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国家自然科学基金资助项目计划书填报说明

（预算制项目）

一、项目负责人收到《国家自然科学基金资助项目批准通知》（以下简称《批准通知》）

后，请认真阅读本填报说明，参照国家自然科学基金相关项目管理办法和新修订的《

国家自然科学基金资助项目资金管理办法》（以下简称《资金管理办法》，请查阅国

家自然科学基金委员会官方网站首页“政策法规”栏目），按《批准通知》的要求认

真填写和提交《国家自然科学基金资助项目计划书》（以下简称《计划书》）。

二、填写《计划书》时要科学严谨、实事求是、表述清晰、准确。《计划书》经国家自然

科学基金委员会相关项目管理部门审核批准后，将作为项目研究计划执行、检查和验

收的依据。

三、《计划书》各部分填写要求如下：

（一）简表：由系统自动生成。

（二）摘要及关键词：各类获资助项目都应当填写中、英文摘要及关键词。

（三）项目组主要成员：计划书中列出姓名的项目组主要成员由系统自动生成，与申

请书原成员保持一致，不可随意调整。如果《批准通知》所附“项目评审意见

及修改意见表”中“修改意见”栏目有调整项目组成员相关要求的，待项目开

始执行后，按照项目成员变更程序另行办理。

（四）资金预算表：根据批准的项目资助额度，按规定调整项目预算，并按照《国家

自然科学基金项目计划书预算表编制说明》填报资金预算表和预算说明书。

（五）正文：

1. 面上项目、地区科学基金项目：如果《批准通知》所附“项目评审意见及修改

意见表”中“修改意见”栏目没有修改要求的，只需选择“研究内容和研究目

标按照申请书执行”即可；如果《批准通知》中上述栏目明确要求调整研究期

限或研究内容等的，须选择“根据研究方案修改意见更改”并填报相关修改内

容。

2. 重点项目、重点国际（地区）合作研究项目、重大项目、重大研究计划重点支

持项目、重大研究计划集成项目、国家重大科研仪器研制项目、联合基金项

目、原创探索计划项目：须选择“根据研究方案修改意见更改”，根据《批准

通知》的要求填写研究（研制）内容，不得自行降低、更改研究目标（或仪器

研制的技术性能与主要技术指标、验收技术指标等）或缩减研究（研制）内

容。此外，还要突出以下几点：

（1）研究的难点和在实施过程中可能遇到的问题（或仪器研制风险），拟采用

的研究（研制）方案和技术路线；

（2）项目主要参与者分工，合作研究单位（如有）之间的关系与分工，重大项

目还需说明课题之间的关联；

（3）详细的年度研究（研制）计划。

3. 创新研究群体项目：须选择“根据研究方案修改意见更改”，按下列提纲撰

写：
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（1）研究方向；

（2）结合国内外研究现状，说明研究工作的学术思想和科学意义（限两个页

面）；

（3）研究内容、研究方案及预期目标（限两个页面）；

（4）年度研究计划；

（5）研究队伍的组成情况。

4. 基础科学中心项目：须选择“根据研究方案修改意见更改”，根据《批准通

知》的要求和现场考察专家组的意见和建议，进一步完善并细化研究计划，按

下列提纲撰写：

（1）五年拟开展的研究工作（包括主要研究方向、关键科学问题与研究内

容）；

（2）研究方案（包括骨干成员之间的分工及合作方式、学科交叉融合研究计划

等）；

（3）年度研究计划；

（4）五年预期目标和可能取得的重大突破等；

（5）研究队伍的组成情况。

5. 数学天元基金项目：天元前沿重点专项项目和数学与其他学科交叉联合资助项

目，参照重点项目的方式进行选择和填写；其他类型项目，参照面上项目的方

式进行选择和填写。

6. 对于其他类型项目，参照面上项目的方式进行选择和填写。
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简表

项
目
负
责
人
信
息

姓      名 衡月芹 性 别 女
出生
年月

1988年05月 民 族 汉族

学      位 博士 职称 副教授

是否在站博士后 否 电子邮件 hengyueqin@scau.edu.cn

电      话 020-85282180 个人网页

工 作 单 位 华南农业大学

所 在 院 系 所 生命科学学院

依
托
单
位
信
息

名      称 华南农业大学 代码
51064208A04
99

联  系  人 唐家林 电子邮件 kycjhk@scau.edu.cn

电      话 020-85280070 网站地址 http://kjc.scau.edu.cn/

合
作
单
位
信
息

单 位 名 称

项
目
基
本
信
息

项  目  名  称 生物钟调控水稻花时的分子机制研究

资  助  类  别 面上项目 亚 类 说 明

附  注  说  明

申  请  代  码 C0207:植物生殖与发育

基  地  类  别

执  行  年  限 2025.01-2028.12

直  接  费  用 50万元
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项目摘要

中文摘要：
水稻每日开花时间（Diurnal floret opening time，DFOT）是影响授粉率和产量的重要农艺

性状，父母本花时相遇也是杂交制种产量的关键决定因素之一。然而，由于水稻花时性状难以调查，
其调控机理研究还很匮乏。水稻花时受到生物钟的调控, 但是其具体的调控机制尚不明确。浆片是控
制水稻花时性状的关键器官，而茉莉酸（JA）是调控水稻花时最重要内源激素。本项目前期研究发现
浆片中JA水平呈现节律性的变化，并发现花时受到水稻生物钟核心组分OsCCA1基因的调控。本项目将
综合利用分子遗传学、生物化学以及生物信息学等手段验证OsCCA1通过直接调控JA合成酶OsAOC基因的
表达，介导浆片中JA水平的节律性变化，从而调控水稻花时节律性的工作模型。预期结果将揭示生物
钟调控水稻花时的分子网络，为水稻花时的精准改良提供理论依据和新基因资源。

Abstract：
Diurnal floret opening time (DFOT) is a pivotal agronomic trait that influences
fertilization and grain yield in rice, and the synchronization of DFOT between parental
lines is also a critical determinat of hybrid seed production. However, the regulatory
mechanisms of DFOT are still poorly understood, due to the difficulty in precise
phenotyping. Rice DFOT can be regulated by the circadian clock, yet its underlying
mechanism remains elusive. It has been known that lodicule is a key organ controlling the
rice DFOT trait, and jasmonic acid (JA) is the most important endogenous hormone involved
in this process. In this study, we found that JA levels in lodicules exhibited diurnal
rhythm fluctuations, and OsCCA1, a core clock component in rice, could regulate rice
DFOT. In this project, we will utilize a combination of genetics, biochemistry, and
bioinformatics approaches to substaniate the working model in which OsCCA1 mediates
rhythmic fluctuations of endogenous JA levels in lodicules by orchestrating the
expression of the JA biosynthesis enzyme OsAOC, thereby regulating the rice floret
opening time. The expected results will reveal the molecular network of the circadian
clock in regulating rice DFOT, and provide theoretical basis and new gene resources for
precise improvement of rice DFOT in agricultural production.

水稻；激素调控；花时；生物钟；转录调控关键词(用分号分开)：

Rice; Hormone regulation; Diurnal floret openingKeywords(用分号分开): 
time; Circadian clock; Transcriptional regulation
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项
目
组
主
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成
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编
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姓
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年
月
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学
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国家自然科学基金预算制项目预算表

项目批准号：32470375 项目负责人：衡月芹 金额单位：万元  

序号 科目名称 金额

1 一、科学基金资助项目直接费用合计 50.0000

2 1、 设备费 0.0000

3 其中：设备购置费 0.0000

4 2、 业务费 40.4000

5 3、 劳务费 9.6000

6 二、 其他来源资金 0.0000

7 三、 合计 50.0000

注：请按照项目研究实际需要合理填写各科目预算金额。
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国家自然科学基金资助项目批准通知

（预算制项目）

衡月芹   先生/女士：

根据《国家自然科学基金条例》、相关项目管理办法规定和专家评审意见，国

家自然科学基金委员会（以下简称自然科学基金委）决定资助您申请的项目。项目

批准号： ，项目名称：  ，直接费用：32470375 生物钟调控水稻花时的分子机制研究 50

万元，项目起止年月： 年 月至 年 月，有关项目的评审意见及修.00 2025 01 2028 12

改意见附后。

请您尽快登录科学基金网络信息系统（https://grants.nsfc.gov.cn），认真

阅读《国家自然科学基金资助项目计划书填报说明》并按要求填写《国家自然科学

。对于有修改意见的项目，请您按修改基金资助项目计划书》（以下简称计划书）

意见及时调整计划书相关内容；如您对修改意见有异议，须在电子版计划书报送截

止日期前向相关科学处提出。

请您将电子版计划书通过科学基金网络信息系统（https://grants.nsfc.gov.

cn）提交，由依托单位审核后提交至自然科学基金委。自然科学基金委审核未通过

者，将退回的电子版计划书修改后再行提交；审核通过者，打印纸质版计划书（一

式两份，双面打印）并在项目负责人承诺栏签字，由依托单位科研、财务管理等部

门审核、签章并在承诺栏加盖依托单位公章，且将申请书纸质签字盖章页订在其中

一份计划书之后，一并报送至自然科学基金委项目材料接收工作组。纸质版计划书

应当保证与审核通过的电子版计划书内容一致。自然科学基金委将对申请书纸质签

字盖章页进行审核，对存在问题的，允许依托单位进行一次修改或补齐。

向自然科学基金委提交电子版计划书、报送纸质版计划书并补交申请书纸质签

字盖章页截止时间节点如下：

1． 提交电子版计划书的截止时间；2024年9月9日16点：

2． 提交修改后电子版计划书的截止时间；2024年9月16日16点：

3． 报送纸质版计划书（一式两份，其中一份包含申请书纸质2024年9月23日：

签字盖章页）的截止时间。

4． 报送修改后的申请书纸质签字盖章页的截止时间。2024年10月8日：
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国家自然科学基金委员会

2024年8月23日

请按照以上规定及时提交电子版计划书，并报送纸质版计划书和申请书纸质签

字盖章页，逾期不报计划书或申请书纸质签字盖章页且未说明理由的，视为自动放

弃接受资助；未按要求修改或逾期提交申请书纸质签字盖章页者，将视情况给予暂

缓拨付经费等处理。

附件：项目评审意见及修改意见表
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项目批准号 32100199

申请代码 C0203

归口管理部门

依托单位代码 51805512A0094-1234

    

国家自然科学基金

 资助项目计划书

（包干制项目）

资助类别：青年科学基金项目

亚类说明：

附注说明：

项目名称：拟南芥COP1 SUPPRESSOR 6调控光形态建成的的分子机理研究

资助经费：30万元 执行年限：2022.01-2024.12

负 责 人：衡月芹

通讯地址：深圳市南山区学苑大道1088号

邮政编码：518055 电 话：话电 0755-88018462

电子邮件：hengyq@mail.sustech.edu.cn

依托单位：南方科技大学

联 系 人：詹凯莹 电 话：话电 0755-88010322

填表日期： 2021年10月20日

国家自然科学基金委员会制

Version：1.001.519
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国家自然科学基金资助项目计划书填报说明

（包干制项目）

一、项目负责人收到《国家自然科学基金资助项目批准通知》（以下简称《批准通知》）

后，请认真阅读本填报说明，参照国家自然科学基金相关项目管理办法和新修订的《

国家自然科学基金资助项目资金管理办法》（以下简称《资金管理办法》，请查阅国

家自然科学基金委员会官方网站首页“政策法规”栏目），按《批准通知》的要求认

真填写和提交《国家自然科学基金资助项目计划书》（以下简称《计划书》）。

二、填写《计划书》时要科学严谨、实事求是、表述清晰、准确。《计划书》经国家自然

科学基金委员会相关项目管理部门审核批准后，将作为项目研究计划执行、检查和验

收的依据。

三、《计划书》各部分填写要求如下：

（一）简表：由系统自动生成。

（二）摘要及关键词：各类获资助项目都应当填写中、英文摘要及关键词。

（三）正文：

1. 青年科学基金项目：如果《批准通知》所附“项目评审意见及修改意见表”中

“修改意见”栏目没有修改要求的，只需选择“研究内容和研究目标按照申请

书执行”即可；如果《批准通知》中上述栏目明确要求调整研究期限或研究内

容等的，须选择“根据研究方案修改意见更改”并填报相关修改内容。

2. 国家杰出青年科学基金和优秀青年科学基金，按下列提纲撰写：

（1）研究方向；

（2）结合国内外研究现状，说明研究工作的学术思想和科学意义（限两个页

面）；

（3）研究内容、研究方案及预期目标（限两个页面）；

（4）年度研究计划；

四、资助经费相关要求：

1. 资助经费批准时不再区分直接费用和间接费用。

2. 项目负责人在提交计划书时需签署承诺书，承诺尊重科研规律，弘扬科学家精

神，遵守科研伦理道德和作风学风诚信要求，认真开展科学研究工作；承诺项

目经费全部用于与本项目研究工作相关的支出，不得用于与本项目研究无关的

支出。

3. 项目负责人提交计划书时，无需编制项目预算。项目资金由项目负责人自主决

定使用，按照《资金管理办法》第九条规定的开支范围列支。有关管理费用的

补助支出，由依托单位根据实际管理需要，在充分征求项目负责人意见基础上

合理确定。绩效支出由项目负责人根据实际科研需要和相关薪酬标准自主确

定，依托单位按照工资制度进行管理。其余用途经费无额度限制，由项目负责

人根据实际需要自主决定使用。

4. 项目结题时，项目负责人根据实际使用情况编制项目经费决算，经依托单位财
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务、科研管理部门审核后，报自然科学基金委。依托单位应当在单位内部公开

非涉密项目立项、主要研究人员、资金使用（重点是间接费用、外拨资金、结

余资金使用等）、决算、大型仪器设备购置以及项目研究成果等情况，接受内

部监督。

5. 自然科学基金委结合项目管理，对经费使用情况和依托单位管理情况定期开展

抽查。
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简表

项
目
负
责
人
信
息

姓      名 衡月芹 性 别 女
出生
年月

1988年05月 民 族 汉族

学      位 博士 职称 副研究员

是否在站博士后 否 电子邮件 hengyq@mail.sustech.edu.cn

电      话 0755-88018462 个人网页

工 作 单 位 南方科技大学

所 在 院 系 所 生物系

依
托
单
位
信
息

名      称 南方科技大学 代码
51805512A00
94

联  系  人 詹凯莹 电子邮件 zhanky@sustech.edu.cn

电      话 0755-88010322 网站地址 www.sustech.edu.cn

合
作
单
位
信
息

单 位 名 称

项
目
基
本
信
息

项  目  名  称 拟南芥COP1 SUPPRESSOR 6调控光形态建成的的分子机理研究

资  助  类  别 青年科学基金项目 亚 类 说 明

附  注  说  明

申  请  代  码 C0203:植物光合与固氮

基  地  类  别

执  行  年  限 2022.01-2024.12

资  助  经  费 30万元
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项目摘要

中文摘要：
C2H2型锌指蛋白是植物中最大的转录因子家族之一，在植物生长发育、逆境响应等生物学过程中

发挥重要作用，然而C2H2型锌指蛋白是否参与调控植物光形态建成尚不清楚。本项目前期通过正向遗
传筛选到CSU6（COP1 SUPPRESSOR 6），其编码一个C2H2型锌指蛋白。研究发现CSU6是光形态建成的
正调控因子，光促进CSU6的蛋白积累，同时发现CSU6具有转录抑制活性，且与光信号负调控子PIF4/PI
F5互作。本项目拟通过解析光信号调控CSU6蛋白稳定性的分子机制，CSU6与PIF4/PIF5互作的生理生化
机制以及对下游靶基因的调控机制，构建CSU6调控光形态建成的分子信号通路，阐明CSU6发挥功能的
分子机理。该项研究将揭示CSU6在光形态建成中的重要作用，完善对C2H2型锌指蛋白这一重要转录因
子家族的生物学功能及作用机理的认识，并为光生物学研究服务于作物分子育种提供分子生物学信息
和基因资源。

Abstract：
C2H2-type zinc finger proteins are one of the largest transcription factor families in
plants. Recent studies have revealed that C2H2-type zinc finger proteins play vital roles
in plant development and stress responses, but their involvement in photomorphogenesis,
as well as regulatory mechanisms, remain largely unclear. In this study, we used forward
genetic screen to identify COP1 SUPPRESSOR 6 (CSU6), which encodes a C2H2 zinc finger
protein. We found that CSU6 is a positive regulator of photomorphogenesis, and CSU6
protein accumulation is induced by light. Further studies showed that CSU6 protein has
transcriptional repression activity and interacts with PIF4 and PIF5, which are key
negative regulators in light signaling. In this project, we propose to determine how CSU6
protein accumulation is regulated by light and reveal the physiological and biochemical
mechanism underlying the interactions between CSU6 and PIF4/PIF5, we also propose to
investigate the transcriptional regulation mechanism of CSU6 to downstream genes, thereby
further elucidating the molecular mechanism of CSU6 in seedling photomorphogenesis. Our
studies will reveal the essential role of CSU6 in light signaling, which can expand the
knowledge of C2H2 zinc finger family in plants, and also provide molecular biological
information and gene resources for integrating photobiology studies into crop molecular
breeding.

光形态建成；光信号转导；C2H2锌指蛋白；蛋白互作；转录调控关键词(用分号分开)：

Photomorphogenesis; Light signal transduction; C2H2 zincKeywords(用分号分开): 
finger protein; Protein-protein interactiosn; Transcriptional regulation
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广东省基础与应用基础研究基金项目任务书

（广东科技微信公众号） （查看任务书信息）

广东省基础与应用基础研究
基金委员会

二〇二〇年制

（受理纸质材料二维码）（广东科技微信公众号） （查看任务书信息）

广东省基础与应用基础研究
基金委员会

二〇二〇年制

（受理纸质材料二维码）

广东省基础与应用基础研究基金项目

任务书

项目名称： 茉莉酸信号通路关键因子OsMYB21调控水稻抽穗期的分子机制

项目类别： 广东省自然科学基金-面上项目

项目起止时间： 2023-01-01  至   2025-12-31

管理单位（甲方）： 广东省基础与应用基础研究基金委员会

依托单位（乙方）： 华南农业大学

通讯地址： 广东省广州市天河区五山路483号

邮政编码： 510642 单位电话： 020-85283435

项目负责人： 衡月芹 联系电话： 13699766834

广东省基础与应用基础研究基金项目

任务书

项目名称： 茉莉酸信号通路关键因子OsMYB21调控水稻抽穗期的分子机制

项目类别： 广东省自然科学基金-面上项目

项目起止时间： 2023-01-01  至   2025-12-31

管理单位（甲方）： 广东省基础与应用基础研究基金委员会

依托单位（乙方）： 华南农业大学

通讯地址： 广东省广州市天河区五山路483号

邮政编码： 510642 单位电话： 020-85283435

项目负责人： 衡月芹 联系电话： 13699766834

受理编号: c23140500001861

项目编号: 2023A1515012564

文件编号: 粤基金字〔2023〕2号
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广东省基础与应用基础研究基金项目任务书

填写说明

  一、项目任务书内容原则上要求与申报书相关内容保持一致，不得无故修改。

  二、项目承担单位通过广东省科技业务管理阳光政务平台下载项目任务书，按要求完成签名盖章
后扫描上传到广东省科技业务管理阳光政务平台。

  三、签名盖章说明。请分别在单位工作分工及经费分配情况页、人员信息页、签约各方页等地方
按要求签字或盖章，签章不合规或错漏将不予受理。其中，人员信息页要求所有参与人员本人亲笔
签名，代签或印章无效，漏签将不予受理。

  四、本任务书自签字并加盖公章之日起生效，各方均应负本任务书的法律责任，不应受机构、人
事变动影响。

  五、根据《广东省科学技术厅广东省则政厅关于深入推进省基础与应严础研究基金项目经费使
用“负面清单+包干制”改革试点工作的通知》（粤科规范字[2022]2号），2022年度及以后立项资
助的全部省基金项目（包括省自然科学基金、省市联合基金、省企联合基金项自等）均适用
“负面清单+包干制”，项目提交申请书和任务书时无需编制费用明细科目预算。
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广东省基础与应用基础研究基金项目任务书

一、主要研究内容和要达到的目标

本项目拟通过遗传和生物化学等手段，解析OsMYB21对已知光周期途径开花因子OsCOL4的调控机制以及与

OsMYC2互作的遗传和生化机制，阐明OsMYB21发挥功能的分子机理，构建茉莉酸信号途径调控水稻抽穗的

分子网络。具体研究内容如下：

（1）分析OsMYB21促进OsCOL4表达的调控机制

我们前期通过对OsMYB21的功能缺失突变体和过表达转基因植株进行表型分析，发现OsMYB21负调控水稻

抽穗，并且对其调控机制进行了初步的探索。利用DAP-seq技术，在全基因组水平上鉴定到OsMYB21转录

因子富集最显著的两个结合位点（CCWAA和ACCWAMC），并通过酵母单杂交（Y1H）实验证实了OsMYB21直

接结合到已知的水稻开花抑制因子OsCOL4启动子区域，qRT-PCR分析发现OsMYB21可以促进OsCOL4的表达

。本项目将进一步利用凝胶迁移电泳（EMSA）和染色质免疫共沉淀（ChIP-qPCR）验证OsMYB21能否结合

到OsCOL4的启动子区域，以及利用水稻原生质体瞬时表达Dual-LUC实验检测OsMYB21对OsCOL4的转录调控

作用。此外，利用qRT-PCR技术验证OsMYB21对OsCOL4下游关键开花基因Ehd1、Hd3a和RFT1的调控作用。

（2）OsMYB21与OsCOL4的遗传关系分析

构建osmyb21 oscol4双突变体以及osmyb21背景过表达OsCOL4株系，分析osmyb21 oscol4双突变体、OsCO

L4-OE/ osmyb21在自然长短日照条件下的抽穗期表型差异，从而明确OsMYB21与OsCOL4之间在调控水稻抽

穗过程中的遗传上下游关系。

（3）OsMYB21与OsMYC2的互作关系分析

MYC2是茉莉酸信号通路的核心转录因子，调控茉莉酸介导的诸多生物学过程。已有报道发现MYC2在水稻

中的同源基因OsMYC2的RNAi突变体表现早抽穗的表型，但是具体的机制仍不清楚（Bao et al., 2019）

。我们前期通过酵母双杂交（Y2H）、双分子荧光互补（BiFC）实验发现OsMYC2与OsMYB21存在相互作用

。本项目将进一步利用体外共沉淀（Pull-down）和体内共沉淀（Co-IP）实验进一步明确OsMYC2与OsMYB

21的互作关系。

（4）OsMYB21与OsMYC2互作的生化机制与遗传分析

本项目拟通过凝胶迁移电泳（EMSA）和水稻原生质体瞬时表达Dual-LUC实验分析OsMYC2是否影响OsMYB21

对下游靶基因OsCOL4的转录活性，以及进一步利用qRT-PCR检测OsMYC2突变体植株中OsMYB21下游调控基

因的表达水平变化，验证OsMYC2与OsMYB21的互作对OsMYB21下游基因的转录调控作用。另外，构建osmyc

2 osmyb21双突变体，分析比较双突变体及单突变体在长日与短日照下的抽穗期表型差异，从而明确OsMY

C2与OsMYB21之间在水稻开花通路中的遗传上下游关系。

本项目的研究目标：

（1）解析OsMYB21与OsCOL4之间的功能关系，揭示OsMYB21在水稻抽穗期途径中的位置。

（2）解析OsMYB21与OsMYC2互作的遗传和生化机制。 

（3）阐明OsMYB21参与调控水稻抽穗的作用机理，建立OsMYB21介导的茉莉酸途径和光周期途径协同调控

水稻开花的分子遗传网络。
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广东省基础与应用基础研究基金项目任务书

二、项目预期获得的研究成果及形式

论文及专著情
况

国家统计源刊物以上刊物
发表论文（篇）

1 科技报告（篇） 1

其中被SCI/EI/ISTP收录
论文数（篇）

1 培养人才（人）

专著（册） 引进人才（人）

专利情况(项)

发明专利 实用新型专利 外观设计专利 国外专利

申请 授权 申请 授权 申请 授权 申请 授权
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广东省基础与应用基础研究基金项目任务书

三、项目进度和阶段目标

（一）项目起止时间： 2023-01-01 至 2025-12-31

（二）项目实施进度及阶段主要目标: 

开始日期 结束日期 主要工作内容

2023-01-01 2023-12-31

（1）将osmyb21单突变体与oscol4单突变体杂交，筛选鉴定杂交后代，获得os

myb21 oscol4双突变体纯合植株。

（2）构建OsCOL4-OE/osmyb21转基因纯合株系。

（3）将osmyb21单突变体与osmyc2-RNAi突变体杂交，筛选鉴定杂交后代，获

得osmyb21 osmyc2双突变体纯合植株。

（4）qRT-PCR分析ZH11、osmyb21以及OsMYB21过表达株系中OsCOL4下游开花基

因Ehd1、Hd3a和RFT1等基因的表达情况。

（5）凝胶迁移电泳（EMSA）实验验证OsMYB21是否结合OsCOL4的启动子区。

（6）染色质免疫共沉淀（ChIP-qPCR）验证OsMYB21在水稻体内是否与OsCOL4

的启动子区结合。

2024-01-01 2024-12-31

（1）Pull-down实验验证OsMYB21与OsMYC2是否相互作用。

（2）体内共沉淀（Co-IP）实验验证OsMYB21与OsMYC2是否在体内相互作用。

（3）凝胶迁移电泳（EMSA）实验分析OsMYC2蛋白是否影响OsMYB21对下游靶基

因OsCOL4启动子的结合能力。

（4）水稻原生质体瞬时转化Dual-LUC实验分析OsMYC2是否影响OsMYB21对下游

靶基因OsCOL4的转录调控。

（5）参加作物学相关会议一次。

2025-01-01 2025-12-31

（1）利用qRT-PCR 检测ZH11及osmyc2突变体中OsMYB21下游调控基因的表达情

况。

（2）将ZH11、osmyb21 oscol4双突变体、OsCOL4/osmyb2转基因株系以及对应

的osmyb21和oscol4单突变体在自然长日照条件下进行种植，统计每份材料之

间的抽穗期差异，分析OsMYB21与OsCOL4之间的遗传关系。

（3）将ZH11、osmyb21 osmyc2-RNAi双突变体以及对应的osmyb21和osmyc2-RN

Ai单突变体在自然长日照条件下进行种植，统计分析每份材料之间的抽穗期差

异，明确OsMYB21与OsMYC2之间的遗传关系。

（4）对数据进行整理和分析，并进行论文的撰写和投稿。
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广东省基础与应用基础研究基金项目任务书

四、项目总经费及省基金委经费预算

1.省基金委经费下达总额： （大写）壹拾万圆整；（小写 ）10万元;

2.省基金委经费年度下达计划：

年度   年2023   年   年   年   年

经费(万元) 10.00         
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广东省基础与应用基础研究基金项目任务书

七、任务书条款

  第一条 甲方与乙方根据《中华人民共和国民法典》及国家有关法规和规定，按照《广东省科学技术

厅关于广东省基础与应用基础研究基金（省自然科学基金、联合基金等）项目管理的实施细

则（试行）》《广东省省级科技计划项目验收结题工作规程（试行）》等规定，为顺利完成

（ ）年 专项项目（文件编2023 茉莉酸信号通路关键因子OsMYB21调控水稻抽穗期的分子机制

号：  ）经协商一致，特订立本任务书，作为甲乙双方在项目实施管理粤基金字〔2023〕2号

过程中共同遵守的依据。

  第二条 甲方的权利义务：

1.按任务书规定进行经费核拨的有关工作协调。

2.根据甲方需要，在不影响乙方工作的前提下，定期或不定期对乙方项目的实施情况和经费

使用情况进行检查或抽查。

3.根据《广东省科研诚信管理办法(试行)》等规定对乙方进行科技计划信用管理。

  第三条 乙方的权利义务：

1.确保落实自筹经费及有关保障条件。

2.按任务书规定，对甲方核拨的经费实行专款专用，单独列账，并随时配合甲方进行监督检

查。

3.经费使用按照广东省级财政科研项目经费使用等有关规定进行管理。

4.项目依托单位应制定经费使用“负面清单+包干制”内部管理制度并报甲方备案。

5.使用财政资金采购设备、原材料等，按照《广东省实施〈中华人民共和国招标投标法〉办

法》有关规定，符合招标条件的须进行招标。

6.项目任务书任务完成后，或任务书规定的任务、指标及经费投入等提前完成的，乙方可提

出验收结题申请，并按甲方要求做好项目验收结题工作。

7.若项目发生需要终止结题的情况，乙方须提出终止结题申请，并按甲方要求做好项目终止

结题工作。

8.在每年规定时间内向甲方如实提交上年度工作情况报告，报告内容包含上年度项目进展情

况、经费决算和取得的成果等。

9.按照国家和省有关规定，提交科技报告及其他材料。

10.利用甲方的经费获得的研究成果，项目负责人和参与者应当注明获得“广东省基础与应

用基础研究基金（英文：Guangdong Basic and Applied Basic Research

Foundation）（项目编号）”资助或作有关说明。

11.乙方要恪守科学道德准则，遵守科研活动规范，践行科研诚信要求，不得抄袭、剽窃他

人科研成果或者伪造、篡改研究数据、研究结论；不得购买、代写、代投论文，虚构同行评

议专家及评议意见；不得违反论文署名规范，擅自标注或虚假标注获得科技计划（专项、基

金等）等资助；不得弄虚作假，骗取科技计划（专项、基金等）项目、科研经费以及奖励、

荣誉等；不得有其他违背科研诚信要求的行为。

12.确保本项目开展的研究工作符合我国科技伦理管理相关规定。

  第四条 在履行本任务书的过程中，如出现广东省相关政策法规重大改变等不可抗力情况，甲方有权

对所核拨经费的数量和时间进行相应调整。
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广东省基础与应用基础研究基金项目任务书

  第五条 在履行本任务书的过程中，当事人一方发现可能导致项目整体或部分失败的情形时，应及时

通知另一方，并采取适当措施减少损失，没有及时通知并采取适当措施，致使损失扩大的，

应当就扩大的损失承担责任。

  第六条 本项目技术成果的归属、转让和实施技术成果所产生的经济利益的分享，除双方另有约定外

，按国家和广东省有关法规执行。

  第七条 根据项目具体情况，经双方另行协商订立的附加条款，作为本任务书正式内容的一部分，与

本任务书具有同等效力。

    第八条 本任务书一式三份，各份具有同等效力。甲、乙方及项目负责人各执一份，三方签字、盖章

后即生效，有效期至项目结题后一年内。各方均应负任务书的法律责任，不应受机构、人事

变动的影响。

    第九条 乙方必须接受甲方聘请的本项目任务书监理单位的监督和管理。监理单位按照甲方赋予的权

利对本项目任务书的履行进行审核、进度调查，对项目任务书变更、经费使用情况进行监督

管理及组织项目验收。

            说明：1.本任务书中，凡是当事人约定无需填写的内容，应在空白处划（/）。

                  2.委托代理人签订本任务书的，应出具合法、有效的委托书。
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填 写 说 明 

 

一、任务书甲方即项目牵头承担单位，乙方即课题承担单位。 

二、任务书通过“国家科技计划管理信息系统公共服务平台”，按照系统提示在线

填写。 

三、任务书中的单位名称，请按规范全称填写，并与单位公章一致。 

四、任务书要求提供乙方与所有参加单位的合作协议，需对原件进行扫描后在线

提交。 

五、任务书中文字须用宋体小四号字填写。 

六、凡不填写内容的栏目，请用“无”表示。 

七、乙方完成任务书的在线填写，提交甲方审核确认后，用 A4纸在线打印、签章

后上传电子扫描件。 

八、如项目下仅设一个课题，课题任务书只需填报课题基本信息表与课题预算部

分。 

九、涉密课题请在“国家科技计划管理信息系统公共服务平台”下载任务书的电

子版模板，按保密要求离线填写、报送。一式八份报项目牵头承担单位签章，其中课

题承担单位一份，课题负责人一份，作为项目任务书附件六份。 

十、《项目申报书》和《项目任务书》是本任务书填报的重要依据，任务书填报不

得降低考核指标，不得自行对主要研究内容作大的调整。《项目申报书》和《项目任务

书》和本任务书将共同作为课题过程管理、综合绩效评价（验收）和监督评估的重要

依据。 
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课题基本信息表 
 
 

课题名称 玉米生物技术研发与种质资源创新 

课题编号 2022ZD0400501 

所属项目名称 适宜复合种植的玉米新品种设计与培育 

项目编号  2022ZD04005 

所属重大项目 农业生物新品种培育 

密级  公开 □秘密 □机密 单位总数 4 

课题成果技术就绪

度 

□1.发现基本原理       2.形成技术方案     □3.方案通过验证 

□4.形成单元并验证     □5.形成分系统并验证 □6.形成原型并验证 

7.现实环境的应用验证 □8.用户验证认可     □9.得到推广应用 

课题成果应用的主

要国民经济行业 
农业种植业 

课题的社会 

经济目标 

 一级目标  农林牧渔业发展 

 二级目标  农作物种植及培育 

经费预算 
课题总经费根据概算批复结果核定，课题年度经费按照项目任务书约定下达。配套

经费不得低于项目任务书约定要求。  

课题周期节点 
起始时间 2022 年 12 月 结束时间 2025 年 12 月 

实施周期 共 37 个月 预计中期时间点 2023 年 12 月 

课题 

承担 

单位 

单位名称 浙江大学 单位法定代表人姓名 杜江峰 

单位性质 高等学校 组织机构代码 12100000470095016Q 

单位主管部门 教育部 隶属关系 中央 

单位所属地区 浙江省杭州市 
地市（市、自治州、

盟） 
西湖区 

通信地址 
浙江杭州西湖区浙江大学余

杭塘路 866号 
邮政编码 310058 

单位开户名称 浙江大学 

开户银行 
（全称） 

浙江省农行杭州市浙大支行

紫金港支行 
汇入地点 浙江 省杭州 市 

银行账号 19042201040000014 银行机构代码 103331004223 

课题 

负责 

人 

姓 名  林朝阳 性 别  男□女 出生日期  1979.04.12 

证件类型  身份证 证件号码  350623197904120056 

所在单位 浙江大学新农村发展研究院 
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最高学位  博士  □硕士 □学士 □其他 

职 称 □正高级  副高级 □中级 □初级 □其他 职务 无 

电子邮箱  chylin@zju.edu.cn 移动电话  13221800591 

课题 

联系 

人 

姓 名 林朝阳 电子邮箱  chylin@zju.edu.cn 

固定电话  057188982349 移动电话 13221800591 

证件类型 身份证 证件号码  350623197904120056 

课题 

财务 

负责 

人 

姓 名 蒋珊珊 电子邮箱  jss200823@126.com 

固定电话  057188982349 移动电话  15888806082 

证件类型 身份证 证件号码  330522198610290622 

其他 

参与 

单位 

序号 单位名称 单位性质 组织机构代码 

1 华南农业大学 高等学校 
12440000455416563

4 

2 杭州瑞丰生物科技有限公司 民营企业 
9133011069980858X

4 

3 杨凌秦丰种业股份有限公司 国有企业 
91610403MAB2N7JH3

A 
 

课题参

加人数 
 12 人。其中： 

高级职称 6 人，中级职称 6 人，初级职称 0 人，其他 0 人； 

博士学位 9 人，硕士学位 1 人，学士学位 2 人，其他 0 人。 

课题 

简介 

(限 500 

字以内) 

玉米与大豆复合种植对玉米品种特性和除草剂耐受性提出了新的要求。课题

组拟以转基因耐除草剂玉米、基因编辑玉米为基础，结合全基因组选择、多基因

聚合、诱变等生物育种技术和常规育种技术，建立玉米设计育种技术体系，创制

耐除草剂、耐密植、抗倒伏、边际效应强、籽粒脱水速率快的玉米新种质。本课

题在转基因耐除草剂技术方面，重点创制与耐除草剂大豆具有同样特性的耐除草

剂玉米；并应用基因编辑技术创制耐高密度、改变株高等性状的玉米育种材料。

研发适于玉米杂草防治的一季喷一次除草剂的复合除草剂，提高杂草防治效率、

降低杂草防治成本。在前期研究中，课题组已利用新型耐除草剂基因 CdP450 培

育了高抗草甘膦、烟嘧磺隆、啶嘧磺隆、二甲四氯等多种除草剂的耐除草剂玉米

和大豆。耐新型除草剂的玉米大豆复合种植可以为杂草防治提供更为多样化的除

草剂方案，能够提高杂草防治效率，延缓抗性杂草的产生。同时，课题组还挖掘

了调控玉米耐密株型、穗型、杂交优势、籽粒发育、脱水速率的关键基因，并创

制了一批优秀种质资源，为本项目的顺利实施奠定了坚实基础。 

填表说明：1.组织机构代码指企事业单位国家标准代码，单位若已三证合一请填写单位统一社会信用代

码，无组织机构代码的单位填写“000000000”； 

2.单位公章名称必须与单位名称一致； 

3.单位开户名称应与单位名称一致，如有开户名称不一致等特殊情况，必须提供证明文件。
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一、课题目标及考核指标、评测方式/方法 

（一）课题目标 

1）获得广谱耐除草剂的转基因玉米，并进行安全评价；2）筛选出成本比较低，

除草效果好，适宜不同玉米生态区的二元复配除草剂；3）研究适宜复合种植使用的复

合除草剂；4）创制矮杆的转基因或基因编辑玉米，并进行安全评价；5）聚合转基因

广谱耐除草剂、矮杆性状玉米，对其进行功能效率和安全评价。 

 

（二）考核指标 

1. 2022-2025 年考核指标 

1）研发适宜复合种植的玉米生物育种技术 3 项。 

评测手段/方法：行业专家评审。 

2）申报耐新型除草剂玉米转化体中间试验 100 个以上，转化体环境释放试验 35

个以上，申报生产性试验 6 个以上，最终获得生产应用安全证书 1-2 项。 

评测手段/方法：受理通知书或相关批文。 

3）申请或获得发明专利和新品种权 3 件以上。 

评测手段/方法：受理通知书或授权公告、证书。 

 

2. 2024 年考核指标 

1）申报转化体环境释放试验 5 个以上，申报生产性试验 2个； 

评测手段/方法：受理通知书或相关批文。 

2）获得含有新型耐除草剂性状指纹图谱没有位点差异的自交系 20 个以上； 

评测手段/方法：测试报告； 

3）申请或获得发明专利和新品种权 2件以上。 

评测手段/方法：受理通知书或授权公告、证书。 

4）研发复合种植模式除草方案 1套。 

评测手段/方法：专家现场验收。 

 

3. 2025 年考核指标 

 1）申报转化体环境释放试验 10个以上，申报生产性试验 4个； 
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评测手段/方法：受理通知书或相关批文。 

2）申请或获得发明专利和新品种权 2件以上。 

评测手段/方法：受理通知书或授权公告、证书。 

3）研发适宜复合种植的转基因玉米制种技术 1套。 

评测手段/方法：专家现场验收。 

 

（三）评测方式/方法 

安全评价以农业农村部受理通知书或相关批文为准；新品种、专利和新品种权以

受理通知书或授权公告、证书为准；自交系材料以试验报告、测试报告为准；技术方

案以专家现场验收为准。
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备注： 

1.“课题目标”，应从以下方面明确描述：（1）研发主要针对什么问题和需求；（2）将要解决哪些科学问题、

突破哪些核心/共性/关键技术；（3）预期成果；（4）成果将以何种方式应用在哪些领域/行业/重大工程

等，并拟在科技、经济、社会、环境或国防安全等方面发挥何种的作用和影响。（5）所列主要成果原则

上不超过 5 项，如有其他重要成果放在“其他”成果中表述。 

2.“考核指标”，指相应成果的数量指标、技术指标、质量指标、应用指标和产业化指标等，其中，数量

指标可以为论文、专利、产品等的数量，论文代表作应注重质量，不以数量作为评价标准；技术指标

可以为关键技术、产品的性能参数等；质量指标可以为产品的耐震动、高低温、无故障运行时间等；

应用指标可以为成果应用的对象、范围和效果等；产业化指标可以为成果产业化的数量、经济效益

等。同时，对各项考核指标需填写立项时已有的指标值/状态、课题完成时要到达的指标值/状态，以

及立项时重点国别指标值/状态。同时，考核指标也应包括支撑和服务其他重大科研、经济、社会发

展、生态环境、科学普及需求等方面的直接和间接效益。如对国家重大工程、社会民生发展等提供了

关键技术支撑，成果转让并带动了环境改善、实现了销售收入等。若某项成果属于开创性的成果，立

项时已有指标值/状态可填写“无”,若某项成果在立项时已有指标值/状态难以界定，则可填写“/”。 

3.“中期指标”，各重大项目根据管理特点，确定是否填写，阶段目标明确的项目课题应填写中期指标。 

4.“考核方式方法”，应提出符合相关研究成果与指标的具体考核技术方法、测算方法等。 

5.“科技报告类型”，包括课题综合绩效评价（验收）前撰写的全面描述研究过程和技术内容的最终科技

报告、课题年度或中期检查时撰写的描述本年度研究过程和进展的年度技术进展报告以及在课题实施

过程中撰写的包含科研活动细节及基础数据的专题科技报告（如实验报告、试验报告、调研报告、技

术考察报告、设计报告、测试报告等）。其中，每个课题在综合绩效评价（验收）前应撰写一份最终

科技报告；研究期限超过 2 年（含 2 年）的项目，应根据管理要求，每年撰写一份年度技术进展报

告；每个课题可根据研究内容、期限和经费强度，撰写数量不等的专题科技报告。科技报告应按国家

标准规定的格式撰写。 

6.“公开类别及时限”，公开课题科技报告分为公开或延期公开，内容需要发表论文、申请专利、出版专

著或涉及技术诀窍的，可标注为“延期公开”。需要发表论文的，延期公开时限原则上在 2 年（含 2

年）以内；需要申请专利、出版专著的，延期公开时限原则上在 3 年（含 3 年）以内；涉及技术诀窍

的，延期公开时限原则上在 5 年（含 5 年）以内。涉密课题科技报告按照有关规定管理。 
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二、课题研究内容、研究方法及技术路线 

（一）课题的主要研究内容 

拟解决的关键科学问题、关键技术问题，针对这些问题拟开展的主要研究内容，限

1000字以内。 

1. 2022-2025 年研究内容 

1）获得耐草甘膦、啶嘧磺隆、烟嘧磺隆和二甲四氯的转基因玉米与其他性状的转

基因性状叠加的材料，鉴定性状叠加材料的耐除草剂能力，并且测定其对产量、抗病

性等其他农艺性状的影响。同时将这个叠加转基因性状导入到各育种单位的玉米骨干

自交系中，并且通过 SNP 标记加快回交转育的速度。2）利用草甘膦、啶嘧磺隆、烟嘧

磺隆和二甲四氯等除草剂原料配制复合除草剂，并且在大田中测试这些复合除草剂的

杀草效果。特别重视这些复合除草剂的大田有效控草的时间长短、杀草活性以及是否

具有增效作用。筛选出成本比较低、除草效果好的至少二种二元复配除草剂。3）设计

新的耐除草剂基因遗传转化载体，通过大规模遗传转化获得耐除草剂转化体，并且分

析和鉴定转化体。选择优良转化体，开展转基因玉米材料的安全评价工作， 申请安全

证书。重点研发耐多种除草剂的转基因玉米，特别是同时包含专利过期耐除草剂基因

和新型耐除草剂基因的转基因玉米。此外，利用基因编辑技术，获得一批不同程度降

低株高的基因编辑育种材料，重点测定这些材料的抗倒伏能力和耐高密度能力。 

 

2. 2024 年研究内容 

1）开展复合耐除草剂性状的回交转育，综合应用分子标记辅助育种和单倍体技术

获得和优良骨干自交系指纹图谱没有位点差异的新型耐除草剂自交系； 

2）将复合耐除草剂性状转育到人工雄性不育系中； 

3）综合评价新型复配除草剂在玉米大豆复合种植和轮作中的杂草防治效率和除草

剂残留风险； 

4）挖掘耐PPO 抑制剂类的新抗除草剂基因，研发新一代耐除草剂转基因玉米，筛

选优良转化体并开展安全评价； 

5)综合应用基因编辑和转基因技术创制矮杆新种质，聚合矮杆、高产和耐除草剂性

状，综合评价矮杆高产玉米的抗倒伏和耐密能力。 
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3. 2025 年研究内容 

1)开展多性状转基因玉米复合种植示范种植，展示新型耐除草剂玉米与新型耐除草

剂大豆XP-2、耐草甘膦大豆和常规大豆的除草剂一体化除草； 

2)在不同生态区开展玉米高效杂草防治新技术，评估新型复配除草剂对小麦、大豆

和水稻等后茬作物的药害风险； 

3)综合应用分子标记辅助育种和单倍体技术将广谱耐除草剂、矮杆和高产性状等性

状进行聚合并转入到优良自交系； 

4)开展矮杆耐除草剂复合性状转基因玉米的区域试验，筛选耐密、抗倒伏和高产的

优良自交系和组合； 

5)开展适宜复合种植转基因玉米雄性不育制种技术的研究和示范； 

6)开展耐PPO 抑制剂类除草剂转基因玉米的性状聚合、回交转育和安全评价。 

 

（二）课题采取的研究方法 

针对课题研究拟解决的问题，拟采用的方法、原理、机理、算法、模型等，限 1000字

以内。 

本课题拟采用的方法是：1）利用转基因方法获得抗除草剂玉米，特别是在抗草甘膦

和草铵膦基础上，进一步培育抗啶嘧磺隆、二甲四氯、烟嘧磺隆等除草剂的转基因玉米

性状；2）利用转基因技术、基因编辑技术研发改良玉米抗倒伏、耐高密度等方面的性

状 ； 3 ） 利 用 分 子 标 记 技 术 ， 加 快 回 交 转 育 和 多 性 状 叠 加 速 度 。 

1）利用转基因技术创制多抗除草剂转基因玉米新品种。在玉米中过表达多抗除草剂

基因CdP450，同时聚合抗草甘膦基因cp4 epsps、抗草铵膦基因pat，创制可同时高抗草

甘膦、草铵膦、2,4-D、二甲四氯、啶嘧磺隆、烟嘧磺隆等除草剂的转基因玉米。将CdP450 

基因与其他已经广泛使用的抗除草剂基因聚合使用，创制得到的抗广谱除草剂的转基因

玉米新种质。 

2）挖掘抗倒伏、耐密植、边际效应强的基因编辑或转基因玉米新品种。前期研究发

现了玉米phyB、phyC、PIFs、SPL12、SPL28、YUC2/4 等基因具有调控玉米株高、穗位高、

叶夹角、根系夹角的功能，而对其他农艺性状没有明显负面影响。利用转基因或基因编

辑将相关基因通过遗传转化方法导入到玉米中，适当降低玉米转化体的株高，创制具有

抗倒伏、耐密植、边际效应强等性状的转基因玉米新品种。 
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3）玉米大豆复合种植一体化除草技术。项目团队成员前期研究已经将CdP450 基因

导入大豆中，获得了高抗草甘膦、烟嘧磺隆、啶嘧磺隆、二甲四氯等多种除草剂的抗广

谱除草剂转基因大豆。在玉米中采用相同技术，创制得到可与大豆共用的耐广谱除草剂、

抗倒伏、耐密植、边际效应强的转基因玉米，提高杂草防治效率和耕地利用效率，实现

玉米大豆一体化复合种植。 

4）基因组学与转录组学分析。对抗性杂草狗牙根进行基因组学和转录组学分析，筛

选并克隆获得潜在的抗除草剂基因CdP450；对矮秆玉米进行基因组学和转录组学分析，

克隆并验证了与玉米株高和叶夹角密切相关的ZmSPL12、ZmSPL28 等基因。 

5）基因编辑技术改良植物性状。CRISPR-Cas9 技术是成熟的基因编辑方法，可以精

确实现玉米基因组中特定基因的编辑。对候选的靶标基因进行突变、敲除或修改，鉴定

经基因编辑的玉米的表现性状，验证候选基因的功能。 

6）分子标记辅助育种。利用分子标记与目标性状基因紧密连锁的特点，通过分析与

目标基因紧密连锁的分子标记的基因型，借助分子标记对目标性状基因型进行选择，能

够缩短育种年限、提高育种效率，克服常规育种方法中的困难。 

 

三、主要创新点(可选填) 

