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摘要

【目的】

乌拉尔甘草（Glycyrrhiza uralensis Fisch.）是豆科甘草属植物，在医药、食品等领域广泛应用。

甘草酸和黄酮类化合物是甘草中的主要活性成分，也是衡量甘草药用品质的关键指标。栽培甘草是

市场供应的主体，提升栽培甘草中甘草酸及黄酮类活性成分的含量，是促进甘草种植业发展，提升

甘草种植效益，降低加工企业的生产成本的重要途径。CYP450超家族中的 CYP72A和 CYP88D是

参与甘草酸下游合成途径的两个关键亚家族；甘草酸与脱落酸（ABA）、细胞分裂素（CKs）、赤

霉素（GA）等植物激素的合成均在MVA和MEP途径，其下游的 CYP72A和 CYP88D两个基因家

族在合成甘草酸的同时对甘草中的内源激素合成可能也有一定的影响。本研究通过转录组分析，在

CYP72A和 CYP88D亚家族中筛选了 3个与甘草酸合成相关的 GuCYP450基因，并利用甘草遗传转

化体系，验证其在乌拉尔甘草中的功能。了解 3个 GuCYP450基因的表达对甘草药用活性成分、内

源激素合成以及甘草农艺性状的影响，初步解析其在甘草中的功能，为揭示甘草活性成分合成及调

控网络提供研究基础，也为下一步培育优质甘草种质提供候选基因。

【方法】

利用生物信息学方法对乌拉尔甘草 CYP72A和 CYP88D两个亚家族进行分析，并通过转录组分

析其在不同组织和非生物胁迫条件下的表达水平，筛选上述基因家族参与甘草酸合成的候选基因，

利用 qRT-PCR 方法进行验证。构建候选基因的过表达载体，利用乌拉尔甘草遗传转化体系，将其转

化乌拉尔甘草，获得转基因甘草植株。利用超高液相色谱/串联质谱（UPLC-MS/MS）技术测定转基

因甘草地下部分活性成分和内源激素含量，并结合转基因甘草地下部分转录组数据，分析候选基因

过表达对活性成分、内源激素合成和积累的影响。

【结果】

（1）CYP88D与 CYP72A亚家族成员表达模式分析及关键基因筛选

基于乌拉尔甘草全基因组数据，对 CYP88D与 CYP72A亚家族成员进行鉴定和生物信息学分析，

在乌拉尔甘草中共鉴定出 9个 CYP72A基因和 3个 CYP88D基因。药用成分甘草酸的积累主要在甘

草根部，基于 9个 CYP72A基因和 3个 CYP88D基因表达特性，筛选出了 3个在乌拉尔甘草根部特

异性表达且在非生物胁迫后地下部分表达显著上调的 GuCYP450基因（GuCYP72A154、GuCYP88D6、

GuCYP72A566）。

（2）过表达 GuCYP450基因对乌拉尔甘草地下部分活性成分及内源激素的影响分析

为进一步验证 3个 GuCYP450基因的功能，利用乌拉尔甘草遗传转化体系，在乌拉尔甘草中过

表达 GuCYP72A154、GuCYP88D6、GuCYP72A566基因，并对转基因植株中活性成分含量、内源激

素及农艺性状进行分析。3 个 GuCYP450基因的过表达会显著提升转基因乌拉尔甘草地下部分生物

量、分根数和根瘤数量，并且促进转基因甘草地下部分甘草酸和黄酮类化合物（甘草苷、异甘草素、

查尔酮 A）含量的积累；且转基因甘草地下部分水杨酸（SA）和脱落酸含量也均高于野生型，其中
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ABA含量上升最为显著。表明，GuCYP72A154、GuCYP88D6、GuCYP72A566基因不仅参与甘草药

