-MS analysis. 7 of 14 HSWPs have EST hits in the database. Sequence analysis (prediction of the signal peptide, and the N-glycosylation and phosphorylation sites) showed that only 4 HSWPs (HSWP 7, 9, 11, and 12) were found to have homology in the GenBank as annotated hypothetical proteins of E. cuniculi. The NbHSWP1-7, 13, 14 are predicted to have an N-terminal signal peptide with a length ranging from 17 to 22 amino acid residues by SignalP, but lack transmembrane domains. Glycosylation sites and phosphorylation sites were predicted with softwares available online. All HSWPs almost have N-glycosylation and phosphorylation sites and the heparin-binding motifs (HBMs), but lack O-glycosylation site. The results of sequence analysis suggested that spore wall proteins of N. bombycis are secretion proteins, and major proteins sequences are species-specific, and the spore wall proteins may mediate the interaction between N. bombycis and silkworm. This suggested that the spore wall proteins of microsporidia have similar secondary structures and the same role in different species. 

(4)  Cloning of SWP25, SWP30 and SWP32 from N. bombycis
In this study, we have examined the spore wall proteins by SDS-PAGE. Three spore wall peptides were detected with molecular weights of 32.7 kDa (SWP32), 30.4 kDa (SWP30) and 25.3 kDa (SWP25), respectively. By sequencing N-terminal amino acid residues, MALDI-TOF-MS, and searching the genomic DNA shotgun sequence database of N. bombycis, the complete open reading frames (ORF) of SWP25 (807 bp), SWP30 (837 bp) and SWP32 (951 bp) were obtained, which encode a 268-, a 278- and a 316-amino acid peptide, respectively. All the three proteins are alkaline protein and have a signal peptide. The length of signal peptide, pI and calculated molecular mass of SWP25, SWP30 and SWP32 is 20-amino acid, 8.35, and 30.7 kDa, 19-amino acid, 7.93, and 32.1 kDa, and 18-amino acid, 7.25, and 37.4 kDa, respectively. There is a HBM in SWP25 and SWP32, but no in SWP30.

(5)  Identification of SWP25, SWP30 and SWP32 from N. bombycis
In this paper, mouse polyclonal antibodies were raised against SWP25, SWP30 and SWP32 recombinant proteins produced in E. coli, the results of indirect immunofluorescence assay (IFA) and immunoelectron microscopy (IEM) analyses indicated that SWP30 is an endosporal protein while SWP32 is an exosporal protein. We first reported three spore wall proteins from N. bombycis. SWP25, SWP30 and SWP32 are all included in the 14 HSWPs after MS analysis, confirming the results of the proteomic-based approaches. Moreover, the localizations of SWP32 and SWP30 correlate with the results of sequence analysis that there is a HBM in SWP32 but no in SWP30, and the phenomena of germinating process that SWP32 is more easily ablated than SWP30, maybe suggested that SWP32 take a major role in N. bombycis infecting process, or recognize certain legends of host cell surface, but SWP30 is just to compose the spore wall and protect the spore from environment. This study will facilitate our understanding of the mechanisms underlying the host and parasite interactions.

Furthermore, to explore the distribution of secreted proteins of N. bombycis in infected silk gland of silkworm, the antisera of total proteins from N. bombycis were used in IEM analysis. The result displayed that there has a lot of gold particles in the parasitized site, denoted that spore proteins exist in the parasitized site. It suggested that some N. bombycis proteins were secreted in the host cell. Taken as a whole, the results presented in this study shed light into the interaction between N. bombycis and its host silkworm. 
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