围绕基础前沿、共性关键技术或应用示范等层面，简述课题的主要创新点。具体内容

应包括该项创新的基本形态及其前沿性、时效性等，并说明是否具备方法、理论和知

识产权特征。每项创新点的描述限 500字以内。 

1、创新点 1：本课题利用杭州瑞丰挖掘的多抗除草剂 CdP450 基因，聚合抗草甘膦

基因 cp4 epsps、抗草铵膦基因 pat，创制可同时高抗草甘膦、草铵膦、2,4-D、二甲四

氯、啶嘧磺隆、烟嘧磺隆的转基因玉米。这是目前国际上耐除草剂种类最多的转基因玉

米材料。课题组拥有抗除草剂 CdP450 基因在美国、巴西和加拿大的专利权，覆盖南美

和北美主要玉米大豆种植区域。 

2、创新点 2：本课题创制的耐除草剂玉米与课题参加单位杭州瑞丰利用相同技术开

发的转基因大豆配套种植，可使用相同的多种除草剂，为玉米大豆带状复合种植体系提

供更多种类的可使用的除草剂。目前市场上的技术主要是草甘膦解决方案，而国际上的

经验是草甘膦抗性杂草在推广耐草甘膦大豆和玉米以后迅速发生的发展。美国目前已经

有超过 30 种杂草出现了抗草甘膦的能力。 
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3、创新点3：本课题利用华南农大王海洋团队挖掘的抗倒伏、耐密基因SPL28，创

制抗倒伏、耐密的转基因玉米，该创新技术处于国际领先水平。同时本课题还利用基

因编辑技术，调控玉米赤霉素合成，为创制耐密、抗倒伏玉米新品种提供底层技术支

撑。 

 

四、预期经济社会效益 

课题的科学、技术、产业预期指标及科学价值、社会、经济、生态效益。限 500字以

内。 

玉米大豆带状复合种植模式是当前全国重点推广的一项农业增产增效技术，是对传

统间作套种模式的创新和发展，可实现在保证玉米基本不减产的情况下，增收一季大豆，

对提高复种指数和土地产出率、扩大大豆生产、实现玉米大豆双丰收意义重大。本课题

将创制转基因耐除草剂玉米新种质，并与常规育种技术相结合，研究建立高效玉米设计

育种技术体系，从而设计和创制多基因聚合的耐除草剂、耐密植、抗倒伏、边际效应强、

籽粒脱水快的玉米育种新材料，促进与大豆等作物复合种植创新模式的推进，创造更高

科学价值、社会、经济、生态效益。 

课题研发的新型耐除草剂转基因玉米使用了具有自主知识产权的耐除草剂基因，对

草甘膦、啶嘧磺隆、烟嘧磺隆、2,4-D 和二甲四氯等多种除草剂有高度耐受性，极大扩

展了玉米的除草谱，从而为农民提供一个高效、广谱、低成本的杂草防治方案。且这些

耐除草剂性状可同时应用于大豆，使玉米与大豆共用相同除草剂，最大限度提高了复合

种植模式的除草效率。 

推动新型杂草防治方案，科学价值显著。草害是长期制约我国农作物生产的一个重

要因素，我国每年因草害造成农作物产量的损失为1000万吨左右。除草剂的使用，为减

少杂草而提高农作物产量提供了重要保障。转基因耐除草剂玉米、大豆在国外得到了广

泛的应用，极大地简化了杂草防治方法，降低了杂草防治成本。此外，利用除草剂防治

杂草也更加有利于推广免耕技术，减少土壤和肥料的流失。本课题研发的新型耐除草剂

转基因玉米使用了具有自主知识产权的耐除草剂基因，对草甘膦、啶嘧磺隆、烟嘧磺隆、

2,4-D 和二甲四氯等多种除草剂有高度耐受性，极大扩展了玉米的除草谱，从而为农民

提供一个高效、广谱、低成本的杂草防治方案。且这些耐除草剂性状可同时应用于大豆，

使玉米与大豆共用相同除草剂，最大限度提高了复合种植模式的除草效率。  
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五、课题年度计划 

按每 6 个月制定形成课题的计划进度，应将课题的考核指标分解落实到年度计划中。 

1、2024 年 1 月—2024 年 6 月 

任务：挖掘耐PPO 抑制剂类新耐除草剂基因，创制矮杆、高产、抗倒伏和耐新型除草

剂玉米；开展转基因性状回交转育；创制耐密植、抗倒伏、边际效应强等多基因聚合

育种新材料。 

考核指标：获得环境释放批文5 个以上，申报生产性试验1 个，获得含有新型耐除草

剂性状指纹图谱位点没有差异的自交系10 个以上。 

成果形式：农业农村部受理通知书或相关批文，科技报告、鉴定报告或专家鉴定意见

等。 

 

2、2024 年 7 月—2024 年 12 月 

任务：获得耐PPO 抑制剂类新耐除草剂转基因玉米，对新创制的转基因和基因编辑材

料进行安全评价，开展适宜玉米大豆复合种植一体化的复合除草剂配方和除草方案研

究，规模化开展玉米大豆复合种植的一体化除草试验；开展耐密植、抗倒伏、边际效

应强等多基因聚合育种新材料创制与鉴定。 

考核指标：申报生产性试验1 个，获得含有新型耐除草剂性状指纹图谱没有位点差异

的自交系10 个以上，集成适宜复合种植新品种配套栽培技术1 套，申请或获得发明专

利和新品种权2件以上。 

成果形式：受理通知书或相关批文，鉴定报告或专家鉴定意见。 

 

3、2025 年 1 月—2025 年 6 月 

任务：开展多性状转基因玉米复合种植示范种植，聚合广谱耐除草剂、矮杆和高产性

状并开展回交转育，开展适宜复合种植转基因玉米雄性不育制种技术的研究和示范。 

考核指标：申请转化体环境释放试验5 个以上，申报生产性试验2 个以上。 

成果形式：农业农村部受理通知书或相关批文，鉴定报告或专家鉴定意见。 

 

4、2025 年 7 月—2025 年 12 月 

任务：开展新型耐除草剂玉米与新型耐除草剂大豆XP-2、耐草甘膦大豆和常规大豆的
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除草剂一体化除草，聚合广谱耐除草剂、矮杆和高产性状并开展回交转育，完成安全

评价。开展适宜复合种植转基因玉米雄性不育制种技术的研究和示范。 

考核指标：申请转化体环境释放试验5 个以上，申报生产性试验2 个以上，申请或获

得发明专利或新品种权2件以上。 

成果形式：农业农村部受理通知书或相关批文，鉴定报告或专家鉴定意见。 

 

六、课题组织实施机制及保障措施 

1、课题的内部组织管理方式、协调机制等，限 500 字以内。 

本课题由浙江大学牵头，华南农业大学、杭州瑞丰生物科技有限公司和秦丰种业

参与。 

（1）课题实行主持单位负责和主持人负责制，课题主持单位负责课题组织协调工

作，根据项目要求的整体框架，组织制定课题实施方案和检查监督，协调并处理课题

执行过程中出现的有关问题。课题承担单位严格按照课题联合实施协议书要求，执行

并落实项目规定的课题各项任务，根据责权利相结合的基本原则进行综合管理，并接

受有关管理部门的管理和监督。 

（2）加强课题内资源共享和交流。建立课题技术实施小组，进行种质创新，育种关

键技术攻关，新品种联合测试。 

（3）在课题实施过程中严格把控关键节点，落实年度工作落实会、中期田间考察交

流，课题年度总结汇报和学术交流汇报制度。加强与项目主持单位的联系，及时向项

目主持单位汇报研究进展。 

（4）规范经费开支，加强财务管理。课题承担单位指定财务部门专人进行资金管

理。 

 

2、课题实施的相关政策，已有的组织、技术基础，支撑保障条件，限 500 字以内。 

本课题主持单位为浙江大学，具有组织申报和承担国家重点研发计划、国家自然科

学基金等项目的经验，在课题任务分解与完成、财务管理与专款专用落实上均积累了丰

富的经验。 

课题参加单位华南农业大学在十三五期间参与国家重点研发计划“七大农作物育种”

重点专项。十四五期间，承担“玉米高产优质性状形成的分子调控网络及其协同改良机
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制”国家重点研发项目。在现代玉米耐密遗传育种改良规律和分子育种指纹鉴定、玉米

避荫反应分子调控机理和玉米耐密株型调控基因克隆方面做出了国际领先的研究成果。 

课题参加单位杭州瑞丰生物科技有限公司是国内生物育种头部企业，研发了一系列

具有自主知识产权的基因和转化体，已经获得多个转基因作物生产应用安全证书。 

在项目的统筹下，将严格遵照国家制定的各项法律法规政策，保障课题能够高效实

施，通过课题定期的交流规范课题管理，在坚持自主创新的同时，加强参与单位之间的

合作交流，为课题的技术创新和推广应用提供有效保障。 

 

3、对实现项目总目标的支撑作用，及与项目内其他课题的协同机制，限 500 字以内。 

本课题由具有基因挖掘、转化体创制、安全评价、分子检测经验的浙江大学、杭州

瑞丰、华南农业大学和秦丰种业承担。主要应用各自团队已经挖掘的新基因、新性状，

集成应用转基因、基因编辑、全基因组选择和多基因聚合等生物育种技术建立高效玉米

设计育种技术体系，创制新型广谱耐除草剂、耐密、抗倒伏、籽粒脱水快等新育种材料。

并对获得的新育种材料进行分子鉴定、遗传稳定性分析、环境安全、食品营养安全和功

能性状评价。建立分子精准鉴定和快速检测技术，为性状转育提供技术支撑。本课题将

为课题 2-5提供创新型种质和现代生物技术育种相关的技术支撑。课题组还将深入研究

玉米大豆复合种植一体化除草技术，研发适于玉米杂草防治的一季喷一次除草剂的复合

除草剂，提高杂草防治效果、降低杂草防治成本。本课题为实现项目的总目标提供了优

质种质，也和大豆复合种植项目有很好的协同性，项目完成后能够为我国大豆玉米复合

种植提供适宜的品种和丰富的杂草防治方案。 

按照重大项目整体部署，项目实施过程中产生的新种质、新品系以及新品种等，在

横向支撑平台体系中开展基因型鉴定、测试测定以及验证评价，实现标准化数据汇

集。鉴定、测试、验证评价结果作为后续考核验收依据。 

 
4、生物安全管理与科普宣传。 

课题需严格遵守《农业转基因生物安全管理条例》及其配套规章制度，按要求进行

试验审批或报备。课题单位需建立生物安全管理责任制，做到分工明确、责任到人，对

违反相关规定的，接受相关责任追究和取消相关人员及团队承担有关农业科研项目资格

等处罚。 

为营造生物育种产业化良好的社会氛围，课题单位需积极参与科普宣传工作，制定
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年度科普宣传工作计划。课题单位通过举办专题报告会、讲座、培训、开放日，发表科

普文章，参与集体科普活动等方式积极开展生物技术科普宣传，让大众更好了解生物技

术，科学引导大众认识生物技术研发与应用。每个课题需推荐 1名正式工作人员担任网

络科普员，每人每月在网上发布 1-2 篇生物技术科普信息（含转发和评论），并在农业

农村部科学技术司统一组织下开展科普宣传活动。 

 

七、知识产权对策、成果管理及合作权益分配 

本课题多抗除草剂基因 CdP450是浙江大学与杭州瑞丰生物科技有限公司共同研发

获得的，课题的基因的知识产权属于杭州瑞丰生物科技有限公司，杭州瑞丰获得了

CdP450基因在美国、加拿大、巴西等国的专利授权。矮杆基因 SPL28是由华南农大王

海洋教授团队克隆，该基因已经申请了中国专利，国际专利正在申请中。育种材料、

育种新技术由课题承担单位共享；自交系、杂交种等研究成果除承担单位内部协议外

的部分归完成单位所有，参与单位在申请本课题之前各自所获得的知识产权及相应权

益均归各自所有。非知识产权和成果可在项目承担单位之间进行交流。 

课题执行期向对方提供的未公开的、或在提供之前已告知不能向第三方提供的与本

课题相关的技术资料、数据等所有信息，未经提供方同意，不得提供给第三方。也不

构成向对方授予任何关于专利、著作权、商标权等知识产权的许可行为。 

各方独立完成的科技成果及其形成的知识产权归各方独自所有；由双方共同完成的

科技成果及其形成的知识产权归双方共有。科技成果和技术实施许可、转让而获得的

经济收益由双方另行约定。 

 

八、需要约定的其他内容 

无。
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公
司

 

1
1 

安
红
卫

 
男

 
1
9
6
7.
0
1.
3
0
 
身

份
证

 
6
1
0
40
3
19
6
70
1
30
0
07
6
 

B
 

秦
丰
研

究
院
玉

米
研
究

室
主
任

 

学
士

 
植
物
遗
传

育
种

 
6
 

C
 

性
状

叠
加

 
Y
 

杨
凌

秦
丰

种
业

股
份

有
限

公
司

 

1
2
 

王
轩

 
男

 
1

9
8

8
.0

6
.2

2
 

身
份

证
 

6
1

0
1
0

4
1
9

8
8
0

6
2
2

3
4
3

2
 

C
 

秦
丰
研

究
院
副

院
长

 
硕
士

 
作
物
遗
传

育
种

 
6
 

C
 

抗
性

功
能

评
价

 
Y
 

杨
凌

秦
丰

种
业

股
份

有
限

公
司

 

固
定

研
究
人
员
合
计
 

7
8
 

／
 

／
 

／
 

／
 

流
动
人
员
或
临
时
聘
用
人
员
合
计
 

0
 

／
 

／
 

／
 

／
 

累
计
 

7
8 

／
 

／
 

／
 

／
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十
、

课
题
信
息
表

 

序
号

：
1
－

1
  

课
题

编
号

：
2
0
2
2
Z

D
0
4
0
0
5
0
1

 
 

 
 
 

 
 
 

 
 
课

题
名
称

：
玉
米
生
物
技
术

研
发
与

种
质
资

源
创

新
 

 

填
表
说

明
：

单
位

类
型

为
课

题
牵

头
单

位
或
课
题

参
与
单

位
。

 

序
号

 

单
位

名
称

 
纳

税
人

识
别

号
（
统

一

社
会

信
用
代

码
）

 

单
位

 

类
型

 
任

务
分

工
 

研
究

任
务

负

责
人

 

（
1
）

 
（

2
）

 
（

3
）

 
（

4
）

 
（

5
）

 

1
 

浙
江

大
学

 
1

2
1

0
0

0
0
0

4
7
0

0
9
5

0
1
6

Q
 

课
题

牵
头

单
位

 
耐
除
草

剂
育

种
材

料
安

全
评

价
、
鉴

定
 

林
朝

阳
 

2
 

华
南

农
业

大
学

 
1

2
4

4
0

0
0
0

4
5
5

4
1
6

5
6
3

4
 

课
题
参
与

单
位

 
耐
密

抗
倒

伏
育

种
材

料
创

制
 

王
海

洋
 

3
 

杭
州

瑞
丰

生
物

科
技

有
限

公
司

 
9

1
3

3
0

1
1
0

6
9
9

8
0
8

5
8

X
4

 
课
题
参
与

单
位

 
耐
除

草
剂

育
种

材
料

创
制

 
于

小
星

 

4
 

杨
凌

秦
丰

种
业

股
份

有
限

公
司

 

9
1

6
1
0

4
0
3

M
A

B
2

N
7

JH

3
A

 
课
题
参
与

单
位

 
耐
除

草
剂

功
能

性
状

评
价

 
谈

宏
斌
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任务书签署 

 
 

甲乙双方根据《国务院印发关于深化中央财政科技计划（专项、基

金）管理改革方案的通知》（国发〔2014〕64 号）、《国务院关于优化科研

管理提升科研绩效若干措施的通知》（国发〔2018〕25 号）、《国务院办公

厅关于改革完善中央财政科研经费管理的若干意见》（国办发〔2021〕32

号）、《科学技术活动违规行为处理暂行规定》（科学技术部令第 19 号）、

《科技部 财政部关于印发<中央财政科技计划（专项、基金等）监督工作

暂行规定>的通知》（国科发政〔2015〕471 号）、《科技部 自然科学基金委

关于进一步压实国家科技计划（专项、基金等）任务承担单位科研作风学

风和科研诚信主体责任的通知》(国科发监〔2020〕203 号)、《科技部、财

政部、自然科学基金委关于进一步加强统筹国家科技计划项目立项管理工

作的通知》（国科办资〔2022〕107 号）等有关文件规定，以及有关法律、

政策和管理要求，依据项目立项通知，签署本任务书。 

    同时，本单位和课题负责人郑重承诺：对本课题所有成果产出（包括

但不限于新产品、新技术、标准、论文、专利等）的真实性、与项目（课题）

的关联性等负责，将按要求落实科研作风学风和科研诚信主体责任；课题

经费全部用于与本课题研究工作相关的支出，不截留、挪用、侵占，不用于

与科学研究无关的支出；接受并积极配合相关部门的监督检查。如有违反，

本单位和课题负责人以及相关成果产出者愿接受项目管理专业机构和相关

部门做出的各项处理决定，包括但不限于终止课题执行、追回课题经费，取

消一定期限国家科技计划项目（课题）申报资格，记入科研诚信严重失信行

为数据库以及主要负责人接受相应党纪政纪处理等。 
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项
目

预
算
表

（
2
0
2
2

-2
0
2

3
年

）
 

 表
A

2
 

 
 
项
目

编
号

：
2

0
2

2
Z

D
0

4
0

0
5

 
项
目
名
称

：
适
宜

复
合
种

植
的

玉
米
新
品

种
设
计

与
培

育
 

 
 

金
额

单
位

：
万

元
 

课
题

编
号

 
课

题
名

称
 

课
题

承
担

单

位
 

课 题 负 责 人
 

课
题

预
算

 

资
金
来
源

 
经

费
支

出
 

中
央

 

财
政

 

资
金

 

其
他
来
源

资
金

 

合
计

 

中
央

财
政

资
金

 

其
他

 

来
源

 

资
金

 

合
计

 
地
方
财

政
资
金

 

单
位
自
筹

资
金

 

其
他

渠
道

获
得

 

资
金

 

小
计

 
直

接
 

费
用

 

间
接

 

费
用

 
小

计
 

（
1
）

 
（

2
）

 
（

3
）

 
（

4

）
 

（
5
）

 
（

6
）

 
（

7
）

 
（

8
）

 
（

9
）

 
（

1
0
）

 
（

1
1
）

 
（

1
2
）

 
（

1
3
）

 
（

1
4
）

 
（

1
5
）

 

2
0

2
2

Z

D
0

4
0

0

5
0

1
 

玉
米
生
物
技
术

研
发
与
种
质
资

源
创
新

 

浙
江
大
学

 

林 朝 阳
 

1
0

2
1

.0
0
 

0
 

6
0

0
0

.0
0
 

0
 

6
0

0
0

.0
0
 

7
0

2
1

.0
0
 

8
5

0
.0

0
 

1
7

1
.0

0
 

1
0

2
1

.0
0
 

6
0

0
0

.0
0
 

7
0

2
1

.0
0
 

2
0

2
2

Z

D
0

4
0

0

5
0

2
 

黄
淮
海
区
适
宜

复
合
种
植
和
宜

机
收
玉
米
品
种

设
计
与
培
育

 

山
东
登
海
种

业
股
份
有
限

公
司

 

李 旭 华
 

1
0

0
0

.4
0
 

0
 

3
2

0
0

.0
0
 

0
 

3
2

0
0

.0
0
 

4
2

0
0

.4
0
 

8
2

9
.1

7
 

1
7

1
.2

3
 

1
0

0
0

.4
0
 

3
2

0
0

.0
0
 

4
2

0
0

.4
0
 

2
0

2
2

Z

D
0

4
0

0

5
0

3
 

西
南
区
适
宜
复

合
种
植
玉
米
新

品
种
设
计
与
培

育
 

四
川
省
农
业

科
学
院
作
物

研
究
所

 

何 文 铸
 

3
9

1
.6

0
 

2
0

0
.0

0
 

8
0

0
.0

0
 

0
 

1
0

0
0

.0
0
 

1
3

9
1

.6
0
 

3
4

8
.0

0
 

4
3

.6
0
 

3
9

1
.6

0
 

1
0

0
0

.0
0
 

1
3

9
1

.6
0
 

2
0

2
2

Z

D
0

4
0

0

5
0

4
 

东
北
区
宜
机
收

玉
米
新
品
种
设

计
与
培
育

 

黑
龙
江
省
农

业
科
学
院
玉

米
研
究
所

 

张 建 国
 

5
1

3
.9

0
 

0
 

3
0

0
0

.0
0
 

0
 

3
0

0
0

.0
0
 

3
5

1
3

.9
0
 

4
3

2
.0

0
 

8
1

.9
0
 

5
1

3
.9

0
 

3
0

0
0

.0
0
 

3
5

1
3

.9
0
 

2
0

2
2

Z

D
0

4
0

0

5
0

5
 

西
北
区
适
宜
复

合
种
植
宜
机
收

高
产
玉
米
新
品

种
设
计
与
培
育

 

西
北
农
林
科

技
大
学

 

徐 淑 兔
 

2
9

1
.6

0
 

0
 

0
 

0
 

0
 

2
9

1
.6

0
 

2
3

4
.0

0
 

5
7

.6
0
 

2
9

1
.6

0
 

0
 

2
9

1
.6

0
 

累
计

 
3

2
1

8
.5

0
 

2
0

0
.0

0
 

1
3

0
0
0

.0
0
 

0
 

1
3

2
0
0

.0
0

 
1

6
4

1
8

.5
0
 

 2
6

9
3

.1
7
 

5
2

5
.3

3
 

3
2

1
8

.5
0
 

1
3

2
0
0

.0
0
 

1
6

4
1
8

.5
0
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课
题

单
位
经

费
预
算
明

细
表

（
2
0
2
2

-2
0
2
3
年
）

 

表
B

3
 
课
题
序

号
：

2
0

2
2

Z
D

0
4

0
0

5
0
1

 
课

题
名
称
：

玉
米

生
物

技
术
研
发

与
种
质

资
源
创

新
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
金
额

单
位

：
万

元
 

填
表
说
明

：
1

.单
位

类
型

分
课

题
承

担
单

位
、

课
题
参
与

单
位

；
 

 
 

 
 
 

 
 
 

 
 

2
.组

织
机

构
代

码
指

企
事

业
单

位
国

家
标
准

代
码

，
单
位
若

已
三
证

合
一
请

填
写

单
位
统
一

社
会
信

用
代

码
, 
无

组
织

机
构

代
码

的
单

位
填

写
“

0
0

0
0
0

0
0
0

0
”

。
 

序 号
 

单
位

名
称

 
组

织
机
构

代
码

- 

统
一

社
会

信
用
代

码
 

单
位

 

类
型

 
任
务
分
工

 
研
究

任
务

负

责
人

 
合

计
 

中
央

财
政

专
项

资
金

 
其

他
来

源

资
金

 
小

计
 

其
中

：
间

接

费
用

 
 

（
1
）

 
（

2
）

 
（

3
）

 
（

4
）

 
（

5
）

 
（

6
）

 
（

7
）

 
（

8
）

 
（

9
）

 
（

1
0
）

 

课 题 1
 

浙
江
大

学
 

 
9
1
6
1
0

4
0
3
M

A
B

2
N

7
JH

3
A

 
高

等
学

校
 

耐
除

草
剂

育
种

材
料

安
全

评
价

、
鉴

定
 

林
朝

阳
 

1
9

4
.0

0
 

1
9

4
.0

0
 

3
4

.0
0
 

 

课 题 1
 

华
南
农

业
大

学
 

 
1
2
4
4
0

0
0
0
4
5
5
4
1
6
5
6
3
4
 

高
等

学

校
 

耐
密

抗
倒

伏
育

种
材

料
创

制
 

王
海

洋
 

2
4

4
.0

0
 

2
4

4
.0

0
 

3
4

.0
0
 

 

课 题 1
 

杭
州

瑞
丰

生
物

科
技

有

限
公
司

 
 

9
1
3
3
0
1
1
0
6
9
9
8
0
8
5
8
X

4
 

民
营

企

业
 

耐
除
草
剂

育
种
材

料
创
制

 
于

小
星

 
3

3
8

9
.0

0
 

3
8

9
.0

0
 

6
9

.0
0
 

3
0

0
0

.0
0

 

课 题 1
 

杨
凌

秦
丰

种
业

股
份

有

限
公
司

 
 

9
1
6
1
0

4
0
3
M

A
B

2
N

7
JH

3
A

 
国

有
企

业
 

耐
除
草
剂

功
能
性

状
评
价

 
谈

宏
斌

 
3

1
9

4
.0

0
 

1
9

4
.0

0
 

3
4

.0
0
 

3
0

0
0

.0
0

 

累
计

 
7

0
2

1
.0

0
 

1
0

2
1

.0
0
 

1
7

1
.0

0
 

6
0

0
0

.0
0
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课题预算表（2024 年） 

表 B1  课题编号：2022ZD0400501 课题名称：玉米生物技术研发与种质资源创新 金额单位：万元   

序号 
预算科目名称 金额 

（1） （2） 

1 一、中央财政专项资金 1120.00 

2 （一）直接费用 950.00 

3 1.设备费 50.00 

4 其中：购置设备费 50.00 

5 2.业务费 700.00 

6 3.劳务费 200.00 

7 （二）间接费用 170.00 

8 二、其他来源资金 6200.00 

9 三、合计 7320.00 

 

注：1、间接费用无需编制预算说明；2、绩效支出在间接费用中无比例限制。承担单位在统筹安排间接费用时，

要处理好合理分摊间接成本和对科研人员激励的关系，绩效支出安排与科研人员在课题工作中的实际贡献挂钩。    
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课
题

单
位
经

费
预
算
明

细
表

（
20
24

年
）

 

表
B

3
 
 

课
题

编
号

：
 

 
 
 
 
  
 
  
 
 
课
题
名
称
：

 
 
 

 
 
 
  

 
  
 
  
 
  
 
  
 
  
 
  
  
 
 
  
 
  
 
  
 
  
 
  
 
  
 
  
  
 
 
  
 
  
 
  
 
  

金
额

单
位

：
万

元
 

填
表
说
明

：
1

.单
位

类
型

分
课

题
承

担
单

位
、

课
题
参
与

单
位

；
 

 
 

 
 
 

 
 
 

 
 

2
.组

织
机

构
代

码
指

企
事

业
单

位
国

家
标
准

代
码

，
单
位
若

已
三
证

合
一
请

填
写

单
位
统
一

社
会
信

用
代

码
, 
无

组
织

机
构

代
码

的
单

位
填

写
“0
0
0
0
0
0
0
0
0
”
。

 

序 号
 

单
位

名
称

 
组

织
机
构

代
码

- 

统
一

社
会

信
用
代

码
 

单
位

 

类
型

 
任
务
分
工

 
研

究
任

务

负
责

人
 

合
计

 

中
央

财
政

资
金

 
其

他
来

源

资
金

 
小

计
 

其
中

：
间

接
费

用
 

 

（
1
）

 
（

2
）

 
（

3
）

 
（

4
）

 
（

5
）

 
（

6
）

 
（

7
）

 
（

8
）

 
（

9
）

 
（

1
0
）

 

1
 

浙
江

大
学

 

统
一

社

会
信

用

代
码

 

9
1

6
1
0

4
0
3

M
A

B
2

N
7

J

H
3

A
 

课
题

承
担

单
位

 

耐
除
草
剂

育
种
材

料
安
全

评
价

、
鉴

定
 

林
朝

阳
 

2
0

0
.0

0
 

2
0

0
.0

0
 

3
5

.0
0
 

0
.0

0
 

2
 

华
南

农
业

大
学

 

统
一

社

会
信

用

代
码

 

1
2

4
4
0

0
0
0

4

5
5

4
1
6

5
6
3

4
 

课
题

参
与

单
位

 

耐
密
抗
倒

伏
育
种

材
料
创

制
 

王
海

洋
 

2
7

0
.0

0
 

2
7

0
.0

0
 

4
5

.0
0
 

0
.0

0
 

3
 

杭
州
瑞

丰
生

物
科

技
有

限
公

司
 

统
一

社

会
信

用

代
码

 

9
1

3
3
0

1
1
0

6

9
9

8
0
8

5
8

X

4
 

课
题

参
与

单
位

 

耐
除
草
剂

育
种
材

料
创
制

 
于

小
星

 
1

8
5

0
.0

0
 

4
5

0
.0

0
 

5
5

.0
0
 

1
4

0
0

.0
0
 

4
 

杨
凌
秦

丰
种

业
股

份
有

限
公

司
 

统
一

社

会
信

用

代
码

 

9
1

6
1
0

4
0
3

M
A

B
2

N
7

J

H
3

A
 

课
题

参
与

单
位

 

耐
除
草
剂

功
能
性

状
评
价

 
谈

宏
斌

 
5

0
0

0
.0

0
 

2
0

0
.0

0
 

3
5

.0
0
 

4
8

0
0

.0
0
 

累
计

 
7

3
2

0
.0

0
 

1
1

2
0

.0
0
 

1
7

0
.0

0
 

6
2

0
0

.0
0
 

第59页 



第60页 



第61页 



第62页 



Article https://doi.org/10.1038/s41467-024-46579-z

Natural variation in OsMYB8 confers diurnal
floret opening time divergence between
indica and japonica subspecies

Yajun Gou 1,4, Yueqin Heng 1,4, Wenyan Ding1, Canhong Xu1, Qiushuang Tan1,
Yajing Li1, Yudong Fang1, Xiaoqing Li1, Degui Zhou2, Xinyu Zhu1,
Mingyue Zhang 1, Rongjian Ye3, Haiyang Wang 1 & Rongxin Shen 1

The inter-subspecific indica-japonica hybrid rice confer potential higher yield
than the widely used indica-indica intra-subspecific hybrid rice. Nevertheless,
the utilization of this strong heterosis is currently hindered by asynchronous
diurnal floret opening time (DFOT) of indica and japonica parental lines. Here,
we identify OsMYB8 as a key regulator of rice DFOT. OsMYB8 induces the
transcription of JA-Ile synthetase OsJAR1, thereby regulating the expression of
genes related to cell osmolality and cell wall remodeling in lodicules to pro-
mote floret opening. Natural variations of OsMYB8 promoter contribute to its
differential expression, thus differential transcription of OsJAR1 and accumu-
lation of JA-Ile in lodicules of indica and japonica subspecies. Furthermore,
introgression of the indica haplotype of OsMYB8 into japonica effectively
promotes DFOT in japonica. Our findings reveal an OsMYB8-OsJAR1 module
that regulates differential DFOT in indica and japonica, and provide a strategy
for breeding early DFOT japonica to facilitate breeding of indica-japonica
hybrids.

Rice (Oryza sativa L.) is the preferredmajor staple crop for over half
of the world population (FAO statistical databases, 2022). Histori-
cally, several major leaps in rice yield per unit land area have
occurred due to improvement of breeding technologies and utili-
zation of advanced cultivars. A major landmark in rice breeding is
the utilization of the semi-dwarf gene sd1 (encoding an enzyme
essential for gibberellin biosynthesis) and breeding of lodging-
resistant rice cultivars in the 1950s, leading to the “first-green
revolution” in rice production (average rice yield increased from
~150 kg/mu to 300 kg/mu)1. The second landmark in rice breeding is
development of hybrid rice in China in the 1970s, led by a group of
scientists headed by professor Longping Yuan. Two-hybrid rice
breeding technologies, the “three-line” (based on CMS-WA cyto-
plasmic male sterility) and the “two-line” (based on photoperiod- or

thermo-sensitive male sterility) hybrid systems, were developed
sequentially in China in the 1970s and 1980s respectively, and are
still widely used nowadays2–4. Three-line hybrid rice has a yield
advantage of ~20–30% over the traditional inbred varieties, and two-
line hybrid rice could confer ~5–10% additional yield increase over
three-line hybrid rice5. To date, the large-scale application of com-
mercial hybrid rice has increased total accumulated rice yield by
over 0.6 billion tons, contributing significantly to securing global
food supply6,7.

Indica and japonica are two major genetically differentiated
ecotypes of Asian cultivated rice. Currently, the majority of hybrid
rice is intra-subspecific hybrid rice produced from crosses between
indica varieties, with few inter-subspecific hybrid rice produced
from crosses between indica and japonica subspecies (China Rice
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Data Center, https://www.ricedata.cn). Over the past few decades,
yield of intra-subspecific indica hybrid rice has reached a plateau
due to the limited genetic diversity of the parental lines8. As indica-
japonica inter-subspecific hybrid rice has a yield advantage of
~15–30% over the intra-subspecific indica/indica hybrid rice, it is
believed that developing more indica-japonica inter-subspecific
hybrid rice is an essential route to boost rice production in the
future. Nevertheless, production of indica-japonica hybrid rice is
currently hindered by several technical bottlenecks, such as hybrid
male sterility, prolonged life span, prone to lodging of the hybrids
due to exaggerated plant height, and low yield of hybrid seed pro-
duction. A major reason for low yield of hybrid seed production is
asynchronous diurnal floret opening time (DFOT) of the indica and
japonica parental lines. During production of indica-japonica inter-
subspecific hybrid rice, japonica varieties are often used as themale
sterile lines (maternal parent), whereas indica varieties are often
used as the pollen donors (parental line). In general, indica rice has
an earlier DFOT than japonica rice (average 1–3 h)9. This asynchro-
nous DFOT of indica and japonica would severely reduce the effi-
ciency of cross-pollination and large-scale hybrid seed
production10. Therefore, genetic improvement and synchronization
of DFOT of the indica and japonica parental lines are urgently
needed for successful commercial production of indica-japonica
inter-subspecific hybrid rice seeds.

Previous studies have revealed that lodicule, a small scale-like
organ lying between the lemma/palea and stamens within the base
of florets, plays an important role in controlling DFOT in rice.
During floret opening, the lodicule cells absorb water and expand,
pushing the lemma and palea apart to drive floret opening. After
pollination, lodicule loses water and undergoes programmed cell
death, leading to closure of the glumes10–12. The opening and clos-
ing processes of rice spikelets entail a dynamic change of turgor
and osmotic pressure in the parenchymatous cells of the
lodicule13–15. Mounting evidence indicated that the plant hormone
jasmonic acid (JA) plays a key role in regulating floret opening and
closure in rice and other monocotyledonous plant species such as
wheat and rye16–19. In addition, several recent studies have reported
that Diurnal Flower Opening Time 1 (DFOT1) / Early Morning Flow-
ering1 (EMF1), which encodes a DUF642 domain-containing pro-
tein, negatively regulates rice DFOT through modulating
methylesterification of lodicule cell wall pectin11,20. Despite the
progress made in this field, the genetic basis and molecular
mechanisms regulating DFOT in rice, especially the differentiation
of DFOT in indica and japonica, have remained essentially
unknown.

In this study, we identify an R2R3-MYB transcription factor
OsMYB8 as a key regulator of asynchronous DFOT by performing a
comparative time-course transcriptome analysis of lodicules in
indica and japonica. We find that OsMYB8 promotes floret opening
in both indica and japonica rice through directly activating the
expression of a JA biosynthesis gene OsJAR1, leading to elevated JA-
Ile accumulation and thus altered expression of genes related to
cell osmolality and cell wall remodeling in the lodicules. We also
reveal that natural variation in the promoter sequences of OsMYB8
confers higher expression level of OsMYB8 in indica, thus higher
accumulation of JA-Ile and earlier DFOT in indica as compared to
japonica. Finally, we demonstrate that introgression of the indica
OsMYB8 allele into japonica rice could confer earlier DFOT in
japonica rice. Our study not only provides a significant break-
through into the understanding of the genetic network regulating
asynchronous DFOT of indica and japonica rice but also provides
effective genetic resources for genetic improvement of rice DFOT
to facilitate hybrid breeding between indica and japonica
subspecies.

Results
Diurnal floret opening time divergence in rice subspecies
To investigate the genetic variation for the DFOT trait in rice, we col-
lected a rice diversity panel, including 12 japonica and 28 indica cul-
tivars (Supplementary Data 1), and compared their DFOT in October
2019 in Guangzhou (Longitude, 113.27°; Latitude, 23.13°). The results
showed that the indica cultivars exhibited the peak opening time at
around 10:00–11:00 am, whereas the japonica cultivars had peak
opening time at approximately 12:00–12:30 noon, indicating that the
DFOT of indica cultivars was significantly earlier than that of japonica
cultivars (Fig. 1a, Supplementary Data 1). Subsequently, the DFOT trait
of a typical indica cultivar TianFengB (TFB) and a typical japonica
cultivar ZhongHua11 (ZH11)was further analyzed in the early (June) and
late (October) growing seasons of 2020 in Guangzhou. As expected,
the DFOT of TFB was 1–2 h earlier than that of ZH11 in both the early
and late seasons (Fig. 1b–e). Meanwhile, we carefully recorded the size
and morphology of the lodicules of TFB and ZH11 at different time
points under a stereomicroscope. The results showed that the lodi-
cules of TFB swelled and reached themaximumsize by 10:00am,while
the lodicules ofZH11 displayed adelay in swelling anddid not reach the
maximum size until 12:00 noon (Fig. 1f–h). Measurement of water
content in the lodicules of TFB and ZH11 at different time points
revealed a gradual increase of water content as the floret opening time
approaching. Water content reached the highest at 10:00 am in the
lodicules of TFB, but did not reach the highest until 12:00 noon in ZH11
(Fig. 1i). Taken together, these results indicate that the indica cultivars
exhibit earlier DFOT than japonica cultivars, which could be attributed
to advanced swelling of the lodicules in indica cultivars.

Identification ofOsMYB8 as a key regulator of differential DFOT
in indica and japonica
To explore the molecular basis underlying the differential lodicule
swelling in indica and japonica, we performed a comprehensive com-
parative RNA-seq analysis of the lodicules of TFB and ZH11 at different
time points, including 18:00 the day before floret opening (T18 in TFB,
Z18 in ZH11), 3 h before opening in ZH11 (Z9, ~9:00 am), 1 h before
opening (T9, ~9:00 am in TFB; Z11, ~11:00 am in ZH11) and undergoing
peak floret opening time (TF, ~10:00 am in TFB; ZF, ~12:00 noon in
ZH11) (Supplementary Fig. 1a, b). Correlation analysis of biological
replicates from each time point showed very high correlation coeffi-
cients (R2 ≥0.90; Supplementary Fig. 1c). Thus, we calculated the
average FPKM value of the replicates as the gene expression level for
each sample. We further performed pairwise differential gene
expression analyses between two consecutive time points and identi-
fied 6102 differentially expressed genes (DEGs) between T9 vs. T18,
6326 DEGs between TF vs. T9, 7164 DEGs between Z9 vs. Z18, 2972
DEGs between Z11 vs. Z9, 7012 DEGs between ZF vs. Z11 and 7430DEGs
between T9 vs. Z9 (P-value < 0.05, absolute log2FC (fold change) ≥ 1;
Supplementary Fig. 1d; Supplementary Data 2). Gene Ontology (GO)
term enrichment analysis revealed that biological processes and
molecular pathways related to cell osmolality and cell wall remodeling,
such as sugar transport, water channel activity, JA synthesis and sig-
naling, calcium signaling and ethylene signaling were enriched in one
ormore datasets (Supplementary Fig. 2). Principal component analysis
(PCA) showed that the dataset of T18 was grouped together with that
of Z18. Likewise, thedataset of TFwasgrouped togetherwith thatof ZF
(Fig. 2a). In congruent with earlier DFOT in TFB, the T9 time point was
grouped together with Z11 but not Z9, suggesting that transcriptional
activities related to floret opening process are advanced in TFB,
compared to ZH11 (Fig. 2a).

Considering that the timepoint of 1 h beforeopening is the crucial
stage for floret opening10,21, we speculated that genes responsible for
differentiated DFOT in indica and japonica might show characteristic
expressional changes in T9 and Z11, and likely be up-regulated in the

Article https://doi.org/10.1038/s41467-024-46579-z

Nature Communications |         (2024) 15:2262 2
第64页 

https://www.ricedata.cn


datasets of T9 vs. Z9. Therefore, we first performed k-means clustering
analysis of all expressed genes and identified a total of 20 clusters with
distinct gene expression patterns (Supplementary Fig. 1e). Among
them, the Cluster18 genes showing peak expression at T9 and Z11 were
selected for further detailed analyses. Next, we performed an overlap
analysis of Cluster18 genes with up-regulated DEGs of T9 vs. Z9. A total
of 251 overlapping genes were identified (Fig. 2b). GO term analysis
revealed an enrichment of DNA binding and transcription factor
activity (Fig. 2c). We further noted that among the 11 overlapping
genes encoding transcription factors, LOC_Os01g45090 (OsMYB8),
encoding an R2R3-MYB transcription factor, exhibited the highest
expression level andwas gradually up-regulated in the lodicules before
floret opening (Fig. 2d). Neighbor-joining tree analysis showed that
OsMYB8 is homologous to AtMYB21/24, which are involved in JA sig-
naling and regulating stamen development in Arabidopsis22 (Supple-
mentary Fig. 3). The RiceXPro data and reverse transcriptional
quantitative PCR (RT-qPCR) analyses showed that OsMYB8 was pre-
ferentially expressed in lemma, palea, stamen, stigma, and lodicule,
but with low expression level in root, stem, leaf, and young panicle
(Supplementary Fig. 4a, b). Histochemical staining analysis of trans-
genic lines expressing the pOsMYB8::GUS (β-glucuronidase) reporter
gene also revealed a similar expression pattern (Supplementary
Fig. 4c). RT-qPCR analysis showed that the expression level ofOsMYB8
was lower in the lodicules of TFB and ZH11 at the day before floret

opening, and then gradually increased towards opening time, and
decreased thereafter. Additionally, we found that the expression level
of OsMYB8 in indica lodicules was significantly higher than that in
japonica lodicules before floret opening (Supplementary Fig. 5).
Moreover, RT-qPCR analysis verified that the expression levels of
OsMYB8 in the lodicules of TFB at 9:00 am (the time before floret
opening) were about 2-fold of that in ZH11 at the same time points
(Fig. 2e). These observations together suggest that the elevated
expression level and an earlier peak expression time ofOsMYB8 in TFB
compared with that in ZH11 may contribute to the earlier floret
opening time in indica varieties. Thus, we selected OsMYB8 as a can-
didate gene regulating the differentiated DFOT in indica and japonica
subspecies.

OsMYB8 promotes floret opening in rice
To explore the role ofOsMYB8 in DFOT regulation, we knocked out the
OsMYB8 gene in both ZH11 and TFB backgrounds using the CRISPR/
Cas9 technology. Two verified independent OsMYB8 knockout lines in
ZH11 (Osmyb8ZH#1 andOsmyb8ZH#2) and TFB background (Osmyb8TF#1
and Osmyb8TF#2) were selected for detailed phenotypic analysis
(Fig. 3a, Supplementary Fig. 6). The florets of ZH11 started opening at
around 10:30 am, and achieved peak opening time by 11:30 am,
whereas the Osmyb8ZH mutants did not achieve peak opening time
until 12:00 noon, about 0.5 h later than ZH11 (Fig. 3b, c). Similarly, the
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Fig. 1 | DFOT divergence in rice subspecies. aDiurnal floret opening time (DFOT)
of japonica cultivars (n = 12 accessions) and indica cultivars (n = 28 accessions) in
October 2019 in Guangzhou. b, c Comparison of panicles undergoing floret
opening in the indica cultivar TFB and japonica cultivar ZH11 at 10:30 am (b) and
12:00 noon in October 2020 in Guangzhou (c). Scale bars, 1 cm. d, e The DFOT of
TFB and ZH11 in June 2020 in Guangzhou (d) and October 2020 in Guangzhou (e).
f Lodiculemorphology of TFB and ZH11 at different time points in October 2020 in
Guangzhou. Scale bars, 250μm. The boxed areas indicate the corresponding

florets. (n = 10 lodicules). g Viewing the lodicule as an ellipsoid, its x, y, and z-axes
are shown in the diagram. h Quantitative comparison of lodicules volume in ZH11
andTFB atdifferent timepoints. Lodicule volumewas calculatedusing the ellipsoid
volume formula (V = 4πabc/3). a, b, and c correspond to the semi-axes along the x,
y, and z-axes shown in g. Values aremeans ± SEM. (n = 10 lodicules). iAnalysis of the
water content of 100pairs lodicules of ZH11 andTFB atdifferent timepoints. Values
aremeans ± SEM. (n = 3 biological replicates). Source data are provided as a Source
Data file.
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peak opening time of the Osmyb8TF mutants was about 1 h later than
TFB (Fig. 3e, f). In addition, given that OsMYB8 showed higher
expression level in TFB than in ZH11, we also generated two transgenic
lines expressing OsMYB8 of TFB (including the coding sequence and
2-kb upstream promoter sequence) in the ZH11 background
(OsMYB8TF/ZH11#1 and OsMYB8TF/ZH11#2) (Fig. 3h, i). As shown in
Fig. 3j, the peak opening time of the OsMYB8TF/ZH11 plants occurred
~0.5–1 h earlier than ZH11 (Fig. 3j, k). The daily number of opening
florets of both the Osmyb8 mutants and OsMYB8TF/ZH11 lines was
comparable to that of the wild-type plants (Fig. 3d, g, l). Additionally,
both the OsMYB8 knockout lines in ZH11 and TFB backgrounds
exhibited normal spikelet and stamen development, and their anthers
also dehisced normally (Supplementary Fig. 7a–c). Besides, I2-KI
(potassium iodide) solution staining experiments showed that the
pollen fertility of the Osmyb8mutants were comparable to that of the
WT plants (Supplementary Fig. 7d, e). Moreover, seed setting rates of

Osmyb8ZH#1 and Osmyb8ZH#2 were comparable to ZH11, while
Osmyb8TF#1 and Osmyb8TF#2 showed slightly lower seed setting rates
compared to TFB (Supplementary Fig. 7f). These results demonstrated
that OsMYB8 primarily acts to promote rice floret opening but confer
minimal influence on the pollen development and spikelet fertility.

Identification of the genome-wide direct targets of OsMYB8
Consistent with OsMYB8 encoding an R2R3-MYB transcription factor,
the OsMYB8-GFP fusion protein was localized to the nucleus in rice
protoplasts (Fig. 4a). Moreover, transcriptional activity analysis of
OsMYB8 in yeast revealed that OsMYB8 is a transcriptional activator
and the activation domain is located at its C-terminus (Fig. 4b).

To identify the direct downstream targets of OsMYB8, we first
performed DNA affinity purification sequencing (DAP-seq) to unravel
its genome-wide binding sites. Purified recombinant GST-OsMYB8
fusion protein (expressed in E. coli) was used to affinity purify the
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sheared genomic DNA of 14-day old ZH11 seedlings, followed by deep
sequencing (Supplementary Fig. 8a). In total, 27,764 binding peaks
located within the regulatory regions of 20,832 genes were detected

(Supplementary Data 3), 70.74% of which were distributed in the
promoter or intergenic regions, 13.26% and 11.82% were in the exon
and the intron regions respectively, while 4.18%was in the 5′UTR and 3′
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shows a schematic diagram of the OsMYB8 gene bearing the CRISPR/Cas9 target
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and Osmyb8ZH mutants at 11:30 am (b) TFB and Osmyb8TF mutants at 10:00 am (e)
ZH11 andOsMYB8TF/ZH11 lines at 10:00am in June 2021 inGuangzhou (j). Scalebars,
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TFB and Osmyb8TF mutants (f), and ZH11 and OsMYB8TF/ZH11 lines (k) at different
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panicles). d, g, l Number of opened florets in ZH11 and Osmyb8ZH mutants (d), TFB
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transgenic plants. iRT-qPCRanalysis ofOsMYB8 transcripts levels in the lodiculesof
theOsMYB8TF/ZH11 transgenic lines. ZH11 was used as a negative control. Values are
means ± SEM. (n = 3 biological replicates). Significance is evaluated by the two-
sided Student’s t-test, and P values are indicated. Source data are provided as a
Source Data file.
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UTR regions (Supplementary Fig. 8b). By using the MEME Suite, a
representative DNA binding motif of MYB proteins with a core
sequence of “TTHGGY” (H indicates A/T/G, Y indicates T/C) was sig-
nificantly enriched among the OsMYB8 binding regions23 (Fig. 4c). To
verify the reliability of our DAP-seq result, we randomly selected 3
putative target genes, and further carried out electrophoretic mobility
shift assays (EMSAs) using native promoter probes harboring the wild-
type “TTHGGY” motif or its mutated forms “TTHAAY”. The results
showed that OsMYB8 could directly bind to the native promoter
probes, whereas mutations in the “TTHGGY” motif largely abolished

the binding of OsMYB8 (Supplementary Fig. 8c), thus confirming that
OsMYB8 could directly bind to the “TTHGGY” motif.