用成分的合成，也对 SA和 ABA的合成具有重要影响。

（3）转录组测序分析 GuCYP450基因对乌拉尔甘草活性成分影响的分子机理研究

转录组测序分析 3个过表达 GuCYP450基因对乌拉尔甘草地下部分基因表达水平的影响，发现

地下部分上调基因数目显著高于下调基因，上调差异基因 KEGG富集度高的通路包括倍半萜和三萜

生物合成、萜类骨架生物合成、苯丙烷生物合成、黄酮类生物合成和异黄酮生物合成。植物激素信

号转导、MPKA信号通路和植物-病原体互作也在上调基因中显著富集。转基因甘草中，甘草酸、黄

酮类和植物激素（SA、ABA）的合成途径以及激素信号转导途径（SA、ABA、IAA、JA信号转导

途径）相关基因的表达显著上调，这与结果（2）中转基因甘草活性成分和激素含量变化一致。通过

WGCNA分析，筛选了 7个核心转录因子，其中MYB44、bHLH13、bHLH162、ERF、DREB 与激

素信号转导和黄酮类生物合成相关，并且发现 3个 GuCYP450启动子中存与这些转录因子相结合的

顺式作用元件。因此，推测这些转录因子的表达可能会参与调控甘草黄酮类生物的合成。

【结论】

GuCYP72A154、GuCYP88D6和 GuCYP72A566是甘草酸合成的关键基因，这 3个基因的表达对

甘草酸含量有显著的促进作用；并且，3 个 GuCYP450基因的表达也会影响激素合成及其信号转导

途径相关基因的表达，从而促进黄酮类化合物合成。其中，转录因子MYB44、bHLH13、bHLH162、

ERF、DREB 在这个过程中可能发挥关键作用，调控黄酮类生物合成途径中关键基因的表达，促进

药用活性成分的积累；这为下一步甘草分子育种和培育优质甘草种质资源提供了理论基础。

关键词：乌拉尔甘草；细胞色素 P450；转录组；活性成分



III

Abstract

Objective:

Glycyrrhiza uralensis Fisch. is a genus of licorice in the family Leguminosae, which is widely used in

pharmaceutical, food and other fields. Glycyrrhizic acid and flavonoids are the main active components in

licorice, and they are also the key indicators of licorice medicinal quality. Cultivated licorice is the main

body of market supply and enhancing the content of glycyrrhetinic acid and flavonoid active ingredients in

cultivated licorice is an important way to promote the development of licorice cultivation, enhance the

benefits of licorice cultivation, and reduce the production cost of processing enterprises. CYP72A and

CYP88D in the CYP450 superfamily are two key subfamilies involved in the downstream synthesis

pathway of glycyrrhetinic acid; glycyrrhetinic acid is associated with abscisic acid (ABA), Cytokinins

(CKs), gibberellins (GA) and other phytohormones are synthesized in MVA and MEP pathways, and its

downstream CYP72A and CYP88D gene families may synthesize glycyrrhetinic acid while the endogenous

hormone synthesis in Glycyrrhiza uralensis may also have some effects. In this study, we screened 3

GuCYP450 genes related to glycyrrhizic acid synthesis in the CYP72A and CYP88D subfamilies by

transcriptome analysis. By genetic transformation method, their functions were verified in G. uralensis. We

analyzed the effects of the expression of the 3 GuCYP450 genes on the medicinal active components , the

synthesis of endogenous hormones, and the agronomic traits of G. uralensis, and preliminarily resolved

their functions in licorice, to provide a research basis for revealing the synthesis of licorice active

ingredients and its regulatory network, and also to provide candidate genes for the next step of cultivating

high-quality licorice germplasm.

Methods:

The two subfamilies of CYP72A and CYP88D in G. uralensis were analyzed by bioinformatics

methods, and their expression levels in different tissues and abiotic stress conditions were analyzed by

transcriptome, and the candidate genes involved in glycyrrhetinic acid synthesis of the above gene families

were screened and verified by qRT-PCR methods. The overexpression vectors of the candidate genes were

constructed and transformed into G. uralensis using the G. uralensis genetic transformation system to

obtain transgenic G. uralensis plants. The contents of active ingredients and endogenous hormones in the

underground parts of transgenic G. uralensis were determined using ultra-high liquid

chromatography/tandem mass spectrometry (UPLC-MS/MS), and the effects of overexpression of

candidate genes on the synthesis and accumulation of active ingredients and endogenous hormones were

analyzed in conjunction with the data of the transcriptome of the underground parts of transgenic G.

uralensis.
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Results:

(1) Analysis of the expression patterns of CYP88D and CYP72A subfamily members and screening of

key genes.

Based on the the whole genome data of G. uralensis and bioinformatics analysis of CYP88D and

CYP72A subfamily members, a total of 9 CYP72A genes and 3 CYP88D genes were identified in G.

uralensis. The accumulation of the medicinal component glycyrrhizic acid is mainly in the roots of licorice.