To narrow down the potential direct targets of OsMYB8 for reg-
ulating rice DFOT, we performed RNA-seq of the lodicules of TFB and
Osmyb8TF collected at 9:00 am or lodicules of ZH11 and Osmyb8ZH

collected at 10:00 am. Correlation analysis showed very high correla-
tion coefficients within three biological replicates for each group
(Supplementary Fig. 8d). Among them, 2629 DEGs were identified
between TFB vs. Osmyb8TF, and 4419 DEGs were identified between
ZH11 vs. Osmyb8ZH, respectively (P-value < 0.05, absolute log2FC ≥ 1;
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Supplementary Fig. 8e, Supplementary Data 4, 5). By overlapping
analysis of the DEGs and the OsMYB8 binding genes, we identified 345
potential genes that were differentially expressed in Osmyb8 lodicules
and directly bound by OsMYB8 (Fig. 4d). GO term analysis revealed
significant enrichment of several molecular functions known to be
related to lodicule swelling and closure, such as cell wall modification
and regulation of JA-mediated signaling pathway (Fig. 4e, Supple-
mentary Data 6). Among them, the OsJAR1 gene, which encodes an
enzyme essential for the conversion of JA to active JA (JA-Ile)24, was
down-regulated in the lodicules of the Osmyb8 mutants, but up-
regulated in the lodicules of the OsMYB8TF/ZH11 lines (Supplementary
Fig. 9a–c). RT-qPCR analysis revealed that similar to OsMYB8, the
expression level ofOsJAR1 in the lodicules of TFB andZH11 increases as
the floret opening time approaches (Supplementary Fig. 9d).

To verify thatOsJAR1 is a direct target ofOsMYB8,we analyzed the
promoter region of OsJAR1, and identified a set of OsMYB8 binding
motifs (TTHGGY) in the 2-kb region upstreamof the transcription start
site (Fig. 4f). To examine the binding capacity ofOsMYB8 to theOsJAR1
promoter in vivo, we generated two transgenic lines with stable
expression of OsMYB8-GFP driven by the native OsMYB8 promoter of
TFB (Supplementary Fig. 10a–c). We also found that the OsMYB8-GFP
lines exhibited about 1 h earlier DFOT than ZH11 (Supplementary
Fig. 10d, e), suggesting that the OsMYB8-GFP fusion protein is biolo-
gically functional. ChIP-qPCR assays usingflorets of theOsMYB8-GFP#2
transgenic line showed that anti-GFP antibody could specifically pre-
cipitate the P1 and P3 fragments containing the OsMYB8 bindingmotif
in the OsJAR1 promoter (Fig. 4f). EMSAs also demonstrated that GST-
OsMYB8 could directly bind to the P1 and P3 fragments of the OsJAR1
promoter (Fig. 4g). In addition, transient expression assay in rice
protoplasts showed that LUC expression driven by the native OsJAR1
promoter was increased significantly when the reporter was co-
transformed with the OsMYB8 effector in rice protoplasts (Fig. 4h).
Taken together, our findings suggest that OsMYB8 directly activates
OsJAR1 transcription.

OsMYB8 genetically acts upstream of OsJAR1 to regulate
rice DFOT
To test whether OsJAR1 regulates rice DFOT, we performed targeted
mutagenesis ofOsJAR1 in the ZH11 background using the CRISPR/Cas9
technology. Two independent knockout lines (Osjar1#1 and Osjar1#2)
were obtained for phenotypic analysis (Fig. 5a). We counted the
number of opened florets at different time points of ZH11 and Osjar1
mutants in June 2022 in Guangzhou, and found that in contrast to
ZH11, which had a peak DFOT at around 11:30 am, the Osjar1 mutants
displayed a scattered floret opening phenotype (random floret open-
ing throughout the day), indicating that OsJAR1 is required for proper
floret opening (Fig. 5b, c). As expected, measurement of JA-Ile in the
lodicules of ZH11, Osjar1 mutant and Osmyb8ZH showed that the JA-Ile
content in the lodicules of Osjar1 and Osmyb8ZH mutant was sig-
nificantly lower than that of ZH11 (Fig. 5d). In contrast, the JA-Ile con-
tent of OsMYB8TF/ZH11 was significantly higher than that of ZH11
(Fig. 5e). These data together suggest that OsMYB8 regulates JA-Ile
content in lodicules to promote floret opening in rice.

To further determine the genetic relationshipbetweenOsJAR1 and
OsMYB8, we introduced the OsJAR1 coding sequence driven by the
OsMYB8 promoter of TFB (which possesses high transcriptional
activity in lodicules, Fig. 2d) into the Osmyb8ZH mutant background
(Fig. 5f). Two independent transgenic lines (OsJAR1com#1 and
OsJAR1com#2) with higher OsJAR1 expression level in lodicules than that
of ZH11 and Osmyb8ZH exhibited an intermediate peak DFOT between
ZH11 andOsmyb8ZH (Fig. 5g–i), suggesting that up-regulation ofOsJAR1
expression could partially complement the delayed DFOT of
Osmyb8ZH. Moreover, we generated OsMYB8TF/ Osjar1 line by crossing
OsMYB8TF/ZH11 with anOsjar1 line and found that theOsMYB8TF/Osjar1
line displayed a scattered floret opening phenotype, similar to Osjar1

(Fig. 5j, k). These observations support the placement of OsJAR1
downstream of OsMYB8 to regulate DFOT in rice.

As genes related to cell osmolality and cell wall remodeling play a
predominant role in DFOT regulation10,21 (Supplementary Fig. 2), we
next tested whether dysfunction of OsJAR1 could influence their
expressions. As expected, we found that a series of differentially
expressed genes associated with carbohydrate metabolic process,
sugar transport, cell wall organization, and water channel activity
showed altered expression in the transcriptome data of TFB vs.
Osmyb8TF and ZH11 vs.Osmyb8ZH (Supplementary Fig. 11a), andmost of
the DEGs were down-regulated in lodicules of both Osmyb8TF and
Osmyb8ZH. Remarkably, four Pectin Methylesterase genes (OsPME12/22/
23/29) were up-regulated, in linewith the potential negative role of this
gene family in DFOT regulation11. We further performed RT-qPCR
analyses to examine the expression changes of these genes in the
lodicules of the Osjar1mutants. As expected, a large portion of genes
exhibited similar changes to that of theOsmyb8mutants. For example,
expression of OsAmy2, Os4BGlu, OsSWEET11/15, OsEXPB7, OsXTH16,
OsPG17 and OsNIP1;1 was significantly decreased, while expression of
OsPME23/29was significantly increased (Supplementary Fig. 11b, c).We
further analyzed soluble sugar content in the lodicules of ZH11 and
Osmyb8ZH collected at 10:00 am, and the result showed that the levels
of sucrose, fructose and total soluble sugars were decreased in the
lodicules of Osmyb8ZH (Supplementary Fig. 12). These results suggest
that OsMYB8-OsJAR1 module likely influence floret opening by mod-
ulating the expression of genes related to lodicule hydration and
expansion.

Natural variation inOsMYB8promoter confersDFOTdivergence
in japonica and indica
To look for the natural variation underlying differential expression
of OsMYB8 in indica and japonica rice, we conducted sequence
analysis of the coding region and 2-kb promoter sequences of
OsMYB8 between TFB and ZH11. The results showed that there are
six SNPs (−1176, −1244, −1286, −1469, −1550 and −1871) in the pro-
moter and one synonymous SNP in the coding region (Fig. 6a).
Based on the six SNPs, we performed haplotype analysis of the
OsMYB8 2-kb promoter using 1973 indica (Ind), 767 temperate
japonica (TeJ), 504 tropical japonica (TrJ), and 269 Aus25 (Supple-
mentary Data 7). A total of three haplotypes (Hap1–3) was identified
in these rice accessions. Hap1 and Hap2 differed in six SNPs, while
Hap3 differed from Hap1 at four SNPs (−1286, −1469, −1550, and
−1871), and Hap2 at two SNPs (−1176 and −1244) (Fig. 6a). Hap1 was
mainly present in the Ind accessions (including TFB). In contrast,
671 out of 767 (~88.0%) TeJ accessions (including ZH11) carried
Hap2. Hap3 was mostly detected in Ind, TrJ, and Aus (Fig. 6b). To
investigate whether OsMYB8 has undergone selection during rice
domestication, we surveyed the nucleotide diversity (π) across the
OsMYB8 genomic region using 295 Ind and 91 TeJ from a rice core
collection26 and 185O. rufipogon (Ruf)27 (Supplementary Data 8).
The nucleotide diversity of the OsMYB8 2-kb promoter region was
extremely low in Ind (π = 0.00074) and TeJ (π = 0.00076), as com-
pared with that of Ruf (π = 0.0053), and was also much lower than
that of the whole genome of O. sativa (π = 0.0024)28 (Fig. 6c, Sup-
plementary Data 9). Meanwhile, the fixation index (FST) value
around OsMYB8 exhibited a higher level of differentiation between
the Ind and TeJ populations (Ind_TeJ) (Fig. 6d, Supplementary
Data 10). These results indicate that OsMYB8 has undergone diver-
gent selection in the indica and japonica subspecies.

To further evaluate the functional difference betweenOsMYB8Hap1

and OsMYB8Hap2, we analyzed dozens of accessions with Hap1 and
Hap2, respectively (Supplementary Data 8). We found that the Hap1-
carrying accessions exhibited earlier DOFT compared to the Hap2-
carrying accessions (Fig. 6e). Furthermore, the Hap1-carrying acces-
sions showed higher levels of OsMYB8 gene expression and JA-Ile level
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(Fig. 6f, g). Moreover, transient transcriptional activation experiments
showed that the OsMYB8Hap1 promoter possessed higher transcrip-
tional activity than the OsMYB8Hap2 promoter in rice protoplast
(Fig. 6h). These findings suggest that the sequence variations between
Hap1 and Hap2 might cause differential expression of the OsMYB8,
thus conferring earlier DFOT in the Hap1-carrying varieties as com-
pared to the Hap2-carrying varieties. To consolidate this notion, we
introduced the TFB OsMYB8 allele (OsMYB8TF) containing the 2-kb
promoter and intact coding region into the Osmyb8ZH mutant to gen-
erate complementary plants. Two independent transgenic lines with
single copy insertion of OsMYB8TF (OsMYB8TF/Osmyb8ZH#1, OsMYB8TF/
Osmyb8ZH#2) were selected to be further analyzed (Supplementary
Fig. 13). RT-qPCR analysis showed that the expression levels ofOsMYB8

in lodicules of OsMYB8TF/Osmyb8ZH plants were about 2-fold that of
ZH11 and Osmyb8ZH mutant (Fig. 6i), similar to the expression differ-
ence of OsMYB8 between TFB and ZH11 (Fig. 2d, e). Consistently, the
expression level of OsJAR1 was higher in OsMYB8TF/Osmyb8ZH than in
ZH11 and the Osmyb8ZH mutant, and the JA-Ile content in the lodicules
of OsMYB8TF/Osmyb8ZH was significantly higher than that of ZH11
(Supplementary Fig. 14). Phenotypic analysis showed that the
OsMYB8TF/Osmyb8ZH plants exhibited about 0.5 and 1 h earlier DFOT
than ZH11 and the Osmyb8ZH mutant, respectively (Fig. 6j, k). These
results together support the notion that the natural variation in the
OsMYB8 promoter contributes to the differential expression of
OsMYB8, and thus divergence of DFOT in indica and japonica
subspecies.
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panicles in ZH11 and Osjar1 mutants at 11:30 am in June 2022 in Guangzhou. Scale
bars, 1 cm. c Number of opened florets per panicle in ZH11 and Osjar1 mutants at
different time points of the day. Values are mean± SEM. (n = 10 panicles).d, e JA-Ile
content in lodicules at 10:00 am of ZH11, Osjar1, and Osmyb8ZH (d) at 9:00 am of
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Significance is evaluated by the two-sided Student’s t-test, and P values are indi-
cated. f Schematic diagram of the vector structure used for constructing OsJAR1com
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expression level of OsJAR1 in the lodicules of ZH11,OsJAR1com and Osmyb8ZH. Values
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at 11:30 am in June 2022 in Guangzhou (h) and in ZH11, OsMYB8TF/ZH11, OsMYB8TF/
Osjar1 andOsjar1 at 12:00 noon in October 2022 in Guangzhou (j). Scale bars, 1 cm.
i Number of opened florets in ZH11, OsJAR1com, and Osmyb8ZH at different time
points of the day in June 2022 in Guangzhou. Values are mean± SEM. (n = 10
panicles). k Number of opened florets in ZH11, OsMYB8TF/ZH11, OsMYB8TF/Osjar1,
andOsjar1 at different timepoints of the day inOctober 2022 in Guangzhou. Values
are mean± SEM. (n = 10 panicles). Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-024-46579-z

Nature Communications |         (2024) 15:2262 8
第70页 



c

e f
Reporter

d

h

i j k

35SLUC RENpOsMYB8Hap1

35SLUC RENpOsMYB8Hap2

ZH11        #1          #2        Osmyb8ZH

OsMYB8TF

/Osmyb8ZH

g

68
7

ATG

OsMYB8

TFB

ZH11
18

71
 

15
50

12
86

14
69

A     C C   G T C                        C                 

Ind (1293) / TeJ (3) /
TrJ (28)

TeJ
TrJ
Aus

Hap1 Hap2 Hap3
a b

Ind (278) / TeJ (671) /
TrJ (80)

11
76

G     T T    AG T                         A                 

Ind (389) / TeJ (91) /
TrJ (396) / Aus (268)

Ind

1 2
4 4

11:30 am

Fig. 6 | Natural variation in OsMYB8 promoter confers DFOT divergence in
japonica and indica. a Haplotype analysis of OsMYB8 promoter in the 3513 rice
germplasms. Nucleotide variations in the 2-kb promoter of OsMYB8 were shown.
b Distribution frequency of the three OsMYB8 haplotypes in diverse Asian culti-
vated rice accession. The haplotypewith the largest numberwas highlighted in red.
c Nucleotide diversity (π) of a 100-kb genomic region surrounding OsMYB8 in the
indica (Ind), temperate japonica (TeJ) and O. rufipogon (Ruf). The regions (Chr1:
25,590,725–25,592,725) between two black vertical lines indicates the position of
OsMYB8 promoter. d FST values of TeJ_Ind, Ruf_TeJ, and Ruf_Ind in a 100-kb genomic
region surrounding OsMYB8. The region (Chr1: 25,590,725–25,592,725) between
two black vertical lines indicates the position of OsMYB8 promoter. e The DFOT of
the rice accessions with Hap1 and Hap2 in May 2022 in Guangzhou. (n = 30 acces-
sions). fRelative expression levelsofOsMYB8 in lodicules of the riceaccessionswith
Hap1 and Hap2, respectively. (n = 10 accessions). g JA-Ile content in TFB and ZH11

lodicules at 9:00 am. (n = 3 biological replicates).h Transient dual-luciferase assays
showing the transcriptional activity of pOsMYB8Hap1 and pOsMYB8Hap2 in rice pro-
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Potential breeding utilization of OsMYB8Hap1 in DFOT improve-
ment of japonica varieties
The asynchronous DFOT of indica and japonica could severely reduce
the efficiency of cross-pollination and large-scale hybrid seed pro-
duction, causing high price of the hybrid seeds. To evaluate the
breeding potential of the OsMYB8Hap1 allele in DFOT improvement of
japonica varieties, we introduced the TFB allele of OsMYB8 into ZH11
through backcrossing and marker-assisted selection. The near-
isogenic line (NIL) NILTFB with the introgressed OsMYB8TFB allele in
ZH11 background was selected from BC4F3 plants. We also acquired a
chromosome segment substitution line CSSL9311 that carries a 13Mb
genome segment containing OsMYB8 from the donor parent 9311 (an
indica variety) in the japonica variety XiuShui134 (XS134)
background29. Under field conditions, NILTFB and CSSL9311 plants
exhibited about 0.5 h earlier DFOT than their recurrent parents
(Fig. 7a, b, d, e), without obvious impacts on the tiller number, plant
height, heading date, panicle traits, and seed setting rate (Supple-
mentary Fig. 15). In addition, RT-qPCR results showed that the
expression levels ofOsMYB8 andOsJAR1 in NILTFB andCSSL9311 lodicules
were higher than that in ZH11 and XS134, respectively (Fig. 7c, f).
Therefore, the OsMYB8Hap1 allele could promote floret opening in
japonica varieties, conferring great potential to improve japonica
DFOT and hybrid seed production.

Discussion
Indica and japonica are two subspecies of Asian cultivated rice
domesticated from the wild rice O. rufipogon28. Due to long-term
adaptation to different ecological niches, indica and japonica rice
have evolved to exhibit a differentiated DFOT, which might be
beneficial for promoting prezygotic reproductive isolation by pre-
venting mating and hybridization, thus facilitating divergence of
these two subspecies. However, the asynchronized DFOT of the
indica and japonica parental lines hindered the utilization of the
strong heterosis of indica-japonica hybrid rice. DFOT is a complex
quantitative trait and is easily affected by environmental factors
(such as light, temperature and humidity)30–33. Although a number
of quantitative trait loci (QTL) for DFOT has been previously map-
ped to different chromosomes of rice, none of them has been
molecularly cloned, largely due to the difficulty in precise pheno-
typing and the small additive effects of the individual locus (typi-
cally less than 10% phenotypic variance)34–38. In this study, we
identified OsMYB8 as a key regulator of DFOT in both indica and
japonica rice through comprehensive comparative, time-course
transcriptome analyses of the lodicules of a representative indica
TFB and a representative japonica ZH11. We showed that expression
ofOsMYB8 is up-regulated in the lodicules before floret opening and
reaches a plateau at the peak opening time, then gradually declines
(Fig. 2d, Supplementary Fig. 5). We further identified OsJAR1 as a
direct target gene ofOsMYB8, which acts to promote the conversion
of JA into biologically active JA-IIe and regulate the expression of
genes related to cell osmolality and cell wall remodeling in the
lodicules, thus promoting floret opening. Strikingly, we demon-
strated that natural variation (6 SNPs) in the 2-kb promoter region
of OsMYB8 confers higher expression of OsMYB8, and thus higher
expression of OsJAR1 and higher accumulation of JA-IIe in lodicule
cells, ultimately leading to earlier DFOT in indica rice compared to
japonica rice (Fig. 7g). Thus, our results provided insights into the
genetic and molecular regulation of DFOT in rice.

Previous studies have documented ample evidence that jasmo-
nate is a vital hormone regulating multiple reproductive processes
including flower opening time, and stamen/female organ develop-
ment, and fertility39,40. MYB transcription factors, especially R2R3-MYB
members, have been shown to function as key regulators in JA-
mediated flower opening and floral organ development in different
plant species41,42. For example, AtMYB21/24, twohomologs ofOsMYB8,

are targets of JAZ repressors and could interact with MYC2/3/4/5 to
regulate petal elongation (thus leading to petal opening), stamen
development, and pollen fertility in Arabidopsis43,44. The tomato
homolog SlMYB21 regulates floret opening as well as carpel and ovule
development, through promoting JA biosynthesis in a positive-
feedback manner45. Previous studies have also reported that the rice
mutants deficient in JA biosynthesis and signaling, such as allene oxide
cyclase (Osaoc), oxophytodienoate reductase 7 (Osopr7), jasmonate
resistant 1 (Osjar1) and coronatine insensitive (Oscoi1a, Oscoi1b and
Oscoi2) mutants, usually exhibit defects in spikelet morphology,
anther dehiscence, flower opening and spikelet fertility46–49. In this
study, we showed thatOsMYB8 acts upstreamofOsJAR1 to promote JA
synthesis, and the Osmyb8mutant exhibits delayed DFOT, but normal
spikelet morphology, pollen maturation, and fertility (Supplementary
Fig. 7), suggesting that OsMYB8 mainly functions in controlling the
floret opening time, and it represents an elite gene resource for
improving DFOT in rice, with minimal negative pleiotropic effect on
stamen development. Notably, phylogenetic analysis identified an
OsMYB8-like gene in the rice genome that shares 45.2% homology with
OsMYB8 (Supplementary Fig. 3, Supplementary Fig. 16a), and it was
preferentially expressed in stamen (Supplementary Fig. 16b), hinting a
possible role in regulating stamen development. Further studies are
required to elucidate the biological function of the OsMYB8-like gene
in the future.

Earlier studies have shown that the lodicule undergoes dramatic
changes in multiple physiological processes during floret opening and
closure, including an increase in soluble sugar content, which leads to
a rise in cell osmotic pressure to drive water uptake by the lodicules13.
An earlier study has demonstrated a critical role of auxin signaling
cascade in regulating floret opening. The authors demonstrated that
OsARF2 and OsARF18 antagonistically regulate the expression of
OsSUT1 (a sucrose transporter gene) to regulate sucrose transport
from the source tissues (vegetative organs) into the sink tissues
(reproductive organs) and floret opening50. It will be worthy to inves-
tigate how theOsMYB8-mediated JA signaling pathway cross-talks with
the auxin signaling pathway to coordinately regulate DFOT in future
studies. In addition, recent studies have demonstrated that DFOT1/
EMF1 negatively regulate DFOT through modulating the activity of
pectin methylesterases (PMEs), thus loosening the stiffness of cell
walls of lodicules cells11,20. In this study, our transcriptome and RT-
qPCR analyses indicated that OsMYB8 regulates the expression levels
of various genes related to the cell wall modification. In addition, we
also observed that the expression of these genes was altered in the
lodicules of the Osjar1 mutants. Thus, we speculate that OsMYB8-
OsJAR1 module likely regulates floret opening through regulating cell
wall relaxation and expansion. It is also worth noting that DFOT is
easily affected by environmental factors, such as light, temperature,
and humidity30–33. We found that the OsMYB8 promoters of japonica
and indica varieties contain various cis-elements responsive to light,
temperature, and hormones based on sequence analysis with
PLANTCARE. How these external factors influence the expression of
OsMYB8, and thus DFOT will be an interesting avenue for future
research.

Inter-subspecific indica-japonica hybrid rice was proposed to be
an important direction of future rice breeding due to its superior
heterosis. Nevertheless, current breeding and utilization of indica-
japonica hybrid rice is still hampered by asynchronized DFOT (and
thus low yield of hybrid seed production) in the indica and japonica
parental lines. In this study, we showed that elevating expression
level of OsMYB8 in the japonica background or introgression of the
Hap1 allele of OsMYB8 from indica varieties into japonica varieties
could promote DFOT over half an hour, thus effectively reducing
the interval between the DFOT of indica and japonica varieties
(Fig. 7a, b, d, e). Importantly, we did not find any significant negative
impact of the introgression ofOsMYB8Hap1 allele on other agronomic
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Natural variation in the promoter sequences of OsMYB8 confers higher expression
level of OsMYB8 in indica, thus higher accumulation of JA-Ile and earlier DFOT in
indica as compared to japonica. Source data are provided as a Source Data file.
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traits (plant architecture and heading date, Supplementary Fig. 14).
Thus, further manipulation ofOsMYB8 expression levels may offer a
feasible approach to facilitate hybrid seed production and utiliza-
tion of inter-subspecific indica-japonica hybrid rice.

Methods
Plant materials and growth conditions
Rice cultivar ZhongHua11 (ZH11) (Oryza sativa cv. Japonica) and Tian-
FengB (TFB) (Oryza sativa cv. Indica) were used as wild-type controls
for mutation or transgenic analyses. The 529 core rice germplasm
resources were supplied by National Key Laboratory of Crop Genetic
Improvement, Huazhong Agricultural University26 (Supplementary
Data 8). A total of 40 elite rice varieties, including 12 japonica varieties
and 28 indica varieties, were kindly supplied by D. Zhou andwere used
for DFOT investigation (Supplementary Data 1). XiuShui134 (XS134)
and the CSSL line carrying OsMYB89311 were kindly provided by B. Hu
and C. Chu. For NILTFB construction, F1 of ZH11 and TFB plants were
backcrossed with ZH11, and NILTFB were selected in the BC4F3 genera-
tion with molecular markers. All rice plants were grown in the
experimental field of the South China Agricultural University in
Guangzhou (23°7’ N, 113°15’ E) from March to November in 2019 to
2023, and in Lingshui, Hainan (18°22’ N, 109°45’ E) from November to
April in 2019 to 2023.

Transgene construct preparation and rice transformation
Togenerate theOsmyb8 andOsjar1 knockout lines, gene-specific guide
RNA sequences were designed with an online software toolkit CRISPR-
GE51 and cloned into the CRISPR/Cas9 binary vector pYLCRISPR/Cas9-
Pubi-H52. To generate the OsMYB8TF/ZH11 and OsMYB8TF/Osmyb8ZH

transgenic lines, the OsMYB8 genomic fragment (including 2-kb pro-
moter, coding region, and 1.5 kb 3′UTR) was amplified fromTFB gDNA
and inserted into the pCAMBIA1300 vector, forming a recombinant
plasmid p1300-OsMYB8. To generate the proOsMYB8::GUS construct,
the 2-kb promoter sequence ofOsMYB8was amplified from TFB gDNA
and cloned into pCAMBIA1305.1 for plant transformation. To construct
the proOsMYB8::JAR1 plasmid, the OsJAR1 coding sequence was
amplified from ZH11 cDNA and cloned into the pCAMBIA1300 vector
driven by the 2-kb promoter sequence of OsMYB8 from TFB gDNA. To
generate the proOsMYB8::OsMYB8-GFP construct, the OsMYB8 coding
sequence (without stop codon) was amplified from ZH11 cDNA and
cloned into thepOx-eGFP vector drivenby the 2-kbpromoter sequence
of OsMYB8 from TFB gDNA. The above constructs were transformed
into indicated background by Agrobacterium-mediated transforma-
tion (Biogle Biological Company, China). Hygromycin (hyg) was used
for screening the positive transgenic lines. The mutation sites or gene
expression levels were examined by DNA sequencing or RT-qPCR
analysis. The primers used for vector constructions are listed in Sup-
plementary Data 11.

Measurement of the water content in lodicules
100 pairs of lodicules were carefully extracted from the florets and
collected as one sample. The fresh weight of each sample was firstly
measured using an analytical balance. Then, the samples were dried at
65 °C overnight, and the dry weight of each sample was measured
again. The water content of the lodicules was determined by sub-
tracting the dry weight from the fresh weight. Three biological repli-
cates were performed for each sample.

RNA extraction and RT-qPCR analysis
Total RNAs were extracted from lodicules and other tissues using
TRIzol reagent (Thermo Fisher, USA). The complementary DNAs
(cDNAs) were synthesized by reverse-transcription according to the
manufacturer’s instructions (Yeasen, China). RT-qPCR was performed
using the LightCycler96 real-time PCR system (Roche, Switzerland)
with the qPCR SYBR Green Master Mix (Yeasen, China) according to

themanufacturer’s instructions. TheOsActin1 gene (LOC_Os03g50885)
was used as the internal control. The expression level of genes was
calculated using the 2-ΔCt method. All the primers used for RT-qPCR
above are shown in Supplementary Data 11.

RNA-seq analysis
The lodicules of rice were separated by tweezers and were frozen
immediately in liquid nitrogen for RNA-seq analysis. Three biological
replicates were performed for each sample, except for the samples of
TF with two biological replicates. RNA sequencing was performed at
the Azenta company using the Illumina Hiseq platform. For data ana-
lysis, the processed reads were compared with Hisat2 v2.0.153 to the
reference genome MSU Release 7.054. HTSeq v0.6.155 was used for
quantitative analysis of genes. DESeq256 was used for differential
expression analysis, and P-value < 0.05, absolute log2FC ≥ 1 were used
for screening of the differentially expressed genes. TheGeneOntology
(GO) analysis was conducted with the David database (https://david.
ncifcrf.gov/home).

GUS staining and histological observation
For histochemical analysis, the florets about 1–2 h before opening
from proOsMYB8::GUS transgenic lines were collected for staining
using the GUS stain Kit (Coolaber, China) according to the manu-
facturer’s protocol. After staining, the florets were decolorized with
70% (v/v) ethanol and photographed under a Zeiss dissecting
microscope.

Subcellular localization
To determine the subcellular localization of OsMYB8, the coding
sequenceofOsMYB8without the stop codonwas amplified from cDNA
of the ZH11 and cloned into the pCAMBIA1305-35S::GFP vector, result-
ing in the 35S::OsMYB8-GFP construct. The nuclear-localized protein
D53 fused with mCherry was used as a nuclear marker57. The
35S::OsMYB8-GFP and p35S::D53-mCherry fusion constructs were tran-
siently co-transformed into rice protoplasts. The GFP and mCherry
fluorescence in protoplasts were observedwith a confocalmicroscope
(Zeiss LSM780, Germany).

Droplet digital PCR
Droplet digital PCR (ddPCR) was performed to select single copy
transgene of OsMYB8TF in the Osmyb8ZH background58. The ddPCR
reaction mixture consists of 10μL of 2 × ddPCR super mix for probes
(Bio-Rad, USA), 50~100ng DNA, 900nM OsMYB8 primers/250nM
probe (5′ FAM, 3′ BHQ1), 900 nM OsActin1 primers/250nM probe (5′
HEX, 3′BHQ1) and variableddH2O in a final volumeof 20μL. The entire
reaction mixture was loaded into a disposable plastic cartridge (Bio-
Rad, USA) togetherwith 60 μL of droplet generation oil (Bio-Rad, USA)
and placed into the droplet generator (Bio-Rad, USA). After proces-
sing, the droplets generated from each sample were transferred to a
96-well PCR plate (Eppendorf, Germany). PCR amplification was car-
ried out on a T100 Touch thermal cycler (Bio-Rad, USA) using a ther-
malprofile beginning at 95 °C for 10min, followedby45 cycles of 94 °C
for 10 s, and 58 °C for 60 s, and ending of 98 °C for 10min at a ramp
rate of 2 °C/s. After PCR, the plate was loaded on the droplet reader
(Bio-Rad, USA). The Data were analyzed using the QuantaSoft Analysis
Pro software (Bio-Rad, USA).

DAP-seq analysis
DAP-seq (DNA affinity purification sequencing) is a method used to
identify DNA-binding sites of transcription factors59. Briefly, 10 μg
of ZH11 genomic DNA was broken into 200-bp fragments, frag-
mented gDNA were constructed into libraries using the VAHTS
Universal Pro DNA Library Prep Kit for Illumina (Vazyme, China).
The coding sequence of OsMYB8 was cloned into the pGEX-4T1
vector to generate the GST-OsMYB8 recombinant construct. GST-
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OsMYB8 recombinant protein or GST protein were purified from
E.coli strain (DE3) with Glutathinone Sepharose Beads (Sangon,
China). The production of GST-OsMYB8 recombinant protein was
induced by the addition of 0.4mM isopropyl b-D-
thiogalactopyranoside and grown at 16 °C overnight, and then
were purified with GST 4FF Sefinose (TM) Resin Kit (Sangon Biotech,
China) according to the manufacturer’s protocol. The purified
protein was incubated with 500 ng adaptor-ligated gDNA library at
room temperature for 2 h before washing away the unbound DNA
fragments. The GST proteins were used as the controls. The eluted
DNAs were then sequenced using the Illumina HiSeq sequencing
platform with two technical replicates.

The clean reads were aligned to the reference genome MSU
Release 7.0 using Bowtie2 v2.3.5.160. Aligned reads were sorted and
duplicated reads were removed by SAMtools v1.1261. Peaks were
called using MACS2 v2.1.062 (P < 0.01). Peaks were identified using
the MEME-ChIP online software (https://meme-suite.org/meme/).
Putative genes associated with peaks were annotated using ChIP-
seeker v1.32.163.

Yeast two-hybrid assay
For Y2H assay, the full-length or truncated CDS of OsMYB8 were
amplified and cloned into the vector pGBKT7, and then the recombi-
nant plasmid and pGADT7were co-transformed into AH109 yeast cells
mediated by PEG4000. The positive transformants were first selected
on the (SD)/-Leu/-Trpmedium and then transferred to (SD)/-His/-Leu/-
Trp and (SD)/-Ade/-His/-Leu/-Trp selectionmedium (Coolaber, China).
The empty vector pGBKT7 and pGADT7 were co-transformed as
negative controls.

Electrophoretic mobility shift assay
Native and mutated probes were synthesized and labeled with
biotin using the electrophoretic mobility shift assay (EMSA) Probe
Biotin Labeling Kit (Beyotime, China). EMSAs were carried out using
a Chemiluminescent EMSA Kit (Beyotime, China). Briefly, biotin-
labeled probes were incubated for 20min with the GST or GST-
OsMYB8 protein in the binding buffer at room temperature. For
competition reaction, 5× and 20× unlabeled cold probes were
mixed with the labeled probes. The DNA-protein complex was
separated by 5% native polyacrylamide gel electrophoresis and the
signal of biotin was photographed using the Biostep Celvin
S420 system (Biostep, German). The probes used in this study are
listed in Supplementary Data 11.

Transient transcription dual-LUC assay
For dual-LUC assay, the ~2-kb OsJAR1 promoter was amplified and
inserted into the pGreenII0800-LUC vector to generate the reporter
plasmid. The OsMYB8 coding sequence without stop codon was
amplified and inserted into the pUC19 vector to generate the
effector plasmid. The effector and reporter plasmids were co-
transformed into rice protoplasts and incubated in darkness at
28 °C for 12 h. The protoplasts were collected and disintegrated in
passive lysis buffer provided in Dual-Luciferase Reporter Gene
Assay Kit (Yeasen, 11402ES60). Luciferase activity was also mea-
sured using GloMax2020 (Promega) following the manufacturer’s
instructions. Renilla luciferase (REN) driven by 35S promoter in
pGreenII0800-LUC was used as the internal control. The relative
firefly luciferase activity was counted as the ratio of LUC/REN for
each sample.

Chromatin immunoprecipitation assay
For ChIP assays, rice florets of the ZH11 and transgenic pOsMY-
B8::OsMYB8-GFP plants were harvested and cross-linked in a fixation
buffer with 1% (v/v) formaldehyde under vacuum for 20min. Glycine
was added to terminate the cross-linking reaction. The prepared

chromatin complexes were sonicated into 200–500bp fragments and
then precleared with protein A magnetic beads (Merck Millipore,
USA)64. For immunoprecipitations, Anti-GFP (Nanobody) Magnetic
beads (ABclonal, China) were added into samples and incubated
overnight at 4 °C. DNA was precipitated with magnetic beads. For the
real-time-qPCR reaction, the precipitated DNA was recovered and
dissolved in water as the template. The enrichment was standardized
to the input DNA to obtain the fold enrichment. An unrelated DNA
sequence from the riceOsActin1 gene was used as an internal control.
All relevant primers used in the ChIP assay are listed in Supplementary
Data 11.

Measurement of JA-Ile concentration
The quantification of JA-Ile was conducted by Wuhan Metware
Biotechnology Co., Ltd, located in Wuhan, China. Approximately
50mg of lodicules sample was frozen in liquid nitrogen and ground
into a fine powder. The sample extracts were analyzed using an LC-
ESI-MS/MS system (HPLC: Shim-pack UFLC SHI-MADZU CBM30A
system; Shimadzu MS, Applied Biosystems 6500 Triple Quadru-
pole). The analytical conditions of HPLC were as follows, LC: col-
umn, Waters ACQUITY UPLC HSS T3 C18 (100mm × 2.1 mm, 1.8 µm);
solvent system, water with 0.04% acetic acid (A), acetonitrile with
0.04% acetic acid (B); gradient program, started at 5% B (0–1 min),
increased to 95% B (1–8min), 95% B (8–9min), finally ramped back
to 5% B (9.1–12 min); flow rate, 0.35mL/min; temperature, 40 °C;
injection volume: 2 μL. The ESI source operation parameters were as
follows: ion source, ESI ±; source temperature 550 °C; ion spray
voltage (IS) 5.5 kV (positive), −4.5 kV (negative); curtain gas (CUR)
was set at 35 psi, respectively. The contents of JA-Ile were deter-
mined using an internal standard method, with three biological
replications performed for each sample.

Measurement of sugar concentration
The quantification of sugar in the lodicules was conducted by
Wuhan Metware Biotechnology Co., Ltd, Wuhan, China. The freeze-
dried materials were crushed using a mixer mill (MM 400, Retsch)
with a zirconia bead for 1.5 min at 30 Hz. 20mg of powder was
diluted to 500 μL with methanol: isopropanol: water (3:3:2 V/V/V),
vortexed for 3min and ultrasound for 30min. The extract was
centrifuged at 13,188 × g under 4 °C for 3min. 50 μL of the super-
natant was mixed with 20 μL internal standard (ribitol, 100 μg/mL)
and evaporated under nitrogen gas stream. The evaporated sample
was transferred to the lyophilizer for freeze-drying. The residue was
used for further derivatization. The derivatization method was as
follows: the sample was mixed with 100 μL solution of methox-
yamine hydrochloride in pyridine (15 mg/mL). The mixture was
incubated at 37 °C for 2 h. Then 100 μL of BSTFA was added into the
mixture and kept at 37 °C for 30min after vortex-mixing. The mix-
ture was analyzed using GC-MS after being diluted to an appropriate
concentration. Agilent 7890B gas chromatograph coupled to a
7000 D mass spectrometer with a DB-5MS column (30m length ×
0.25 mm i.d. × 0.25 μm film thickness, J&W Scientific, USA) was
employed for GC-MS analysis of sugars. Helium was used as carrier
gas, at a flow rate of 1mL/min. Injections were made in the split
mode with a split ratio 3:1 and the injection volume was 3 μL. The
oven temperature was held at 170 °C for 2min, and then raised to
240 °C at 10 °C/min, raised to 280 °C at 5 °C/min, raised to 310 °C at
25 °C/min, and held at the temperature for 4min. All samples were
analyzed in selective ion monitoring mode. The ion source and
transfer line temperature were 230 °C and 240 °C, respectively.
Three biological replicates were performed for each sample.

Phylogenetic analysis of R2R3-MYB transcription factors
There are 89 and 124 R2R3-MYB transcription factors in rice and Ara-
bidopsis respectively65. The full-length protein sequences of R2R3-MYB
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transcription factors from both the rice and Aarabidopsis genomes
were obtained from Ensembl database (http://plants.ensembl.org/
index.html). These sequences were then aligned using ClustalW in
MEGA766. A neighbor-joining phylogenetic tree was constructed based
on the alignment, using the poisson correction method and pairwise
deletion of gaps. The reliability of the tree was assessed by bootstrap
analysis with 1000 replicates.

Haplotype analysis
The 2-kb promoter sequence of OsMYB8 in 3513 cultivated rice
accessions were retrieved from the RiceVarMap2.0 database (http://
ricevarmap.ncpgr.cn/v2/), and haplotype analysis was carried out
using the method in the database. Only haplotypes found in ≥ 10 rice
accessions were recorded.

Nucleotide diversity and fixation index calculation
The raw sequencing data of the 386 cultivated rice were downloaded
fromNCBIwith BioProject PRJNA171289 (>2.5×per genome)26. The raw
sequencing data of the 185 wild rice were downloaded from NCBI with
BioProject accession number PRJNA658215 (>5× per genome)27. We
mapped the reads to the reference genome MSU Release 7.0 using
BWA v0.7.1267, sorted and indexed the resulting BAM files using
SAMtools v1.1261. The SNPs were identified using GATK v4.2.0.068, the
GVCFs of each sample were generated with HaplotypeCaller. We then
used CombineGVCFs and GenotypeGVCFs to generate VCF file, the
variations were further filtered by VariantFiltration. Nucleotide diver-
sity (π) and fixation index (FST) of OsMYB8 in wild rice and cultivated
rice were calculated using VCFtools v0.1.1669 with 20-kb windows and
2-kb steps on the 100-kb region.

Statistical analysis
We used GraphPad Prism 8 for statistical analysis. Data are mean ±
SEM. Two-sided unpaired Student’s t-test was used to test the
significant difference between two groups. Three groups and more
were analyzed by one-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons test.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
DAP-seq and RNA-seq data generated in this study have been depos-
ited in the NCBI Sequence Read Archive database under the accession
number PRJNA1000954 and PRJNA1000956, respectively. Source data
are provided with this paper.
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Summary

� Diurnal floret opening time (DFOT) is a pivotal trait for successful fertilization and hybrid

breeding in rice. However, the molecular mechanism underlying this trait is poorly understood

in rice.
� In this study, we combined the cytological, genetic and molecular studies to demonstrate

that jasmonic acid (JA) regulates DFOT in rice through modulating the turgor and osmotic

pressure of the lodicules.
� We show that lodicules undergo dramatic morphologic changes, accompanied by changes

in water and sugar contents during the process of floret opening. Consistently, a large set of

genes associated with cell osmolality and cell wall remodeling exhibits distinct expression pro-

files at different time points in our time-course transcriptomes of lodicules. Notably, a group

of JA biosynthesis and signaling genes is continuously upregulated, accompanied by a gradual

increase in JA accumulation as floret opening approaching. Furthermore, we demonstrate that

the JA biosynthesis gene OsAOS1 is required for endogenous JA biosynthesis in lodicules and

promoting rice DFOT. Moreover, OsMYC2, a master regulator of JA signaling, regulates rice

DFOT by directly activatingOsAOS1,OsSWEET4,OsPIP2;2 andOsXTH9.
� Collectively, our findings establish a core regulatory network mediated by JA for modulating

rice DFOT and provide effective gene targets for the genetic improvement of DFOT in rice.

Introduction

Anthesis, a flowering period between diurnal floret opening and
closure in plants, embodies multiple tempo- and spatially coordi-
nated reproductive activities, including stamen filament elonga-
tion, anther dehiscence and pollen release, which are critical for
plant fertilization and seed setting (Van Doorn & Kamdee,
2014). Flowering plants have evolved to flexibly adjust their diur-
nal floret opening time (DFOT) for adaptation to the fluctuating
environments and attracting pollinators, thus enhancing plant fit-
ness (Van Doorn & Van Meeteren, 2003; Baack et al., 2015;
Soufflet-Freslon et al., 2021).

Earlier studies have documented that in dicot plants, floret
opening is generally controlled by differential expansion of the
two sides of petal (Rolland-Lagan et al., 2003). Petal movement
is achieved by a gradual loosening of the cell wall and an increase
in osmotic pressure inside the petal cells, followed by water
uptake (Zonia & Munnik, 2007; Kunio et al., 2009). In contrast
to that controlled by petals in dicots, floret opening in the grasses
such as rice is controlled by the lodicule, a small scale-like organ

lying between the lemma/palea and stamens at the base of florets.
At the beginning of floret opening in rice, the lodicule cells
absorb water and expand, pushing the lemma and palea apart to
drive floret opening. After that, the lodicule cells lose water and
shrink, thus closing the glume (Wang et al., 1991;
Heslop-Harrison & Heslop-Harrison, 1996). Thus, the altera-
tions of cell turgor and osmotic pressure are important driving
forces of floret opening and closure in both dicots and monocots
(Wang et al., 1991; Fu et al., 2016).

Previous studies have also documented ample evidence sug-
gesting that floret opening is regulated by multiple classes of phy-
tohormones. For example, it was reported that ethylene, auxin
and gibberellins (GA) could promote floret opening in many
ornamental plants (Li et al., 2015; Ke et al., 2018; Cheng
et al., 2021), and mutants in genes related to ethylene, auxin and
jasmonic acid (JA) signaling pathways in Arabidopsis are defective
in petal expansion and floret opening (Ishiguro et al., 2001;
Irish, 2008; Varaud et al., 2011). JA was considered as a stress
hormone implicated in plant response to both the biotic and
abiotic stresses (Turner et al., 2002; Trang Nguyen et al., 2019).
Moreover, JA could serve as an important endogenous develop-
mental signal to regulate various growth and development events,*These authors contributed equally to this work.
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such as seed size, root growth, stamen and floret organ develop-
ment (Cai et al., 2014; Huang et al., 2017; Cao et al., 2021). Pre-
vious studies have revealed that JA and its derivative jasmonates
(JAs) could effectively stimulate DFOT in rice and other grasses
(Zeng et al., 1999; Song et al., 2001; Gao et al., 2003), and that
DFOT is seriously impaired in several reported JA-deficient
mutants (such as Oscpm1, Osjar1 and Osopr7; Xiao et al., 2014;
Hibara et al., 2016; Li et al., 2018). However, the detailed mole-
cular mechanisms regulating JA biosynthesis and signaling in the
lodicules and DFOT in rice have remained unexplored.

In this study, we establish a JA-mediated regulatory network
regulating DFOT in rice. Our time-course transcriptome analysis
of the lodicule cells at four consecutive time points of anthesis
identifies a group of genes associated with cell wall modification,
sugar transport and water channel activity being downstream tar-
gets of JA signaling. Functional analyses of the JA synthetic gene
OsAOS1 and the key JA signaling transcription factor OsMYC2
validate our working hypothesis. This work provides comprehen-
sive insights into regulation of DFOT in rice and strategies for
molecular breeding of rice with optimized DFOT.

Materials and Methods

Plant materials and growth conditions

Rice cultivar ZhongHua 11 (ZH11) (Oryza sativa L ssp. Japo-
nica) was used as the wild-type (WT) control for mutation or
transgenic analyses in this study. The transgenic 35S::OsMYC2-
Flag materials were kindly provided by professor Jianmin Wan
(Institute of Crop Sciences, Chinese Academy of Agricultural
Sciences; You et al., 2019). All plants were grown in the experi-
mental fields of South China Agricultural University in Guangz-
hou (23°7 0N, 113°15 0E) and Lingshui, Hainan (18°22 0N,
109°45 0E).

Vector construction and rice transformation

To generate the Osaos1 and Ossweet4 knockout constructs, gene-
specific guide RNA sequences were designed with an online soft-
ware toolkit CRISPR-GE (Xie et al., 2017) and cloned into the
binary vector pYLCRISPR/Cas9Pubi-H (Ma et al., 2015). To gen-
erate the OsMYC2-RNAi construct, a 244-bp specific fragment of
the OsMYC2 CDS was amplified and inserted into the vector
pEGRNAI-Pubi-H-M2-RNAi. To analyze the expression pattern
of OsAOS1, the 3.5-kb promoter sequence of OsAOS1 was
amplified and inserted into pCAMBIA1305, resulting in the
proOsAOS1::GUS construct. To generate the OsAOS1 comple-
mentation construct, the OsAOS1 genomic fragment (including
2-kb promoter, coding region and 1-kb 3 0 downstream region)
was amplified from ZH11 gDNA and inserted into the pCAM-
BIA2300 vector. To generate the OsAOS1 overexpression con-
struct, the full-length CDS of OsAOS1 was amplified and cloned
into the pCAMBIA2300 vector under the control of maize Ubi-
quitin promoter.

The above constructs were transformed into the agrobacterium
tumefaciens strain EHA105 by electroporation and used to

transform relevant rice calli with indicated background by
agrobacterium-mediated transformation. Hygromycin (hyg) was
used for screening the positive transgenic lines. The mutation
sites or gene expression levels were examined by DNA sequencing
or reverse transcription quantitative polymerase chain reaction
(RT-qPCR) analysis. The primers used for vector construction
are listed in Supporting Information Table S1.

Characterization of the DFOT phenotype

The dynamic statistics of the DFOT phenotype were determined
by the point spikelet method (Zhang et al., 2016). During
anthesis, the number of opened florets was counted at different
time points of the day. More than 10 individual panicles per
plant were used for statistical analysis. The morphology of the
spikelets and lodicules at different time points was photographed
under a stereomicroscope Leica M205 FA (Leica, Wetzlar,
Germany). The length, width and height of the lodicule were
measured using the IMAGEJ software.

MeJA treatment

The hormone treatments were conducted according to the pre-
viously described method (Song et al., 2001). Two mmol l�1

MeJA (CAS: 39924-52-2; Mackin, Shanghai, China) solution
was sprayed on the panicles with similar growth status until all
panicles were wet. The number of opened florets was counted at
different time points after MeJA treatment. More than eight indi-
vidual panicles per plant were used for statistical analysis.

Histological analysis and electron microscopy

For semi-thin section analysis, the lodicules at different time
points of the day were first fixed in the FAA solution (17.5% for-
maldehyde, 45% alcohol, 5% acetic and 32.5% water) for more
than 4 h. Semi-thin sections (2 lm) were stained with 1% tolui-
dine blue for 30 s, critically dried and subsequently observed
under the bright field of fluorescence microscope Y-TV55
(Nikon, Germany). The scanning electron microscopy (SEM)
examination was performed as described by Juarez et al. (2004)
with some modifications. Briefly, the lodicules at different time
points were collected and fixed in a 0.1 M phosphate buffer
(pH 7.0) containing 4% glutaraldehyde and 2% paraformalde-
hyde overnight. The samples were washed in the 0.1 M phos-
phate buffer (pH 7.0) three times (15 min for each step) and
were then incubated in a 0.1 M phosphate buffer (pH 7.0) con-
taining 1% osmic acid for 1–2 h. After being dehydrated by a
graded series of ethanol (30%, 50%, 70%, 85%, 95% and
100%; 20 min for each step), the samples were incubated twice
in the absolute acetone and then transferred into in 3 : 1, 1 : 1
and 1 : 3 mixtures of absolute acetone and spurr resin, respec-
tively, at room temperature (more than 4 h in each mixture), and
finally incubated in pure spurr resin mixture for 24 h. After being
baked at 70°C for 24 h, the samples embedded in Spurr resin
were sliced with ultra-thin microtome Leica EM UC7 (Leica) to
obtain 70–90 nm slices. These slices were sequentially stained by
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uranyl acetate and alkaline lead citrate, each step for 30 min, and
then were scanned under the Model Talos L120C TEM (FEI,
Hillsboro, OR, USA).

For calculating the average size of lodicules cells, the area (N)
of all intact thin-walled cells in the field of each view shown in
Fig. 1(c) was measured using IMAGEJ, with exclusion of the vascu-
lar bundle and incomplete cells, and the average size of lodicule
cells was re-calculated using the following formula: S/N, in which
N indicates the total number of all intact thin-walled cells in the
field of each view. Three slices from three independent lodicules
at each stage were used in this analysis, and the data were shown
as means � SD (n = 3). We used ImageJ to measure the thick-
ness of parenchyma cell walls, and the data were shown as means
� SD (n = 15).

Measurement of the water and sugar contents in the
lodicules

For measurement of the water content in the lodicules, 50 pairs
of lodicules were carefully extracted from the florets and collected
as one sample. The fresh weight of each sample was first mea-
sured using an analytical balance. Then, the samples were dried

at 65°C overnight, and the dry weight of each sample was mea-
sured again. The water content of the lodicules was determined
by subtracting the dry weight from the fresh weight. Three biolo-
gical replicates were performed for each sample.

The quantification of sugar in the lodicules was conducted by
Wuhan Metware Biotechnology Co. Ltd, Wuhan, China. The
freeze-dried materials were crushed using a mixer mill (MM 400;
Retsch, Haan, Germany) with a zirconia bead for 1.5 min at
30 Hz. Twenty milligrams of powder was diluted to a 500 ll
with methanol : isopropanol : water (3 : 3 : 2 v/v/v), vortexed
for 3 min and ultrasound for 30 min. The extract was centri-
fuged at 13 188 g under 4°C for 3 min. Fifty microliters of the
supernatant was mixed with 20 ll internal standard (ribitol,
100 lg ml�1) and evaporated under nitrogen gas stream. The
evaporated sample was transferred to the lyophilizer for freeze-
drying. The residue was used for further derivatization. The deri-
vatization method was as follows: the sample was mixed with
100 ll solution of methoxyamine hydrochloride in pyridine
(15 mg ml�1). The mixture was incubated at 37°C for 2 h.
Then, 100 ll of BSTFA was added to the mixture and kept at
37°C for 30 min after vortex-mixing. The mixture was analyzed
by GC-MS after being diluted to an appropriate concentration.

Fig. 1 Dynamic morphological changes in the
lodicule during rice anthesis. (a) Lodicule
morphology of wild-type (ZH11) at different time
points of anthesis, including B1d-18 (18:00 h at
the day before floret opening), B3h (3 h before
floret opening), B1h (1 h before floret opening),
F (floret opening time) and FC (floret closure
after opening). Bars, 1 mm. (b) Transverse semi-
thin sections of the corresponding florets in (a).
Lodicules are highlighted by red dashed line. The
red arrows indicate the gap between the lemma
and palea, st, stamen; pi, pistil; lo, lodicule; le,
lemma; pa, palea. Bars, 100 lm. (c) Transverse
semi-thin sections of ZH11 lodicules at the
corresponding time points in red box (b). The red
arrows denote the vascular bundle. Bars, 20 lm.
(d) Transmission electron microscopic images of
the ZH11 lodicule cells at the corresponding time
points in (a). The red arrowheads indicate the cell
wall of parenchyma cells. Bars, 5 lm. (e) The
average area of the ZH11 lodicule cells at
different time points of B1d-18, B3h, B1h and F.
Data are shown as means � SD (n = 3).
Different letters above the bars indicate
significant differences at P < 0.05 determined by
Duncan’s multiple range test. (f) The cell wall
thickness of the ZH11 lodicule cells at different
time points of B1d-18, B3h, B1h and F. Data are
shown as means � SD (n = 15). Different letters
above the bars indicate significant differences at
P < 0.05 determined by Duncan’s multiple range
test.
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Agilent 7890B gas chromatograph coupled to a 7000 D mass
spectrometer with a DB-5MS column (30 m length 9 0.25 mm
i.d. 9 0.25 lm film thickness; J&W Scientific, Folsom, CA,
USA) was employed for GC-MS analysis of sugars. Helium was
used as carrier gas, at a flow rate of 1 ml min�1. Injections were
made in the split mode with a split ratio 3 : 1, and the injection
volume was 3 ll. The oven temperature was held at 170°C for
2 min, then raised to 240°C at 10°C min�1, raised to 280°C at
5°C min�1, raised to 310°C at 25°C min�1 and held at the tem-
perature for 4 min. All samples were analyzed in selective ion
monitoring mode. The ion source and transfer line temperature
were 230°C and 240°C, respectively. Three biological replicates
were performed for each sample.

Measurement of JAs in the lodicules

The quantification of JAs was conducted by Wuhan Metware Bio-
technology Co. Ltd, Wuhan, China. Approximately 50 mg of lodi-
cules sample was frozen in liquid nitrogen and ground into a fine
powder. The sample extracts were analyzed using an LC-ESI-
MS/MS system (HPLC: Shim-pack UFLC SHI-MADZU
CBM30A system; Shimadzu MS, Applied Biosystems 6500 Triple
Quadrupole). The analytical conditions of HPLC were as follows:
LC: column, Waters ACQUITY UPLC HSS T3 C18
(100 mm 9 2.1 mm, 1.8 lm); solvent system, water with 0.04%
acetic acid (A), acetonitrile with 0.04% acetic acid (B); gradient
program, started at 5% B (0–1 min), increased to 95% B (1–
8 min), 95% B (8–9 min), finally ramped back to 5% B (9.1–
12 min); flow rate, 0.35 ml min�1; temperature, 40°C; injection
volume: 2 ll. The ESI source operation parameters were as follows:
ion source, ESI +/�; source temperature 550°C; ion spray voltage
(IS) 5.5 kV (positive), �4.5 kV (negative); curtain gas (CUR) was
set at 35 psi, respectively. The contents of JAs were determined
using an internal standard method, and three biological replicates
were performed for samples of each time point.

RNA extraction and RT-qPCR

Total RNA was extracted from the samples and purified using
the TRIzol reagent (TransGen Biotech, Beijing, China) accord-
ing to the manufacturer’s protocol. For RT-qPCR, the total
RNA was reversely transcribed to cDNA according to the manu-
facturer’s instructions (Yeasen, Shanghai, China). The RT-qPCR
assay was performed using the LightCycler96 real-time PCR sys-
tem (Roche, Switzerland) with the qPCR SYBR Green Master
Mix (Yeasen) according to the manufacturer’s instructions. The
OsActin1 gene (LOC_Os03g50885) was used as an internal nor-
malization control. The expression levels of genes were calculated
using the 2�DCt method. The primers used for RT-qPCR above
are listed in Table S1.

RNA-seq and transcriptome data analysis

The lodicules of rice were separated by tweezers and were frozen
immediately in liquid nitrogen for RNA-seq analysis. Three bio-
logical replicates were performed for each sample. RNA

sequencing was performed at the Azenta Co. using the Illumina
Hiseq platform. For data analysis, FASTP v.0.20.1 (Chen
et al., 2018) was used to filter out the connectors and low-quality
reads. The processed reads were compared with HISAT2 v.2.2.1
(Kim et al., 2015) to the reference genome MSU Release v.7.0
(Ouyang et al., 2007). HTSEQ v.0.13.5 (Putri et al., 2022) was
used for quantitative analysis of genes. The EDGER package
(Robinson et al., 2010) was used for differential expression analy-
sis, and false discovery rate (FDR) < 0.05, absolute log2FC
(FoldChange) ≥ 1 were used for screening of the significantly
different genes. The Gene Ontology (GO) analysis was con-
ducted with the David database (https://david.ncifcrf.gov/home)
with P-value <0.05 as the threshold to screen for significantly dif-
ferent GO terms, and the enrichment results were plotted using
the ggplot2 (Wickham, 2016). Principal component analysis
(PCA) was analyzed using the ‘PCATOOLS’ with default settings.
K-means clustering was applied to all differentially expressed
genes (DEGs) in four time points and 30 clusters were identified
by the R software. The expression heatmaps were generated using
the R package PHEATMAP, and the expression levels of genes were
normalized by calling the parameter scale as ‘row’.

Weighted gene co-expression network analysis

Weighted gene co-expression network analysis (WGCNA) was
performed to construct co-expression networks using the R Bio-
conductor package (Langfelder & Horvath, 2008, 2012). A
matrix of all genes with their fragments per kilobase of transcript
per million mapped reads (FPKM) values in all individual biolo-
gical replicates was used as the input. To determine the similarity
between genes, the adjacency matrixs were generated through a
soft thresholding procedure using the ‘pickSoftThreshold’ with
a soft power of 20. The adjacency matrixs were then incorporated
into a topological overlap measure (TOM) to estimate network
interconnectedness. Module eigengenes (MEs), the first principal
component of a given module, was used as a representative gene
expression profile for that module. Modules were further merged
based on their MEs (using cut-Height = 0.25) and the module
membership (MM) for each gene indicates the degree of similar-
ity between its expression profile and each ME. The gene
co-expression networks were visualized using CYTOSCAPE v.3.8.1
(Shannon et al., 2003).

GUS staining assay

The florets from the proOsAOS1:GUS transgenic lines were col-
lected and incubated in the GUS staining solution at 37°C for
12 h. After staining, the florets were destained and fixed in 70%
(v/v) ethanol, and finally photographed under a stereomicroscope
M205 FA (Leica). The GUS staining kit was obtained from Beij-
ing Coolaber Technology Co. Ltd (Beijing, China).

Subcellular localization

The coding sequences of OsAOS1 from ZH11 were amplified
and inserted into the pAN580 vector to generate the p35S::
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OsAOS1-GFP construct. The fusion plasmid was transfected into
rice protoplasts using the polyethylene glycol (PEG) mediated
transformation method as described previously (Zhang
et al., 2011). Chloroplast autofluorescence was used as a chloro-
plast localization marker. After culturing at 28°C for 12 h in the
dark, the fluorescence signals were captured using a confocal
laser-scanning microscope (Zeiss LSM780, Germany). Primers
used for amplification are shown in Table S1.

Yeast one-hybrid assay

For yeast one-hybrid (Y1H) assay, the coding region of OsMYC2
was amplified and cloned into the pJG4-5 vector (Clontech,
USA), while the promoter regions of OsAOS1, OsSWEET4,
OsXTH9 and OsPIP2;2 were cloned into the pLacZi2l vector
(Lin et al., 2007). Various combinations of plasmids were
co-transformed into the yeast strain EGY48 using the PEG
method. Transformants were cultured on the SD/�Trp/-Ura
selective medium (Clontech, USA) for 2–3 d and then trans-
ferred to the SD/�Trp/-Ura selective medium (Clontech, USA)
containing X-gal (Amresco, Solon, OH, USA) for 1–2 d. The
empty vector pLacZi2l was co-transformed as a negative control.

Electrophoretic mobility shift assay

The coding region of OsMYC2 was cloned into the pGEX-4 T1
vector and expressed in the E. coli strain DE3 to produce the
recombinant protein GST-OsMYC2. The probes containing
G-box motif were synthesized and labeled with biotin using the
EMSA Probe Biotin Labeling Kit (Beyotime, Nantong, China).
Electrophoretic mobility shift assays (EMSAs) were carried out
using a Chemiluminescent EMSA Kit (Beyotime). Briefly,
biotin-labeled probes were mixed with the GST or GST-
OsMYC2 protein in the binding buffer and incubated at room
temperature for 20 min. For competition reaction, unlabeled
cold probes were mixed with the labeled probes and added to the
reactions. The probes used in this study are listed in Table S1.

CUT&Tag assay

The protoplasts were harvested from 14-d-old seedlings of 35S::
OsMYC2-Flag plants and treated according to the manufacturer’s
instructions using the Hyperactive Universal CUT&Tag Assay
Kit for Illumina (TD903-01; Vazyme, Nanjing, China). The
DNAs were extracted and subjected to RT-qPCR and the DNA
spike-in was used as a reference.

Transient transcription dual-LUC assay

For dual-LUC assay, the c. 2-kb promoter regions of OsAOS1,
OsSWEET4, OsXTH9 and OsPIP2;2 upstream of the ATG
starting codon were amplified and inserted into the
pGreenII0800-LUC vector to generate the reporter plasmids. The
OsMYC2 coding sequence without stop codon was amplified and
inserted into the pAN580 vector to generate the effector plasmid.
The effector and reporter plasmids were co-transformed into rice

protoplasts in different combinations and incubated in darkness
at 28°C for 12 h. The protoplasts were collected and disinte-
grated by PLB in the Dual Luciferase Reporter Gene Assay Kit
(Yeasen, 11402ES60). Luciferase activity was also determined
using GloMax2020 (Promega) according to the manufacturer’s
instructions. Renilla luciferase (REN) under the control of 35S
promoter in pGreenII0800-LUC was used as the internal control.
The relative firefly luciferase activity was counted as the ratio of
LUC/REN for each sample.

Statistical analysis

Statistical analysis was performed using GRAPHPAD PRISM 6. All
experimental data were shown as mean � SE or �SD, and the
differences between different groups or treatments were analyzed
using two-side Student’s t-test.

Accession numbers

The genes studied in this work are under the following accession
nos.: OsAOS1 (LOC_Os03g55800), OsMYC2 (LOC_
Os10g42430), OsSWEET4 (LOC_Os02g19820), OsPIP2;2
(LOC_Os02g41860), OsXTH9 (LOC_Os04g51460) and OsAc-
tin1 (LOC_Os03g50885).

Results

The dynamic morphological changes in the lodicule during
rice anthesis

To survey the dynamic morphological changes in the lodicules
during rice anthesis, we first carefully recorded the size and mor-
phology of the lodicules of ZH11 at seven time points, including
14:00 h, 16:00 h and 18:00 h at the day before floret opening
(B1d-14, B1d-16 and B1d-18), 3 h before opening (B3h,
c. 09:00 h), 1 h before opening (B1h, c. 11:00 h), the time under-
going floret opening (F, c. 12:00 h) and the time at floret closure
(FC, c. 12:30 h), under a stereomicroscope. The results showed
that before the day of floret opening, the lodicules had no signifi-
cant change in size, whereas on the day of opening, they rapidly
expanded, and reached the maximum size by the F time point.
After then, the lodicules lost water and became shrunk (Figs 1a,
S1). We next carried on semi-thin transection analysis to examine
the cellular change in the lodicules at five time points (B1d-18,
B3h, B1h, F and FC). In line with the expansion process of the
lodicules, the size of parenchyma cells in the lodicules gradually
increased from the B1d-18 stage to the F stage (Fig. 1b–e). Nota-
bly, we found that during anthesis, the lodicules expanded and
inserted into the conjunction region between the lemma and palea,
pushing them apart to drive floret opening (Fig. 1b–e). Further-
more, transmission electron microscope (TEM) examination
revealed that the thickness of parenchyma cell walls was signifi-
cantly reduced from the B1d-18 stage to the F stage (Fig. 1d,f).
Taken together, these results suggest that dynamic changes in cell
size and cell wall thickness of parenchyma cells of the lodicules are
essential for triggering floret opening and closure at anthesis.
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Determination of water and sugar contents in the lodicules
during rice anthesis

To further examine the physiological changes in the lodicules
during rice anthesis, we first measured the water content in the
lodicules at four time points of anthesis: B1d-18, B3h, B1h and
F. The results showed that the water content was gradually
increased, accompanied by the lodicule expansion during anthesis
(Fig. S2a). As the osmolality of the lodicule cell might be regu-
lated by the soluble sugars (Wang et al., 1991), we investigated
the dynamic change in soluble sugar content in the lodicules dur-
ing anthesis using the metabolome technology. A total of 13 solu-
ble sugars were detected in the lodicules, c. 99.0% of which were
sucrose, glucose and fructose (Fig. S2b; Table S2). Noteworthy,
we found that the glucose and fructose contents gradually
increased while the sucrose content slightly declined, leading to a
gradual increase in total soluble sugar in the lodicules as the
opening time approaching (Fig. S2b). These results indicate that
glucose, fructose and sucrose likely constitute the major osmotic
substances in the lodicules.

A comprehensive transcriptome analysis of the lodicules
across anthesis

To explore the molecular basis underlying the lodicule expansion,
we performed a comprehensive comparative RNA-seq analysis of
the lodicules at four time points during anthesis: B1d-18, B3h,
B1h and F (Fig. S3a). Principal component analysis showed that
samples from different time points are well separated (Fig. S3b),
and the correlation analysis showed high correlation coefficients
within three biological replicates from each time point
(R2 ≥ 0.90; Fig. S3c), indicating the reliability of our RNA-seq
results. Thus, we calculated the average FPKM value of three bio-
logical replicates, and identified 20 994 genes with FPKM ≥1 in
12 datasets (Table S3). Next, we performed pairwise differential
gene expression analyses between two consecutive time points,
and identified 7152 DEGs between B1d-18 and B3h, 6268
DEGs between B1h and B3h and 5279 DEGs between F and
B1h (FDR < 0.05, absolute log2FC ≥ 1; Fig. S3d; Tables S4–
S6). Notably, these DEGs exhibited distinct expression profiles at
different time points (Fig. 2a), suggesting that expansion and clo-
sure of the lodicules are subject to stage-specific transcriptional
regulation.

To further identify these time point-specific genes, we per-
formed a k-means clustering analysis of all DEGs (Table S7) and
identified six representative clusters (Cluster 1–6) displaying time
point-specific expression profiles (Fig. 2b). Of which, Cluster 1
genes showed highest expression at B1d-18 and the expression
was sharply reduced at B3h. The expression of Cluster 2 genes
was gradually reduced from B1d-18 to F. By contrast, the tran-
script levels of Cluster 3 genes prominently increased from B1d-
18 to B3h and maintained relatively stable thereafter. The Cluster
4 and Cluster 6 genes showed peaked expression at B1h and F,
respectively. The Cluster 5 genes showed opposite expression pat-
terns to the Cluster 2 (Fig. 2b). Gene Ontology enrichment ana-
lysis of each cluster showed that DEGs related to circadian

rhythm, cell wall modification, carbohydrate metabolism and
sugar transport, water channel activity, and phytohormone and
calcium signaling pathways were significantly enriched in one or
more clusters (Fig. 2c). For example, several circadian clock-
related genes, such as OsTOC1, OsLUC and OsGI, were detected
in Cluster 1, hinting a potential negative role of circadian clock
in regulating DFOT (Fig. S4). Several Pectin Methylesterase
(OsPME ) genes (OsPME33/34/35) related to cell wall modifica-
tions were identified in Cluster 2 and were largely downregulated
along with anthesis progression (Fig. S4), consistent with a nega-
tive role of OsPMEs on rice DFOT (Wang et al., 2022; Xu
et al., 2022), whereas several Xyloglucan Endotransglucosylase/
Hydrolases genes (OsXTH3/16/22) responsible for cell wall relaxa-
tion were sharply upregulated at the F time point (Fig. S4), in
agreement with the proposed role of cell wall relaxation for
DFOT regulation (Ochiai et al., 2013).

Additionally, enrichment of a series of transporter genes was
also detected. The water transporter genes AQUAPORINs
(OsPIP1;3, OsPIP2;1, OsPIP2;2, etc.) were enriched in Cluster 3,
while other transmembrane transporters, such as the sugar trans-
porter genes (OsSWEET4/6a/16), K+ transporters and channel-
associated genes (OsHAK9 and OsGORK ), were identified in
Cluster 3 and Cluster 4 (Fig. S4). The increased expression of
these genes would elevate the osmotic pressure and facilitate
water transport into the lodicule cells. Moreover, we detected
enrichment of a group of JA biosynthesis and signaling-related
genes in both Cluster 5 and Cluster 6 (Fig. 3a,b). Besides,
numerous genes related to signaling pathways of calcium and
other phytohormones (such as auxin, abscisic acid and ethylene)
were also identified in the Cluster 5 or Cluster 6 gene sets
(Fig. S4), implying that these signaling pathways might also be
involved in DFOT regulation. In short, our transcriptome analy-
sis identified 337 time point-specific genes (referred to the mole-
cular processes highlighted with red arrows in Fig. 2) related to
cell osmolality and cell wall remodeling for regulating DFOT in
rice, therefore termed DFOT-related genes in this study
(Table S8). RT-qPCR analysis of eight DFOT-related genes
revealed similar expression patterns to the RNA-seq dataset
(Fig. S5), thus validating the reliability of our RNA-seq data.

Dynamic changes in JA accumulation and signaling in the
lodicules during anthesis

Considering the key role of JA in DFOT regulation (Zeng
et al., 1999), we carefully analyzed the expression profiles of genes
involved in JA biosynthesis and signaling identified in the DEG
datasets. We showed that a number of JA biosynthesis-related
genes, such as OsAOS1 and OsDAD1-1, were upregulated as early
as at the B3h time point, while more genes, such as OsAOC,
OsDADs and OsOPRs, did not exhibited elevated expressions
until the F time point. Strikingly, the expression of a group of JA
repressor genes OsJAZs (Chico et al., 2008) was also elevated,
probably due to a feedback response to JA signaling activation
(Fig. 3a,b). RT-qPCR analyses further confirmed the RNA-seq
data (Fig. 3c,d). We next performed a metabolome analysis to
examine the content of endogenous JAs in the lodicules. The
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Fig. 2 Transcriptome profiles of the lodicules during rice anthesis progression. (a) Expression profiles of all differentially expressed genes (DEGs) between two
consecutive time points (B3h and B1d-18, B1h and B3h and F and B1h). For each gene, the scaled fragments per kilobase of transcript per million mapped
reads (FPKM) value is exhibited by the continuous heat scale. The color gradient from blue to red indicates high to low gene expression. (b) k-means clustering
of normalized gene expression patterns at four time points during anthesis. Six clusters (Cluster 1–Cluster 6) with distinct gene expression patterns were shown.
Each line depicts the expression pattern of one gene, and the core values for each cluster are plotted in black. (c) Gene Ontology (GO) enrichment of genes in
each cluster. The red arrows indicate the molecular processes related to cell osmolality and cell wall remodeling. BP, biological process; MF, molecular function;
B1d-18, 18:00 at the day before floret opening; B3h, 3 h before floret opening; B1h, 1 h before floret opening; F, the time undergoing floret opening.
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results showed that the levels of JAs (JA, JA-Ile and H2JA) and JA
biosynthetic precursor 12-oxophytodienoic acid (OPDA) drama-
tically rose at the F time point, and the content of JA and JA-Ile
were much higher than that of H2JA and OPDA (Fig. 3e). More-
over, we investigated the dynamic change in endogenous JA by
analyzing the transgenic rice carrying a JA perception biosensor

OsJAZ6-VENUS (Li et al., 2021), which could sensitively visua-
lize JA content in vivo. As shown in Fig. 3(f), the VENUS signals
were obviously decreased from B1d-18 to B3h and then vanished
at B1h and F. By contrast, the mutated version, mJAZ6-VENUS,
was stable in lodicules during the process of floret opening
(Fig. S6). These findings indicate endogenous JA had

Fig. 3 Dynamic changes in jasmonic acid (JA) accumulation and signaling in the lodicules during rice anthesis. (a, b) The heatmaps show expression
patterns of JA biosynthesis and signaling-related genes. For each gene, the scaled fragments per kilobase of transcript per million mapped reads (FPKM)
value is exhibited by the continuous heat scale. Different letters above the bars indicate significant differences at P < 0.05 determined by Duncan’s
multiple range test. (c, d) Relative expression levels of JA biosynthesis and signaling genes in ZH11 lodicules at different time points of B1d-18, B3h, B1h
and F. Data are shown as means � SE (n = 3). Different letters above the bars indicate significant differences at P < 0.05 determined by Duncan’s multiple
range test. (e) Measurement of JA, JA-Ile and H2JA contents in ZH11 lodicules at different time points of B1d-18, B3h, B1h and F. Data are shown as
means � SE (n = 3). Different letters above the bars indicate significant differences at P < 0.05 determined by Duncan’s multiple range test. (f) VENUS
fluorescence of ZH11 lodicule cells at different time points of B1d-18, B3h, B1h and F. Bars, 40 lm. The color gradient from blue to red in a and c indicates
high to low gene expression. B1d-18, 18:00 at the day before floret opening; B3h, 3 h before floret opening; B1h, 1 h before floret opening; F, the time
undergoing floret opening.
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accumulated as early as at B3h, then continued to increase at B1h
and reached its maximum at F. This accumulation pattern was in
high accordance with the expression profiles of the JA biosynth-
esis and signaling genes. Furthermore, our transcriptome analysis
showed that genes related to JA signaling pathway and other
pathways exhibited similar expression patterns (Fig. S4), we thus
conducted a WGCNA of the JA biosynthesis and signaling genes
with other DEGs. Intriguingly, we showed that these genes were
predicted to be functionally associated with many genes involved
in cell wall modification, carbohydrate metabolism and sugar
transport, water channel activity, ethylene signaling and calcium
signaling pathways (Fig. S7). Collectively, these results suggest
that a JA-mediated regulatory network plays a key role in regulat-
ing DFOT during anthesis.

OsAOS1 is required for regulating rice DFOT

Although JAs have been known to regulate the DFOT, but the
underlying molecular mechanism remains largely unknown. AOSs
are a family of allene oxide synthase that convert the hydroperoxide
13-hydroperoxyoctadeca-9,11-dienoic acid (13-HPOT) to 12,13-

epoxylinolenic acid in chloroplast, a key step for JA biosynthesis
(Laudert et al., 1997; Kuroda et al., 2005). In our transcriptomic
data, OsAOS1 was greatly upregulated in the lodicules from the
B1d-18 stage to the F stage, while the expression levels of other
three paralogous genes (OsAOS2/3/4) were very low and not signif-
icantly altered during this process (Fig. S8a,b). Consistently, our
histochemical analysis of proOsAOS1::GUS reporter gene transgenic
lines also revealed stronger GUS signal in the lodicule at the F stage
(Fig. S8c). Moreover, the OsAOS1-GFP fusion protein was indeed
localized in the chloroplasts of rice protoplasts (Fig. S9). These
results implied that OsAOS1 may be involved in JA biosynthesis in
the lodicules.

To further elucidate the biological function of OsAOS1 in rice
lodicules, we generated knockout mutants of OsAOS1 in the
Zhonghua11 (ZH11) background using the CRISPR/Cas9 tech-
nology, and two independent mutant lines were selected for
detailed phenotypic analysis (Osaos1#1 and Osaos1#2; Fig. 4a).
During anthesis, the florets of ZH11 opened at the period from
11:00 h to 12:30 h. However, the florets of Osaos1 mutants sel-
domly opened until 18:00 h (Fig. 4b,c). Introduction of a com-
plementary construct of OsAOS1 driven by its native promoter

Fig. 4 OsAOS1 plays a crucial role in regulating
rice DFOT. (a) The sequences of two knockout
mutant alleles ofOsaos1#1 andOsaos1#2.
(b) Comparison of panicles in ZH11,Osaos1 and
the complemented transgenic lines (OsAOS1com /
Osaos1#2) at the floret opening time (12:00 h).
Bar, 1 cm. (c) Number of opened florets per
panicle of ZH11,Osaos1 and theOsAOS1com /
Osaos1#2 lines at different time points from
09:00 h to 18:00 h. Data are shown as means �
SE (n = 8). Significance betweenOsaos1mutant
and ZH11 is determined by a two-sided Student’s
t-test, *, P < 0.05; **, P < 0.01. (d) Total
number of opened florets per panicle of ZH11
andOsaos1mutants on different days after
heading. Data are shown as means � SE
(n = 10). Significance betweenOsaos1mutant
and ZH11 is determined by a two-sided Student’s
t-test, *, P < 0.05; **, P < 0.01.
(e) Measurement of jasmonic acid (JA), JA-Ile,
JA-Val and OPDA contents in ZH11 andOsaos1

florets. Data are shown as means � SE (n = 3).
Significance is determined by two-sided
Student’s t-test, *, P < 0.05, **, P < 0.01.
(f) Phenotypic observation ofOsaos1 panicles
after treatment with 2 mMMeJA for 30 min.
Bar, 1 cm. (g) Number of opened florets in
Osaos1#1 after treatment with 2 mMMeJA for
30 min. Data are shown as means � SE (n = 8).
(h) Relative expression levels of genes related to
JA synthesis and signaling, cell wall modification,
and transmembrane transport in ZH11 and
Osaos1mutants. Data are shown as means � SE
(n = 3). Significance is determined by a two-
sided Student’s t-test, *, P < 0.05; **, P < 0.01.
DFOT, diurnal floret opening time.
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(OsAOS1com) successfully rescued the disrupted DFOT pheno-
type of the Osaos1 mutants (Fig. 4b,c), thus verifying a critical
role of OsAOS1 in regulating DFOT. Notably, we also found
that the initial anthesis time of the Osaos1 mutants was delayed c.
5 d, compared with ZH11, and the number of opening florets of
Osaos1 was significantly decreased (Fig. 4d). We next examined
the contents of JA in the lodicules of ZH11 and Osaos1. As
expected, we found that the levels of JA, JA-Ile, JA-Val and
OPDA in the lodicules of the Osaos1 mutants were significantly
lower than those in ZH11 (Fig. 4e), and exogenous MeJA appli-
cation could restore the abnormal floret opening phenotype of
Osaos1 to the WT (Fig. 4f,g), indicating that OsAOS1 is required
for JA biosynthesis in the lodicules. Besides, the levels of sucrose,
glucose, fructose and the total soluble sugars were also decreased
in the lodicules of the Osaos1 mutants (Fig. S10). In addition,
RT-qPCR analysis showed that the expression levels of dozens of
DFOT-related genes were significantly downregulated in the
Osaos1 mutants compared with WT at B1h (Fig. 4h), while treat-
ment with exogenous MeJA could obviously elevate these down-
regulate genes (Fig. S11). These results collectively indicated that
OsAOS1 could promote JAs accumulation in the lodicules to
induce the florets opening through regulating the DFOT-related
genes. In further support of this notion, we also generated multi-
ple OsAOS1 overexpression lines by introducing the full-length
CDS of OsAOS1 under the control of the maize Ubiquitin pro-
moter into the ZH11 background. As expected, the T0 transgenic
lines with a significantly elevated OsAOS1 transcript levels exhib-
ited a peak DFOT at 10:30 am in Lingshui (110°N, 18°5 0E),
c. 0.5 h earlier than ZH11 (Fig. S12).

AnOsMYC2-mediated regulatory network is essential for
rice floret opening

It was reported that OsMYC2 is a master regulator involved in JA
signaling transduction (Ogawa et al., 2017; You et al., 2019).
RT-qPCR analysis revealed that OsMYC2 was widely expressed
in leaf, sheath, root, stem and various flower organs (lemma,
palea, stamen, pistil and lodicule), and exhibited comparable
expression level in lodicules at different stages of floret opening
(Fig. S13). Notably, our results above showed that OsMYC2
expression is downregulated in the lodicules of the Osaos1
mutants and could be induced in response to exogenous MeJA
treatment (Figs 4h, S11). We thus speculated that OsMYC2
might function to mediate JA signaling in the lodicules of rice.
To study the function of OsMYC2 in DFOT regulation, we uti-
lized the RNA interference (RNAi) technology to attenuate the
expression of OsMYC2 in rice. Two independent OsMYC2-RNAi
lines with significant reduction in OsMYC2 expression were iden-
tified (Fig. 5a), and phenotypic analysis showed that almost all
the florets from OsMYC2-RNAi lines failed to open during the
day (Fig. 5b,c). These results suggest that OsMYC2 is essential
for floret opening in rice.

It was known that MYC transcription factors prefer to bind to
the G-box and G-box-like motifs (CAYGTK, Y represents T/C,
K represents T/G; Fern�andez-Calvo et al., 2010; L�opez-Vidriero
et al., 2021). Our results above also demonstrated that JA

induced the florets opening through regulating the DFOT-
related genes (Figs 4h, S11). Thus, we speculated that OsMYC2
might control rice DFOT through regulating the DFOT-related
genes identified above (Table S8). To test this notion, we first
analyzed the 2-kb promoter sequences of these DFOT-related
genes at the online website PlantCARE (http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/). A total of 59 different
cis-acting elements were detected, of which the G-box motif
accounted for the largest portion (Fig. S14a). Notably, 332 out
of 337 (c. 98.5%) time point-specific genes related to cell osmol-
ality and cell wall remodeling contained one or more G-box
motifs in their promoters (Fig. S14b). We next performed RT-
qPCR analyses and found that dozens of DFOT-related genes
involved in JA biosynthesis, sugar transport, cell wall modifica-
tion and water channel activity were significantly downregulated
in the OMYC2-RNAi lines (Fig. S15). Among them, four down-
regulated genes belong to different molecular pathways, includ-
ing OsAOS1 (regulating JA biosynthesis), OsSWEET4 (regulating
sugar transport), OsXTH9 (regulating cell wall modification) and
OsPIP2;2 (regulating water channel activity), were selected for
further analysis (Fig. 5d). Yeast one-hybrid and EMSA assays
confirmed that OsMYC2 could bind to the G-box-containing
promoter fragments of OsAOS1, OsSWEET4, OsPIP2;2 and
OsXTH9 (Fig. 5e,f). Moreover, the CUT&Tag-qPCR assay
further confirmed the binding of OsMYC2 to the OsAOS1, OsS-
WEET4, OsPIP2;2 and OsXTH9 promoters containing G-box
motifs in vivo (Fig. 5g). Furthermore, dual-LUC assay indicated
that LUC activity driven by the OsAOS1, OsSWEET4, OsPIP2;2,
OsXTH9 promoters was transiently induced by OsMYC2
(Fig. 5h,i).

To examine whether these downstream genes are involved in
rice DFOT regulation, we generated knockout mutants of OsS-
WEET4 in the ZH11 background through the CRISPR/Cas9
technology (Fig. 6a). As expected, the Ossweet4 mutants dis-
played scattered floret opening phenotype (random floret open-
ing throughout the day) and delayed anthesis, similar to the
Osaos1 and OsMYC2-RNAi mutants (Fig. 6b–d). Besides, we
screened a CRISPR/Cas9 library in ZH11 background (Lu
et al., 2017) and identified mutated lines of OsPIP2;2 and
OsXTH9. Both Ospip2;2 and Osxth9 mutants exhibited normal
floret opening phenotype (data not shown), probably due to
functional redundancy of their homologous genes. Taken
together, these results suggest an OsMYC2-mediated regulatory
network regulating rice DFOT.

Discussion

Proper DFOT is crucial for successful reproduction in rice and
other plants. However, the molecular mechanisms underlying the
regulation of DFOT are not well explored in rice. In this study,
we collected several lines of evidence supporting the notion that
JA acts as a master regulator of the rice DFOT through modulat-
ing multiple molecular processes related to cell osmolality and
cell wall remodeling. We first found that the lodicules undergo
dramatic changes in cytological characteristics and multiple phy-
siological processes during the process of floret opening and
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Fig. 5 OsMYC2-dependent regulatory network is required for regulating rice DFOT. (a) Relative expression levels ofOsMYC2 in ZH11 andOsMYC2-

RNAi lodicules. Data are shown as means � SE (n = 3). Significance is determined by a two-sided Student’s t-test: *, P < 0.05; **, P < 0.01. (b)
Comparison of ZH11 andOsMYC2-RNAi panicles at the floret opening time (12:00 h). Bar, 1 cm. (c) Comparison of opened floret rate of ZH11 and
OsMYC2-RNAi lines. Data are shown as means � SE (n = 10). (d) Relative expression levels ofOsAOS1,OsSWEET4,OsXTH9 andOsPIP2;2 in ZH11 and
OsMYC2-RNAi lodicules. Data are shown as means � SE (n = 3). Significance is determined by a two-sided Student’s t-test: *, P < 0.05; **, P < 0.01.
(e) Yeast one-hybrid assay shows that OsMYC2 binds to the promoters ofOsAOS1,OsSWEET4,OsXTH9 andOsPIP2;2. (f) Electrophoretic mobility shift
assays (EMSA) assay shows that OsMYC2 binds to the promoters ofOsAOS1,OsSWEET4,OsXTH9 andOsPIP2;2. The G-box motifs and their mutant
versions are shown in red. Probe sequences are marked with blue lines in (e). (g) CUT&Tag-qPCR assay shows that OsMYC2 binds to the promoters of
OsAOS1,OsSWEET4,OsXTH9 andOsPIP2;2. The promoter ofOsActin1 without G-box was used as a control. Data are shown as means � SE (n = 3).
Significance is determined by a two-sided Student’s t-test: **, P < 0.01. (h) Schema of constructs used for transient dual-LUC assay in rice protoplasts.
(i) Transient dual-LUC assay shows that OsMYC2 induces the transcriptions of pOsAOS1, pOsSWEET4, pOsXTH9 and pOsPIP2;2 reporters in rice
protoplasts. Data are shown as means � SE (n = 3). Significance is determined by a two-sided Student’s t-test: *, P < 0.05; **, P < 0.01. DFOT, diurnal
floret opening time.
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closure, such as cell size, cell wall thickness, water and sugar con-
tents (Fig. 1). In line with these findings, we further identified a
large set of DFOT-related genes associated with cell osmolality
and cell wall remodeling through the time-course transcriptome
analyses of the lodicules (Figs 2, 3, S4). Notably, we found that
JA biosynthesis and signaling genes exhibited a trend of continu-
ous upregulation in the lodicules, which was accompanied by a
continuous increase in JA accumulation during anthesis progres-
sion (Fig. 3). Furthermore, we demonstrated that OsAOS1 is
required for endogenous JA biosynthesis in the lodicules, while
OsMYC2 acts as a master regulator to directly promote expression
of genes related to sugar transport (OsSWEET4), water transport
(OsPIP2;2) and cell wall modification (OsXTH9), thus promot-
ing DFOT in rice (Figs 4, 5). We also found that OsMYC2
could directly bind to and promote the expression of OsAOS1
(Fig. 5d–i), suggesting a positive feedback loop regulating JA bio-
synthesis and signaling during rice anthesis. Strikingly, we
showed that OsMYC2 exhibited comparable expression levels in
lodicules at different stages of floret opening (Fig. S13b), while
OsAOS1, OsSWEET4, OsPIP2;2 and OsXTH9 exhibited a con-
tinuous upregulation trend, reaching peak expression at the F
stage (Fig. S5), consistent with the JA accumulation pattern
(Fig. 3e,f). Considering that elevated JA levels lead to the degra-
dation of JAZ proteins, thereby abolishing the inhibitory effects
of JAZs on OsMYC2 (Cai et al., 2014; Wu et al., 2015), we spec-
ulate that OsMYC2-mediated activation of OsAOS1, OsS-
WEET4, OsPIP2;2 and OsXTH9 expression during anthesis
might be mainly regulated at the posttranscriptional level via JAZ
proteins. Thus, we propose a model that JA activates its down-
stream regulator OsMYC2 early before floret opening, which in
turn promotes the expression of sugar transporters, aquaporins,

cell wall remodeling factor and JA biosynthesis genes respectively,
thus promoting DFOT by increasing osmotic pressure, water
absorption and cell expansion of the lodicules (Fig. 6e). We spec-
ulate that this JA-mediated regulatory model controlling floret
opening may also operate in other grasses and dicot plants, as
similar changes in cellular osmotic and turgor pressure occur dur-
ing floret opening in diverse plants (Wang et al., 1991, 2022;
Gookin et al., 2003; Van Doorn & Van Meeteren, 2003; Xu
et al., 2022).

Besides JA, earlier studies have suggested that auxin, ethy-
lene, calcium and the circadian clock are also involved in regu-
lating DFOT in diverse plant species. For example, a recent
study reported a signaling cascade constituted of OsARF2 and
OsARF18 regulates floret opening in rice by regulating sucrose
transport from the source tissues (vegetative organs) into the
sink tissues (reproductive organs; Zhao et al., 2022). In addi-
tion, the role of ethylene in the flower opening was repeatedly
reported in ornamental plants (Cheng et al., 2021; Sun
et al., 2021). It was also reported that silencing the core circa-
dian clock genes NaLHY and NaZTL in Nicotiana attenuate
could strongly alter the floret movement rhythm thus affecting
the DFOT (Yon et al., 2016). Notably, we found that many
DEGs related to calcium, circadian clock, auxin and ethylene
signaling pathways were also co-regulated with the JA
signaling-related genes during anthesis (Figs 2, 3). Therefore, it
will be worthy to investigate how the JA signaling pathway
cross-talks with other signaling pathways to coordinately regu-
late DFOT in future studies. Moreover, it has been documen-
ted that various environmental factors, such as light,
temperature and humidity, could affect DFOT in rice (Gu &
Wang, 1993; Jagadish et al., 2007; Kobayasi et al., 2010; Zhou

Fig. 6 Jasmonic acid (JA)-mediated feed-forward regulatory model for DFOT regulation in rice. (a) The sequences of two knockout mutant alleles of
Ossweet4#1 andOssweet4#2. (b) Comparison of ZH11 andOssweet4mutant panicles at the floret opening time (12:00 h). Bar, 1 cm. (c) Number of
opened florets per panicle of ZH11 andOssweet4mutants at different time points from 10:00 h to 13:00 h. Data are shown as means � SE (n = 8).
Significance is determined by a two-sided Student’s t-test: *, P < 0.05; **, P < 0.01. (d) Total number of opened florets per panicle of ZH11 andOssweet4

mutants at different days after heading. Data are shown as means � SE (n = 10). Significance is determined by a two-sided Student’s t-test: *, P < 0.05;
**, P < 0.01. (e) A working model of JAs in regulating rice floret opening. DFOT, diurnal floret opening time. Dashed arrows represent mechanisms that
are still unclear, while solid arrows represent confirmed pathways.
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et al., 2014). However, how these external factors are integrated
with the internal regulatory programs to regulate DFOT has
not yet been carefully studied. Considering the extensive role of
JA in plant responses to environmental conditions (such as
heat, cold and drought; An et al., 2021; Zhu et al., 2021; Kong
et al., 2023), it will be an interesting avenue to exploit the pos-
sible role of JA regulatory networks in adjusting rice DFOT
under different environmental conditions in future research.

Due to the escalated global warming effect, heat stress is caus-
ing serious impacts on reproductive development and production
in rice (Jagadish et al., 2016). Earlier studies reported that rice
varieties with early floret opening might help to mitigate heat-
induced spikelet sterility at the anthesis stage by escaping heat
stress during the daytime, thus enhancing rice thermotolerance
(Jagadish et al., 2007; Ishimaru et al., 2010; Das et al., 2014;
Zhou et al., 2014). For example, introducing an early-morning
flowering (EMF ) QTL designated as qEMF3 from the wild rice
O. officinalis into a popular indica variety IR64 shifted the
DFOT by c. 2.0 h earlier for the IR64, and effectively reduced
heat stress-induced spikelet sterility both under growth chamber
and field conditions in the Philippine tropics (Hirabayashi
et al., 2015). In this study, we have identified a number of
DFOT-related genes, including positive regulators such as
OsAOS1, OsMYC2 and OsSWEET4, and potential negative regu-
lators such as OsJAZs, OsPMEs and the circadian clock genes
(Fig. S4). We speculate that elevating the expression of the
DFOT positive regulators in the lodicules or knocking out
the DFOT negative regulators may help to breed rice varieties
with earlier DFOT to escape heat stress. Besides, DFOT is also
important for hybrid rice seed production. Hybrid rice seeds are
produced by crossing the male sterile (MS) line with the restorer
(R) line, and a synchronous DFOT of the parental lines is a pre-
requisite for successful hybrid seed production. However, the
average DFOT of MS lines, especially the japonica MS lines for
producing the inter-subspecific indica-japonica hybrid rice, is
usually later than the R lines, greatly reducing hybrid seed pro-
duction (Wang et al., 1994). Recently, a study reported that over-
expressing the JA biosynthesis gene OsOPR7 or knocking out JA
inactivation gene OsHAN1 in a japonica male lines GAZS signifi-
cantly advances DFOT and enhances the indica-japonica hybrid
F1 seed production (Wang et al., 2024). Additionally, introgres-
sing the indica allele of OsMYB8 (a key regulator of JA biosynth-
esis) into japonica rice could confer earlier DFOT, thus
effectively helping to synchronize the DFOT of indica and japo-
nica varieties (Gou et al., 2024). In this study, we also showed
that overexpressing OsAOS1 promotes DFOT (Fig. S12). Thus,
we suggest that further manipulation of JA-related genes may
offer an effective approach to overcome asynchronous DFOT
and improve hybrid seed production, especially for the inter-
subspecific indica-japonica hybrid rice.
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Summary
Stigma exsertion rate (SER) of the male sterile line is a key limiting factor for hybrid seed

production in rice. Although a large number of quantitative trait loci associated with SER have

been reported, few genes have been molecularly cloned and functionally characterized, severely

hindering the genetic improvement of SER of the male sterile line and the breeding efficiency of

hybrid rice. In this study, we identified three grain shape regulatory genes, GS3, GW8 and GS9,

as potential candidate genes for targeted manipulation of grain shape and SER. We show that

simultaneously knocking out these three genes could effectively increase SER by increasing the

ratio of spikelet length/spikelet width and length of stigma and style, without negative impacts

on other agronomic traits. Cellular examination and transcriptomic analyses revealed a role of

these genes in coordinated regulation of transverse and longitudinal cell division in the pistils.

Moreover, we demonstrate that targeted manipulation of these grain shape genes could

significantly improve the outcrossing rate in both the ZH11 (a japonica variety) and Zhu6S (an

indica male sterile line) backgrounds. Our results provide new insights into the mechanisms of

rice SER regulation and develop an effective strategy to improve SER and out-crossing rate in rice,

thus facilitating hybrid rice production.

Introduction

Rice is a staple crop for more than half of the world’s population

(FAO Statistical Databases, 2021). Asian cultivated rice (Oryza

sativa L.) is domesticated from the wild rice (Oryza rufipogon

Griff.) and is differentiated into two major ecotypes, japonica and

indica (Huang et al., 2012). Since the 1970s, the development of

“three-line” and “two-line” hybrid systems has contributed

significantly to increased rice production and securing global

food supply (Peng et al., 1999; Yuan and Virmani, 1988;

Zhu, 2016). During commercial production of hybrid seeds,

plants of the female parent (usually a male sterile line) are planted

in rows side-by-side with plants of the male parent (normally 5–6
rows of female parent:1 row of male parent), and pollination is

aided by humans or mechanicals (such as unmanned-helicopters).

To be commercially profitable, hybrid seed yield should reach no

less than 150 kg/mu, and higher yield is desirable for reducing the

cost of hybrid seeds for selling to the farmers.

Several characteristics of the female and male parental lines

affect the yield of hybrid seed production, including the interval

of anthesis between the male and female parents, the stigma

exsertion rate (SER) and stigma vigour of the female parental

lines, and pollen number/vigour of the male parental lines

(Marathi and Jena, 2015; Virmani et al., 1982). Among them,

SER of the female parental line is believed to be a crucial one. The

rice SER is defined as the frequency of exserted stigmas which

stay outside after closing of the lemma and palea, and could be

gauged by the single stigma exsertion rate (SSE), the dual stigma

exsertion rate (DSE) and the total stigma exsertion rate (TSE)

(Rahman et al., 2017b). As the exserted stigmas could stay viable

for 4–6 days to be pollinated, the male sterile lines with high SER

would extend the cross-pollination opportunity by trapping more

pollens and overcome non-synchronous anthesis between the

two parental lines, thus elevating the outcrossing ability of the

male sterility lines and promoting hybrid rice seed production

(Kato and Namai, 1987; Lou et al., 2014; Tian, 1993; Wen

et al., 2009; Yan, 1999; Yuan, 2002). Thus, higher SER (normally

above 40–50% TSE) is a preferred trait for the development of a

commercially viable male sterile line for hybrid seed production.

However, the average SER is <25% in indica, <15% in tropical

japonica, and about 5% in temperate japonica (Ling and

Xu, 1988; Uga et al., 2003; Ying and Zhang, 1989; Zhou

et al., 2017). Thus, it is often a laborious and time-consuming

process to develop male sterile lines with high SER, which severely

limits the breeding efficiency of hybrid rice.

The rice SER is a complex quantitative trait and is easily affected

by environmental factors (such as temperature) (Yan et al., 2009).