Based on the expression characteristics of the 9 CYP72A genes and 3 CYP88D genes, 3 GuCYP450

(GuCYP72A154, GuCYP88D6, GuCYP72A566) genes were screened for their expression in G. uralensis

roots specifically, and the expression of them in the underground portion of the plant was significantly

up-regulated after abiotic stresses.

(2) Analysis of the effect of overexpression of GuCYP450 gene on the active components and

endogenous hormones in the underground parts of G. uralensis.

To further validate the functions of the 3 GuCYP450 genes, we overexpressed GuCYP72A154,

GuCYP88D6, and GuCYP72A566 genes in G. uralensis using the genetic transformation system of G.

uralensis and analyzed the contents of the active ingredients, endogenous hormones, and agronomic traits

in the transgenic plants. Overexpression of the 3 GuCYP450 genes significantly enhanced the biomass, root

division and rhizoma number of the underground parts of transgenic G. uralensis, and promoted the

accumulation of glycyrrhetinic acid and flavonoid (liquiritin, isoliquiritigenin, chalcone A) contents in the

underground parts of transgenic G. uralensis; and the salicylic acid (SA) and abscisic acid contents of the

underground parts of transgenic G. uralensis were higher than those of the wild type, with the most

significant increase in the content of ABA. This indicates that the GuCYP72A154, GuCYP88D6 and

GuCYP72A566 genes are not only involved in the synthesis of medicinal components of G. uralensis, but

also have an important influence on the synthesis of SA and ABA.

(3) Transcriptome sequencing analysis of the molecular mechanism of the effect of GuCYP450 gene

on the active components of G. uralensis.

Transcriptome sequencing analysis of the effects of overexpression of the 3 GuCYP450 genes on the

expression levels of the genes in the underground part of G. uralensis. The number of up-regulated genes

was found to be significantly higher than that of down-regulation in the underground part, and the pathways

with high KEGG enrichment of the up-regulated differential genes included sesquiterpenoid and

triterpenoid biosynthesis, terpenoid backbone biosynthesis, phenylpropanoid biosynthesis, flavonoid

biosynthesis, and isoflavonoid biosynthesis. Phytohormone signaling, MPKA signaling pathway, and

plant-pathogen interactions were also significantly enriched in up-regulated genes. The expression of genes

related to synthesis pathways of glycyrrhetinic acid, flavonoids and phytohormones (SA, ABA) as well as

hormone signaling pathways (SA, ABA, IAA, JA signaling pathways) were significantly up-regulated in
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the transgenic G. uralensis, which was in accord with the changes in the active components and hormone

contents of the transgenic G. uralensis in result (2). By WGCNA analysis, 7 core transcription factors were

screened, among which MYB44, bHLH13, bHLH162, ERF, and DREB were associated with hormone

signaling and flavonoid biosynthesis, and cis-acting elements were found to be present in the promoter of

the 3 GuCYP450 that bind to these transcription factors. Therefore, it is hypothesized that the expression of

these transcription factors may be involved in the regulation of flavonoid biosynthesis in G. uralensis.

Conclusion:

GuCYP72A154, GuCYP88D6 and GuCYP72A566 are the key genes for glycyrrhetinic acid synthesis,

and the expression of these 3 genes significantly promoted glycyrrhetinic acid content; moreover, the

expression of the three GuCYP450 genes also affects the expression of the genes related to the hormone

synthesis and its signaling pathway, which in turn promotes flavonoid synthesis. Among them, the

transcription factors MYB44, bHLH13, bHLH162, ERF, and DREB may play key roles in this process,

regulating the expression of key genes in the flavonoid biosynthesis pathway and promoting the

accumulation of medicinal active ingredients; This provides a theoretical basis for the next step of G.

uralensis molecular breeding and cultivation of high-quality G. uralensis germplasm resources.

Key words: Glycyrrhiza uralensis Fisch; Cytochrome P450; Transcriptome; Active Ingredients
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引言 石河子大学硕士学位论文