Previous studies have shown that SER is largely determined by

stigma length (STL), style length (SYL), and the sum of stigma and

style length (TSSL) (Dang et al., 2020), and thus extensive genetic

analyses have been performed to identify SER-associated loci

through phenotyping STL, SYL and/or TSSL. Although more than

ª 2022 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.
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40 quantitative trait loci (QTL) for SER have been reported, none

of them has been molecularly cloned and functionally character-

ized, largely due to the difficulty in precise phenotyping and the

small additive effects of the individual locus (typically less than

10%) (Bakti and Tanaka, 2019; Li et al., 2001, 2014; Liu

et al., 2015, 2019; Marathi and Jena, 2015; Rahman

et al., 2017a,b; Tan et al., 2020; Uga et al., 2003; Zhang

et al., 2018). Recently, genome-wide association studies (GWAS)

analyses were utilized to identify SER-associated genes. Notably,

three rice grain size regulatory genes, Grain Size 3 (GS3, encodes

a G-protein γ subunit, Mao et al., 2010), Grain Width 2 (GW2,

encodes a RING-type E3 ubiquitin ligase, Song et al., 2007) and

Grain Width 5 (GW5, encodes a novel calmodulin-binding

protein, Liu et al., 2017), were identified (Dang et al., 2020;

Zhou et al., 2017). These observations suggest that SER is tightly

linked with grain shape. However, the detailed roles of these

genes in regulating SER and whether these genes could be

utilized to improve SER of the male parent line for hybrid seed

production have not been meticulously evaluated.

In this study, we selected three grain shape regulatory genes,

GS3, GW8 and GS9, as potential candidate genes for targeted

manipulation of grain shape and SER. We show that these genes

could act synchronously to modulate the spikelet length, spikelet

width, stigma length, and style length. Their individual or double

knockout plants exhibit improved SER, but the gs3/gw8/gs9 triple

mutant exhibit the most dramatic improvement in SER (TSE

reaching ~60%). Moreover, we show that simultaneously

knocking out these three genes could effectively improve the

outcrossing rate in both indica and japonica backgrounds. The

potential utility of these genes in boosting hybrid seed produc-

tion, especially in indica–japonica hybrid seed production, is

discussed.

Results

Identification of SER regulatory genes by analysing rice
grain shape genes

Previous studies have shown that in rice, SER is largely determined

by stigma length (STL), style length (SYL), and the sum of stigma

and style length (TSSL) (Dang et al., 2020) and tightly associated

with grain shape (Uga et al., 2003, 2010; Zhou et al., 2017).

Thus, we speculated that these traits might be regulated by a

common set of genes. To substantiate this notion, we examined

the developmental processes of the spikelet and pistil (containing

style and stigma) of ZH11 throughout the S8b ~ S12 stages

(Zhang et al., 2006, 2011). We found that the spikelet and pistil

exhibited synchronous growth, with a sharp increase from S11a

to S12 (Figure 1a,b). Pearson’s correlation analysis showed that

the sum of stigma and style length was significantly and positively

correlated with the spikelet area, spikelet length and width

(Figure 1b; Figure S1). We then performed a detail analysis of

more than 50 rice grain size regulatory genes according to their

functions and their genetic effects on grain shape-related traits (Li

et al, 2019) (Table S1). Three genes, GS3, GW8 and GS9, were

selected as they are negative regulators of grain length and/or

positive regulators of grain width, and their loss-of-function

alleles could increase grain quality and confer no adverse effect

on other agronomic traits in rice (Fan et al., 2006; Wang

et al., 2012; Zhao et al., 2018). Reverse- transcription quantitative

PCR (RT-qPCR) assay showed that GS3, GW8 and GS9 displayed

similar expression patterns in the developing pistils, with highest

expression at the S11b stage (Figure 1c), coinciding with the

maximum growth rate of the spikelet and pistil at this stage.

Therefore, we speculated that knocking out these genes may

confer increased grain length/width ratio, increased pistil length

and consequently increased SER in rice.

GS3, GW8 and GS9 synchronously regulate glume shape,
pistil growth and the SER in rice

We thus designed a CRISPR/Cas9 construct aimed to generate

various single, double and triple knockout mutants of GS3, GW8

and GS9 in the japonica variety Zhonghua11 (ZH11) background

(Figure S2). Multiple single, double and triple mutants harbouring

base insertions or deletions were identified through sequencing

analysis (Figure S2b–d). Next, we examined the phenotype of

spikelet and pistil in various knockout mutants. Compared with

the wild-type (WT) plant ZH11, all the homozygous mutants

exhibited increased spikelet length (except for the gw8 single

mutant) but decreased glume width (except for the gs3 single

mutant) (Figure 2a–h,q,r; Figure S3a–f,m,n). Notably, the spikelet

length/width ratio was gradually elevated from the single mutant

to the triple mutant, suggesting that GS3, GW8 and GS9 function

additively in regulating grain shape in rice (Figure 2s; Figure S3o).

In line with the increased spikelet length/width ratio, all the

knockout mutants displayed increased stigma length and style

length (except for the style length of the gw8/gs9 double

mutant), thus leading to a gradual increase of the total stigma

and style length from the single mutant to the triple mutant

(Figure 2i–p,t–v; Figure S3g–l,p–r). Consistently, Pearson’s corre-
lation analysis showed that the stigma exsertion rate was

positively correlated with spikelet length/width ratio and spikelet

length, but negatively correlated with spikelet width (Figure S4).

As expected, phenotype analysis showed that at anthesis, all the

mutated lines exhibited increased SSE, DSE (except for the gs3

and gs9 single mutant) and TSE (Figure 2w–y; Figure S3s–u). In
comparison to ZH11 with a very low TSE (<5%), the average TSE

was increased by 54.92% in gs3/gw8/gs9#1 and 64.17% in gs3/

gw8/gs9#2 (Figure 2w–y; Figure S3s–u). Noteworthy, the triple

mutant produced more slender grains than ZH11with decreased

1000-grain weight (Figure S5a–d), whereas the number of tillers

and grains per plants in triple mutant were significantly increased

compared to wild-type ZH11 (Figure S5k,l). All the improved traits

are beneficial for the hybrid seed production. No significant

differences were observed for the panicle architecture (including

panicle length, number of primary branches and number of

secondary branches) and plant height between the triple mutants

and wild-type ZH11 (Figure 5e–j). Together, these findings clearly

demonstrate that knocking out these grain shape genes could

confer increased SER in rice.

GS3, GW8 and GS9 regulate grain and pistil traits by
altering cell division

To further examine the cellular changes that occurred in the

spikelet and pistil of the gs3/gw8/gs9 triple mutant, we

performed cytological observations in more detail. Scanning

electron microscopy (SEM) observations showed that the length

of the outer epidermal cells of spikelet glumes in gs3/gw8/gs9#1

was decreased by ~10% (Figure 3a–c), but an approximate 13%

increase in longitudinal cell number compared with the wild-type

ZH11 (Figure 3d), indicating that the increased grain length in

gs3/gw8/gs9#1 is likely resulted from increased cell division in the

longitudinal direction. Additionally, transverse sections of palea

and lemma showed that gs3/gw8/gs9#1 contained fewer inner

parenchyma cells than the wild-type ZH11, which may contribute
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to the decreased transverse spikelet perimeter (by 19%) of the

gs3/gw8/gs9#1 hulls (Figure 3e–h).
Next, we compared the cellular changes within pistil between

gs3/gw8/gs9#1 and wild-type ZH11. Transverse section analysis

of the joint region between stigma and style showed that the

number of inner parenchyma cells in gs3/gw8/gs9#1 was

significantly decreased compared with ZH11 (Figure 4a,b,e), thus

leading to an approximate 22% decrease in transverse area of the

joint region in gs3/gw8/gs9#1 (Figure 4f). Additionally, transmis-

sion electron microscopy (TEM) analysis showed no significant

difference in the average cell length and longitudinal cell number

of the style between gs3/gw8/gs9#1 and ZH11 (Figure 4c,d,g,h),

implying that the increased style length in gs3/gw8/gs9#1 is also

likely resulted from increased cell division in the longitudinal

direction. These results suggest that GS3, GW8 and GS9 act

together to inhibit cell division in the longitudinal direction and

promote cell division in the transverse direction of style in rice.

Transcriptome analysis reveals enrichment of cell
proliferation-related genes in the triple mutant

To further probe the molecular mechanism of action of GS3,

GW8 and GS9 in regulating pistil growth, we performed RNA

sequencing (RNA-seq) to compare the global gene expression

profiling between the gs3/gw8/gs9 triple mutant and ZH11. As

the stigma and style of gs3/gw8/gs9 triple mutant started to

display a differential growth rate with that of ZH11 from the S11b

to S12 stages (Figure S6), we used the pistils at the S11b stage for

transcriptome analysis. Pearson’s correlation analysis showed

significant correlation between two biological replicates for each

sample (Figure S7a). A total of 1498 differentially expressed genes

(DEGs) were identified based on the criteria of a 2-fold change

and false discovery rate (FDR) < 0.05 (Dataset S1). Among them,

861 genes were up-regulated and 637 genes were down-

regulated in the gs3/gw8/gs9 mutant when compared to ZH11

(Figure S7b). Gene Ontology (GO) term enrichment analysis and

KEGG pathway enrichment analysis showed that these DEGs

were mainly enriched in multiple processes (Figure S7c,d;

Dataset S1, S3). Notably, a large proportion of the DEGs were

clustered into cell proliferation–related terms such as ‘cell

division’, ‘microtubule binding’, ‘microtubule motor activity’,

and ‘cell wall remodeling’ (Figure S7c), consistent with the

alteration of cell division detected in the gs3/gw8/gs9mutant. We

further confirmed the expression profiles of several cell division-

related genes by RT-qPCR (Figure S7b). Our results suggest that

GS3, GW8 and GS9 cooperatively regulate cell division during

pistil development.

Knocking out of GS3, GW8 and GS9 significantly increase
outcrossing rates of ZH11 and Zhu6S

To test whether the increased SER in the gs3/gw8/gs9 mutants

may promote out-crossing, we further carried out a field

experiment by crossing ZH11 and gs3/gw8/gs9 with an

orange-red-grained astaxanthin rice (Zhu et al., 2018) as the

male parent. The outcrossing rate was evaluated by calculating

the percentage of orange-red grain in the F1 seeds (the self-

pollinated seeds are white and the cross-pollinated hybrid seeds

are orange-red). As expected, both lines of the gs3/gw8/gs9

triple mutants exhibited significantly higher outcrossing seed

setting rates compared with ZH11, when pollinated by the

orange-red-grained astaxanthin rice (Figure 5a,b). To further

evaluate the potential application of loss-of-function alleles of

gs3, gw8 and gs9 in hybrid seed production, we selected an

elite indica male sterile line Zhu6S for genetic improvement.

Zhu6S is known to have a low SER (~20%), and thus is not

Figure 1 Identification of GS3, GW8 and GS9 as stigma exsertion regulatory genes in rice. (a) Dynamic change of spikelet and pistil for the ZH11 during

spikelet development. S8b-S12 stages represent different developmental stages based on the reference by Zhang et al. (2006) and Zhang et al. (2011).

Bars = 1 mm. (b) Pearson’s correlation between the spikelet area and the total length of stigma and style. r, Pearson’s correlation coefficient. **P < 0.01.

(c) RT-qPCR analysis of GS3, GW8 and GS9 in pistils at S11a, S11b and S12 stages. Data are shown as means � SEM (n = 3).
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suitable for hybrid seed production. As Zhu6S contained a loss-

of-function allele of gs3 (Figure S8a), we simultaneously

knocked out GW8 and GS9 using the CRISPR/Cas9 technology

(Figure S8b). As expected, the edited Zhu6S lines (with gw8 and

gs9 knockout) exhibited significantly increased SSE, DSE and TSE

when compared to the original Zhu6S (Figure 5c,d). The average

TSE was increased from 22.87% in the original Zhu6S to

60.65% in the Edited Zhu6S-1 and 62.62% in Edited Zhu6S-2

(Figure 5d). We further performed a natural outcrossing test by

planting the original Zhu6S and its edited lines together with a

male fertile rice variety Tianfeng B. As both the original Zhu6S

and the edited Zhu6S are male sterile lines, the seeds produced

on these plants were hybrid seeds derived from natural cross-

pollination between the sterile lines and Tianfeng B. Notably,

the seed setting rate of the edited Zhu6S reached ~50%, which

is about two times higher than that of the original Zhu6S

(~25%) (Figure 5e,f). These results indicate that manipulation of

GS3, GW8 and GS9 could effectively improve the outcrossing

rate of male sterile lines and thus hybrid rice seed production.

Discussion

The SER trait of the male sterile line is a key limiting factor for

hybrid seed production in rice. However, few SER-related genes

have so far been cloned and characterized, severely hindering the

genetic improvement of rice SER and the efficacy of hybrid rice

breeding. In this study, we demonstrate that besides the previously

reported GS3 (Takano-Kai et al., 2009; Zhou et al., 2017), GW8

and GS9 are also common regulators of grain shape and SER and

that targeted manipulation of these genes could be used to

effectively improve SER and out-crossing rate in rice, thus

facilitating hybrid rice production. Our phenotypic analysis showed

Figure 2 GS3, GW8 and GS9 synchronously regulate the spikelet, pistil growth and stigma exsertion rate in rice. (a–h) Comparison of spikelet shape

among ZH11 and its various knockout combinations of gs3, gw8 and gs9. Bar = 1 mm. (i–p) Comparison of pistil shape among ZH11 and its various

knockout combinations of gs3, gw8 and gs9. Bar = 1 mm. (q–v) Statistical analyses of spikelet length (q), spikelet width (r), spikelet length/spikelet width

(s), stigma length (t), style length (u) the length of stigma and style (v), single stigma exsertion (w), dual stigma exsertion (x), total stigma exsertion (y) of

ZH11 and its various knockout mutants. Letters above the bars indicate significant differences (P < 0.05) as determined by one-way ANOVA with Tukey’s

post-hoc analysis. Data are shown as means � SEM (n = 10).
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that there are about 1.7-fold, 3.7-fold and 3.8-fold increases of

SER in gs3, gw8, gs9 single mutant separately in comparison to

ZH11, suggesting thatGW8 andGS9 play more predominant roles

than GS3 in regulating SER. SER of the double mutants (16.1–
25.1%) is obviously higher than that of the single mutants (7.3–
16.1%). Notably, SER of the gs3/gw8/gs9 triple mutant (54.1–
64.2%) is significantly higher than that of the gw8/gs9 double

mutant (16.1–25.1%) (Figure 2y; Figure S3u), suggesting that

GS3, GW8 and GS9 may function in a synergistic fashion to

regulate SER. Further studies are required to clarify their genetic

interaction in SER regulation. In addition, it is worth noting that

stigma viability is also an important factor for the success of out-

crossing seed setting (Qi and Wu, 2022). However, whether GS3,

GW8 and GS9 affect stigma vitality also awaits detailed evaluation

in future studies. Regardless, our findings hold great potential in

targeted improvement of SER for the available male sterile lines as

well as facilitating the breeding of new male sterile lines with the

superior combining ability and hybrid vigour, thus promoting the

utilization and commercialization of hybrid rice.

In addition, as most of the currently planted hybrid rice varieties

were intra-subspecific hybrids of the indica subspecies, and their

yields have reached a plateau due to the narrow genetic diversity

of the parental lines. The indica–japonica inter-subspecific hybrid

rice has stronger heterosis than intra-subspecific hybrids of the

indica subspecies, and has the potential to boost the yield by an

additional 20–30% (Peng et al., 1999; Yuan and Virmani, 1988).

However, utilization of the strong indica-japonica inter-

subspecific hybrid vigour is currently restrained by several

bottlenecks, including low fertility of the F1 plants due to

reproduction barriers between the indica and japonica sub-

species, tall plant height/lodging, prolonged life cycle, poor grain

quality and low production of hybrid seeds. In particularly, the

extremely low level of SER (about 5%) in japonica varieties is a

major constraint for indica–japonica inter-subspecific hybrid seed

production. Our findings that both SER and outcrossing rate

could be significantly improved in ZH11 (a japonica variety) and

Zhu6S (an indica male sterile line) illustrate an effective approach

to overcome this barrier, and thus contributing to the

Figure 3 Histological comparison of the spikelet glumes between ZH11 and the gs3/gw8/gs9#1 triple mutant. (a, b) Scanning electron microscopy

analyses of the glume of ZH11 and gs3/gw8/gs9#1. (b) is magnified views (enlarged by 200-fold) of the red boxes areas in (a). (c) The cell length in

longitude indicated with red boxes in (a). Bars indicate SEM (n = 5). (d) The cell number in the areas indicated with red boxes in (a). Bars indicate SEM

(n = 5). (e) Spikelet morphology of ZH11 and gs3/gw8/gs9#1 before anthesis. The yellow dashed line indicates the position of the cross-sections shown in

(f). Bar = 1 cm. (f) Transverse sections of spikelet. The right-hand images show magnified views of the red boxed region. The red arrow indicates lower

epidermal cells. Bar = 100 μm. (g, h) Quantification analyses of cell number (g) and spikelet perimeter (h) of palea and lemma in ZH11 and gs3/gw8/gs9#1,

Bars indicate SEM (n = 3). Asterisks indicate significant differences (**P < 0.01) between ZH11 and gs3/gw8/gs9#1 by two-tailed Student’s t-test. Data are

shown as means � SEM.

ª 2022 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 21, 381–390

Editing grain shape genes improves rice outcrossing rate 385

 14677652, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pbi.13959 by South C

hina A
gricultural, W

iley O
nline L

ibrary on [05/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

第105页 



development and commercialization of indica–japonica inter-

subspecific hybrids in the future.

Besides being an important agronomic trait for hybrid seed

production in rice, stigma exsertion is also a key trait of rice

domestication. The wild rice ancestor O. rufipogon is known to

have high SER (80%) and superior outcrossing habit (alloga-

mous), whereas the Asian cultivated rice has greatly reduced SER

(on average below 15% in indica rice and ~5% in japonica rice),

rendering the cultivated rice become a strictly selfing (autoga-

mous) species (Xu and Sun, 2021). However, the biological

significance and regulatory mechanisms underlying such a tran-

sition remain largely mysterious. A recent study demonstrated

that GS3 and GW5 likely contributed to this change. Based on

population genetic analyses, it was inferred that wild rice should

have the wild combination of GW5/GS3 and that in the process

of rice domestication, gain of GS3 function and loss of GW5

function may have contributed greatly to the change of

outcrossing habit of rice to selfing (Zhou et al., 2017). In this

study, we showed that knocking out GW8 and GS9 could

significantly increase both SER and outcrossing rate of cultivated

rice. Thus, it will be of great interest to explore the genetic

diversity of these genes (GS3, GW5, GW8 and GS9) in wild rice

and examine how their haplotype combinations have been

artificially selected during rice domestication and modern

breeding process. Such analyses may lead to the identification

of superior haplotype combinations that confer male sterile lines

with desired grain shape/grain quality and high SER for hybrid

seed production, with minimal detrimental effects on other

agronomic traits, thus contributing to improved breeding effi-

ciency and yield of hybrid rice.

Methods

Plant materials and growth conditions

The GS3, GW8 and GS9 gene were knocked out in the Oryza

sativa cv. Japonica cultivar Zhonghua 11 (ZH11) and the indica

thermo-sensitive genic male sterile line Zhu6S through the

CRISPR/cas9 technology. The orange-red-grained astaxanthin rice

was kindly provided by Zhu et al. (2018). All rice plants were

cultivated in the experimental field at the South China Agricul-

tural University in Guangzhou (23°70N, 113°150E) from March to

November in 2021 and 2022, and in Lingshui, Hainan (18°220N,
109°450E) from November to April in 2021 and 2022.

Investigation of spikelet shape, pistil-related traits and
agronomic traits

Spikelets of ZH11 and gs3/gw8/gs9 at different developmental

stages were captured and photographed under a light

Figure 4 Histological comparison of the styles between ZH11 and gs3/gw8/gs9#1. (a) Pistil morphology of ZH11 and gs3/gw8/gs9#1. The yellow lines

indicate the position of the cross-sections shown in (b). Bar = 1 mm. (b) Transverse sections of ZH11 and gs3/gw8/gs9#1 styles. Bar = 20 μm. (c) Scanning

electron microscopy analyses of ZH11 and gs3/gw8/gs9#1 styles. Bar = 100 μm. The dashed boxes highlight the region for comparison of the cell number

and cell length in the style between ZH11 and gs3/gw8/gs9#1. (d) The magnified views of the boxed regions in (c). Bar = 10 μm. (e, f) The horizontal cell

number (e) and area (f) indicated with dashed lines in (b). Bars indicate SEM (n = 4). (g, h) Quantification analyses of average parenchymal cell number (g)

and cell length (h) shown in (d). Bars in (g) indicate SEM (n = 5) and Bars in (h) indicate SEM (n = 120). Asterisks indicate significant differences (**P < 0.01)

between ZH11 and gs3/gw8/gs9#1 by two-tailed Student’s t-test. Data are shown as means � SEM.
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microscope (Zeiss Stemi 508). For investigating the pistil-related

traits, the pistils were carefully separated from the spikelets and

photographed under a light microscope (Zeiss Stemi 508). The

length and width of the spikelet and the length of stigma and

style were measured using the ImageJ software.

To analyse the agronomic traits, the wild type ZH11 and two

gs3/gw8/gs9 lines were grown at the experimental field in

Guangzhou from March to July 2021, and eight plants of ZH11

and each mutant line were randomly selected for measurement

of grain length, grain width, 1000-grain weight, panicle length,

number of primary branches, number of second branches, plant

height, tiller number and grain number.

To calculate the stigma exsertion rate (SER), SER could be

gauged by three categories: the single stigma exsertion rate (SSE),

the dual stigma exsertion rate and the total stigma exsertion rate

(TSE). After anthesis, 10 main panicles from 10 individuals of

ZH11, Zhu6S and each mutant line were used to calculate the

number of spikelets with single exserted stigma (SES), dual

exserted stigma (DES), and no exserted stigma (NES). SER is

calculated using the following formulas:

SSE %ð Þ ¼ SES= SESþ DESþ NESð Þ½ � � 100%:

DSE %ð Þ ¼ DES= SESþ DESþ NESð Þ½ � � 100%:

TSE %ð Þ ¼ DESþ SESð Þ= SESþ DESþ NESð Þ½ � � 100%:

Histological analysis

Fresh young spikelet hulls and pistils were firstly fixed in FAA and

dehydrated through a graded series of ethanol, then were

embedded in epoxy resin (Pon812 Epoxy Embedding Kit; Sigma-

Aldrich, Saint Louis, MO, USA) and polymerized. 3-μm-thick

Figure 5 Knocking out GS3, GW8 and GS9 significantly increase outcrossing rates of ZH11 and Zhu6S. (a) The F1 seeds from the crossings of ZH11 or gs3/

gw8/gs9 and the orange-red-grained astaxanthin rice. The orange-red grains represent outcrossing seeds. (b) Measurement of the outcrossing rate of ZH11

and gs3/gw8/gs9. Bars indicate SEM (n = 4). (c) The stigma exsertion phenotype of Zhu6S and two edited lines (with GW8 and GS9 knockout). The red

arrows indicate the exserted stigmas. (d) Statistical analysis of stigma exsertion rate shown in (c). Bars indicate SEM (n = 10). (e) Measurement of the

outcrossing rate of Zhu6S and two edited lines after natural cross-pollination with Tianfeng B. Bars indicate SEM (n = 3). (f) Panicle morphologies of Zhu6S

and two edited lines after natural cross-pollination with Tianfeng B. Asterisks indicate significant differences (**P < 0.01) from ZH11 or Zhu6S, as

determined by two-tailed Student’s t-test. Data are shown as means � SEM.
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sections for pistils and 8-μm-thick sections for spikelet hulls were

stained with filtered 1% toluidine blue and examined under a

light microscope (Nikon, Y-TV55). The cell number and cell area

were measured using ImageJ. To analyse the surface cells of

pistils, scanning electron microscopy (SEM) examination was

performed as described by Juarez et al. (2004) with some

modifications. Fresh pistils were fixed in a glutaraldehyde fixative

solution (2.5% glutaraldehyde in 0.08 M phosphoric acid buffer)

for 24 h at 4°C and then dehydrated through a graded ethanol

series (30%, 50%, 70%, 95% and 100%). Dehydrated samples

were then dried by a critical point dryer with liquid CO2. Finally,

the samples were coated with gold palladium using a Desk II

sputter coater (Denton Vacuum, Moorestown, NJ) for 45 s before

observation under a Hitachi S-3400N SEM (Hitachi, Kyoto, Japan).

To analyse the surface cells of the glumes, mature spikelet glumes

were dried and coated with gold palladium, then were observed

with a Hitachi S-3400N SEM with an accelerating voltage of 5 kV.

Total RNA extraction, RT-qPCR analyses and RNA-seq

Total RNA was extracted from the S11b stage pistil using the

TRIzol reagent (Thermo Fisher). For RT-qPCR analysis, approxi-

mate 1 μg total RNA of each sample was converted to cDNA

using a Hifair® III 1st Strand cDNA Synthesis SuperMix Kit (Yeasen

Biotechnology, Shanghai, China) according to the manufacturer’s

instructions. RT-qPCR was performed using the Hieff UNICON®

qPCR SYBR Green Master Mix (Yeasen Biotechnology) with a

LightCycler® 96 System. The Actin1 gene (LOC_Os03g50885)

was used as a reference gene. All primer sequences are listed in

Table S2.

For RNA-seq, total RNA of fresh pistils was extracted using

Trizol according to the manufacture’s protocol. Two biological

replicates were used for each sample. A total of 2.0 μg RNA per

sample was used to construct cDNA libraries using the mRNA-seq

V3 Library Prep Kit (Vazyme, Nanjing, China) according to the

manufacturer’s instruction. The Bioanalyzer 2100 (Agilent, Palo

Alto, CA, USA) was used to quantify and assess the quality of the

RNA samples and cDNA libraries. The paired-end 2 × 150-base

sequencing was performed on Illumina HiSeq X sequencing

platform.

The connectors and low-quality reads were filtered using

Cutadapt (V1.9.1) (Martin, 2011). The processed reads were

mapped to the rice Nipponbare reference genome and genes

(downloaded from ftp://ftp.ensemblgenomes.org/pub/) using

Hisat2 (V2.0.1) (Kim et al., 2015). HTSeq (V0.6.1) (Putr

et al., 2022) was used to count the numbers of reads mapped

to each gene. EdgeR Bioconductor package was used to screen

differential expression genes (DGEs) at the thresholds of false

discovery rate (FDR) ≤ 0.05 and log2 Fold-Change ≥1. Gene

Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway analyses were analysed using an online tool

DAVID (https://david.ncifcrf.gov/). Significantly enriched GO

terms and KEGG pathway were selected with an empirical P

value ≤0.05, and the enrichment results were plotted using the

ggplot2 package. All DEGs are listed in Dataset S1. Enriched GO

terms and KEGG pathway are listed in Dataset S1 and S3,

respectively.

Evaluation of outcrossing rate

To compare the outcrossing rate between ZH11 and the gs3/gw8/

gs9 mutants, ZH11 and two gs3/gw8/gs9 lines were selected as

the female parent, while orange-red-grained astaxanthin rice as

the male parent. The female and male lines were planted in a 2:4

row ratio, and two rows of female parents were planted in the

middle encompassed by four rows of each male line. During the

flowering stage, artificial supplementary pollination was per-

formed twice per day. After approximately 30 days, the seeds of

the ZH11 and two gs3/gw8/gs9 mutants were harvested. The

outcrossing rate was evaluated by calculating the percentage of

orange-red grain in the F1 seeds (including white self-pollinated

seeds and orange-red hybrid seeds). Four replicates were

conducted for each combination.

For the natural outcrossing test, the unedited-Zhu6S and two

edited-Zhu6S were planted as the female parents together with

Tianfeng B (an indica variety with a similar heading day as Zhu6S)

as the male parent. The female and male lines were planted in a

1:4 row ratio, and one row of female parents was planted in the

middle encompassed by four rows of each male line. The crosses

between the male and female naturally occurred without being

aided by artificial pollination. After approximately 30 days, the

seeds of the unedited- and edited-Zhu6S were harvested. The

natural outcrossing rate was evaluated by calculating the seed

setting rate of the female lines. Six replicates were conducted for

each combination.

Accession numbers

The gene sequence data from this article can be found in the Rice

MSU Genome Annotation Release 7 under the following acces-

sion numbers: GW8 (LOC_Os08g41940), GS3 (LOC_Os04g5

6400.1), GS9 (LOC_Os09g27590), CYCIaZm (LOC_Os01g59120),

CSLD4 (LOC_Os12g36890), CYCB2;2 (LOC_Os06g51110),

CDKB2 (LOC_Os08g40170), CYCA2;1 (LOC_Os12g31810),

PME1 (LOC_Os03g19610), PME2 (LOC_Os01g20980), PME31

(LOC_Os11g08750) and KIN7J (LOC_Os09g35890).
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Cover image: Pictured is a gentoo and
a chinstrap penguin along the Antarctic
Peninsula. Kelton W. McMahon et al.
examined the diets of chinstrap and
gentoo penguins in the Antarctic
Peninsula by analyzing amino acid
isotopes in feathers from the 1930s,
1960s, 1980s, and 2010s. The authors
found that both species consumed krill
during times of whaling-induced krill
surpluses, but that over the past 40 years
gentoo penguins expanded their diets
to include fish and squid and their
populations increased. Chinstrap
penguins, however, experienced
population declines and continued to
feed only on krill, even during times
of climate change-induced krill
shortages, suggesting that species with
specialized diets may be vulnerable to
anthropogenic environmental changes.
See the article by McMahon et al. on
pages 25721–25727. Image courtesy of
Jim Wilson (Irishwildlife.net).
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Sáez, Fanny Aprahamian, Deborah Lefevre, Veronique Adoue,
Amal Zine El Aabidine, Maqbool Muhammad Ahmad,
Claire Hivroz, Olivier Joffre, Florence Cammas, Guido
Kroemer, Etienne Gagnon, Jean-Christophe Andrau,
and Sebastian Amigorena

25850 B cell receptor ligation induces display of V-region
peptides on MHC class II molecules to T cells
Peter Csaba Huszthy, Ramakrishna Prabhu Gopalakrishnan,
Johanne Tracey Jacobsen, Ole Audun Werner Haabeth, Geir
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Johanna Emgård, Helena Bergsten, John K. McCormick,
Israel Barrantes, Steinar Skrede, Johan K. Sandberg,
and Anna Norrby-Teglund

NEUROSCIENCE

25932 Engineering geometrical 3-dimensional untethered
in vitro neural tissue mimic
Gelson J. Pagan-Diaz, Karla P. Ramos-Cruz, Richard Sam,
Mikhail E. Kandel, Onur Aydin, M. Taher A. Saif, Gabriel
Popescu, and Rashid Bashir

25941 The association between serotonin transporter
availability and the neural correlates of
fear bradycardia
Pieter Schipper, Marlies Hiemstra, Kari Bosch, Desiree
Nieuwenhuis, Annalisa Adinolfi, Sabine Glotzbach, Bart
Borghans, Dora Lopresto, Guillén Fernández, Floris Klumpers,
Erno J. Hermans, Karin Roelofs, Marloes J. A. G. Henckens,
and Judith R. Homberg

25948 Otogelin, otogelin-like, and stereocilin form links
connecting outer hair cell stereocilia to each
other and the tectorial membrane
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BBX4, a phyB-interacting and modulated regulator,
directly interacts with PIF3 to fine tune red light-
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Phytochrome B (phyB) absorbs red light signals and subsequently
initiates a set of molecular events in plant cells to promote
photomorphogenesis. Here we show that phyB directly interacts
with B-BOX CONTAINING PROTEIN 4 (BBX4), a positive regulator of
red light signaling, and positively controls its abundance in red
light. BBX4 associates with PHYTOCHROME INTERACTING FACTOR
3 (PIF3) and represses PIF3 transcriptional activation activity and
PIF3-controlled gene expression. The degradation of BBX4 in
darkness is dependent on CONSTITUTIVELY PHOTOMORPHOGENIC
1 (COP1) and the 26S proteasome system. Collectively, BBX4 acts
as a key component of the phyB-PIF3–mediated signaling module
and fine tunes the red light action. phyB promotes the accumula-
tion of BBX4, which in turn serves to repress PIF3 action through
direct physical interaction to promote photomorphogenic develop-
ment in red light.

phyB | COP1 | BBX4 | photomorphogenesis | light signaling

Light signals are perceived by a variety of wavelength-specific
photoreceptors, including phytochromes (phys), cryptochromes,

phototripins, and UV-B resistance locus 8 (1–5). Of these, phys
sense red (R) and far-red (FR) light signals to mediate various
developmental processes in plants, including seed germination,
photomorphogenesis, shade avoidance, flowering, and senescence
(6, 7). The phys can be photoconverted between 2 states, an in-
active Pr form absorbing R light and a biologically active Pfr form
sensing FR light. phyA-phyE have both unique and overlapping
functions, among which phyB is the primary R light photoreceptor
in Arabidopsis (8, 9).
Photoactivated phyB translocates from the cytoplasm to the

nucleus, where it interacts directly with a subset of basic helix-
loop-helix (bHLH) transcription factors, termed phytochrome-
interacting factors (PIFs) including PIF1, PIF3, PIF4, and PIF5.
Subsequently, this molecular event leads to the promotion of
their degradation and their sequestration from their target pro-
moters (10). PIF3, the founding member of the PIFs, is identified
by a yeast two-hybrid screen using phyB as the bait (11). phyB
interacts with and recruits PIF3 into nuclear bodies during the
dark-to-light transition before its degradation (12). PIF3 is a key
repressor of phyB-mediated signaling, which regulates hypocotyl
elongation, cotyledon expansion of seedlings, and chloroplast
development (13, 14). In the dark, 2 E3 ubiquitin ligases defined
by CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1)
and DE-ETIOLATED 1, stabilize the abundance of PIF3 (15,
16). Thus, PIF3 is enriched in the nucleus and mediates the
expression levels of a large group of target genes to maintain the
state of skotomorphogenesis in plants. On light illumination,
photoactivated phyA and phyB interact directly with PIF3 and
rapidly trigger its phosphorylation on multiple residues and
subsequent degradation through the 26S proteasome system (17,
18). The phosphorylation of PIF3 is directly mediated by phy and

photoregulatory protein kinases (19, 20). The SCFEBF1/2 E3 li-
gase complex targets phosphorylated PIF3 for ubiquitination and
degradation under a wide range of light intensity conditions (21),
while under high light conditions, the CUL3LRBs E3 ligase
complex simultaneously targets both phyB and phosphorylated
PIF3 for ubiquitination and concurrent degradation to reduce
the sensitivity of plant cells to red light (22). In addition, it has
been shown that PIF3 promotes the degradation of phyB to at-
tenuate plant light responses (18, 23, 24).
Recent work has revealed that a subset of B box-containing

proteins (BBXs) play critical roles in light-dependent development
in plants. Multiple BBXs, acting downstream of various photore-
ceptors, function in COP1- and HY5-mediated light signaling
pathways in promoting or repressing seedling development (25–
29). BBX4 (also known as CONSTANS-LIKE 3 [COL3]) contains
2 tandem B-box domains in its N-terminal half and a conserved
CCT (CO, COL, TOC1) domain in its C-terminal region (30).
BBX4 directly associates with FLOWERING LOCUS T (FT)
promoter through its CCT domain in the presence of BBX32 to
repress FT expression and flowering (31). In addition to repressing
flowering, BBX4 is also involved in various physiological and

Significance

Phytochrome B (phyB) is the predominant red light photore-
ceptor that transduces red light signals to downstream signal-
ing. On red light exposure, photoactivated phyB interacts with
a transcription factor termed PHYTOCHROME INTERACTING
FACTOR 3 (PIF3), a repressor of red light signaling, triggering its
rapid phosphorylation and subsequent degradation. Thus, phyB-
PIF3 defines a critical regulatory hub for red light-mediated
seedling development. In this study, we show that B-BOX
CONTAINING PROTEIN 4 (BBX4) is a key component involved in
the phyB-PIF3 regulatory module. phyB directly interacts with
BBX4 and positively controls the abundance of BBX4 in red light.
Accumulated BBX4 directly interacts with PIF3 to inhibit its
transcriptional activation activity toward target genes, thereby
promoting photomorphogenesis.
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developmental processes, including photomorphogenesis, forma-
tion of lateral root and shoot branching, shoot elongation, and
accumulation of anthocyanin (32). A loss-of-function bbx4 mutant
specifically displays elongated hypocotyls in R light, but not in blue
(B) and FR light (32). This indicates that BBX4 acts as a positive
regulator of phyB-mediated signaling. However, the molecular
mechanism underlying BBX4 in the regulation of R light-
mediated inhibition of hypocotyl elongation has remained largely
unknown.
In this study, we demonstrated that 2 key regulators of R light

signaling, phyB and PIF3, both physically interact with BBX4 in
response to R light. BBX4 protein level accumulated to high
abundance in R light in a phyB-dependent manner. BBX4 ge-
netically acts upstream of PIF3 and represses its transcriptional
activation activity. In short, on R light illumination, photo-
activated phyB directly associates with BBX4 and promotes its
accumulation. Thus, accumulated BBX4 interacts with PIF3 to
inhibit its transcriptional activation activity, thereby promoting
photomorphogenic development.

Results
BBX4 Is a Positive Regulator of Red Light Signaling. BBX4 acts as a
positive regulator of the phyB-mediated inhibition of hypocotyl
elongation (32). Consistently, 2 independent bbx4 single mutants,
bbx4-1 and bbx4-2, which were generated by the clustered regu-
latory interspaced short palindromic repeats (CRISPR)/Cas9
technique (ref. 33 and SI Appendix, Fig. S1A), showed similar
hypocotyl phenotypes with Col (wild-type [WT]) when grown in
the dark (D), B, and FR light conditions (SI Appendix, Fig. S1).
However, they displayed significantly elongated hypocotyls com-
pared with Col grown in white (W) and R light conditions (SI

Appendix, Fig. S1 D–G). These data further confirm BBX4 as a
positive regulator of R light signaling.
To verify these genetic results, we generated 2 independent

YFP-tagged BBX4 (YFP-BBX4) transgenic lines, in which the
expression of BBX4 was overexpressed and YFP-BBX4 protein
was clearly detectable (SI Appendix, Fig. S2 A and B). They
showed a similar etiolated phenotype as Col (WT) when grown
in darkness (SI Appendix, Fig. S2 C and D); however, these 2
transgenic lines overexpressing BBX4 displayed markedly short-
ened hypocotyls in the W, B, R, and FR light conditions tested
(SI Appendix, Fig. S2 E–L), indicating that overexpression of
BBX4 confers hypersensitivity to inhibition of hypocotyl elon-
gation in response to various wavelength-specific light signals in
Arabidopsis.

phyB Genetically and Physically Interacts with BBX4. Considering
that phyB is the predominant R light photoreceptor and BBX4
functions in R light signaling (9, 32), we investigated the genetic
interplay between phyB and BBX4. Both bbx4-1 and phyB-9
showed longer hypocotyls than Col, and hypocotyl length was
obviously longer in phyB-9 mutant seedlings compared with bbx4-1
seedlings in R light (Fig. 1 A and B). The double-mutant phyB-9
bbx4-1 was indistinguishable from phyB-9 grown in R light (Fig. 1 A
and B). YFP-BBX4 showed shortened hypocotyls compared with
Col and phyB-9. The hypocotyl length of YFP-BBX4 phyB-9 was
shorter than that of phyB-9, but longer than that of Col and YFP-
BBX4 (Fig. 1 C and D). In addition, the PBC (phyB-CFP phyB-9)
transgenic line showed shorter hypocotyls than Col and bbx4-1, and
PBC bbx4-1 exhibited similar hypocotyl phenotypes as PBC grown
in R light (SI Appendix, Fig. S3 A and B). These genetic results

Fig. 1. phyB genetically and physically interacts with BBX4. (A and B) Hypocotyl phenotype (A) and length (B) of 4-d-old Col, bbx4-1, phyB-9, and bbx4-1
phyB-9 seedlings grown in R (115.8 μmol/m2/s) light. The unit of hypocotyl length is millimeters. The experiments were performed 3 times with similar results.
The graphs depict one of these experiments. Error bars represent SE (n ≥ 20). Letters above the bars indicate significant differences (P < 0.05), as determined
by 1-way ANOVA with Tukey’s post hoc analysis. (C and D) Hypocotyl phenotype (C) and length (D) of 4-d-old Col, YFP-BBX4 #6, phyB-9, and YFP-BBX4 phyB-9
#6 seedlings grown in R light (115.8 μmol/m2/s). The unit of hypocotyl length is millimeters. The experiments were performed 3 times, with similar results. The
graphs depict 1 of these experiments. Error bars represent SE (n ≥ 20). Letters above the bars indicate significant differences (P < 0.05), as determined by
1-way ANOVA with Tukey’s post hoc analysis. (E) Yeast two-hybrid interactions between the BBX4 and phyB. (F) Semi-in vivo pull-down assay of BBX4 with
phyB. Total plant protein was extracted from 4-d-old phyB-myc transgenic seedlings grown in R light (115.8 μmol/m2/s). Equal amounts of MBP and MBP-BBX4
proteins were added to total plant protein extracts. The asterisk indicates MBP-BBX4. Actin served as a negative control. (G) BBX4 and phyB colocalize to the
nuclear bodies in tobacco cells. CFP-BBX4 and YFP-phyB were transiently coexpressed in tobacco leaves. CFP-GST and YFP-GST served as negative controls.
(Scale bars: 5 μm.) (H) BiFC assay showing the interaction of BBX4 with phyB in R light. BBX4 and phyB were fused to the N- and C-terminal fragments of YFP
(YFPN and YFPC, respectively). Unfused YFPN and YFPC fragments served as negative controls. (Scale bars: 20 μm.)
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suggest that BBX4 likely acts downstream of phyB in mediating
part of R light signaling.
We next examined whether BBX4 interacts with phyB at the

protein level. As full-length and middle portion of BBX4 (103 to
201) showed self-activation activity in yeast cells (SI Appendix,
Fig. S4), we fused binding domain (BD) with the BBX4 N-terminal
half (BBX4-N, 1 to 102) containing 2 conserved B-box domains
or the C-terminal region (BBX4-C, 202 to 294) carrying an intact
CCT domain for yeast two-hybrid assays. Both of these BBX4
truncation proteins were expressed at comparable levels in yeast
cells when coexpressed with phyB (SI Appendix, Fig. S5). BBX4-N,
but not BBX4-C, was able to interact with phyB in yeast cells
(Fig. 1E).
Next, purified MBP-fused BBX4 (MBP-BBX4) recombinant

protein and cell extracts from the transgenic seedlings expressing
myc-phyB grown in R light were used for pull-down assays.
MBP-BBX4, but not the MBP (negative control) could pull
down the myc-phyB protein as detected on immunoblot assays
(Fig. 1F). In addition, phyB-YFP and CFP-BBX4 colocalized in
the nuclear bodies when transiently coexpressed in Arabidopsis
protoplasts. The negative controls GST-CFP and phyB-YFP, or
CFP-BBX4 and GST-YFP, did not exhibit any colocalization in
the same experiments (Fig. 1G).
We next used a bimolecular fluorescence complementation

(BiFC) assay and fused BBX4 with a split N-terminal of YFP

(YFPN) and phyB with a split C-terminal of YFP (YFPC). YFP
signals could not be observed when transiently coexpressed
BBX4-YFPN and phyB-YFPC in Nicotiana benthamiana leaves
were incubated in darkness; however, strong YFP signals were
clearly detected on transference to R light (Fig. 1H). These data
suggest that phyB physically interacts with BBX4 likely in an R
light-dependent manner.

phyB Stabilizes the Abundance of BBX4 in Red Light. Photoactivated
phyB interacts with PIF3 and subsequently promotes its phos-
phorylation and degradation (11, 17, 34). Therefore, to examine
the functional consequence of phyB–BBX4 interaction, we in-
troduced a phyB-9 mutation into the YFP-BBX4 transgenic line
by genetic crossing and examined whether phyB affects the
abundance of BBX4 in R light. YFP-BBX4 was abundant in YFP-
BBX4 seedlings but obviously decreased in YFP-BBX4 phyB-9
seedlings grown in constant R light (Fig. 2A). In addition, YFP-
BBX4 accumulated markedly more YFP-BBX4 protein compared
with YFP-BBX4 phyB-9 on transference to R light for 1 h and 3 h
(Fig. 2B). Consistently, the YFP signals in YFP-BBX4 phyB
seedlings were clearly reduced compared with those in YFP-BBX4
grown in constant R light or on 1 h of R light irradiation (Fig. 2 C
and D). The transcript levels of BBX4 in YFP-BBX4 were only
slightly reduced compared with those in YFP-BBX4 phyB-9 when
grown in darkness for 4 d on transference to red light for 3 h or

Fig. 2. phyB stabilizes BBX4 in R light. (A) YFP-BBX4 protein levels in YFP-BBX4 Col #6 and YFP-BBX4 phyB-9 #6 grown in R light (115.8 μmol/m2/s) for 4 d. Col
served as a negative control. (B) Immunoblot analysis of YFP-BBX4 protein levels in YFP-BBX4 Col #6 and YFP-BBX4 phyB-9 #6 grown in the dark for 4 d and
then transferred to R light (115.8 μmol/m2/s) for 0, 0.5, 1, and 3 h, as indicated. Actin served as a loading control. (C and D) Analysis of YFP fluorescence signals
in hypocotyls of YFP-BBX4 Col #6 and YFP-BBX4 phyB-9 #6 seedlings grown in R light (115.8 μmol/m2/s) for 4 d. The corresponding fluorescence intensity was
measured using ImageJ and was compared between the overall signals from the images, as shown in D. Data are mean ± SE (n ≥ 10). (Scale bars: 100 μm.)
(E and F) Analysis of YFP fluorescence signals in hypocotyls of YFP-BBX4 Col #6 and YFP-BBX4 phyB-9 #6 seedlings grown in the dark for 4 d, then transferred
to R light (115.8 μmol/m2/s) for 0 and 1 h. The corresponding fluorescence intensity was measured using ImageJ software and compared between the overall
signals from the images, as shown in F. Data are mean ± SE (n ≥ 10). (Scale bars: 100 μm.)
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grown in red light, respectively (SI Appendix, Fig. S6). These re-
sults suggest that phyB positively modulates BBX4 abundance in
R light.
Because phyB rapidly forms nuclear bodies on R light expo-

sure (35), we examined whether BBX4 has any effect on the
formation of phyB nuclear bodies. Nuclear bodies were clearly
detectable in PBC, consistent with previous studies (35). Nuclear
bodies observed in the nucleus of PBC bbx4-1 were similar to
those in PBC (SI Appendix, Fig. S7), implying that BBX4 might
not affect the formation of phyB nuclear bodies.

BBX4 Undergoes COP1-Mediated Degradation in Darkness. A pre-
vious study showed that COP1 physically interacts with BBX4
(32), and thus we examined whether COP1 mediates the deg-
radation of BBX4. We first examined whether BBX4 is degraded
via the 26S proteasome system. For this, 4-d-old dark-grown YFP-
BBX4 transgenic seedlings were applied with DMSO or various
concentrations of MG132 (a proteasome inhibitor) for 3 h. YFP-
BBX4 protein levels were clearly increased when the transgenic
seedlings were treated with 200 μM MG132 (SI Appendix,
Fig. S8A).
Next, we introduced cop1-4 and cop1-6 mutations into YFP-

BBX4 transgenic lines by genetic crossing. Etiolated YFP-BBX4
cop1-4 and YFP-BBX4 cop1-6 transgenic lines displayed clearly
stronger YFP signals compared with YFP-BBX4 transgenic seed-
lings (SI Appendix, Fig. S8B). These observations indicate that
COP1 promotes the degradation of BBX4 via the 26S proteasome
system in etiolated seedlings.