1

引言

乌拉尔甘草（Glycyrrhiza uralensis Fisch.）隶属豆科甘草属，是重要的大宗药材，

以干燥的根及根茎入药，具有抗菌消炎、抗病毒、清热解毒以及抗癌等功效[1]。野生甘

草具有良好的抗旱及耐盐碱能力，在我国西北地区具有重要的防风固沙作用，对于维护

土壤生态平衡和防止沙漠化具有重要意义[2]。因其用途广泛，市场需求较大，导致野生

甘草资源过度采挖，加剧了西北地区的水土流失和土地沙化等生态环境恶化[3]。人工栽

培甘草成为主要解决途径，但人工栽培存在质量不稳定的问题，其活性成分低于野生甘

草 30%~40%[4]，达不到《中华人民共和国药典》标准[5]。由于甘草为多年生草本植物，

生长周期较长，大约 2~3年开花，极大增加了传统育种的难度。而随着生物技术的不断

进步，植物转基因育种技术已日渐成熟，这为未来甘草分子育种研究奠定了良好的基础。

细胞色素 P450参与萜类、生物碱及黄酮类等次生代谢物的积累，CYP72A、CYP88D

和 CYP93E 亚家族成员参与豆类三萜皂苷的合成 [6]。目前在工程酵母中已经验证

CYP72A154和 CYP88D6参与甘草酸的合成，为甘草酸的人工合成生产提供了基础[7,8]。

但 CYP72A和 CYP88D亚家族成员在甘草中对药用活性成分影响的分子机制并不清楚。

本研究通过本课题组干旱胁迫、盐胁迫和乌拉尔甘草不同组织的转录组数据，筛选了 3

个与甘草酸合成相关的 GuCYP450基因并进行克隆。利用根癌农杆菌介导的遗传转化体

系，在乌拉尔甘草中过表达 GuCYP72A154、GuCYP72A566、GuCYP88D6基因，并获得

了转基因甘草植株，发现转基因甘草地下部分的生物量、活性成分、内源激素含量相较

于野生型显著提升。基于转录组分析，揭示 GuCYP450基因合成甘草活性成分合成的分

子机制。为下一步培育质优的甘草种质提供了理论基础。
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1.1 甘草的概述

甘草，又名国老、密草、甜草和美草[9]，属于豆科甘草属植物，其根及根茎经过干

燥后被用作药材。野生甘草在我国西北地区广泛分布，主要以新疆、甘肃、宁夏、内蒙

古为主，胀果甘草主要在甘肃、新疆、陕西等地分布，光果甘草主要在新疆和青海大量

分布[10,11]。甘草的药用活性成分主要包括三萜皂苷类和黄酮类[12,13]。迄今为止，已从乌

拉尔甘草中分离出 244种化合物，其中黄酮类和三萜类化合物最多，还包括香豆素、生

物碱、氨基酸、挥发性成分和多糖等其他类化合物[14]。甘草中的主要药用成分具有多种

药理作用，如抗氧化、抗病毒、抗肿瘤、抗炎、免疫调节剂等[15]。甘草味甘性平，具有

清热解毒、祛痰止咳及调和诸药的功效，还具有“中药之王”的美称[16]。甘草在食品和

化妆品中广泛应用，可作为甜味剂、抗氧化剂等，还具有美白抗衰的功效[17]。在畜牧业

中，甘草可作为添加剂用于动物生产，以提高生产性能和改善饲料转化率，从而减少抗

生素的依赖[18,19]。此外，甘草还具有改良土壤的功能[20]。

甘草作为重要的生态植物，对我国西北荒漠地区固沙具有关键作用。由于长期过度

采挖和生态环境恶化，野生甘草资源显著减少[2]。据统计，内蒙古和新疆等主要产区的

野生甘草储量已不足 20世纪 80年代的 30%。近年来，医药和食品行业的需求持续增长，

已不能满足巨大市场需求，人工栽培甘草是主要的解决途径，在宁夏、内蒙古、甘肃、

新疆等地已有大面积的种植[21]，而人工栽培的甘草有效成分远低于野生甘草，大多不符

合我国药典标准，其中甘草酸含量最为显著[5]。因此，如何提高栽培甘草品质成为当前

面临的主要问题。

1.2 甘草药用活性成分研究进展

甘草作为重要的大宗药材，其有效成分大多是次生代谢产物。其中三萜皂苷和黄酮

类化合物是甘草中最主要的有效成分。甘草次酸、甘草酸是三萜皂苷的主要活性成分；

甘草素、异甘草素和甘草苷是黄酮类最重要的药用活性成分。

1.2.1 甘草酸生物合成途径研究进展

目前，已分离到的三萜皂苷中，甘草酸药用最广且含量最高[22]。甘草酸又被称为甘

草甜素，作为甘草中最重要的活性成分，具有显著的抗炎、抗病毒、抗氧化、抗肿瘤、