BBX4 Genetically and Physically Interacts with PIF3. PIF3, acting
directly downstream of phyB, represses R light-mediated seedling

development (11). We thus investigated the genetic interaction
between BBX4 and PIF3. As reported, bbx4-1 displayed longer
hypocotyls but pif3-1 had shorter hypocotyls compared with Col
when grown in R light. The hypocotyl length of bbx4-1 pif3-1 was
indistinguishable from that of pif3-1, indicating that BBX4 and
PIF3 function in the same pathway in the regulation of R light-
mediated hypocotyl growth (Fig. 3 A and B).
We next tested whether BBX4 interacts with PIF3. Both

BBX4-N and BBX4-C proteins were expressed at similar levels
in yeast cells when coexpressed with PIF3 (SI Appendix, Fig. S5).
BBX4-N, but not BBX4-C, could interact with PIF3 in yeast
cells, indicating that B-box domain of BBX4 might mediate its
interaction with PIF3 (Fig. 3C). We carried out fluorescence res-
onance energy transfer (FRET) experiments to verify these results.
CFP-PIF3 with YFP-BBX4 were coexpressed in onion epidermal
cells. After excitation with 405- and 514-nm wavelength light
sources, emission of YFP-BBX4 was reduced dramatically,
whereas emission from CFP-PIF3 increased (Fig. 3 D and E), in-
dicating that FRET had occurred between CFP-PIF3 and YFP-
BBX4 proteins before the bleach in living plant cells. Furthermore,
we performed BiFC analysis and transiently coexpressed BBX4-
YFPN and PIF3-YFPC in N. benthamiana leaves. We did not ob-
serve any YFP signals when N. benthamiana leaves incubated in
darkness; however, YFP signals were clearly detectable on R light
exposure. The negative controls BBX4-YFPN and YFPC, or YFP

N

and PIF3-YFPC could not produce any detectable YFP signals
(Fig. 3F). Taken together, these data support a conclusion that
BBX4 physically interacts with PIF3 likely in an R light-
dependent manner.

Fig. 3. BBX4 genetically and physically interacts with PIF3. (A and B) Hypocotyl phenotype (A) and length (B) of 4-d-old Col, bbx4-1, pif3-1 and bbx4-1 pif3-1
seedlings grown in R light (115.8 μmol/m2/s). The unit of hypocotyl length is millimeters. The experiments were performed 3 times, with similar results. The
graphs depict 1 of these experiments. Error bars represent SE (n ≥ 20). Letters above the bars indicate significant differences (P < 0.05), as determined by
1-way ANOVA with Tukey’s post hoc analysis. (C) Yeast two-hybrid interactions between the BBX4 and PIF3. (D) FRET between CFP-PIF3 and YFP-BBX4 an-
alyzed by acceptor bleaching in nuclei. (Top) Representative prebleach nuclei coexpressing YFP-BBX4 and CFP-PIF3 excited with a 514-nm or 405-nm laser,
resulting in emission from YFP or CFP, respectively. (Bottom) The same nuclei after bleaching excited with a 514-nm or 405-nm laser. (E) The relative intensities
of both YFP and CFP inside the nuclei were measured once before and twice after the bleaching, as indicated in D. (F) BiFC assay showing the interaction of
BBX4 with PIF3 in red light. BBX4 and PIF3 were fused to the N- and C-terminal fragments of YFP (YFPN and YFPC, respectively). Unfused YFPN and YFPC

fragments served as negative controls. (Scale bars: 40 μm.)
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BBX4 Represses PIF3 Transcriptional Activation Activity. To assess
the biological significance for BBX4 and PIF3 interaction, we
first tested whether BBX4 affects the transcriptional activity of
PIF3. We found that PIF3 could activate the proBBX23:LacZ
reporter in yeast cells, consistent with a previous study (36).
BBX4 could not activate proBBX23:LacZ; however, the activa-
tion of PIF3 on proBBX23:LacZ was dramatically decreased in
the presence of BBX4, as revealed by analysis of β-galactosidase
activity (Fig. 4A). Moreover, PIF3 could activate proBBX29:LUC
reporter (a PIF3-regulated gene; ref. 37) when transiently
expressed in Arabidopsis protoplasts. BBX4 alone had no effect
on the proBBX29:LUC reporter in the same system; however, the
activation of proBBX29:LUC by PIF3 was significantly decreased
when PIF3 was transiently coexpressed together with BBX4 (Fig.
4 B and C). These results indicate that BBX4 can repress the
transcriptional activation activity of PIF3 toward its targets. In
addition, the expression of 6 PIF3-regulated genes tested—BBX23,
BBX29, XTR7, SNRK2.5, SDR, and ARF18 (37)—were down-
regulated in pif3-1 but up-regulated in bbx4-1. The transcript lev-
els of these 6 genes tested in the pif3-1 bbx4-1 double mutant were
comparable to those in pif3-1 (Fig. 4D), suggesting that BBX4

regulates gene expression, at least in part, in a PIF3-dependent
manner.

Discussion
R light is predominantly perceived by phyB, which mediates a
variety of light-dependent physiological and developmental
processes in plants (38). phyB maintains a biologically inactive
form in the cytoplasm of plant cells in darkness. On R light ir-
radiation, phyB is converted to a biologically active state and
translocates into the nucleus, in which it interacts with multiple
families of transcription factors, such as PIF3 and EIN3, to in-
duce their degradation (11, 17, 34, 39). Here we show that BBX4
is a phyB-interacting protein, but phyB mediates a high level of
BBX4 accumulation in R light. Accumulated BBX4 associates
with PIF3 to repress its transcriptional activation activity and
PIF3-controlled gene expression, consequently promoting phyB-
mediated photomorphogenic development.
Photoactivated phyB promptly shifts into the nucleus and in-

teracts with the COP1-SPA1 E3 ubiquitin ligase complex to in-
terfere with its biochemical activity (40). COP1 interacts and
colocalizes with BBX4 in yeast and living plant cells, respectively.

Fig. 4. BBX4 inhibits the transcriptional activation activity of PIF3. (A) Yeast one-hybrid analysis showing that BBX4 inhibits the ability of PIF3 to bind to
BBX23 promoter. Error bars represent SD (n =3). **P < 0.01, Student’s t test. (B) Schematic representation of constructs used in the transient transfection assay
in Arabidopsis protoplasts. Arrows after the 35S promoters indicate that the transcriptional start site BBX29 promoter was fused to the firefly luciferase to
create the reporter construct. (C) Transient dual LUC reporter gene assay showing that BBX4 represses the transcriptional activity of PIF3 on proBBX29:LUC
reporter. Error bars represent SD (n = 3). **P < 0.01, Student’s t test. (D) Expression levels of BBX23, BBX29, XTR7, SNRK2.5, SDR, and ARF18 in Col, pif3-1,
bbx4-1, and bbx4-1pif3-1 mutants. All seedlings were grown in darkness for 3 d and then transferred to R light for 30 min. Error bars represent SD (n = 3).
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Mutation in BBX4 partially suppresses the constitutively photo-
morphogenic phenotype of cop1 in darkness (32). The degra-
dation of BBX4 in dark-grown seedlings was dependent on
COP1 as well as on the 26S proteasome system (SI Appendix, Fig.
S8). These facts imply that phyB-mediated inhibition of COP1
activity might lead to the accumulation of BBX4 in response to R
light (Fig. 2). phyB was seen to directly interact with BBX4 (Fig. 1),
and this molecular event might also contribute to the stabilization
of BBX4 in R light. The robust increase of BBX4 is a necessary
step for phyB-mediated seedling development. Although phyB
rapidly induces the phosphorylation and degradation of the ma-
jority of PIF3 on R light exposure, the abnormal hypocotyl phe-
notypes of pif3 mutant and transgenic seedlings overexpressing
PIF3 grown in R light support the conclusion that the remaining
pool of PIF3 also has a negative role on photomorphogenesis
in R light (41). BBX4 physically associates with PIF3 (Fig. 3),
thereby inhibiting PIF3 transcriptional activation activity to affect
PIF3-regulated gene expression (Fig. 4). Consequently, these mo-
lecular events result in the promotion of photomorphogenic
development in R light. BBX4 could directly bind to the FT pro-
moter and repress its expression in the presence of BBX32 (31),
suggesting that BBX4 functions as a transcription factor in regu-
lating physiological and developmental processes. Therefore, light
induced-BBX4 could also directly associate with a number of tar-
get gene promoters to control their transcription and mediate
photomorphogenesis.
phyB was found to stabilize BBX4 (Fig. 2) but to promote the

degradation of PIF3 (17, 18), demonstrating that phyB has op-
posite effects on the stability of these 2 types of transcription
factors. BBX4 and PIF3 antagonistically regulate phyB-mediated
signaling, and BBX4 acts as a positive regulator of R light sig-
naling (ref. 32 and SI Appendix, Figs. S1 and S2), while PIF3
represses R light-dependent seedling development (11). Taken
together, this evidence supports the conclusion that phyB pro-
motes photomorphogenesis in R light not only by promoting
degradation of negative regulators like PIF3, but also by facili-
tating the accumulation of positive regulators like BBX4.
Global transcriptomic analysis has revealed that phyB is able

to associate with a large number of gene promoter regions and
affect massive gene expression on R light irradiation (42, 43).
phyB lacks any recognizable DNA-binding domain (9), in-
dicating that binding of phyB to DNA requires additional tran-
scription factors. Consistently, an increasing number of studies
have shown that phyB regulates downstream gene expression
by interacting with multiple transcription factors. phyB inter-
acts with PHOTOPERIODIC CONTROL OF HYPOCOTYL 1
(PCH1) to repress LONG HYPOCOTYL IN FAR-RED (HFR1),
ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 2 (ATHB2),
and PIF4 transcription (44). phyB can form a tripartite complex
with PHYTOCHROME-DEPENDENT LATEFLOWERING
(PHL) and CONSTANS (CO) to activate the expression of FT
(45). Previous studies (12) and the present study have revealed that
phyB, BBX4, and PIF3 can physically interact with one another
(Figs. 1 and 3), implying that they might coexist in a protein
complex in some circumstances, most likely early after R light
exposure. Formation of a phyB-BBX4-PIF3 tripartite complex
also might be required for R light- and phyB-mediated tran-
scriptional reprogramming. phyB inhibits PIF3 action not only by
triggering its degradation, but also by sequestering it from its
target sites (46, 47). phyB promoted the accumulation of BBX4
that could inhibit PIF3 biochemical activity (Figs. 2 and 4), in-
dicating that phyB might also repress PIF3 action by increasing the
abundance of BBX4.
In conclusion, we demonstrate that BBX4 is a previously un-

identified phyB- interacting protein whose abundance positively
modulated by phyB in R light. It appears that phyB, BBX4, and
PIF3 function coordinately in R light signaling. On one hand,
photoactivated phyB promotes the degradation of PIF3. On the

other hand, phyB interferes with the biochemical activity of
COP1-SPA1 complex, thus leading to the accumulation of BBX4
on R light irradiation. Accumulated BBX4 physically interacts
with the remaining pool of PIF3 and inhibit its transcriptional
activity, strengthening the phyB-mediated R light inactivation of
PIF3 activity. Consequently, phyB-BBX4-PIF3 might be a critical
regulatory module that fine tunes photomorphogenic develop-
ment in responsiveness of R light (Fig. 5).

Materials and Methods
Plant Materials and Growth Conditions. The Arabidopsis thaliana phyB-9 (48)
and pif3-1 (40) mutants, PHYB-CFP (PBC; ref. 35) and myc-phyB (49) trans-
genic lines were of the Col-0 ecotype. Double-mutant/transgenic plants were
generated by genetic crossing, and homozygous lines were verified by PCR
genotyping or antibiotic screen. Seeds were surface-sterilized with 30%
commercial Clorox bleach and sown on 1× Murashige and Skoog (MS) me-
dium containing 1% sucrose and 0.8% agar. The seeds were stratified in
darkness for 3 d at 4 °C, then transferred to light chambers maintained at
22 °C. The fluence rates of the light growth chambers were 13.24 μmol/m2/s
for W light, 3.88 μmol/m2/s for B light, 115.8 μmol/m2/s for R light, and
4.3 μmol/m2/s for FR light.

Plasmid Construction. The full-length BBX4, phyB, or PIF3 coding sequence
(CDS) were cloned into the pDONR223 vector using Gateway BP Clonase
enzymemix (Invitrogen) and introduced into the plant binary vector pEarlyGate
102, pEarlyGate 104, pSPYNE, or pSPYCE (50) using Gateway LR Clonase enzyme
mix (Invitrogen). To produce constructs for yeast two-hybrid assays, full-length
BBX4, BBX4-N (1–102) and BBX4-C (202-294) fragments were cloned into the
EcoRI/BamHI sites of pGBKT7 vector (Clontech). Full-length phyB and PIF3 were
cloned into the EcoRI/BamHI sites of pGADT7 vector (Clontech). To produce
constructs for purification of MBP-BBX4 recombinant protein, full-length BBX4
was cloned into EcoRI/SalI site of pMAL-c2x vector. The primers used for plas-
mids construction were listed in SI Appendix, Table S1.

Generation of bbx4 Mutants Using CRISPR/Cas9 Technique. The bbx4 mutants
were generated by CRISPR/Cas9 technique as described previously (51), and
23-bp target sites (5′-N20NGG-3′) were searched on the web site of CRISPR-
GE (http://skl.scau.edu.cn/) (33). The sgRNA target sites of BBX4were subcloned
into a pHEE401E vector. After transformation into Agrobacterium tumefaciens
GV3101 by the freeze-thaw method, the binary constructs were introduced
into Col via the floral dip method. The T0 plants were sowed on the MS plates
containing 50 mg/L hygromycin. The resistant seedlings (T1) were transferred to
soil. The mutations in BBX4were identified by PCR amplification and sequencing.

Fig. 5. A proposed working model depicting the mechanism of BBX4 in
phyB-PIF3–mediated light signaling. In darkness, phyB is in inactive form in the
cytoplasm. COP1 stabilizes PIF3 and interacts with BBX4 to promote its deg-
radation via the 26S proteasome system. Highly accumulated PIF3 induces the
expression of its direct-target genes to repress photomorphogenesis. On R
light illumination, phyB is converted to a biologically active form and trans-
located into the nucleus. Photoactivated phyB promotes PIF3 protein degra-
dation and induces the accumulation of BBX4 protein, likely by inhibiting the
COP1–BBX4 association. In addition, accumulated BBX4 interacts with the
remaining PIF3 to inhibit the transcription of PIF3 direct-target genes and
promote photomorphogenesis.
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Homozygous mutants were crossed with Col to remove the T-DNA insertion
including CRISPER/Cas9.

Transgenic Plants. The pEarlyGate104-BBX4 construct was transformed into
A. tumefaciens GV3101 by the freeze-thaw method. The floral dip method
was used to generate transgenic plants (52). Transgenic plants were selected
on MS medium containing 20 mg/L Basta. Homozygous lines were used for
genetic and biochemical studies.

Measurement of Hypocotyl Length. To measure the hypocotyl length of seed-
lings, seedswere surface-sterilized and sown onMS plates. After stratification at
4 °C in darkness for 3 d, the seeds were placed in continuous white light for 8 h
to induce uniform germination. The seeds were then transferred to dark or
different light conditions and incubated at 22 °C for 4 d. The hypocotyl length
of seedlings was measured using ImageJ software.

Immunoblot Analysis. For immunoblot analysis, Arabidopsis seedlings were
homogenized in protein extraction buffer containing 100mMNaH2PO4, 10mM
Tris·HCl pH 8.0, 200 mM NaCl, 8 M urea, 1 mM PMSF, and 1× complete protease
inhibitor mixture (Roche). The primary antibodies used in this study were anti-
GFP (Abmart; catalog no. M20004M), anti-myc (Sigma-Aldrich; catalog no.
M4439), and anti-actin (Sigma-Aldrich; catalog no. A0480).

Yeast Two-Hybrid Assays. For the GAL4 two-hybrid assays, the respective
combinations of pGAD-T7 and pGBK-T7 fusion plasmids were cotransformed
into yeast strain Y2HGold via the lithium acetate transformation procedure,
as described in the Yeast Protocols Handbook (Clontech). The empty pGAD-
T7 and pGBKT7 vectors were cotransformed in parallel as negative controls.
The interactions were examined on SD/-Trp/-Leu/-His/-Ade medium (Clontech).

BiFC Assay. The YFPN and YFPC fused plasmids were transformed into
Agrobacterium strain GV3101, and the indicated transformants pairs were
infiltrated into N. benthamiana leaves. After incubation in darkness or ex-
posure to the red light for 36 h, the YFP fluorescence signals were observed
and imaged under a Carl Zeiss LSM510 Meta confocal laser scanning mi-
croscope. YFP fluorescence was excited by a 514-nm laser and detected be-
tween 517 and 589 nm.

FRET Assay. The FRET experiments were carried out as described previously
(32, 53). In brief, the 35S:CFP-PIF3 and 35S:YFP-BBX4 constructs were intro-
duced into onion (Allium cepa) epidermal cells by particle bombardment and
incubated, and live cell images were acquired using a Zeiss Axiovert 200
microscope equipped with a laser scanning confocal imaging LSM 510 Meta
system. Cells were visualized at 24 h after particle bombardment using the
confocal microscope through a Plan-Neofluor 403/1.3 oil (differential interference

contrast) objective. The multitracking mode was used to eliminate spillover
between fluorescence channels. The CFP was excited by a 405-nm laser diode
and the YFP was excited by an argon-ion laser, both at low intensities. Regions
of interest were selected and bleached over 100 iterations using the argon-ion
laser at 100%.

Semi-in Vivo Pull-Down Assay. The total protein of 4-d-old red light-grown
phyB-myc seedlings was extracted with extraction buffer containing
150 mM NaCl, 10 mM Tris·HCl pH 7.5, 2 mM EDTA, 0.5% Nonidet P-40, and
1× protease inhibitor mixture (Roche). MBP-BBX4 or MBP purified recombinant
proteins were mixed with total proteins and then incubated with anti-MBP
beads (Sigma-Aldrich) for 4 h at 4 °C. The anti-MBP (New England BioLabs;
catalog no. E8032S), anti-myc (Sigma-Aldrich; catalog no. M4439), and
anti-actin (Sigma-Aldrich; catalog no. A0480) antibodies were used for
immunoblotting detection.

Total RNA Isolation and qRT-PCR. Four-d-old Arabidopsis seedlings grown in R
light (115.8 μmol/m2/s) were used to isolate total RNA with the Qiagen
RNeasy Plant Mini Kit. cDNA synthesis reactions were performed with 5× All-
In-One RT MasterMix (Applied Biological Materials) according to the man-
ufacturer’s instructions. cDNA templates and primer sets were mixed with
Hieff qPCR SYBR Green Master Mix (Yeasen), and real-time PCR was per-
formed on a StepOnePlus Real-Time PCR system (Applied Biosystems). Each
experiment was performed at least 3 times with similar results, and 3 tech-
nical replicates were performed for each sample. The expression levels were
normalized to that of housekeeping gene PP2A. The primers used in the
qRT-PCR analyses are listed in SI Appendix, Table S1.

Statistical Analysis. Statistical analyses were performed using Microsoft Excel,
GraphPad Prism version 5.0, and an online program (https://astatsa.com/
OneWay_Anova_with_TukeyHSD/).

Data Availability. Sequence data from this article are available in the Ara-
bidopsis Genome Initiative database libraries (https://www.arabidopsis.org/)
under the following accession nos.: AT2G18790 for phyB, AT1G09530 for PIF3,
AT2G24790 for BBX4, and AT2G32950 for COP1.
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Light-mediated seedling development is coordinately controlled by a variety of key regulators. Here, we identified two B-box
(BBX)-containing proteins, BBX30 and BBX31, as repressors of photomorphogenesis. ELONGATED HYPOCOTYL5, a central
regulator of light signaling, directly binds to the G-box cis-element present in the promoters of BBX30 and BBX31 and negatively
controls their transcription levels in the light. Seedlings with mutations in BBX30 or BBX31 are hypersensitive to light, whereas
the overexpression of BBX30 or BBX31 leads to hypo-photomorphogenic growth in the light. Furthermore, transgenic and
phenotypic analysis revealed that the B-box domain of BBX30 or BBX31 is essential for their respective functioning in the
regulation of photomorphogenic development in plants. In conclusion, BBX30 and BBX31 act as key negative regulators of
light signaling, and their transcription is repressed by ELONGATED HYPOCOTYL5 through directly associating with their
promoters.

As sessile organisms, plants respond dynamically to
changes in light conditions throughout their life cycle.
To optimize their growth and development, plants
have evolved the ability to continuously monitor the
quality, quantity, duration, and direction of light (Jiao
et al., 2007). Plants undergo two distinct developmental
processes depending on the absence or presence of light
at the seedling stage. In the absence of light, germinated

seeds develop elongated hypocotyls, closed cotyledons,
and apical hooks, which is termed skotomorphogenesis.
In the presence of light, seedlings display short hypo-
cotyls and expanded cotyledons, which is known as
photomorphogenesis (Sullivan and Deng, 2003). These
two light-controlled developmental processes enable a
seedling to emerge from a buried seed and penetrate
through the soil.
At least four classes of photoreceptors are responsible

for perceiving various wavelength spectra of light, which
in turn initiate and control transcriptional reprogramming
during the transition between skotomorphogenic and
photomorphogenic development (Huang et al., 2014;
Podolec and Ulm, 2018). Up to one-third of the genes in
the Arabidopsis (Arabidopsis thaliana) genome are signifi-
cantly altered during dark-to-light transition, indicat-
ing that these light-activated photoreceptors mediate the
massive transcriptional reprogramming of molecular
events to promote photomorphogenesis (Ma et al., 2001;
Tepperman et al., 2004; Lau and Deng, 2012; Huang
et al., 2014; Podolec and Ulm, 2018). ELONGATED
HYPOCOTYL5 (HY5) acts downstream of all photore-
ceptors and is a central regulator of the light signal
transduction pathway. Mutants impaired inHY5 exhibit
dramatically elongated hypocotyls in white, blue, red,
and far-red light (Oyama et al., 1997; Ang et al., 1998).
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The abundance of HY5 is tightly controlled by
CONSTITUTIVELY PHOTOMORPHOGENIC/DE-
ETIOLATED/FUSCA (COP/DET/FUS) proteins, the
biochemical activities of which are inhibited by photo-
receptors upon light irradiation (Osterlund et al., 2000;
Podolec and Ulm, 2018). As a b-ZIP-type transcription
factor, HY5 preferentially binds to the ACGT-containing
(ACE) cis-elements present in the promoters of approx-
imately one-third of Arabidopsis genes and controls
their transcription, which in turn ultimately promotes
photomorphogenic development in the light (Lee et al.,
2007; Zhang et al., 2011).

There are 32 B-box (BBX)-containing proteins in
Arabidopsis, multiple members of which have been
documented to play critical roles in the regulation of
photomorphogenesis. BBX4, BBX19, BBX20, BBX21,
BBX22, and BBX23 are positive regulators of light sig-
naling (Datta et al., 2006, 2007, 2008; Fan et al., 2012;
Wang et al., 2015a; Xu et al., 2016, 2018; Zhang et al.,
2017), while BBX24, BBX25, BBX28, and BBX32 repress
photomorphogenetic development (Indorf et al., 2007;
Holtan et al., 2011; Gangappa et al., 2013; Lin et al.,
2018). Extensive genetic and biochemical studies have
revealed that all of these BBX proteins converge onHY5
at transcriptional and/or protein levels through distinct
regulatory mechanisms that mediate photomorpho-
genesis, suggesting that these BBX proteins together
with HY5 constitute a complex but delicate signaling
network in light-mediated seedling development that
acts downstream of photoreceptors and the COP/
DET/FUS system (Holm et al., 2001, 2002; Datta et al.,
2006, 2007, 2008; Indorf et al., 2007; Chang et al., 2011;
Holtan et al., 2011; Fan et al., 2012; Wang et al., 2015a;
Xu et al., 2016, 2018; Zhang et al., 2017; Lin et al., 2018).
BBX21 promotes photomorphogenesis by directly
binding to the T/G-box cis-element present in the HY5
promoter to activate its expression (Xu et al., 2016,
2018). HY5 interacts with the promoter of BBX22 and
up-regulates its gene expression (Chang et al., 2008).
Each of BBX21, BBX22, BBX23, BBX24, BBX25, and
BBX28 can form heterodimers withHY5, which serve to
modulate the biochemical activity of HY5. Interest-
ingly, BBX21, BBX22, and BBX23 may enhance the ac-
tivity of HY5 (Datta et al., 2007, 2008; Zhang et al.,
2017), whereas BBX24, BBX25, and BBX28 repress the
transcriptional activity of HY5 (Gangappa et al., 2013;
Lin et al., 2018). Specifically, BBX24 and BBX25 repress
HY5 transcriptional activity toward BBX22 (Gangappa
et al., 2013). In addition, BBX32 forms a potentially in-
active heterodimer with BBX21 that interferes with the
biochemical activity of the BBX21-HY5 complex
(Holtan et al., 2011). Thus, the BBXs-HY5 module ap-
pears to act as a central regulatory hub in the light
signal transduction pathway.

In this study, we report that BBX30 and BBX31, two
B-box-containing proteins, constitute two previously
uncharacterized negative regulators of light signaling
that act directly downstream of the transcription factor
HY5. HY5 directly binds to the G-box DNA cis-element
within the BBX30 and BBX31 promoters and represses

their transcription. bbx30 and bbx31 mutant seedlings
displayed shortened hypocotyls, while transgenic
seedlings overexpressing BBX30 or BBX31 showed
elongated hypocotyls. In addition, the destruction of
the B-box domain in BBX30 and BBX31 results in
the full impairment of their biochemical activity in
plants. Collectively, we have identified BBX30 and
BBX31 as two repressors of photomorphogenesis that
are negatively regulated by HY5 at the transcriptional
level.

RESULTS

HY5 Represses the Expression of BBX30 and BBX31

As a previous genome-wide expression study indi-
cated that BBX31might be a negative target of HY5 (Lee
et al., 2007), we thus tested if HY5 represses the tran-
script levels of BBX30 (a close homolog of BBX31;
Khanna et al., 2009) and BBX31 using real-time quan-
titative PCR (RT-qPCR). As expected, the expression of
both BBX30 and BBX31 dramatically increased in two
independent hy5 (hy5-215 and hy5-51) mutants but de-
creased in HA-HY5 hy5-215 transgenic seedlings com-
pared to the wild type (Fig. 1, A and B), demonstrating
that HY5 indeed negatively controls the transcript
levels of BBX30 and BBX31 in plants.

Next, we examined whether BBX30 and BBX31 are
regulated by light signals. The expression of both
BBX30 and BBX31 in wild-type seedlings grown under
various light conditions (white [W], blue [B], red [R],
and far-red [FR]) was significantly increased when
compared to that in etiolated seedlings (Fig. 1C).
Moreover, the transcript levels of both BBX30 and
BBX31 were markedly elevated when the dark-grown
wild-type seedlings were transferred to W light for the
various indicated times (1, 3, 6, 12, and 24 h; Fig. 1D). As
distinct wavelength-specific light is perceived by vari-
ous photoreceptors in plants, we thus investigated
whether photoreceptors, including phyA (FR light
photoreceptor), phyB (R light photoreceptor), CRYP-
TOCHROME 1 (CRY1), and CRY2 (B light photore-
ceptors), affect the expression levels of BBX30 and
BBX31. The transcripts of both BBX30 and BBX31were
obviously decreased in phyA-211 grown in FR, in phyB-9
grown in R, as well as in cry1 and cry2 grown in B
light compared to those in the wild type grown in
the corresponding wavelength-specific light conditions
(Fig. 1, E–G). Together, these data suggest that light in-
duces the expression of both BBX30 and BBX31 at the
transcriptional level, andphotoreceptors playpositive roles
in the light-induced transcription of BBX30 and BBX31.

To examine whether light affects the stability of
BBX30 and BBX31, we generated yellow fluorescent
protein (YFP)-tagged BBX30 or BBX31 transgenic lines
in the Col background, in which BBX30 or BBX31
was overexpressed and their respective gene products
were detectable (Supplemental Fig. S1, A and B). Either
YFP-BBX30 Col #3 or YFP-BBX31 Col #5 transgenic
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seedlings grown under various light conditions (dark
[D], W, B, R, and FR) accumulated comparable YFP-
BBX30 or YFP-BBX31 protein levels, respectively
(Supplemental Fig. S2, A and B). When these two dark-
grown transgenic lines were transferred to W light for
different time periods (1, 3, 6, 12, and 24 h), they also
accumulated similar abundances of YFP-BBX30 or YFP-
BBX31 (Supplemental Fig. S2, C and D). These data
suggest that light may have little effect on BBX30 and
BBX31 accumulation in plants.

HY5 Directly Binds to the Promoters of BBX30 and BBX31

Being a b-ZIP-type transcription factor, HY5 can di-
rectly bind to theACE cis-element within the promoters
of its downstream target genes (Lee et al., 2007; Zhang
et al., 2011). We therefore analyzed the 1789-bp BBX30
promoter and 1869-bp BBX31 promoter upstream of the
start codon (ATG). This indicated five ACE cis-elements
and one typical G-box in either the BBX30 or BBX31
promoter (Fig. 2A). We thus performed yeast-one hy-
brid assays, and the results showed that HY5 could
activate both the BBX30pro:LacZ and BBX31pro:LacZ
reporters (Fig. 2B). Next, we divided the BBX30 or
BBX31 promoter into two portions (A and B; Fig. 2A).
Furthermore, yeast-one hybrid assays revealed that
HY5 was able to activate BBX30proA:LacZ and
BBX31proA:LacZ, but not BBX30proB:LacZ and
BBX31proB:LacZ (Fig. 2B), suggesting that HY5 binding
sites may reside within the BBX30proA and BBX31proA

portions. BBX30proA contains one ACE and one G-box,
and BBX31proA possesses two ACE and one G-box
(Fig. 2C). The activation of HY5 on the reporters was
completely abolished whenG-boxwasmutated, but not
ACE (Fig. 2, C and D), in the yeast cells, suggesting that
the G-box sites in BBX30 and BBX31 promoters are
necessary and required for HY5 binding. To substanti-
ate these results, we further performed an in vitro
electrophoretic mobility shift (EMSA) assay. Recombi-
nant HY5-His indeed was able to bind to the BBX30 or
BBX31 promoter DNA subfragments containing an in-
tactG-boxmotif (Fig. 3, A and B). As the amount of non-
biotin-labeled BBX30 or BBX31 promoter DNA probes
(competitor) increased, the HY5 binding affinity to
biotin-labeled probes was clearly decreased (Fig. 3, A
and B). Moreover, HY5 binding of these DNA sub-
fragments was completely abolished when the G-box
cis-elements were mutated (cacgtg was mutated to
cggggg; Fig. 3, C and D). Next, chromatin immuno-
precipitation (ChIP) experiments assays using HA-HY5
hy5-215 transgenic plants and an anti-HA antibody
were employed to confirm the binding of HY5 to the
BBX30 and BBX31 promoters in vivo. The HA-HY5
protein could immunoprecipitate the BBX30 and
BBX31 promoter region containing an intact G-box
(Fig. 3E), suggesting that HY5 associates with the
BBX30 and BBX31 promoters in vivo. Together, these
data suggest that HY5 can directly bind to the pro-
moters of BBX30 and BBX31 and the G-box cis-elements
present in the BBX30 and BBX31 promoters are the
binding sites for HY5.

Figure 1. The transcript levels of BBX30
and BBX31 are repressed by HY5 but in-
duced by light. A and B, The expression
levels of BBX30 (A) and BBX31 (B) in 4-d-
old Col, hy5-215, hy5-51, and HA-HY5
hy5-215 seedlings grown in white light.
C, The expression levels of BBX30 and
BBX31 in 4-d-old Col grown in dark,
white, blue (B), red (R), and far-red (FR)
light conditions. D, The expression levels
of BBX30 and BBX31 in 4-d-old dark-
grown Col upon being transferred to
white light at indicated time points. E to
G, The expression levels of BBX30 and
BBX31 in 4-d-old Col, phyA-211, phyB-9,
cry1, and cry2 under different light (FR, R,
and B) conditions as indicated. Data are
means6 SE; n = 3. PCR was performed in
triplicate for each sample, and the ex-
pression levels were normalized to that
of a PP2A gene. The experiments were
performed three timeswith similar results.
The graphs depict the results of one of
three experiments.
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bbx30 and bbx31 Mutants Are Hypersensitive to Light

To examine the function of BBX30 and BBX31 in
light signaling, we generated two bbx30 (bbx30-1 and
bbx30-2) and two bbx31 (bbx31-1 and bbx31-2) mutants
using the clustered regulatory interspaced short pal-
indromic repeats (CRISPR)/Cas9 technique (Wang
et al., 2015b; Supplemental Fig. S3). Each of two in-
dependent bbx30 and bbx31 mutant lines were grown
in darkness for 4 d, and they displayed indistin-
guishable hypocotyl phenotypes compared to wild
type (Supplemental Fig. S4). However, all the bbx30
and bbx31 single-mutant seedlings developed short-
ened hypocotyls in the various constant light condi-
tions tested (W, B, R, and FR; Fig. 4). In addition,
the hypocotyl length of the bbx30-2 bbx31-2 double
mutant was significantly shorter than the wild
type, bbx30-2, or bbx31-2 single mutant in the var-
ious light conditions tested (W, B, R, and FR;
Fig. 4). These genetic results suggest that both
BBX30 and BBX31 act as negative regulators of
light signaling, and these two factors may function
additively in the promotion of hypocotyl elonga-
tion in the light.

Transgenic Seedlings Overexpressing BBX30 or BBX31 Are
Hyposensitive to Light

To verify the negative roles of BBX30 and BBX31 in
controlling photomorphogenesis, we analyzed the hy-
pocotyl phenotypes of YFP-tagged BBX30 or BBX31
transgenic lines (Supplemental Fig. S1, A and B). Each
of the BBX30 or BBX31 overexpressors showed similar
hypocotyl lengths compared with wild type when
grown in the dark (Supplemental Fig. S1, C and D) but
exhibited significantly elongated hypocotyls compared
to wild typewhen grown in the various light conditions
tested (W, B, R, and FR; Fig. 5). These genetic results are
consistent with the notion that both BBX30 and BBX31
negatively regulate photomorphogenic development.

Global Analysis of Genes Targeted by BBX30 and BBX31

To identify the genes regulated by BBX30 and BBX31
at the genome-wide scale, we performed a paired-end
RNA sequencing (RNA-Seq) assay and compared the
gene expression profile between the Col (wild type) and
bbx30-2 bbx31-2 double mutant. Our RNA-Seq data

Figure 2. HY5 binds to the G-box present in the promoters of BBX30 and BBX31 in yeast cells. A, Diagram of the promoter
fragments of the BBX30 and BBX31. The adenine residue of the translational start codon (ATG) was assigned position +1, and the
numbers flanking the sequences of the subfragment were counted based on this number. A and B indicate the corresponding
promoter subfragments used in yeast one-hybrid assays shown in B. The ovals in black indicate ACEmotifs, and the ovals in blue
represent G-boxmotifs. B, Yeast one-hybrid assays showing that HY5 binds to the A fragments of BBX30 and BBX31 promoters.
Empty vector expressing AD domain alonewas used as negative control. C, Diagram of the wild type (wt) andmutant (mu) BBX30
and BBX31 subfragments used to drive LacZ reporter gene expression in yeast one-hybrid assays. Wild-type G-box elements are
shown in blue, and nucleotide substitutions in the mutant subfragments are shown in red and underlined. D, Yeast one-hybrid
assays showing that G-box motifs mediate HY5 binding to BBX30 and BBX31 promoters. The subfragments of the BBX30 and
BBX31 promoters were mutated to abolish ACE and G-box alone or both ACE and G-box used to drive LacZ reporter gene
expression.
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showed that the expression of 861 genes was signifi-
cantly changed in bbx30-2 bbx31-2 compared with that
in Col (Fig. 6A; Supplemental Table S1). Of these genes,
627 (72.8%)were up-regulated in bbx30-2 bbx31-2, while

234 (27.2%) were down-regulated in bbx30-2 bbx31-2
when compared to Col. To validate the RNA-Seq
data, we conducted RT-qPCR analyses and validated
selected differential genes (Supplemental Fig. S5). Gene

Figure 3. Binding of HY5 to BBX30
and BBX31 promoters both in vitro and
in vivo. A and B, EMSA showing that
the HY5 binds to the BBX30 and
BBX31 promoter subfragments in vitro.
“2” indicates the absence of corre-
sponding of probes or proteins. For
HY5-His, “+” indicates that 5.4 pmol is
present; for BBX30 and BBX31 probes,
“+” indicate that 2.1 pmol are pre-
sent. Competitor indicates non-biotin-
labeled BBX30 or BBX31 probes. FP,
Free probe. C and D, EMSA showing
that HY5 does not bind to BBX30 or
BBX31 promoter subfragments carry-
ing mutated G-box motifs in vitro. E,
ChIP-qPCR showing binding of HY5 to
BBX30 and BBX31 promoters in vivo.
Col and UBQ1 were used as negative
controls.

Figure 4. bbx30 and bbx31 are hyper-
sensitive to light. Hypocotyl length and
phenotype of 4-d-old Col, bbx30,
bbx31, and bbx30 bbx31 mutant
seedlings W (17.5 mmol/m2/s; A and
B), B (3.88 mmol/m2/s; C and D), R
(75.1 mmol/m2/s; E and F), and FR
(2.05 mmol/m2/s; G and H) light condi-
tions. Hypocotyl length is expressed in
mm.Data aremeans6 SE; n$ 20. Letters
above the bars indicate significant dif-
ferences (P , 0.05), as determined by
one-way ANOVA with Tukey’s post-hoc
analysis. The experiments were per-
formed three times with similar results.
The graphs depict the results of one of
three experiments.
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Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis revealed that
BBX30- and BBX31-regulated genes are involved in the
response to multiple stimuli, particularly light and
auxin (Fig. 6, B and C; Supplemental Tables S2 and S3),
suggesting that BBX30 and BBX31 promote hypocotyl
elongation, at least in part, by controlling the expression
of a set of light- and auxin-regulated genes.

The Short Hypocotyl Phenotype of bbx30 bbx31 Is
Dependent on a Functional HY5

HY5 directly bound to the G-box present in the pro-
moters of BBX30 and BBX31 and repressed their tran-
scription (Figs. 1–3). We therefore generated hy5-215
bbx30-2, hy5-215 bbx31-1, and hy5-215 bbx30-2 bbx31-2
double or triple mutants to examine the genetic inter-
actions among BBX30, BBX31, and HY5. All of the
mutants we tested showed similar hypocotyl pheno-
types in darkness (Supplemental Fig. S6). Consistent
with previous studies and our data (Fig. 7; Oyama et al.,
1997), bbx30-2, bbx31-2, and bbx30-2 bbx31-2 displayed
shortened hypocotyls, while hy5-215 exhibited dra-
matically elongated hypocotyls when grown under
various light conditions (W, B, R, and FR). The hypo-
cotyl length of hy5-215 bbx30-2, hy5-215 bbx31-2, and
hy5-215 bbx30-2 bbx31-2was obviously longer than that
of Col, bbx30-2, bbx31-2, and bbx30-2 bbx31-2. The
double mutant hy5-215 bbx30-2 or hy5-215 bbx31-2
showed intermediate hypocotyl length compared
with hy5-215 and hy5-215 bbx30-2 bbx31-2 (Fig. 7). These
genetic data suggest that BBX30 and BBX31 may

function downstream or independently of HY5 in the
regulation of light-inhibited hypocotyl elongation.

BBX30 and BBX31 Repress Flowering

The ectopic overexpression of either BBX30 or BBX31
(also known as miP1a or miP1b) cause delayed flower-
ing under inductive long-day conditions (16 h light/8 h
dark; Graeff et al., 2016). We thus verified the function
of BBX30 and BBX31 in the regulation of flowering
using bbx30-2 bbx31-2 and transgenic plants over-
expressing BBX30 or BBX31. The bbx30-2 bbx31-2 dou-
ble mutant consistently flowered earlier compared with
wild type (Col), while the overexpression of BBX30 or
BBX31 led to a significantly delayed flowering pheno-
type under long-day conditions (Supplemental Fig. S7).
These data are consistent with a previous study show-
ing that BBX30 and BBX31 play negative and essential
roles in controlling flowering under inductive long-day
conditions (Graeff et al., 2016).

The B-Box Domain in BBX30 or BBX31 Is Essential for
Repressing Photomorphogenesis in Plants

Either BBX30 or BBX31 possesses one B-box domain
in the N-terminal region (Khanna et al., 2009), and the
B-box domain plays critical roles in developmental
processes in plants (Wang et al., 2015a; Xu et al., 2018).
We thus investigated whether the B-box domain in
BBX30 or BBX31 is essential for their functioning in
plants. We substituted a conserved Asp residue (D46)

Figure 5. BBX30 and BBX31 trans-
genic seedlings are hyposensitive to
light. Hypocotyl length and phenotype
of 4-d-old Col and each of two inde-
pendent BBX30 and BBX31 transgenic
lines grown in W (33.3 mmol/m2/s; A
and B), B (3.28 mmol/m2/s; C and D), R
(75.1 mmol/m2/s; E and F), and FR
(2.05 mmol/m2/s; G and H) conditions.
Hypocotyl length is expressed in mm.
Data are means 6 SE; n $ 20. Letters
above the bars indicate significant dif-
ferences (P , 0.05) as determined by
one-way ANOVA with Tukey’s post-
hoc analysis. The experiments were
performed three times with similar re-
sults. The graphs depict one of three
experiments.

502 Plant Physiol. Vol. 180, 2019

Heng et al.

 www.plantphysiol.orgon June 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.第136页 

http://www.plantphysiol.org/cgi/content/full/pp.18.01244/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01244/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01244/DC1
http://www.plantphysiol.org


in BBX30 or D45 in BBX31. Each of them is the fourth
zinc ion-ligating residue in the B-box domain of BBX30
or BBX31 (Supplemental Fig. S8, A and B). Both YFP-
tagged BBX30D46A carrying a D46A substitution (YFP-
BBX30D46A) and YFP-tagged BBX31D45A carrying a
D45A substitution (YFP-BBX31D45A) driven by the 35S
promoter were transformed into wild type (Col). As
shown in Supplemental Fig. S8, C to F, a mutated
BBX30 or BBX31 gene and protein was obviously
overexpressed and detectable in each of two inde-
pendent YFP-BBX30D46A or YFP-BBX31D45A trans-
genic lines, respectively. However, unlike the
YFP-BBX30 or YFP-BBX31 overexpressors, these in-
dependent transgenic plants exhibited indistinguish-
able hypocotyl phenotypes from wild type grown
under various light conditions (D, W, B, R, and FR;
Supplemental Fig. S9; Fig. 8). These results indicate
that neither BBX30D46A nor BBX31D45A could confer
light hyposensitive responsiveness in plants, and the
intact structure of the B-box domain of BBX30 or
BBX31 is indispensable for their biological function in
plants.

DISCUSSION

BBX proteins play critical roles in a variety of cel-
lular and developmental processes, including photo-
morphogenesis, thermomorphogenesis, flowering,
and the responsiveness of various phytohormones
(Datta et al., 2006; Gangappa and Botto, 2014; Xu et al.,
2014, 2016, 2018; Zhang et al., 2017; Ding et al., 2018).
A previous study indicated that BBX30 and BBX31
could interact with CONSTANSE and TOPLESS,
thereby likely forming a CO-BBX30/31-TOPLESS
complex. This leads to a severe delay in flowering due
to the inhibition of CO transcriptional activity toward
FT under long-day conditions (Graeff et al., 2016).
Here, we not only verified that BBX30 and BBX31 in-
deed repress flowering but also provided evidence
showing that they negatively regulate photomorpho-
genesis downstream of HY5. HY5 directly binds to
the G-box cis-element present in the promoters of
BBX30 and BBX31 to repress their transcription. An
HY5-BBX30/BBX31-mediated regulatory module may
play a critical role in the regulation of seedling
development.

Figure 6. Globe analysis of target
genes regulated by BBX30 and BBX31.
A, Volcano plot shows the differentially
expressed genes in the bbx30-2 bbx31-
2 double mutant. Green spot indicates
significant down-regulated genes in the
mutant; red spot indicates significantly
up-regulated genes; black spot indi-
cates no-change genes. Genes with ra-
tios above 2 or below 0.5. Corrected P
value (FDR) # 0.05 was considered as
the significant differentially expressed
genes (DEG). B, The scatterplot shows
the cluster representatives in a two-
dimensional space derived by applying
multidimensional scaling to a matrix
of the enriched GO terms’ semantic
similarities (down-regulated genes in
the bbx30-2 bbx31-2 double mutant).
Bubble color indicates enriched GO
term’s P value; size indicates the fre-
quency of the GO term in the GO da-
tabase (bubbles of more general terms
are larger). C, The scatterplot shows the
significantly enriched KEGG pathways
in the bbx30-2 bbx31-2 double mutant.
Bubble color indicates the enriched
KEGG pathway’s P value. Significant
enriched pathways are marked as red
color. Bubble size indicates the gene
number in the specific KEGG pathway.
Rich factor defines the ratio of input gene
number (differentially expressed genes
detected in this pathway/background
genes of this pathway).
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A group of BBX proteins mediates photo-
morphogenetic development, either positively or neg-
atively (Datta et al., 2007; Gangappa and Botto, 2014;
Xu et al., 2016; Zhang et al., 2017; Lin et al., 2018). BBX30
or BBX31 loss-of-function mutants showed shortened
hypocotyls, while BBX30 or BBX31 gain-of-function
transgenic seedlings exhibited elongated hypocotyls in
the light (Figs. 4 and 5). These phenotypic and genetic
observations firmly demonstrated that both BBX30 and
BBX31 promote hypocotyl growth and act as negative
regulators of light signaling. A set of 32 BBX proteins is
divided into five groups according to the domain
structure in Arabidopsis (Khanna et al., 2009). Either
BBX30 or BBX31 only contain one conserved B-box
domain in the N terminus and belong to subfamily V,
which consists of seven members (BBX26–BBX32;
Khanna et al., 2009). Of these, BBX28 and BBX32 have
been shown to repress photomorphogenesis. bbx28
mutant seedlings, but not bbx32, show a shortened
hypocotyl phenotype, while both BBX28 and BBX32
overexpressors display elongated hypocotyl pheno-
types (Holtan et al., 2011; Lin et al., 2018). Thus, at least
four members in subfamily V are involved in light
signaling, and all of them play negative roles. Whether
the other three members (BBX26, BBX27, and BBX29)
function in the regulation of seedling photomorpho-
genesis requires further detailed genetic and biochem-
ical evaluation. It has been documented that the
disruption of the B-box domain structure in BBXs led
to the impairment of their biological function in regu-
lating developmental processes such as hypocotyl
growth and flowering (Wang et al., 2014; Xu et al., 2018).
Similarly, neither BBX30D46A nor BBX31D45A with a

disrupted B-box structure could regulate hypocotyl
elongation (Fig. 8). All of this evidence suggests that the
intact B-box domain structure in BBX proteins is es-
sential for their proper functioning in plants.

Extensive genetic and biochemical studies have
revealed a very tight link between BBX proteins and the
HY5-mediated transduction pathway in the regulation
of photomorphogenesis (Gangappa and Botto, 2014).
BBX21 directly binds to the T/G-box present in the HY5
promoter through its second B-box domain, and its
C-terminal half likely activates HY5 transcription (Xu
et al., 2016, 2017, 2018). BBX32 forms heterodimers with
BBX21, which in turn serves to inhibit HY5 activity
(Holtan et al., 2011). In addition, BBX21, BBX22, BBX24,
BBX25, and BBX28 directly interact with HY5 to en-
hance or repress HY5 biochemical activity (Datta et al.,
2007, 2008; Gangappa et al., 2013; Lin et al., 2018).
Therefore, BBX proteins regulate HY5 at least at two
distinct layers, both at the transcriptional and protein
levels. BBX30 and BBX31 function directly downstream
of HY5, and they are transcriptionally and negatively
modulated by HY5 (Figs. 1–3). Upon light exposure,
both HY5 transcript and protein levels increase in
plants predominantly due to the light-mediated inac-
tivation of the COP/DET/FUS system (Osterlund et al.,
2000; Hoecker, 2017; Podolec andUlm, 2018). However,
BBX30 and BBX31 transcript levels are up-regulated by
light signals but down-regulated by HY5 (Fig. 1). These
facts imply that light-induced BBX30 and BBX31 ex-
pression is possibly independent of HY5 and/or addi-
tional yet unidentified factor(s) are likely responsible
for the induction of BBX30 and BBX31 in response
to light.

Figure 7. Genetic interaction between
BBX30, BBX31, and HY5. Hypocotyl
length and phenotype of 4-d-old Col,
bbx30-2, bbx31-2, bbx30-2 bbx31-2,
hy5-215, hy5-215 bbx30-2, hy5-215
bbx31-2, and hy5-215 bbx30-2 bbx31-2
seedlings grown inW (33.3mmol/m2/s; A
and B), B (3.28 mmol/m2/s; C and D), R
(75.1 mmol/m2/s; E and F), and FR
(2.05 mmol/m2/s; G and H) conditions.
Hypocotyl length is expressed in mm.
Data are means 6 SE; n $ 20. Letters
above the bars indicate significant dif-
ferences (P , 0.05) as determined by
one-way ANOVA with Tukey’s post-
hoc analysis. The experiments were
performed three times with similar re-
sults. The graphs depict one of three
experiments.
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HY5, acting downstream of photoreceptors and
COP/DET/FUS in the light signal transduction
pathway, directly or indirectly controls the expres-
sion of over 3000 genes in Arabidopsis (Lee et al.,
2007; Zhang et al., 2011). BBX30 and BBX31 are two
direct and negative targets of HY5. HY5 promotes
photomorphogenesis, whereas BBX30 and BBX31
function as negative regulators of light-mediated
seedling development, suggesting that HY5 posi-
tively influences photomorphogenic development
not only by controlling numerous positive regulators
but also by regulating a portion of negative regula-
tors of light signaling, including BBX30 and BBX31. In
summary, HY5 directly binds to the G-box present in
the BBX30 and BBX31 promoters, thereby repressing
their transcription. BBX30 and BBX31 negatively
regulate photomorphogenic development in the light
(Fig. 9).

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The hy5-215 (Ang et al., 1998) and hy5-51 (Salk_096651; Ruckle et al., 2007,
2012) are in the Columbia-0 (Col-0) ecotype. Seeds were surface sterilized with
30% (v/v) commercial Clorox bleach and 0.02% (v/v) Triton X-100 for 5 min,
washed three times with sterile water, and sown on 13 Murashige and Skoog
(MS) medium supplemented with 0.8% (v/w) Agar (Difco) and 1% (w/v) Suc.
The seeds were stratified in darkness for 3 d at 4°C and then transferred to light
chambers maintained at 22°C.

Generation of bbx30 and bbx31 Mutant Using CRISPR/
Cas9 Technique

Gene editing using CRISPR/Cas9 technique was performed as previously
described (Wang et al., 2015b). Twenty-three-base-pair target sites (59-
N20NGG-39) within exons of genomic DNA sequences of BBX30 or BBX31were
manually searched and identified, and then each of these sites was evalu-
ated target specificities on the website of potential off-target finder (http://
www.rgenome.net/cas-offinder/). Two independent sgRNA target sites of
BBX30 or BBX31 were subcloned into pHEE401E vector. These vectors were
transformed intoAgrobacterium tumefaciensGV3101 by the freeze-thawmethod,
respectively, and then introduced into Col plants via the floral-dip method

Figure 8. BBX30D46A and BBX31D45A

transgenic seedlings show similar hy-
pocotyl phenotypes with wild type.
Hypocotyl length and phenotype of
4-d-old Col, BBX30D46A, BBX30,
BBX31D45A, and BBX31 transgenic
seedlings grown inW (33.3mmol/m2/s;
A and B), B (0.62 mmol/m2/s; C and D),
R (6.78 mmol/m2/s; E and F), and FR
(1.46 mmol/m2/s; G and H) conditions.
Hypocotyl length is expressed in mm.
Data are means 6 SE; n $ 20. Letters
above the bars indicate significant dif-
ferences (P , 0.05) as determined by
one-way ANOVA with Tukey’s post-
hoc analysis. The experiments were
performed three times with similar re-
sults. The graphs depict one of three
experiments.

Figure 9. A working model depicting BBX30 and BBX31 in the regu-
lation of photomorphogenesis. Light induces the accumulation of
transcription factor HY5 and expression of BBX30 and BBX31. Accu-
mulated HY5 directly binds to the G-boxes present in the promoters of
BBX30 andBBX31, thereby inhibiting their expression. Both BBX30 and
BBX31 negatively regulate photomorphogenic development.
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(Clough and Bent, 1998). T1 transgenic plants were selected on MS medium
containing 25 mg/L hygromycin. The specific mutations in BBX30 or BBX31
were analyzed using gene-specific primers by PCR amplification and se-
quencing. The pHEE401 transfer-DNA insertion region including CRISPER/
Cas9 in bbx30 or bbx31 single mutant at T1 generation was removed by genetic
crossing with Col.

Construction of Plasmids

The full-length BBX30, BBX30D46A, BBX31, or BBX31D45A open reading
frame were cloned into the pDONR-223 vector (Invitrogen) and introduced into
the plant binary vector pEarley Gateway 104 (Earley et al., 2006) under the 35S
promoter using Gateway LR Clonase enzyme mix (Invitrogen). pEarley Gate-
way-YFP-BBX30, pEarley Gateway-YFP-BBX30D46A, pEarley Gateway-YFP-
BBX31, and Gateway-YFP- BBX31D45A constructs were generated.

One-thousand-seven-hundred-eighty-nine-base-pair BBX30 and 1869-bp
BBX31 promoters upstream of ATG were amplified by PCR with the respec-
tive pairs of primers and then cloned into the KpnI/XhoI sites of the pLacZ-2u
vector (Lin et al., 2007). pET28a-HY5-His (Xu et al., 2016) and pB42AD-HY5 (Lin
et al., 2018) constructs were described previously. The primers used for plas-
mids construction were listed in Supplemental Table S1.

Transgenic Plants

The pEarley Gateway-YFP-BBX30, pEarley Gateway-YFP- BBX30D46A,
pEarley Gateway-YFP-BBX31, and pEarley Gateway-YFP-BBX31D45A con-
structs were transformed into Agrobacterium tumefaciens GV3101 by the freeze-
thaw method and then introduced into Col plants via the floral-dip method
(Clough and Bent, 1998). Transgenic plants were selected on MS medium
containing 20 mg/L Basta.

Measurement of Hypocotyl Length

Tomeasure the hypocotyl length of seedlings, seedswere sownonplates and
stratified at 4°C in darkness for 3 d and then kept in continuous white light for
8 h in order to induce uniform germination. The seeds were then transferred to
D, W, B, R, and FR light conditions and incubated at 22°C for 4 d (Xu et al.,
2016). The hypocotyl length of seedlings was measured using ImageJ software.

Immunoblot Analysis

For immunoblots, Arabidopsis (Arabidopsis thaliana) wild-type or transgenic
seedlings were homogenized in a protein extraction buffer containing 100 mM

NaH2PO4, 10 mM Tris$HCl, 200 mM NaCl, 8 M Urea, pH 8.0, 1 mM phenyl-
methylsulfonyl fluoride, and 13 complete protease inhibitor cocktail (Roche).
Primary antibodies used in this study were anti-GFP (Abmart) and anti-Actin
(Sigma-Aldrich).

EMSA Assays

EMSAassayswere performedusing biotin-labeledprobes and theLight Shift
Chemiluminescent EMSA kit (Thermo Scientific) as described previously (Xu
et al., 2014). The promoter subfragment of BBX30 (32 bp, 294 to 2125 bp) and
BBX31 (32bp,2143 to2174 bp) upstream ofATGwere PCR amplified and then
mixed with biotin and kept in UV light for 30 min for biotin labeling. Next,
purified HY5-His protein as indicated were incubated together with 40 fmol
biotin-labeled probes in a 20-mL reaction mixture containing 10 mM Tris-HCl,
pH 7.5, 0.05% NP40, 10 mM MgCl2, 5% (v/v) glycerol, and 0.1 mg/mL poly
(dI∙dC). Reactions were incubated at 25°C for 20 min and separated on 6%
native polyacrylamide gels in 0.53 Tris-borate/EDTA buffer. Then, gels were
electroblotted to Hybond N+ (Milipore) nylon membranes in 0.53 Tris-borate/
EDTA for 40 min, and the labeled probes were detected according to the
manufacturer’s protocols provided with the EMSA kit. The probes used in this
study were listed in Supplemental Table S1.

Yeast One-Hybrid Assays

For the yeast one-hybrid assay, the respective combinations of activation
domain-fusion effectors and LacZ reporters were cotransformed into yeast
strain EGY48, and transformants were selected and grown on SD/-Trp-Ura

dropout media. Yeast transformation and liquid assay were conducted as de-
scribed in the Yeast Protocols Handbook (BD Clontech).

ChIP

The ChIP assays were performed as described by Xu et al. (2016). Chromatin
isolation was performed using Col and HA-HY5 hy5-215 transgenic seedlings
grown under constant white light for 4 d. The resuspended chromatin was
sonicated at 4°C to 250- to 500-bp fragments. The sheared chromatin was
immunoprecipitated, washed, reverse cross linked, and finally amplified.
About 10% of sonicated but nonimmunoprecipitated chromatin was reverse
cross linked and used as an input DNA control. Both immunoprecipitated DNA
and input DNA were analyzed by RT-PCR (Applied Biosystems). Monoclonal
anti-HA antibody (Sigma-Aldrich) was used for the assays. All primers used for
this assay are listed in Supplemental Table S1.

RNA-Seq Analysis

Total RNAwas extracted from the 4-d-old Col and bbx30-2 bbx31-2 seedlings
grown in constant W light (17.5 mmol/m2/s) conditions. Then, mRNA se-
quencing libraries were constructed, and sequencing was performed using the
Illumina HiSeq 2500 platform according to the manufacturer’s instruction
(HiSequation 2500 user guide) by Shanghai Hanyu-Bio. Three independent
biological replicates were performed. RNA-Seq reads were mapped to Arabi-
dopsis TAIR 10 using Hisat2 (version 2.05; Kim et al., 2015) software using
default parameters. Then, raw reads for each gene were calculated by HTseq
(Anders et al., 2015) before calculating differential gene expression. Then, dif-
ferentially expressed genes among two conditions were identified using the
general liner models method in the edgeR package (version 3.12.0; Robinson
et al., 2010) withfalse positive rate of 0.05 and fold-change of 2. GO analysis was
performed by topGO (Bioconductor) software (http://www.bioconductor.
org/packages/2.11/bioc/HTML/topGO.html), and the result was plotted
using REVIGO with R (Supek et al., 2011). KEGG enrichment analysis was
conducted by KOBAS 3.0 (Xie et al., 2011) and the enriched pathways were
plotted by R software.

RT-qPCR

Total RNA was extracted from 4-d-old Arabidopsis seedlings grown under
white light using the RNeasy plant mini kit (QIAGEN). Complementary DNAs
(cDNA) were synthesized from 2 mg of total RNA using the 53 All-In-One RT
MasterMix cDNA synthesis system (Applied Biological Materials) according to
the manufacturer’s instructions. Then, cDNA were subjected to RT-qPCR
assays. RT-qPCR was performed using the Step One Plus RT-PCR detection
system (Applied Biosystems) and SYBR Green PCR Master Mix (Takara). PCR
was performed in triplicate for each sample, and the expression levels were
normalized to that of a PP2A gene. The primers used in this study were listed in
Supplemental Table S1.

Accession Numbers

Sequence data from this article can be found in the Genome Initiative or
GenBank/EMBL data libraries under the following accession numbers: BBX30
(At4g15248), BBX31 (At3g21890), and HY5 (At5g11260).

Supplemental Data

The following supplemental materials are available:

Supplemental Figure S1. Hypocotyl phenotype and length in various
BBX30 and BBX31 transgenic seedlings grown in darkness.

Supplemental Figure S2. Light does not affect the accumulation of YFP-
BBX30 or YFP-BBX31.

Supplemental Figure S3. Mutations in each of the two independent bbx30
and bbx31 alleles created by the CRISPER/Cas9 method.

Supplemental Figure S4. Hypocotyl phenotype and length in bbx30, bbx31,
and bbx30 bbx31 seedlings grown in darkness.

Supplemental Figure S5. Validation of 18 target genes of BBX30 and
BBX31 identified by RNA-Seq using RT-qPCR.
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Supplemental Figure S6. Hypocotyl phenotype and length in hy5-215
bbx30-2, hy5-215 bbx31-2, and hy5-215 bbx30-2 bbx31-2 grown in
darkness.

Supplemental Figure S7. bbx30-2 bbx31-2 display earlier flowering pheno-
type, but BBX30 and BBX31 transgenic plants show delayed flowering
phenotype under long-day conditions.

Supplemental Figure S8. BBX30D46A and BBX31D45A gene and protein ex-
pression levels in each of two independent transgenic lines.

Supplemental Figure S9. Hypocotyl phenotype and length in BBX30D46A

and BBX31D45A transgenic seedlings grown in darkness.

Supplemental Table S1. List of up- and down-regulated gene in the bbx30-
2 bbx31-2 double mutant compared with the wild type.

Supplemental Table S2. Enriched GO terms (biological process) and genes
of the down-regulated genes in the bbx30-2 bbx31-2 double mutant.

Supplemental Table S3. Enriched KEGG pathways and genes of the
down-regulated genes in the bbx30-2 bbx31-2 double mutant.

Supplemental Table S4. List of primers used in this study.
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Yueqin Heng Dongqing Xu

ABSTRACT
Light signaling precisely controls photo-
morphogenic development in plants. PHYTO-
CHROME INTERACTING FACTOR 4 and 5 (PIF4
and PIF5) play critical roles in the regulation of this
developmental process. In this study, we report
CONSTITUTIVELY PHOTOMORPHOGENIC 1
SUPPRESSOR 6 (CSU6) functions as a key regu-
lator of light signaling. Loss of CSU6 function

largely rescues the cop1‐6 constitutively photo-
morphogenic phenotype. CSU6 promotes hypo-
cotyl growth in the dark, but inhibits hypocotyl
elongation in the light. CSU6 not only associates
with the promoter regions of PIF4 and PIF5 to in-
hibit their expression in the morning, but also di-
rectly interacts with both PIF4 and PIF5 to repress
their transcriptional activation activity. CSU6
negatively controls a group of PIF4‐ and PIF5‐
regulated gene expressions. Mutations in PIF4
and/or PIF5 are epistatic to the loss of CSU6,
suggesting that CSU6 acts upstream of PIF4
and PIF5. Taken together, CSU6 promotes
light‐inhibited hypocotyl elongation by negatively
regulating PIF4 and PIF5 transcription and
biochemical activity.

Keywords: COP1, CSU6, light signaling, photomorphogenesis,
PIF4, PIF5

Lan, H., Heng, Y., Li, J., Zhang, M., Bian, Y., Chu, L., Jiang, Y.,
Wang, X., Xu, D., and Deng, X.W. (2022). COP1 SUPPRESSOR
6 represses the PIF4 and PIF5 action to promote light‐inhibited
hypocotyl growth. J. Integr. Plant Biol. 64: 2097–2110.

INTRODUCTION

In nature, a germinating seedling undergoes skotomorpho-
genic development (etiolation) to emerge from the covered

soil to reach light. Upon light exposure, etiolated seedling
promptly initiates photomorphogenesis (de‐etiolation). These
two distinct developmental processes are tightly controlled
by the absence or presence of light signals. Dark‐grown
seedlings display dramatically elongated hypocotyls, curved
apical hooks and closed cotyledons with etioplasts termed

skotomorphogenesis, while they switch to photomorpho-
genesis showing inhibition of hypocotyl growth, expanded
cotyledons with developed chloroplasts in the light (Sullivan
and Deng, 2003; Jiao et al., 2007). The transition from sko-
tomorphogenic to photomorphogenic development appro-
priately enables a buried seed to penetrate the covered soil
and to become a normal seedling.

CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1)
acts as a central repressor of light signaling (Lau and Deng,
2012; Han et al., 2020). Loss of COP1 function leads to a

© 2022 Institute of Botany, Chinese Academy of Sciences.
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constitutively photomorohogenic phenotype even in the dark
(Deng et al., 1991, 1992). COP1 and SUPPRESSOR OF
PHYTOCHROME A (SPA) form stable complexes that directly
target a group of photomorphogenesis‐promoting factors
including ELONGATED HYPOCOTYL 5 (HY5), HY5 HO-
MOLOG (HYH), B‐BOX PROTEINs (BBXs) for ubiquitination
and thus accelerate their degradation (Han et al., 2020; Song
et al., 2020; Xu. 2020). Additionally, COP1 facilitates the
stabilization of photomorphogenesis‐inhibiting factors PHY-
TOCHROME INTERACTING FACTORs (PIFs: PIF1, PIF3,
PIF4, and PIF5) in darkness (Paik et al., 2017; Pham et al.,
2018a). The photoreceptors perceive the various wave‐length
spectra of light signals to initiate the photomorphogenesis in
plants. Upon light irradiation, the light‐activated photo-
receptors phytochrome A (phyA), phyB, CRYPTOCHROME 1
(CRY1), and CRY2 inhibit the COP1 activity and promote the
degradation of PIFs through distinct modes of action (Lian
et al., 2011; Liu et al., 2011; Zuo et al., 2011; Zheng et al.,
2013; Yadav et al., 2020; Cheng et al., 2021). Prolonged light
exposure triggers the translocation of COP1 from the nucleus
to the cytoplasm (von Arnim and Deng, 1994). Thus, these
molecular events consequently lead to the accumulation of
photomorphogenesis‐promoting factors like HY5 and HYH
as well as low abundance of PIFs, ultimately promoting
photomorphogenesis in the light.

The basic helix‐loop‐helix (bHLH) type transcription fac-
tors PIF4 and PIF5, acting directly downstream of photo-
receptors phys and CRYs, regulate photomorphogenesis,
shade avoidance, and thermomorphogenesis predominantly
by controlling the expression of auxin biosynthesis and
signaling‐related genes (Huq and Quail, 2002; Khanna et al.,
2007; Hornitschek et al., 2009; Nusinow et al., 2011; Sun
et al., 2012, 2013; Jung et al., 2016; Legris et al., 2016; Paik
et al., 2017; Pham et al., 2018a; Qi et al., 2022). PIF4 and PIF5
proteins are abundant in the nucleus in the plant cells where
they regulate a number of target genes to promote skoto-
morphogenesis. Photo‐excited phyB directly interacts with
PIF4 and PIF5, and triggers their phosphorylation, ubiquiti-
nation and subsequent degradation (Paik et al., 2017; Pham
et al., 2018a; Cheng et al., 2021). Upon prolonged red light
irradiation, PIF4 and PIF5 proteins re‐accumulate in the plant
cells to promote the hypocotyl growth (Park et al., 2018; Yan
et al., 2020). The R2R3‐MYB transcription factor MYB30
promotes the accumulation of PIF4 and PIF5 (Yan et al.,
2020), whereas BBX11 negatively controls the PIF4 abun-
dance under prolonged red light irradiation (Song et al.,
2021). Shade and warm temperature stimuli trigger a portion
of Pfr phyB to convert into the inactive Pr form, which in turn
releases the repression of PIF4 and PIF5 as well as PIF4‐ and
PIF5‐controlled genes (Hornitschek et al., 2009; Jung et al.,
2016; Legris et al., 2016; Cheng et al., 2021). PIF4 and PIF5
are diurnally regulated both at transcriptional and protein
levels by the circadian clock. The morning expressed circa-
dian clock proteins CIRCADIAN CLOCK‐ASSOCIATED 1
(CCA1) and LATE ELONGATED HYPOCOTYL (LHY) activate
the expression of PIF4 (Niwa et al., 2009). CSU4 inhibits

CCA1 transcription in the early morning and PIF4 expression
in the early evening (Zhao et al., 2018), while the COLD‐
REGULATED 27 (COR27) up‐regulates the PIF4 transcription
at noon (Zhu et al., 2020). PSEUDO RESPONSE REGU-
LATORs (PRRs) and the evening complex ELF3‐ELF4‐LUX
repress transcription of PIF4 and PIF5 (Nusinow et al.,
2011; Li et al., 2020). Both the ELF3 and TOC1 inhibit the
PIF4 activity by directly interacting with PIF4 (Nieto et al.,
2015; Zhu et al., 2016). In a consequence, these molecular
events synergistically and coordinately contribute to the cir-
cadian clock‐mediated hypocotyl growth.

In this study, we report a previously unknown regulator of
photomorphogensis, CSU6. Mutations in CSU6 largely sup-
pressed the constitutively photomorphogenic phenotype of
cop1‐6. Loss of CSU6 function mutant seedlings exhibited
shortened hypocotyls in the dark, but elongated hypocotyls
in the light. On one hand, CSU6 associated with the promoter
regions of PIF4 and PIF5 to inhibit their transcription in the
morning. On the other hand, CSU6 directly interacted with
both PIF4 and PIF5, and repressed their transcriptional
activity toward downstream target genes. CSU6 acted
upstream of PIF4 and PIF5, and negatively regulated the
expression of numerous PIF4‐ and PIF5‐mediated genes.
Collectively, CSU6 functions as a transcriptional repressor in
repressing PIF4 and PIF5 transcription and biochemical
activity to inhibit hypocotyl growth in the light.

RESULTS

Mutation in CSU6 suppresses cop1‐6 phenotype in
darkness
COP1 is a central repressor of light signaling (Han et al.,
2020). Null cop1 (e.g., cop1‐5) mutant is lethal at the
seedling stage, and weak cop1 (e.g., cop1‐4 and cop1‐6)
mutants display constitutively photomorphogenic pheno-
type in darkness (McNelli et al., 1994). To explore the
unidentified and uncharacterized key components of
COP1 signaling, we have performed a forward genetic
screen to isolate mutants that suppress the constitutively
photomorphogenic phenotype of cop1‐6 in darkness as
previously described (Xu et al., 2014, 2015; Lin et al.,
2017). csu6‐1, which is an extragenic and recessive sup-
pressor, was recovered in the same screen. csu6‐1 cop1‐
6 were slightly shorter than Columbia‐0 (Col‐0) (wide‐
type), but they were dramatically longer than cop1‐6 when
grown in darkness. Although the cotyledons of csu6‐1
cop1‐6 were obviously expanded, their cotyledon angles
were significantly smaller than cop1‐6 (Figure 1A–D).
Together, these genetic results suggest that csu6‐1
largely suppresses cop1‐6 short hypocotyl phenotype
and partially suppresses cop1‐6 opened cotyledon phe-
notype in darkness. Moreover, csu6 partially suppressed
the dwarf phenotypes, but not early flowering phenotypes
of cop1‐6 when grown in long‐d conditions (16 h light/8 h
dark) (Figure S1).
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Map‐based cloning of CSU6
To identify the genetic location of CSU6, we first mapped
CSU6 to an approximately 953 kb region between markers
3‐AC009325‐0089 and 3‐AC022287‐0495 on the top arm
of chromosome 3 using a map‐based cloning method
(Figure 2A). We next re‐sequenced the whole genome of
csu6‐1 cop1‐6 and analyzed the specific sequence alter-
ations of the mapped region on chromosome 3. This
analysis identified a “g” to “a” substitution at the site of
1672 from the start code in At3g02860, leading to the
splicing junction “ag” at the 3′ end of intron six to “aa.” As
a consequence, this point mutation most likely disrupted
the splicing principles of At3g02860 (Figure 2A, B).
At3g02860 encodes a C2H2‐type zinc‐finger domain
containing protein consisting of 313 amino acids
(Figure 2C). To verify the mutation in CSU6 indeed sup-
pressed cop1‐6, we obtained a T‐DNA insertion mutant
(SALK_030445; named csu6‐2), in which CSU6 transcripts
were significantly decreased (Figure S2), and generated
csu6‐2 cop1‐6 double mutants by genetic crossing.

csu6‐2 cop1‐6 displayed similar phenotypes with csu6‐1
cop1‐6 in darkness (Figure 1A–D). Moreover, we trans-
formed CSU6 coding sequences fused with myc or yellow
fluorescent protein (YFP) at the N‐terminus driven by the
cauliflower mosaic virus 35S promoter (35 S:myc‐CSU6 or
35 S:YFP‐CSU6) into csu6‐1 cop1‐6 double mutant plants.
Each of two independent myc‐CSU6 csu6‐1 cop1‐6 and
YFP‐CSU6 csu6‐1 cop1‐6 transgenic lines resembled
cop1‐6 phenotypes showing shortened hypocotyls and
opened cotyledons in darkness (Figure 1E–H). Together,
these results demonstrate that mutation in CSU6 indeed
largely suppresses the cop1‐6 phenotype and a functional
CSU6 complements the phenotype conferred by csu6‐1
cop1‐6 in the dark.

CSU6 promotes hypocotyl elongation in the dark, but
represses hypocotyl growth in the light
To investigate the roles of CSU6 in light signaling, we
isolated the csu6‐1 single mutant from the F2 progeny of
csu6‐1 cop1‐6 crossed with Col‐0 and analyzed the

Figure 1. Mutation in CSU6 suppress cop1‐6 in darkness
(A, B) Hypocotyl (A) and cotyledon (B) phenotypes of Columbia (Col), cop1‐6, and csu6 cop1‐6 seedlings grown in the dark for 4 d. Bars, 2mm (A), 1mm (B). (C, D)
Hypocotyl length (C) and cotyledon angle (D) of Col, cop1‐6, and csu6 cop1‐6 seedlings grown in the dark for 4 d. Error bars represent SD (n≥ 20). Letters above the
bars indicate significant differences (P< 0.05) as determined by one‐way analysis of variance (ANOVA) with Tukey's post‐hoc analysis. (E, F) Hypocotyl (E) and
cotyledon (F) phenotypes of Col‐0, cop1‐6, csu6‐1 cop1‐6, and four independent transgenic lines myc‐CSU6 csu6‐1 cop1‐6, YFP‐CSU6 csu6‐1 cop1‐6 grown in
darkness for 4 d. Bars, 2mm (E), 1mm (F). (G, H) Hypocotyl length (G) and cotyledon separation angle (H) of Col‐0, cop1‐6, csu6‐1 cop1‐6, and four independent
transgenic lines myc‐CSU6 csu6‐1 cop1‐6, YFP‐CSU6 csu6‐1 cop1‐6 grown in darkness for 4 d. Error bars represent SD (n≥ 20). Letters above the bars indicate
significant differences (P< 0.05) as determined by one‐way ANOVA with Tukey's post‐hoc analysis.
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hypocotyl phenotypes of csu6‐1 and csu6‐2 mutants
grown in various light conditions. The hypocotyl length of
both csu6‐1 and csu6‐2 was shorter than that of Col‐0
when grown in the dark (Figure 3A, B). Both csu6‐1 and
csu6‐2 displayed significantly elongated hypocotyls
compared to Col‐0 when grown in the white (W),
blue (B), red (R), and far‐red (FR) light conditions tested
(Figure 3C–J). These genetic data suggest that CSU6
promotes hypocotyl elongation in the dark, but inhibits
hypocotyl growth in the light. To verify the roles of CSU6
in the regulation of hypocotyl growth, we transformed
CSU6 fused with green fluorescent protein (GFP) driven
by its own promoter at the C‐terminus (CSU6pro:CSU6‐
GFP) into csu6‐1 and csu6‐2 respectively. CSU6‐GFP
proteins were detectable using immunoblot assays in
each of two independent proCSU6:CSU6‐GFP csu6‐1 and
proCSU6:CSU6‐GFP csu6‐2 transgenic lines (Figure S3).
All four independent transgenic lines were indistinguish-
able from Col‐0 when grown in the dark or various light
conditions tested (W, B, R, and FR) (Figure S4). In com-
parison with csu6‐1 or csu6‐2, they were significantly
longer in the dark, but clearly shorter in all light conditions
tested (W, B, R, and FR) (Figure S4). These results
suggest that CSU6‐GFP transgene complements the
abnormal hypocotyl phenotypes of csu6 both in the dark
and light, and further demonstrate that CSU6 promotes
hypocotyl growth in the dark, but represses hypocotyl
elongation in the light.

Transcriptomic analysis of CSU6‐regulated genes
To explore the molecular roles for CSU6 in promoting pho-
tomorphogenesis, we performed RNA sequencing analysis
using Col‐0 and csu6‐2 seedlings grown in W light for 5 d.
There were 97% sequenced reads that uniquely mapped to
the TAIR10 reference genome for each sample (Table S1).
Pearson correlation analysis showed high gene expression
correlation in biological replicates for each condition
(Table S2). The results showed that CSU6 may regulate 1 144
gene expressions, among which 406 were negatively, and
738 were positively controlled by CSU6 (Figure 4A;
Tables S3, S4). Functional enrichment analysis of these dif-
ferential genes in biological processes showed them
enriched in photosynthesis, protein–chromophore linkage,
response to light stimulus, response to light radiation and
response to low light intensity stimulus (Figure 4B). Among
these differentially expressed genes, the transcription of two
growth‐promoting factors PIF4 and PIF5 were significantly
increased in csu6‐2, indicating that CSU6 inhibits the ex-
pression of PIF4 and PIF5 (Figure 4C, D).

CSU6 represses the transcription of PIF4 and PIF5 in
the morning
PIF4 and PIF5 are two critical growth‐promoting factors and
their transcript levels were diurnally regulated (Nusinow et al.,
2011; Pham et al., 2018a). We next employed real‐time
quantitative polymerase chain reaction (qPCR) assays to in-
vestigate the expression patterns of PIF4 and PIF5 in Col‐0,

Figure 2. Map‐based cloning of CSU6
(A) Map of the CSU6 locus and CSU6 gene structure. The exons are indicated with black boxes, and the introns are indicated with black lines. The point
mutation in csu6‐1 is marked in red with an asterisk. (B) Mutation identified in the csu6‐1. The mutation results in splicing change of the CSU6. (C) Protein
structure of CONSTITUTIVELY PHOTOMORPHOGENIC 1 SUPPRESSOR 6 (CSU6). C2H2 indicates C2H2 type zinc‐finger domain.
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csu6‐1 and csu6‐2 grown in long‐d (16 h light/8 h dark) con-
ditions. The expression of PIF4 was significantly increased in
csu6‐1 and csu6‐2 at zeitgeber time (ZT) 8 and ZT12 (pre-
dominantly at ZT8) (Figure 5A). The PIF5 transcript level was
elevated in csu6‐1 and csu6‐2 specifically at ZT8 (Figure 5B).
These data indicate that CSU6 negatively regulates PIF4 and
PIF5 expression specifically in the morning. When we tran-
siently co‐expressed 35S:CSU6 with PIF4pro:LUC or
PIF5pro:LUC reporters in Nicotiana benthamiana leaves, the
relative luciferase (LUC) activity was significantly decreased
compared with the internal control (Figure 5C, D), supporting
the notion that CSU6 represses the transcription of PIF4 and
PIF5. We next performed chromatin immunoprecipitation
(ChIP)‐qPCR experiments using Col‐0 and CSU6pro:CSU6‐
GFP csu6‐1 transgenic plants. As shown in Figure 5F and 5G,
CSU6 associated with the promoter regions of PIF4 and PIF5.
Together, these data suggest that CSU6 binds to the PIF4
and PIF5 promoters to repress their transcription in the
morning.

CSU6 interacts with PIF4 and PIF5
Next, we performed bimolecular fluorescence com-
plementation (BiFC) assays to explore whether CSU6 inter-
acts with PIF4 or PIF5. Strong YFP signals were observed
when transiently co‐expressed PIF4‐YFPn with CSU6‐YFPc or
PIF5‐YFPn with CSU6‐YFPc in Arabidopsis protoplasts.

However, YFP signals were not detectable when transiently
co‐expressed with negative controls as indicated (Figure 6A).
In agreement, strong LUC signals were produced when we
transiently co‐expressed cLUC‐CSU6 with PIF4‐nLUC or
cLUC‐CSU6 with PIF5‐nLUC in Nicotiana benthamiana
leaves. The various negative controls as indicated when
transiently co‐expressed in Nicotiana benthamiana leaves
were not able to produce any detectable LUC activity (Figure
6B, C). We further carried out a pull‐down assay using re-
combined His‐CSU6 and PIF4‐myc or PIF5‐myc transgenic
plants. His‐CSU6 could pull down the PIF4‐myc or PIF5‐myc
proteins when incubated with cell extracts from PIF4‐myc or
PIF5‐myc seedlings as detected by immunoblot analysis
(Figure 6D, E). Together, these data demonstrate that CSU6
physically interacts with PIF4 and PIF5 in planta.

CSU6 represses PIF4 and PIF5 activity and the
transcription of their target genes
To investigate the biological significance of CSU6‐PIF4 or
CSU6‐PIF5 interactions, we sought to examine whether
CSU6 has any effects on PIF4 and PIF5 activity. IAA19 and
SAUR19 are directly activated by PIF4 and PIF5 (Sun et al.,
2012, 2013). Consistent with previous studies, PIF4 and PIF5
could activate the IAA19pro:LUC or SAUR19pro:LUC
reporters. CSU6 did not have any effects on these two
reporters. The activation of PIF4 and PIF5 on these reporters

Figure 3. The csu6 seedlings are hyposensitive to light
(A–J) Hypocotyl phenotypes and length of Columbia (Col), csu6‐1, and csu6‐2 seedlings grown in darkness (A, B), white (10.89 μmol/m2/s) (C, D), blue
(1.80 μmol/m2/s) (E, F), red (41.75 μmol/m2/s) (G, H) and far‐red light (4.31 μmol/m2/s) (I, J) light conditions for 4 d. Bars, 2 mm. Error bars represent SD (n≥
18). Letters above the bars indicate significant differences (P< 0.05) as determined by one‐way analysis of variance with Tukey's post‐hoc analysis.
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were significantly reduced in the presence of CSU6 in the
same experimental setting (Figure 7A–C), suggesting that
CSU6 represses the PIF4 and PIF5 transcriptional activation
activity toward their target genes. To further validate these
results, we examined the transcription of IAA19 and SAUR19
as well as the other nine PIF4‐ and PIF5‐controlled genes in
Col‐0, csu6‐1 and csu6‐2. The transcript levels of all these
genes tested were significantly increased in csu6‐1 and csu6‐
2 (Figures 7D, S5), suggesting that CSU6 represses the
transcription of these PIF4 and PIF5 target genes.

CSU6 acts upstream of PIF4 and PIF5
We next examined the genetic interactions between CSU6
and PIF4 or PIF5. Consistent with previous studies, the pif4‐
2, pif5‐3 and pif4‐2 pif5‐3 mutant exhibited shorter hypo-
cotyls as compared with wild‐type (WT) in W and R light
conditions (Figure 8A–D). The hypocotyl length of csu6‐2
pif4‐2 were similar with that of pif4‐2. csu6‐2 pif5‐3 displayed
intermediate hypocotyls, longer than pif5‐3, but shorter than
csu6‐2. The csu6‐2 pif4‐2 pif5‐3 triple mutant seedlings
were slightly longer than pif4‐2 pif5‐3 in the W and R light

(Figure 8A–D). All these data suggest that PIF4 and PIF5 act
genetically downstream of CSU6 with respect to hypocotyl
growth in the light.

DISCUSSION

Skotomorphogenesis is an essential and indispensable
developmental process that ensures a buried seed pene-
trates soil to reach light and then initiate photomorpho-
genesis. COP1, PIF4, and PIF5 are key repressors of light
signaling, acting downstream of various photoreceptors.
All of them promote skotomorphogenensis and inhibit
photomorphogenesis. COP1 is an E3 ubiquitin ligase that
targets a group of photomorphogenesis‐promoting factors
for ubiquitination and degradation, but stabilizes PIF4 and
PIF5 (Han et al., 2020). PIF4 and PIF5 are enriched in the
nucleus where they regulate a burst of target gene ex-
pressions in darkness (Paik et al., 2017; Pham et al.,
2018a). Light inactivates the action of COP1, PIF4, and
PIF5 through distinct regulatory mechanisms to promote

Figure 4. Global analysis of genes regulated by CONSTITUTIVELY PHOTOMORPHOGENIC 1 SUPPRESSOR 6 (CSU6) in Arabidopsis
(A) Correlation between the transcriptomes of Columbia‐0 (Col‐0) and csu6‐2. Pearson's correlation coefficient r is shown in each scatterplot. FPKM,
fragments per kilobase million. (B) Top 16 Gene Ontology (GO) term enrichments (biological process aspect) for significantly changed genes in csu6‐2.
(C, D) Gene expression analysis of PIF4 (C) and PIF5 (D) in Col and cus6‐2 mutant seedlings.
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photomorphogenesis (Paik et al., 2017; Pham et al.,
2018a; Han et al., 2020; Cheng et al., 2021). In this study,
we report that CSU6 promotes hypocotyl elongation in the
dark, but inhibits hypocotyl growth in the light. CSU6 as-
sociated with the promoter regions of PIF4 and PIF5 and
inhibited their transcription. On the other hand, CSU6 in-
teracted with PIF4 and PIF5 to repress their transcriptional

activation activity toward target genes. CSU6 thus neg-
atively controlled the expression of the PIF4‐ and PIF5‐
regulated genes and promoted light‐inhibition of hypocotyl
growth. PIF4 itself can associate with its own promoter and
activate its own expression (Zhai et al., 2020). Hence CSU6
might impair the PIF4 transcriptional activation activity
toward its own promoter in the light.

Figure 5. CONSTITUTIVELY PHOTOMORPHOGENIC 1 SUPPRESSOR 6 (CSU6) binds to PIF4 and PIF5 promoters and represses their
transcription in the morning
(A, B) Real‐time) quantitative polymerase chain reaction (qPCR) analysis of PIF4 and PIF5 transcript levels in Columbia (Col), csu6‐1 and csu6‐2 seedlings grown
under long‐d conditions (16 h light/8 h dark). for 5 d. Error bars represent SD (n= 3). Asterisks indicate significant differences (**P< 0.01), as determined by two‐
tailed Student's t‐test. (C) Schematic representation of constructs used for the transient transfection assay in Nicotiana benthamiana leaves. The PIF4 and PIF5
promoters were separately fused to the firefly luciferase (LUC) gene to create the reporter constructs. (D, E) Transient dual‐ LUC assay showing that CSU6
represses the transcription of PIF4pro:LUC and PIF5pro:LUC reporters in Nicotiana benthamiana leaves. Error bars represent SD (n≥ 5). Asterisks indicate
significant differences (**P< 0.01), as determined by two‐tailed Student's t‐test. (F) Diagram of the promoter structure of PIF4 and PIF5 with the fragments used
for chromatin immunoprecipitation (ChIP)‐qPCR. The positions of the fragments are shown. (G) ChIP‐qPCR assays showing that CSU6 associates with the PIF4
and PIF5 promoters in vivo. The 7‐d‐old Col and CSU6pro:CSU6‐GFP csu6‐2 seedlings were used for ChIP assays. Chromatin fragments were im-
munoprecipitated using green fluorescent protein (GFP)‐Trap and analyzed by qPCR. The PP2A gene was used as the negative control. Error bars represent SD
(n= 3). Asterisks indicate significant differences (*P< 0.05, ***P< 0.001), as determined by two‐tailed Student's t‐test.
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COP1 is a central repressor of light signaling. Loss of
COP1 function displays constitutively photomorphogenic
development in darkness. A forward genetic screen has been
performed to uncover the mutants that rescue cop1‐6 phe-
notype. Six recessive cop1‐6 suppressors (CSU1–CSU6)
have been successfully recovered from this genetic screen
(Xu et al., 2014, 2015; Lin et al., 2017; Zhao et al., 2018; Zhou
et al., 2022; this study). Among these, CSU4 and CSU6
promote the photomorphogenesis by modulating PIF4 and/or
PIF5 action. CSU4 inhibits the PIF4 transcript level in the
early evening (Zhao et al., 2018), and CSU6 repressed PIF4
and PIF5 in the morning (Figure 4A, B). In addition, CSU6
negatively affected the PIF4 and PIF5 biochemical activity
(Figure 7A–C). Therefore, CSU4 and CSU6 may work in
concert to modulate PIF4 and/or PIF5 signaling and gate the
hypocotyl growth under diurnal conditions. However, the
exact molecular interconnections between CSU4 and CSU6
await further detailed investigation. Overexpression of PIF4
or PIF5 in cop1 mutant background partially suppressed the
short hypocotyl phenotypes (Zhao et al., 2018; Pham et al.,
2018b). Considering that CSU6 negatively controls the PIF4
and PIF5 action (Figures 4A, B, 7A−C), the suppression of
cop1‐6 in the csu6 mutants likely, at least partially, resulted
from the increased PIF4 and PIF5 action.

PIF4 and PIF5 are growth‐promoting factors that di-
rectly bind to the promoter regions of multiple auxin

biosynthetic and signaling‐related genes to activate their
transcription, thus leading to cell elongation and hypocotyl
growth (Sun et al., 2012, 2013; Paik et al., 2017; Pham
et al., 2018a). The external signals such as light, shade and
warm temperature and internal cues like the circadian
clock tightly control PIF4 and PIF5 at the transcriptional
and protein levels (Paik et al., 2017; Pham et al., 2018a).
Light triggers the degradation of PIF4 and PIF5, while
shade and warm temperature promote their accumulation
in the plant cells (Casal. 2013; Cheng et al., 2021). In ad-
dition, multiple components of the circadian clock modu-
late the PIF4 and/or PIF5 transcript levels at different time
points under diurnal conditions (Zhang et al., 2021). The
morning complex CCA1‐LHY up‐regulates the transcription
of PIF4 to promote hypocotyl growth during the day (Niwa
et al., 2009; Lu et al., 2012). The evening complex ELF3‐
ELF4‐LUX represses PIF4 and PIF5 expression to inhibit
hypocotyl growth in the evening (Nusinow et al., 2011).
ELF3 and TOC1 repress PIF4 activity through direct
protein‐protein interactions (Nieto et al., 2015; Zhu et al.,
2016). CSU6 not only negatively regulated PIF4 and PIF5
transcription specifically in the morning (Figure 5A, B), but
also interacted with PIF4 and PIF5 to repress their bio-
chemical activity (Figures 6, 7A–C), suggesting that CSU6
plays a critical role in gating diurnal regulation of hypocotyl
growth probably through suppression of PIF4 and PIF5

Figure 6. CONSTITUTIVELY PHOTOMORPHOGENIC 1 SUPPRESSOR 6 (CSU6) physically interacts with PHYTOCHROME INTERACTING
FACTOR 4 (PIF4) and PIF5
(A) Bimolecular fluorescence complementation (BiFC) assays showing that CSU6 interacts with PIF4 and PIF5 in Arabidopsis protoplast. Full‐length of PIF4
or PIF5 was fused to N‐terminal fragment of yellow fluorescent protein (YFPn), and CSU6 was fused to C‐terminal fragment of YFP (YFPc). Unfused YFPn

and YFPc fragments served as negative controls. Scale bars, 5 μm. (B, C) Luciferase (LUC) complementation imaging assays showing that CSU6 interacts
with PIF4 and PIF5 in Nicotiana benthamiana leaves. The C‐terminal half of firefly LUC (cLUC). was fused to CSU6 and PIF4 or PIF5 was fused to the
N‐terminal half of firefly LUC (nLUC). (D, E) Semi‐in vivo pull‐down assays of PIF4 and PIF5 with CSU6. Total plant proteins were extracted from 4‐d‐old
Columbia (Col), PIF4‐myc and PIF5‐myc transgenic seedlings grown in darkness. The immunoprecipitates were detected using anti‐His and anti‐myc
antibodies, respectively. The asterisk indicates a non‐specific band.
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action in the morning. It has been documented that PIF4
and PIF5 promote shade avoidance or thermomorpho-
genesis under shade or warm temperature conditions
(Hornitschek et al., 2009; Sun et al., 2012; Jung et al.,
2016; Legris et al., 2016). However, whether CSU6 is also
involved in these two physiological and developmental
processes needs additional detailed analysis. Never-
theless, CSU6‐PIF4 and PIF5 regulatory modules
may represent a key signaling hub linking light and
circadian rhythm to the control of seedling development.
CSU6 exerted opposite roles in the regulation of
hypocotyl growth in the dark and light. CSU6 promoted
hypocotyl elongation in the dark, whereas it represses
hypocotyl growth in various light conditions tested
(Figure 3). Our studies revealed that CSU6 negatively
controlled the transcription and biochemical activity of
PIF4 and PIF5 to inhibit hypocotyl elongation in the light
(Figures 4–6). However, the exact molecular basis for
CSU6 promoting hypocotyl growth in the dark still remains
obscure and requires further biochemical and genetic
studies.

Collectively, CSU6 promotes light‐inhibited hypocotyl growth
through PIF4‐ and PIF5‐mediated signaling. CSU6 associates
with the PIF4 and PIF5 promoters to inhibit their expression in the
morning. On the other hand, CSU6 interacts with PIF4 and PIF5
to repress their transcriptional activation activity toward target
genes. Consequently, these molecular regulatory events result in
the repression of numerous PIF4‐ and PIF5‐controlled genes and
hence inhibition of hypocotyl growth in the light (Figure 8E).
CSU6 may ensure a precise and delicate control of PIF4 and
PIF5 action to enable plants to respond rapidly and properly to
their surrounding changing light conditions.

MATERIALS AND METHODS

Plant materials and growth conditions
The Arabidopsis thaliana cop1‐6 (McNelli et al., 1994), csu6‐1
cop1‐6, csu6‐1, csu6‐2, pif4‐2 (Leivar et al., 2008), pif5‐3 (Khanna
et al., 2007), pif4‐2 pif5‐3 (Nozue et al., 2007) mutants, proCSU6:
CSU6‐GFP csu6‐1 and proCSU6:CSU6‐GFP csu6‐2 transgenic
lines were all in the Col‐0 ecotype. The csu6‐1 cop1‐6 double

Figure 7. CONSTITUTIVELY PHOTOMORPHOGENIC 1 SUPPRESSOR 6 (CSU6) represses the transcriptional activity of PHYTOCHROME
INTERACTING FACTOR 4 (PIF4) and PIF5 toward target genes
(A) Schematic representation of constructs used for the transient transfection assay in Arabidopsis protoplasts. The IAA19 and SAUR19 promoters were
separately fused to the firefly luciferase (LUC) gene to create the reporter constructs. For the effector constructs, CSU6, PIF4 and PIF5 were driven by 35S
promoter. (B, C) Transient dual‐ LUC assay showing that CSU6 represses the transcriptional activation activity of PIF4 or PIF5 on IAA19pro:LUC and
SAUR19pro:LUC reporters. Error bars represent SD (n= 3). Asterisks indicate significant differences (**P< 0.01, ***P< 0.001), as determined by two‐tailed
Student's t‐test.
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mutant was obtained from the suppressors screening of cop1‐6
seeds mutagenized with ethyl methanesulfonate (EMS). The
csu6‐1 mutant was isolated from the F2 population of csu6‐1
cop1‐6 crossed with Col‐0. The csu6‐2 mutant (SALK_030445)
was obtained from the Arabidopsis Biological Resource Center
(ABRC) and homozygous plants were identified by PCR‐based
genotyping. The csu6‐2 cop1‐6, csu6‐2 pif4‐2, csu6‐2 pif5‐3 and
csu6‐2 pif4‐2 pif5‐3mutants were generated by genetic crossing.
Arabidopsis seeds were grown on 1×Murashige and Skoog (MS)
medium supplemented with 1% sucrose and 0.8% agar. After
stratification in darkness at 4°C for 3 d, seeds were transferred to
light chambers (PERCIVAL) maintained at 22°C.

Map‐based cloning of CSU6
The csu6‐1 mutation was identified as previously described
(Zhao et al., 2018; Zhou et al., 2022). Briefly, the F2 mapping
population was constructed from a cross between csu6‐1 cop1‐
6 mutant (Col‐0 background) and Landsberg with a cop1‐6

mutation. Suppressor seedlings with longer hypocotyls from F2
population were selected for mapping. The markers used for
mapping were designed based on the Arabidopsis Mapping
Platform (http://amp.genomics.org.cn) and the standards pre-
viously described (Jander et al., 2002). The csu6‐1 mutation was
mapped to an interval between the markers 3‐AC009325‐0089
and 3‐AC022287‐0495 on chromosome 3. The candidate gene
was further identified by SOLiD sequencing as previously de-
scribed (Zhao et al., 2018; Zhou et al., 2022).

Measurement of hypocotyl length
For hypocotyl measurement, surface‐sterilized seeds were sown
on 1×MS plates and stratified in darkness at 4°C for 3 d. After
exposition to continuous white light for 8 h at 22°C to induce
uniform germination, the seeds were then transferred to dark or
different light conditions and incubated at 22°C for 4 d. The
hypocotyl length of seedlings was measured using ImageJ
software.

Figure 8. CONSTITUTIVELY PHOTOMORPHOGENIC 1 SUPPRESSOR 6 (CSU6) genetically acts upstream of PHYTOCHROME
INTERACTING FACTOR 4 (PIF4) and PIF5
(A–D) Hypocotyl phenotypes and lengths of Columbia (Col), csu6‐2, pif4‐2, csu6‐2 pif4‐2, pif5‐3, csu6‐2 pif5‐3, pif4‐2 pif5‐3 and csu6‐2 pif4‐2 pif5‐3
seedlings grown in white (10.89 μmol/m2/s) (A, B) and red (113.30 μmol/m2/s) (C, D) light conditions for 4 d. Bars, 2mm. Error bars represent SD (n≥ 20).
Letters above the bars indicate significant differences (P < 0.05) as determined by one‐way analysis of variance with Tukey's post‐hoc analysis. (E) A
working model depicting how CSU6 promotes photomorphogenesis in Arabidopsis. On one hand, CSU6 associates with the promoter regions of PIF4 and
PIF5 to repress their transcription. On the other hand, CSU6 interacts with PIF4 and PIF5 to repress their transcriptional activation activity toward target
genes, consequently inhibiting hypocotyl elongation.
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Plasmid construction
To generate constructs for genomic complementation test,
the full‐length of CSU6 coding sequence was cloned into the
pDONR‐223 vector (Invitrogen) and introduced into the
pEarley Gateway 203 and pEarley Gateway 104 binary vec-
tors (Earley et al., 2006) to produce 35S:myc‐CSU6 and 35S:
YFP‐CSU6 constructs, using Gateway LR Clonase enzyme
mix (Invitrogen). For BiFC assay, the coding sequences of
PIF4 and PIF5 were cloned into the XbaⅠ/BamHⅠ sites of pUC‐
SPYNE vector to generate pUC‐SPYNE‐PIF4 and pUC‐
SPYNE‐PIF5 constructs. The CSU6 coding sequence was
cloned into the XbaⅠ/BamHⅠ sites of pUC‐SPYCE vector to
generate pUC‐SPYCE‐CSU6 construct. For LUC com-
plementation imaging assay, the coding sequences of PIF4
and PIF5 were cloned into the KpnⅠ/SalⅠ sites of
pCAMBIA1300‐nLUC vector and the coding sequence of
CSU6 were cloned into the KpnⅠ/SalⅠ sites of pCAMBIA1300‐
cLUC vector to generate the corresponding constructs. For
the transient expression assay, the promoters of PIF4, PIF5,
IAA19 and SAUR19 were amplified and cloned into the KpnⅠ/
NcoⅠ sites of pGreen0800Ⅱ‐LUC vector to generate the
pGreen0800Ⅱ‐proPIF4:LUC, pGreen0800Ⅱ‐proPIF5:LUC,
pGreen0800Ⅱ‐proIAA19:LUC and pGreen0800Ⅱ‐proSAUR19:
LUC constructs. The coding sequences of CSU6, PIF4 and
PIF5 were cloned into the XbaⅠ/KpnⅠ sites of pGreenⅡ 62‐SK
vector to generate pGreenⅡ 62‐SK‐CSU6, pGreenⅡ 62‐SK‐
PIF4 and pGreenⅡ 62‐SK‐PIF5 effector constructs. To gen-
erate proCSU6:CSU6‐GFP construct, the CSU6 promoter,
CSU6 coding sequence, GFP gene sequence and CSU6
terminator were ligated into the pCAMBIA1300 vector at the
EcoRⅠ/PstⅠ sites.

Plant transformation
The 35S:myc‐CSU6, 35S:YFP‐CSU6 and proCSU6:CSU6‐
GFP constructs were transformed into Agrobacterium tume-
faciens strain GV3101 by the freeze‐thaw method. All the
transgenic plants were generated by floral dip method
(Clough and Bent, 1998). The 35S:myc‐CSU6 and 35S:YFP‐
CSU6 were transformed into csu6‐1 cop1‐6 background to
obtain 35S:myc‐CSU6 csu6‐1 cop1‐6 and 35S:YFP‐CSU6
csu6‐1 cop1‐6 plants. The proCSU6:CSU6‐GFP was trans-
formed into csu6‐1 background to obtain proCSU6:CSU6‐
GFP csu6‐1 plants. Homozygous lines were used for genetic
and biochemical studies. The primers used for plasmids
construction are listed in Table S5.

Real‐time qPCR
Total RNA was extracted from 5‐d‐old Arabidopsis seedlings
grown on 1× MS plates using Plant RNA Kit (Omega). For the
circadian experiments, seedlings were collected every 4 h
under the 16 h light (10.89 μmol/m2/s)/8 h dark photoperiod
conditions. The complementary DNA (cDNA) synthesis re-
actions were performed with 5× All‐In‐One RT Master Mix
(Applied Biological Materials) according to the manu-
facturer's instructions. Real‐time qPCR was performed using
a Step One Plus Real‐Time PCR detection system (Applied

Biosystems) and SYBR Green Master Mix (Yeasen), following
the manufacturer's instructions. Each experiment was per-
formed with three biological replicates, and each sample was
analyzed in triplicate. The gene expression levels were nor-
malized to the internal control PP2A gene. The primers used
in the qRT‐PCR analyses are listed in Table S5.

RNA sequencing
Total RNA was extracted and processed following standard
protocols of the Novogene Company for preparing Illumina
RNA‐Seq libraries. Paired‐end sequencing was then per-
formed to generate 150 bp paired‐end reads on three in-
dependent biological replicates. RNA‐seq reads were then
cleaned and mapped to the TAIR10 genome using Hisat2
with default parameter (Kim et al., 2015). Differential ex-
pression was subsequently assessed using the R/Bio-
conductor package limma (v.3.0.8) (Ritchie et al., 2015).
Genes with a false discovery rate <0.05 and a fold change
>1.5 were considered differentially expressed. The functional
enrichment analysis of differentially expressed genes were
conducted by g:Profiler (Raudvere et al., 2019), with adjusted
P‐values <0.05 considered statistically significant.

Bimolecular fluorescence complementation assay
The pUC‐SPYNE‐PIF4, pUC‐SPYNE‐PIF5 and pUC‐SPYCE‐
CSU6 plasmids were co‐transformed into Arabidopsis pro-
toplasts as desired combinations according to the detailed
method previously described (Yoo et al., 2007). After in-
cubation in darkness at 22°C for 16 h, the YFP fluorescence
signals were observed under a confocal laser scanning mi-
croscope (LSM510 Meta; Carl Zeiss, Germany). YFP fluo-
rescence was excited by a 514‐nm laser and detected be-
tween 517 and 589 nm.

Firefly LUC complementation assay
The firefly LUC complementation assay in Nicotiana ben-
thamiana leaves was performed as previously described
(Chen et al., 2008). Briefly, Agrobacterium tumefaciens strain
GV3101 cells harboring pCAMBIA1300‐cLUC‐CSU6 or
pCAMBIA1300‐PIF4/5‐nLUC constructs were co‐infiltrated
into Nicotiana benthamiana leaves as indicated pairs. The
corresponding empty vector pCAMBIA1300‐cLUC or
pCAMBIA1300‐nLUC was infiltrated as a negative control.
After infiltration, plants were incubated under long‐d con-
ditions (16 h light/8 h dark) for 3 d, the leaves were sprayed
with 1mmol/L D‐luciferin (Sigma) and the LUC luminescence
was examined using Night SHADE LB985 imaging system
(Berthod, Germany).

Transient LUC expression assay
Arabidopsis mesophyll cell protoplasts were prepared and
transfected according to the detailed method previously de-
scribed (Yoo et al., 2007). For the transient transcriptional
activity assay, the promoter‐reporters used were
pGreen0800II‐proPIF4:LUC, pGreen0800II‐proPIF5:LUC,
pGreen0800II‐proIAA19:LUC and pGreen0800II‐proSAUR19:
LUC. pGreenII 62‐SK‐CSU6, pGreenII 62‐SK‐PIF4 and
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pGreenII 62‐SK‐PIF5 were used as effectors. The reporters
and effectors were transformed into Arabidopsis protoplasts
in different combinations and incubated in darkness at 22°C
for 16 h. Firefly LUC and Renillia LUC (Ren) were detected
using the Dual‐LUC Reporter Assay System (Promega), ac-
cording to the manufacturer's instructions. Ren driven by a
cauliflower mosaic virus 35S promoter was used as an in-
ternal control. The relative activity was expressed as the
LUC/Ren ratios.

Immunoblot analysis
Total proteins were extracted from 5‐d‐old Arabidopsis
seedlings with protein extraction buffer (100mmol/L
NaH2PO4, 10mmol/L Tris–HCl, pH8.0, 200mmol/L NaCl, 8 M
urea, 1mmol/L phenylmethylsulfonyl fluoride and 1× com-
plete protease inhibitor cocktail). The protein samples were
added with 5× sodium dodecyl sulfate (SDS) loading buffer,
and boiled at 100°C for 3min. After separation by 10% (w/v)
SDS‐polyacrylamide gel electrophoresis, the protein abun-
dance of CSU6‐GFP was detected using anti‐GFP antibody
(Abmart). Anti‐Actin (Sigma‐Aldrich) was used as an internal
control.

Semi‐in vivo pull‐down assays
Total proteins of Col‐0, PIF4‐myc or PIF5‐myc seedlings were
extracted using the lysis buffer (25mmol/L Tris‐HCl (pH 7.5),
150mmol/L NaCl, 1 mmol/L ethylenediaminetetraacetic acid
(EDTA), 10% glycerol, 0.1% Tween‐20); 8 μg freshly purified
His‐CSU6 was mixed with 200 μg total proteins of Col, PIF4‐
myc and PIF5‐myc respectively, for 4 h; 10 μL Myc‐trap
beads were added in and incubated with the mixture for an
additional 2 h at 4°C. Beads were then washed three times
with 25 column volumes of washing buffer (25mmol/L Tris‐Cl
(pH 7.5), 300mmol/L NaCl, 1 mM EDTA, 10% glycerol).
Finally, the beads were heated in 1× SDS loading buffer at
100°C for 5min. The eluted proteins were then analyzed by
immuno‐blotting using anti‐GFP, anti‐myc and anti‐Actin an-
tibodies.

Chromatin immunoprecipitation
The ChIP assay was performed as previously described (Zhu
et al., 2020). Briefly, protein–chromatin complexes were iso-
lated from 2 g seedlings grown in the light. The chromatin
solution was sonicated and then pre‐cleared by incubation of
binding control agarose beads (ChromoTek). After that, the
protein–chromatin complexes were immunoprecipitated with
GFP‐trap agarose beads (ChromoTek). DNA fragments were
recovered by reversal of cross‐linking and used to perform
RT‐qPCR. Values of ChIP were normalized to those of input
DNA. Primers used in this study are listed in Table S5.

Accession numbers
Sequence data from this article can be found in the Arabi-
dopsis Genome Initiative database or the GenBank/European
Molecular Biology Laboratory libraries under the following
accession numbers: COP1 (At2g32950); CSU6 (At3g02860);
PIF4 (At2g43010); PIF5 (At3g59060). RNA‐seq data have

been deposited into the Gene Expression Omnibus with the
following accession number GSE201389.
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ABSTRACT

Light is the most important environmental factor affecting many aspects of plant development. In this

study, we report that B-box protein 11 (BBX11) acts as a positive regulator of red light signaling. BBX11

loss-of-function mutant seedlings display significantly elongated hypocotyls under conditions of both

red light and long day, whereas BBX11 overexpression causes markedly shortened hypocotyls under

various light states. BBX11 binds to the HY5 promoter to activate its transcription, while both BBX21 and

HY5 associate with the promoter ofBBX11 to positively regulate its expression. Taken together, our results

reveal positive feedback regulation of photomorphogenesis consisting of BBX11, BBX21, and HY5, thus

substantiating a transcriptional regulatory mechanism in the response of plants to light during normal

development.
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INTRODUCTION

Plants have evolved a fine-tuned molecular mechanism in their

responsiveness to dynamically changing light conditions

throughout their life span. Different wavelength-specific light sig-

nals are perceived by a variety of photoreceptors in plants. Phy-

tochromes (phyA to phyE) perceive far-red (FR) and red (R) light

(Sharrock and Quail, 1989); cryptochromes (CRY1 and CRY2)

and phototropins (PHOT1 and PHOT2) sense UV-A and/or blue

(B) light (Gallagher et al., 1988; Lin et al., 1995; Guo et al.,

1998); and UV-B resistance locus 8 (UVR8) absorbs UV-B light

(Rizzini et al., 2011). Proper light exposure converts these

photoreceptors into biologically active isoforms that work

synergistically with downstream components to initiate diverse

molecular events and promote photomorphogenesis (Chen

et al., 2014; Ma et al., 2016; Pedmale et al., 2016; Wei et al.,

2020; Yadav et al., 2020; Yang and Liu, 2020; Zhai et al., 2020).

Two key regulators of light signaling, constitutively photomorpho-

genic 1 (COP1) and elongated hypocotyl 5 (HY5), function down-

stream of a variety of photoreceptors and control approximately

one-third of genes in theArabidopsisgenome thatmodulate skoto-
Plant Commun
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morphogenic or photomorphogenic development (Ma et al., 2003;

Lee et al., 2007; Zhang et al., 2011). The E3 ubiquitin ligase COP1

precisely controls the abundanceofHY5, a bZIP-type transcription

factor (Oyama et al., 1997; Osterlund et al., 2000). In etiolated

seedlings, COP1 is enriched in the nucleus, where it directs the

polyubiquitination of HY5 and promotes its degradation via the

26S proteasome. Upon light irradiation, the nuclear activity of

COP1 is largely inhibited, thus promoting the accumulation of

HY5 in de-etiolated seedlings. This eventually leads to changes

in HY5-regulated gene expression, and thus, physiological pro-

cesses in response to light in plants (Oyama et al., 1997; Ang

et al., 1998; Osterlund et al., 2000). Thus, the light-regulated

COP1–HY5 complex represents a key node in the transition from

skotomorphogenesis to photomorphogenesis.

Light can rapidly alter the transcriptome of plants, ultimately

promoting seedling development (Ma et al., 2001). A group
ications 1, 100045, September 14 2020 ª 2020 The Author(s).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Transcript and Protein Levels of BBX11 Are Positively Regulated by Light.
(A) qRT–PCR analysis of theBBX11 transcript level in 4-day-old Col-0 seedlings grown in various conditions (darkness; white, blue, red, and far-red light).

(B) qRT–PCR analysis of theBBX11 transcript level during the dark-to-light transition. Four-day-old Col-0 seedlings grown in darknesswere transferred to

white light for 1–36 h as indicated.

(C) qRT–PCR analysis of the BBX11 transcript level in different photoreceptor mutants. Col-0 and phyA-211, phyB-9, cry1-304, and cry2-1mutants were

grown in far-red, red, and blue light for 4 days.

(D and E) YFP-BBX11 protein level in YFP-BBX11 #8 transgenic seedlings during the dark-to-light (D) or light-to-dark (E) transition. Four-day-old dark-

grown seedlings were transferred to white light for 0.5–24 h as indicated (D). Five-day-old white-light-grown seedlings were transferred to darkness for 2–

24 h as indicated (E). Five-day-old white-light-grown Col-0 seedlings served as the negative control.

(F) Relative YFP fluorescence in 4-day-old YFP-BBX11 #8 transgenic seedlings grown in darkness before and after 1 h of white light exposure. YFP,

yellow fluorescent protein channel; DIC, differential interference contrast in the light microscope mode; Merge, merged images of YFP and DIC. Scale

bars, 100 mm.

In (A) to (C), the BBX11 expression level was normalized to that of PP2A. Data are presented as means ± SD (n = 3).
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of transcription factors mediates the light-controlled

reprogramming of a variety of transcripts. Of these, HY5 is a

key component that directly binds to the promoters of light-

regulated genes to control their expression (Lee et al., 2007;

Zhang et al., 2011; Burko et al., 2020). HY5 and B-box

proteins (BBXs) are components of a delicate regulatory

network, in which light optimally controls the timely expression

of a variety of genes (Gangappa and Botto, 2014; Xu, 2019;

Song et al., 2020). BBX21 and BBX22 promote HY5 activity

by forming heterodimers (Datta et al., 2007, 2008), whereas

BBX24, BBX25, and BBX28 inhibit its transcriptional activity

through a similar molecular mechanism (Gangappa et al.,

2013; Lin et al., 2018). In addition, BBX21 directly binds to the

T/G-box cis-element present in the HY5 promoter through its

second B-box domain to activate its expression (Xu et al.,

2016, 2018), whereas HY5 positively controls BBX22 and

represses BBX30 and BBX31 at the transcriptional level

(Chang et al., 2008; Heng et al., 2019a; Yadav et al., 2019).

BBX23 and HY5 associate with each other to regulate

the expression of downstream targets that promote

photomorphogenesis (Zhang et al., 2017). Thus, HY5 and

specific BBXs constitute a critical regulatory network, whose

function is to gain absolute control over the expression of

thousands of genes to ensure normal plant growth and

development (Xu, 2019; Song et al., 2020).
2 Plant Communications 1, 100045, September 14 2020 ª 2020 Th第160
In this study, we characterized a previously unidentified positive

regulator of R light signaling, BBX11, which contains two tandem

conserved B-box domains in the N-terminal region. BBX11 loss-

of-function mutants show elongated hypocotyls under conditions

of both R light and long day (LD; 16 h light/8 h dark), whereas

BBX11 overexpression results in shortened hypocotyls under

white (W), B, R, and FR light. BBX11 associates with HY5 chro-

matin regions and promotes its expression, whereas both

BBX21 and HY5 bind to the BBX11 promoter and activate its

transcription, suggesting that BBX11, BBX21, and HY5 form

a positive feedback loop at the transcriptional level.

These results demonstrate that BBX11, BBX21, and HY5

promote photomorphogenesis, and this positive feedback regu-

lation is critical for light-mediated seedling development.
RESULTS

Light InducesBBX11 at Both Transcriptional andProtein
Levels

It has been shown that multiple BBX proteins are involved in light-

regulated seedling development (Gangappa and Botto, 2014; Xu,

2019; Song et al., 2020). In an effort to identify the previously

uncharacterized BBX member(s) acting in light signaling, we

examined the transcript levels of a group of BBXs in wild-type

Arabidopsis (Columbia-0 [Col-0] ecotype) grown under various
e Author(s).页 



Figure 2. Bbx11 Mutant Seedlings Grown in Red Light Show Elongated Hypocotyls.
Hypocotyl phenotype and length of 5-day-old Col-0 and two independent bbx11 single-mutant seedlings grown in red light (129 mmol/m2/s) (A andB) and

LD conditions (16 h light/8 h dark) (C and D). Hypocotyl phenotype and length of 5-day-old Col-0 and BBX11 transgenic seedlings grown in white

(14.74 mmol/m2/s) (E and F), blue (10.5 mmol/m2/s) (G and H), red (129 mmol/m2/s) (I and J), and far-red (4.5 mmol/m2/s) (K and L) light. The unit of

hypocotyl length is millimeters. Data are presented as the means ± SE (nR 60) of three biological replicates. Letters above the bars indicate significant

differences (P < 0.05), as determined by one-way ANOVA with Tukey’s post hoc analysis.
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light conditions (darkness; W, B, R, and FR light). The transcript

level of BBX11 in light-grown Col-0 seedlings was much higher

than that in dark-grown seedlings (Figure 1A), indicating that

BBX11 is induced by light, and thus, a candidate for functioning

in light signaling. We also found that the expression level of

BBX11 significantly increased when dark-grown seedlings were

transferred to W light for various time points as indicated in

Figure 1B. These results indicate that light can induce the

expression of BBX11. As different light signals are perceived by

different photoreceptors, we investigated whether phyA, phyB,

CRY1, and CRY2 could affect BBX11 at the transcriptional

level. The expression of BBX11 in FR light-grown phyA-211, R

light-grown phyB-9, and B light-grown cry1-304 and cry2-1

mutant seedlings was significantly decreased compared with

that in Col-0 seedlings grown in the corresponding wavelength-

specific light conditions (Figure 1C), suggesting that

photoreceptors phyA, phyB, CRY1, and CRY2 positively

regulate BBX11 expression in response to light, respectively.

To examine whether light can regulate the abundance of BBX11,

we generated YFP-tagged BBX11 (YFP-BBX11) transgenic

plants overexpressing BBX11 (Supplemental Figure 1) and

characterized the amount of YFP-BBX11 during the transition

from dark to light. YFP-BBX11 accumulated and peaked at 1–4

h after light illumination and then gradually decreased

(Figure 1D). In addition, YFP-BBX11 gradually decreased when

light-grown YFP-BBX11 overexpressing plants were transferred
Plant Commun第16
to dark conditions for various time points (Figure 1E).

Consistent with these observations, YFP signals were only

slightly detectable in the cotyledons and hypocotyls of dark-

grown YFP-BBX11 seedlings; however, they became signifi-

cantly evident at 4 h after light illumination (Figure 1F). Taken

collectively, these data indicate that BBX11 degrades in the

dark but accumulates in the light.
BBX11 Acts as a Positive Regulator of Red Light
Signaling

To characterize the role of BBX11 in light signaling, we gener-

ated two independent bbx11 loss-of-function mutants, namely

bbx11-1 and bbx11-2, using the clustered regulatory inter-

spaced short palindromic repeats (CRISPR)/Cas9 technique

(Wang et al., 2015) (Supplemental Figure 2). The bbx11

mutants showed a phenotype similar to that of Col-0 when

grown in the dark and W, B, and FR light (Supplemental

Figures 3 and 4), whereas the two independent bbx11

mutants displayed significantly elongated hypocotyls when

grown in R light (Figure 2A and 2B), suggesting that BBX11

promotes photomorphogenic development in R light. Next, we

investigated the expression pattern of BBX11 under LD

conditions. The transcript level of BBX11 was under diurnal

control with peak expression in the morning (zeitgeber time 8)

(Supplemental Figure 5), indicating that the BBX11 mRNA

level is regulated by the circadian clock. Consistently, the
ications 1, 100045, September 14 2020 ª 2020 The Author(s). 31页 



Figure 3. BBX11 Associates with the HY5 Promoter and Upregulates Its Transcription.
(A) qRT–PCR analysis of theHY5 transcript level in Col-0, bbx11-1, and YFP-BBX11 #8 seedlings grown in LD conditions (16 h light/8 h dark). ZT indicates

the zeitgeber time. Data are presented as means ± SD (n = 3). *P < 0.05, compared with Col-0, as determined by the two-tailed Student’s t-test. The HY5

expression level was normalized to that of PP2A.

(B) Schematic representation of various constructs used in transient transfection assays in Arabidopsis protoplasts. Arrows after the 35S

promoter indicate the transcriptional start site. The HY5 promoter was fused to firefly luciferase to create the reporter constructs.

(C) Relative luciferase activity of the proHY5:LUC reporter construct cotransformed with BBX11 or the control into protoplasts. Data are presented as

means ± SD (n = 3). **P < 0.01, as determined by the two-tailed Student’s t-test.

(D) Results of a representative ChIP–qPCR assay showing that BBX11 associates with the HY5 promoter in vivo. ChIP was performed with an anti-GFP

monoclonal antibody. Data are presented as means ± SD (n = 3). **P < 0.01, as determined by the two-tailed Student’s t-test.

(E) Results of a representative EMSA showing that BBX11 binds to the HY5 promoter region. ‘‘�’’ and ‘‘+’’ represent the absence or presence,

respectively, of the corresponding probe or protein. For probe HY5-B, ‘‘+’’ indicates 5 pmol. For His-TF, ‘‘+’’ indicates 5.5 pmol. For His-TF-BBX11, ‘‘+’’

indicates 6.5 pmol. FP indicates the free probe.
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hypocotyl length of bbx11 mutant seedlings was significantly

longer than that of Col-0 when grown in LD conditions

(Figure 2C and 2D). These results suggest that BBX11 inhibits

hypocotyl growth under LD conditions.

To substantiate these observations, we analyzed the phenotypes

ofYFP-BBX11 andmyc-BBX11 transgenic plants overexpressing

BBX11 (Supplemental Figure 1). The two independent etiolated

YFP-BBX11 and myc-BBX11 overexpressing plants exhibited a

similar hypocotyl length compared with Col-0; however, they

developed a significantly larger apical hook angle compared

with Col-0 in the dark (Supplemental Figure 6). All BBX11

transgenic lines showed markedly shortened hypocotyls when

grown in various light conditions (W, B, R, and FR) (Figure 2E–

2L), suggesting that the overexpression of BBX11 confers

hypersensitivity in the response to various wavelength-specific

light signals in Arabidopsis.
4 Plant Communications 1, 100045, September 14 2020 ª 2020 Th第162
BBX11 Activates the Transcription of HY5

We have previously reported that multiple BBX proteins converge

on HY5 to regulate photomorphogenesis (Xu et al., 2016, 2018;

Lin et al., 2018; Heng et al., 2019a). Thus, we examined

whether BBX11 affects HY5 at the transcriptional level. As

shown in Figure 3A, the HY5 transcript level was decreased in

bbx11-1 but increased in YFP-BBX11 at various time points

under LD conditions, suggesting that BBX11 positively

regulates HY5 expression. Next, we transiently co-expressed

35S:BBX11 and proHY5:LUC in Arabidopsis protoplasts and

found that BBX11 indeed activated the proHY5:LUC reporter in

plant cells (Figure 3B and 3C), further confirming the activation

of HY5 by BBX11. To explore whether BBX11 binds to the

promoter of HY5, we employed chromatin immunoprecipitation

(ChIP)–qPCR to examine this possibility. As expected, BBX11

specifically bound to the HY5 promoter region B (�350 to

�252 bp), which contains an E-box and a T/G-box cis-element
e Author(s).页 



Figure 4. HY5 and BBX21 Associate with the BBX11 Promoter and Upregulate Its Expression.
(A and B) qRT–PCR analysis of the BBX11 transcript level during the dark-to-light transition. Four-day-old dark-grown Col-0, hy5-215 (A), and bbx21-1

(B) seedlings were exposed to white light (14.74 mmol/m2/s) for up to 12 h at the indicated time points. Data are presented as means ± SD (n = 3). The

BBX11 expression level was normalized to that of PP2A.

(C) Schematic representation of various constructs used in transient transfection assays in Arabidopsis protoplasts. Arrows after the 35S

promoter indicate the transcriptional start site. The BBX11 promoter was fused to firefly luciferase to create the reporter constructs.

(D) Relative luciferase activity of the proBBX11:LUC reporter construct cotransformed with BBX11, HY5, or the control into protoplasts. Data are pre-

sented as means ± SD (n = 3). **P < 0.01, as determined by the two-tailed Student’s t-test.

(E) Schematic representation of the regions examined in ChIP–qPCR assays.

(F and G) Results of a representative ChIP–qPCR assay showing that HY5 and BBX21 associate with the BBX11 promoter in vivo. ChIP was performed

with anti-GFP (F) and anti-Myc (G)monoclonal antibodies. Data are presented as means ± SD (n = 3). *P < 0.05 and **P < 0.01, as determined by the two-

tailed Student’s t-test.

(H) Results of a representative EMSA showing that HY5 binds to the BBX11-B promoter region. ‘‘�’’ and ‘‘+’’ represent the absence or presence,

respectively, of the corresponding probe or protein. For probe BBX11-B, ‘‘+’’ indicates 4 pmol. For His-HY5, ‘‘+’’ indicates 10 pmol. FP indicates the free

probe.
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(Figure 3D). In addition, the results of an in vitro electrophoretic

mobility shift assay (EMSA) showed that His-Trigger Factor-

BBX11 (His-TF-BBX11) could directly bind to the HY5 promoter

region B (�300 to �237 bp). As the amount of competitor (cold

probe) increased in the reactions, the His-TF-BBX11 binding of

HY5 promoter clearly decreased. By contrast, the negative con-

trol His-TF could not bind to the same HY5 promoter fragment

(Figure 3E). Taken collectively, these results suggest that

BBX11 directly binds to the HY5 promoter to activate its

transcription.
BBX21 and HY5 Activate the Transcription of BBX11

The results of a genome-wide ChIP-chip study indicate that HY5

can associate with the BBX11 promoter (Lee et al., 2007).

Moreover, BBX21 cannot only enhance the activity of HY5 but

also activate its expression (Datta et al., 2007; Xu et al., 2016,

2018). Thus, we examined whether HY5 and BBX21 could

regulate the transcription of BBX11. The expression of BBX11

was markedly decreased in hy5-215 and bbx21-1 compared

with Col-0 during the transition from dark to light at various
Plant Commun第16
time points as indicated in Figure 4A and 4B. In addition, the

BBX11 transcript level was decreased in both bbx21-1 and

hy5-215 mutants but increased in myc-BBX21 bbx21-1 and

YFP-HY5 hy5-215 overexpressing plants grown in continuous

W light (Supplemental Figure 7). In the transient activation

assay, both HY5 and BBX21 activated the proBBX11:LUC

reporter (Figure 4C and 4D). ChIP–qPCR analysis also showed

that both HY5 and BBX21 associated with the BBX11

promoter in vivo (Figure 4E–4G). Next, we performed EMSAs

to determine whether HY5 and BBX21 could directly bind to

the promoter of BBX11 in vitro. His-HY5 directly bound to the

subfragments of the BBX11 promoter (�628 to �569 bp), which

contains a typical G-box cis-element (CATGCG). As the amount

of competitor increased, the affinity of His-HY5 binding to the

BBX11 promoter subfragments decreased (Figure 4H).

However, BBX21 could not bind to the same DNA

subfragments under the same experimental conditions

(Supplemental Figure 8), indicating that BBX21 may indirectly

associate with the BBX11 promoter or that the binding site(s)

for BBX21 may reside in other regions within the BBX11

promoter. Taken collectively, these data suggest that both
ications 1, 100045, September 14 2020 ª 2020 The Author(s). 53页 



Figure 5. Hypocotyl Phenotype and Length
of bbx11-1, bbx21-1, and bbx11-1 hy5-215
Seedlings Grown in Red Light.
(A and B) Hypocotyl phenotype and length of 5-

day-old Col-0, bbx11-1, bbx21-1, and bbx11-1

bbx21-1 seedlings grown in red light (129 mmol/

m2/s).

(C and D) Hypocotyl phenotype and length of 5-

day-old Col-0, bbx11-1, hy5-215, and bbx11-1

hy5-215 seedlings grown in red light (129 mmol/

m2/s). The unit of hypocotyl length is millimeters.

Data are presented as means ± SE (n R 60) of

three biological replicates. Letters above the bars

indicate significant differences (P < 0.05), as

determined by one-way ANOVA with Tukey’s post

hoc analysis.
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BBX21 and HY5 bind to the promoter of BBX11 to activate its

expression.

Genetic Interaction between BBX11, BBX21, and HY5

To genetically examine functional interactions between BBX11,

BBX21, and HY5, we generated bbx11-1 bbx21-1 and bbx11-1

hy5-215 double mutants by genetic crossing. Consistently,

both bbx11-1 and bbx21-1 displayed elongated hypocotyls in R

light, and the hypocotyl length of bbx11-1 bbx21-1 was signifi-

cantly longer than those of Col-0, bbx11-1, and bbx21-1 when

grown in R light (Figure 5A and 5B), suggesting that BBX11 and

BBX21 may function additively in the regulation of R light-

mediated hypocotyl growth. Furthermore, the hypocotyl length

of bbx11-1 hy5-215 was significantly longer than that of hy5-

215 when grown in R light (Figure 5C and 5D). Consistently,

myc-BBX11 #2 transgenic seedlings displayed shortened

hypocotyls in W, B, R, and FR light, and hy5-215 myc-BBX11

#2 seedlings were shorter than hy5-215, but longer than Col-

0 and myc-BBX11 #2 seedlings when grown in W and B light

(Supplemental Figure 9). The hypocotyl length of hy5-215 myc-

BBX11 #2 was indistinguishable from that of hy5-215 when

grown in R and FR light. Myc-BBX11 accumulated at comparable

levels in myc-BBX11 #2 and hy5-215 myc-BBX11 #2 transgenic

seedlings grown in various light conditions (W, B, R, and FR)

(Supplemental Figure 10), suggesting that HY5 may not affect

the abundance of BBX11 in the light. These data suggest that

BBX11 may act independently of HY5 in W and B light, while it

is likely dependent on functional HY5 in R and FR light.

COP1 and DET1 Stabilize BBX11

As the E3 ubiquitin ligase COP1 promotes the degradation

of BBX21 and HY5 (Osterlund et al., 2000; Xu et al., 2016),

we examined whether COP1 could affect the stability of BBX11
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and introduced a cop1-4 mutation by

genetic crossing into YFP-BBX11

transgenic plants. Dark-grown YFP-BBX11

(line #8) accumulated more YFP-BBX11

compared with that of YFP-BBX11 cop1-4

(Figure 6A). Moreover, the YFP-BBX11

protein level in YFP-BBX11 #8 was higher

than that in YFP-BBX11 cop1-4 transgenic

seedlings after the transition from the dark
to light for 0.5 h and 1 h, respectively (Figure 6B). Consistently,

YFP fluorescence signals were clearly observed in the

hypocotyls and roots of dark-grown YFP-BBX11 seedlings; how-

ever, YFP signals were barely detectable in YFP-BBX11 cop1-4

or YFP-BBX11 det1-1 hypocotyls and root cells (Figure 6C–6E).

The BBX11 transcript level in YFP-BBX11 cop1-4 was

comparable to that in YFP-BBX11 (Supplemental Figure 11),

implying that COP1 may have little effect on the transcript

level of BBX11. Taken collectively, these data suggest that

both COP1 and DET1 stabilize BBX11 at the protein level in

planta.

DISCUSSION

Skotomorphogenesis and photomorphogenesis are two con-

trasting developmental patterns of a germinated seed under con-

ditions of dark or light. These two developmental processes are

tightly controlled by light, which can rapidly change the transcrip-

tome of young seedlings. A group of transcription factors modu-

lates the expression of light-regulated genes in response to light

(Jiao et al., 2007; Shi et al., 2018; Xu, 2019; Song et al., 2020).

Here, we identify a B-box containing protein, BBX11, which

promotes photomorphogenesis. BBX11, together with BBX21

and HY5, forms a positive feedback loop at the transcriptional

level to maintain normal seedling development.

Previous studies have shown that many positive regulators of

light signaling are induced by light at transcriptional and/or pro-

tein levels (Osterlund et al., 2000; Xu et al., 2016; Heng et al.,

2019a, b). The expression of BBX11 peaks at 3–9 h after light

exposure and then gradually decreases (Figure 1B). The

induction of HY5 peaks even earlier than that of BBX11,

specifically at 1 h after light exposure (Osterlund et al., 2000).

The levels of BBX11, BBX21, and HY5 are barely detectable in



Figure 6. Abundance of BBX11 Is Stabilized
by COP1 and DET1.
(A)YFP-BBX11 protein level in YFP-BBX11 #8 and

YFP-BBX11 #8 cop1-4 seedlings grown in dark-

ness for 4 days. Four-day-old dark-grown Col-

0 seedlings served as the negative control.

(B) Immunoblot analysis showing the YFP-BBX11

protein level in YFP-BBX11 #8 and YFP-BBX11 #8

cop1-4 seedlings. Four-day-old dark-grown

seedlings were transferred to white light for 0,

0.5, and 1 h as indicated. Four-day-old dark-

grown Col-0 seedlings transferred to white light

for 1 h served as the negative control.

(C) Relative YFP fluorescence in YFP-BBX11 #8,

YFP-BBX11 #8 cop1-4, and YFP-BBX11 #8 det1-

1 seedlings grown in darkness for 4 days. Scale

bars, 100 mm.

(D and E) Relative YFP fluorescence in roots (D)

and hypocotyls (E) of YFP-BBX11 #8, YFP-BBX11

#8 cop1-4, and YFP-BBX11 #8 det1-1 seedlings

grown in darkness for 4 days. Fluorescence in-

tensity was measured using ImageJ software.

Data are presented as means ± SD (n R 10).
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etiolated seedlings. However, the levels of BBX11 and BBX21 are

highest at 1–4 h and 3 h after light treatment, respectively

(Figure 1D; Xu et al., 2016), and that of HY5 peaks at 1 h after

light exposure (Osterlund et al., 2000). These findings indicate

that light can upregulate BBX11, BBX21, and HY5, which is

critical for changes in gene expression and

photomorphogenesis at an early stage.

A group of transcription factors converges on HY5 or the HY5

promoter to modulate its activity and/or transcription. BBX21,

CAM7, WRKY36, HYH, and HY5 itself can bind to the HY5 pro-

moter to activate its expression (Abbas et al., 2014; Binkert

et al., 2014; Xu et al., 2016; Yang et al., 2018). In addition,

BBX21 and BBX22 form heterodimers to enhance its activity

(Datta et al., 2007, 2008), whereas BBX24, BBX25, and BBX28

repress its transcriptional activity through a similar molecular

mechanism (Gangappa et al., 2013; Lin et al., 2018). This study

revealed that BBX11 could associate with the HY5 promoter

and upregulate its transcription (Figure 3), indicating that

BBX11 also acts as an activator of HY5. Light induces BBX11

and HY5 at both transcriptional and protein levels (Figure 1;

Osterlund et al., 2000), implying that light may enhance the

binding of BBX11 to the HY5 promoter, thereby at least

partially activating HY5 transcription. Interestingly, BBX11 is

under the transcriptional control of BBX21 and HY5. Both

BBX21 and HY5 bind to the BBX11 promoter and

positively regulate its expression (Figure 4), suggesting that

BBX21 and HY5 are positive regulators of BBX11. Furthermore,

both BBX21 and HY5 can bind to the T/G-box present in the
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HY5 promoter to activate its expression

(Abbas et al., 2014; Binkert et al., 2014; Xu

et al., 2016). Thus, these findings suggest

that BBX11, BBX21, and HY5 form a

positive feedback loop for the

precise control of downstream target

genes. The phenotypic analysis

demonstrates that BBX11, BBX21, and
HY5 are positive regulators of light signaling, as bbx11, bbx21,

and hy5 mutants display elongated hypocotyls, whereas

transgenic seedlings overexpressing BBX11, BBX21, or HY5

show shortened hypocotyls in light (Figure 2; Oyama et al.,

1997; Datta et al., 2007; Xu et al., 2016). These genetic

observations indicate that the BBX11–BBX21–HY5-mediated

transcriptional cascade promotes photomorphogenic develop-

ment. These three key proteins accumulate in light, which is

consistent with their respective modes of action for promoting

photomorphogenesis in response to light. Taken collectively,

these facts support the contention that HY5 represents a regula-

tory node in light-controlled transcriptional reprogramming, and

multiple transcription factors regulate the expression of down-

stream genes at least in part by controlling the HY5 transcript

level. The BBX11–BBX21–HY5 positive feedback loop likely or-

chestrates a transcriptional cascade that regulates light-

mediated development in plants.

BBX11, BBX21, and HY5 degrade in darkness and accumulate

in light (Figure 1D–1F; Osterlund et al., 2000; Xu et al., 2016).

Both BBX21 and HY5 are ubiquitinated by COP1 and

subsequently degraded by the 26S proteasome system in

darkness (Osterlund et al., 2000; Xu et al., 2016). However,

COP1 stabilized BBX11 rather than promoting its degradation

(Figure 6). This fact suggests that a yet unidentified

component(s) might promote the degradation of BBX11 in

etiolated seedlings. Recent studies have shown that COP1

promotes the degradation of EBF1 and EBF2, which target

EIN3 and PIF3 for ubiquitination and degradation, and inhibits
ptember 14 2020 ª 2020 The Author(s). 7



Figure 7. Proposed Working Model of the BBX11–BBX21–HY5
Positive Feedback Loop in Light Signaling.
Light promotes the accumulation of BBX11, BBX21, and HY5, which bind

to the promoter of HY5 and activate its expression. BBX21 and HY5

associate with the promoter of BBX11 and upregulate its expression.

Consequently, the BBX11–BBX21–HY5 feedback loop controls the

expression of a variety of genes to promote photomorphogenic devel-

opment in plants.
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BIN2-mediated PIF3 phosphorylation and degradation, thereby

resulting in the stabilization of EIN3 and PIF3 (Shi et al., 2016;

Dong et al., 2017; Ling et al., 2017). It appears that COP1 likely

promotes the degradation of a yet unknown component(s)

targeting BBX11 for destabilization. Interestingly, two COP1

and two SPAs can form a stable core E3 ubiquitin ligase

complex and work synergistically to control the stability of

substrates in etiolated Arabidopsis seedlings (Zhu et al., 2008;

Ordoñez-Herrera et al., 2015). Therefore, COP1 and SPAs may

have similar effects on the accumulation of BBX11.

Based on previous studies and our current study, three transcrip-

tion factors, BBX11, BBX21, and HY5, associate with the HY5

promoter to activate its transcription. BBX21 and HY5 bind to

the BBX11 promoter to upregulate its expression (Figure 7).

Thus, this positive feedback loop serves to orchestrate light-

mediated transcriptional cascades to precisely control photo-

morphogenic development in plants.
METHODS

Plant Materials and Growth Conditions

Hy5-215 (Oyama et al., 1997), phyA-211 (Reed et al., 1994), phyB-9 (Reed

et al., 1994), bbx21-1 (Datta et al., 2007), cry1-304 (Mockler et al., 1999),

cry2-1 (Mockler et al., 1999), cop1-4 (McNellis et al., 1994), and det1-1

(Chory and Peto, 1990) mutants and myc-BBX21 bbx21-1 (Xu et al.,

2016) transgenic lines were derived from the Arabidopsis thaliana Col-

0 ecotype. Bbx11 mutants and transgenic lines overexpressing BBX11

were generated in this study. Multiple mutants were generated by genetic

crossing and genotyped with PCR or antibiotic screening methods. Seeds

were surface sterilized and sown on 13 Murashige and Skoog (MS) me-

dium containing 1% (w/v) sucrose and 0.8% (w/v) agar. Seeds were strat-

ified in darkness for 3 days at 4�C and then transferred to white light for 8–

12 h at 22�C to induce uniform germination. To prepare seeds for pheno-

typic analysis, they were transferred to W light (14.74 mmol/m2/s), B light
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(10.5 mmol/m2/s), R light (129 mmol/m2/s), FR light (4.5 mmol/m2/s), or LD

conditions (16 h light/8 h dark, W light 14.74 mmol/m2/s) at 22�C.

Construction of Plasmids

The full-length BBX11 coding sequence (CDS) was cloned into the

pDONR223 vector using the Gateway BP Clonase Enzyme Mix (Invitro-

gen). CDSs were introduced into the pEarly Gate-104 or pEarly Gate-

203 plant binary vector using the Gateway LR Clonase Enzyme Mix (Invi-

trogen) to generate 35S:YFP-BBX11 and 35S:myc-BBX11 constructs,

respectively (Earley et al., 2006). To generate constructs for transient

luciferase transfection assays, BBX11, HY5, and BBX21 CDSs were

cloned into the EcoRI/XhoI sites of the pGreenII 62-SK vector (Hellens

et al., 2005). The 2540-bp BBX11 promoter upstream of ATG was

cloned into the HindIII/NcoI sites of the pGreen II 0800-LUC vector. The

generation of pGreen II 0800-HY5pro-LUC (Lin et al., 2018), pET28a-

HY5 (Heng et al., 2019a), and pCold-TF-BBX21 (Xu et al., 2016) has

been previously described. To produce the construct for prokaryotic

expression, the BBX11 CDS was cloned into the EcoRI/HindIII sites of

the pCold-TF vector (Takara). Primers used for plasmid construction are

listed in Supplemental Table 1.

Generation of bbx11 Mutants Using CRISPR/Cas9

Bbx11 mutants were generated using the CRISPR/Cas9 system

described by Wang et al. (2015). In brief, CRISPR-GE (http://skl.scau.

edu.cn/) was used to identify 23-bp target sites (50-N20NGG-30 ) (Xie et al.,

2017). Primers were synthesized, and the products were subcloned into

the pHEE401E vector. After transforming into the Agrobacterium

tumefaciens GV3101 strain by the freeze–thaw method, binary

constructs were introduced into Col-0 using the floral-dip method. T1
seeds were sown on MS plates containing 50 mg/l hygromycin, and the

resistant seedlings (T1) were transferred to soil. Genomic DNA was ex-

tracted and used to amplify the BBX11 gene. PCR products were

sequenced to identify mutations. Homozygous mutants were crossed

with Col-0 to remove the T-DNA insertion. Seedlings carrying mutations

in BBX11 and without hygromycin resistance were selected for further

studies.

Transgenic Plants

pEarly Gate-35S:YFP-BBX11 and pEarly Gate-35S:myc-BBX11 con-

structs were transformed into the A. tumefaciens GV3101 strain by the

freeze–thaw method. The floral-dip method was used to generate trans-

genic plants (Clough and Bent, 1998). Transgenic plants were selected

on MS medium containing 20 mg/l BASTA. Homozygous lines were

used for genetic and biochemical studies.

Measurement of Hypocotyl Length

Seeds were surface sterilized, sown on MS plates, stratified in darkness

for 3 days at 4�C and then transferred to white light for 8 h to induce uni-

form germination. Thereafter, seeds were exposed to darkness or

different light conditions and cultivated at 22�C. Seedling hypocotyls

were scanned with a scanner, and the hypocotyl length wasmeasured us-

ing ImageJ software (Schneider et al., 2012).

Total RNA Isolation and Quantitative RT–PCR

Total RNA was isolated from 5-day-old Arabidopsis seedlings using the

RNeasy Plant Mini Kit (Qiagen). cDNA was synthesized using the 53 All-

In-One RTMasterMix (Applied Biological Materials) according to theman-

ufacturer’s instructions. cDNA templates and primer pairs were mixed

with Hieff qPCR SYBR Green Master Mix (Yeasen), and quantitative

PCR was performed in a StepOnePlus Real-Time PCR System (Applied

Biosystems). Each experiment was performed at least three independent

times with similar results, and each sample was assayed three times

within each experiment. The expression level of each target gene was

normalized to that of a housekeeping gene, PP2A. Primers used for

qRT–PCR are listed in Supplemental Table 1.
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Immunoblot Analysis

Arabidopsis seedlings were homogenized in protein extraction buffer con-

taining 100 mM NaH2PO4, 10 mM Tris–HCl (pH 8.0), 200 mM NaCl, 8 M

urea, 1 mM phenylmethylsulfonyl fluoride, and 13 complete protease in-

hibitor cocktail (Roche). Primary antibodies used in this study were anti-

GFP (Abmart, cat. #M20004M), anti-Myc (Sigma-Aldrich, cat. #M4439),

and anti-Actin (Sigma-Aldrich, cat. #A0480).

Electrophoretic Mobility Shift Assays

Probe oligos used for EMSA are presented in Supplemental Table 1.

Oligos were diluted and mixed with EZ-Link Psoralen-PEG3-

Biotin (Thermo Scientific). After 30 min of UV exposure, biotin-labeled

probes were precipitated with potassium acetate (pH 5.2) in ethanol,

air-dried, and dissolved in water, and the concentration was determined.

For prokaryotic expression, the pCold-TF-BBX11 construct was trans-

formed into the Escherichia coliBL21 (DE3) strain, andHis-TF-BBX11 pro-

tein was purified according to the manufacturer’s instructions. The Light

Shift Chemiluminescent EMSA Kit (Thermo Scientific) was used. In brief,

purified proteins were incubated with biotin-labeled probes in 20-ml reac-

tion mixtures containing 10 mM Tris–HCl (pH 7.5), 0.05% (v/v) Nonidet

P-40, 10 mM MgCl2, 5% (v/v) glycerol, and 0.1 mg/ml poly(dI-dC) at

room temperature for 20 min. Thereafter, 6% (w/v) native polyacrylamide

gels were used to separate the labeled probes, which were then electro-

blotted onto Hybond N+ (Millipore) nylon membranes in 0.53 Tris–Borate–

EDTA buffer for 40 min. Labeled probes were detected according to the

manufacturer’s instructions.

Chromatin Immunoprecipitation Assays

ChIP assays were performed as previously described (Xu et al., 2016). In

brief, 7-day-old seedlings grown in LD conditions (16 h light/8 h dark) were

collected and treated with formaldehyde to crosslink protein–DNA com-

plexes. After washing three times, the excess liquid was removed. Sam-

ples were frozen in liquid nitrogen and stored at -80�C or processed

further. In brief, samples were ground to a fine powder with a pestle and

mortar in liquid nitrogen. After isolation and sonication of chromatin, sam-

ples were centrifuged at 16 000 g for 5 min, and the supernatants were

collected. Anti-GFP and anti-Myc antibodies were used for immunopre-

cipitation. The serum served as the control. Ten percent of each

supernatant served as the input. Primers used for real-time qPCR are

listed in Supplemental Table 1.

Transient Luciferase Expression Assays

Arabidopsis plants grown in LD conditions (16 h light/8 h dark) were used

for the isolation of protoplasts. Leaves were minced and digested as

described by Yoo et al. (2007). Reporter and effector constructs were

transformed into protoplasts. After 20 h of incubation in darkness, the

protoplasts were pelleted. Firefly luciferase (LUC) and Renillia luciferase

(Ren) were assayed using the Dual-Luciferase Reporter Assay System

(Promega). The Ren gene driven by the cauliflower mosaic virus 35S

promoter was used as the control. The relative activity was expressed

as a ratio of LUC/Ren.

Statistical Analysis

Statistical analyses were performed using Microsoft Excel, GraphPad

Prism 5.0, or an online program (http://astatsa.com/OneWay_

Anova_with_TukeyHSD/).
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