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国家自然科学基金资助项目批准通知

（包干制项目）

李龚   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：32402943 PilQ蛋白I375T突变增强IncI2质粒接合转移能力的分子

 ，资助经费： 万元，项目起止年月： 年 月至 年 月，有关机制 30.00 2025 01 2027 12

项目的评审意见及修改意见附后。

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

28



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： PilQ氨基酸突变驱动IncI2质粒接合转移的分子机制

项目类别： 广东省自然科学基金-面上项目

项目起止时间： 2025-01-01  至   2027-12-31

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： 李龚 联系电话： 15089893236

广东省基础与应用基础研究基金项目

任务书

项目名称： PilQ氨基酸突变驱动IncI2质粒接合转移的分子机制

项目类别： 广东省自然科学基金-面上项目

项目起止时间： 2025-01-01  至   2027-12-31

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： 李龚 联系电话： 15089893236

受理编号: c25140500002644

项目编号: 2025A1515012412

文件编号: 粤基金字〔2025〕10号

20
25
A1
51
50
12
41
2
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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财政厅关于深入推进省基础与应用基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、省企联合基金项目等)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

研究内容

（1）RpoS在PilQ蛋白I375T突变增强IncI2质粒接合转移能力中的作用

比较PilQ蛋白I375T突变株、野生株IncI2质粒的接合转移频率以及T4SS基因的相对表达量，获得PilQ蛋

白I375T突变增强IncI2质粒接合转移能力的证据；构建PilQ敲除株、PilQ回补株、PilQ I375T回补株，

并比较IncI2质粒接合转移频率，明确PilQ蛋白I375T突变的功能；比较PilQ蛋白I375T突变株及其野生株

rpoS基因的相对表达量，并构建rpoS荧光报告系统，测定细菌胞内rpoS启动子转录活性，从而分析PilQ

蛋白I375T突变是否激活rpoS的表达；在PilQ I375T突变株中敲除rpoS基因，构建rpoS敲除株，并通过功

能回补实验构建rpoS回补株，进一步通过比较rpoS野生株，rpoS敲除株，rpoS回补株IncI2质粒接合转移

频率，以揭示RpoS在PilQ蛋白I375T突变增强IncI2质粒接合转移能力中的作用。

（2）ROS响应的sRNA对RpoS介导IncI2质粒接合转移能力增强的调控机制

已有研究表明ROS响应的sRNA调控RpoS的表达，为阐明PilQ I375T突变导致rpoS表达的激活是否依赖于RO

S响应sRNA的调控，申请人拟：比较PilQ蛋白I375T突变株及其野生株胞内ROS含量，以及dsrA，arcZ，hf

q等sRNA基因的相对表达量，初步建立PilQ I375T突变和胞内氧化水平的联系；在PilQ I375T突变株的接

合体系中加入ROS猝灭剂，并测定rpoS基因的相对表达量以及IncI2质粒接合转移频率，进一步揭示ROS在

质粒接合转移能力增强中的角色；在PilQ I375T突变株中分别敲除相对表达量显著增高的sRNA基因，从

而得到sRNA基因敲除株，分别测定野生株、PilQ I375T突变株以及sRNA基因敲除株质粒接合转移能力，r

poS的相对表达量，以阐明ROS响应的sRNA对RpoS介导IncI2质粒接合转移增强的调控机制。

（3）PilQ蛋白I375T突变诱导ROS产生的内在机制

在上述基础上，通过构建PilQ和PilQ I375T表达载体，表达纯化PilQ和PilQ I375T蛋白，并比较两者水

解ATP的能力，以揭示PilQ I375T对能量代谢的影响；比较PilQ蛋白I375T突变株及其野生株胞内ATP含量

，细胞膜通透性，质子驱动力（PMF），电子呼吸链相关酶活性以及ubiD、nuoC、cyoD等电子呼吸链基因

的相对表达量，建立PilQ蛋白I375T突变与电子呼吸链活性的联系；以PilQ敲除株、PilQ回补株、PilQ I

375T回补株为对象，开展上述电子呼吸链表征明显的实验，进一步分析PilQ I375T对电子呼吸链的影响

；敲除PilQ蛋白I375T突变株中电子呼吸链基因表达量显著增高的基因，并比较呼吸链基因敲除株、PilQ

 I375T突变株胞内ROS含量，从而揭示PilQ蛋白I375T突变导致ROS产生的内在机制，最终构建起PilQ蛋白

I375T突变增强IncI2质粒接合转移能力的调控网络。

研究目标

（1）揭示RpoS在PilQ蛋白I375T突变增强IncI2质粒接合转移能力中的作用；

（2）阐明ROS响应的sRNA对RpoS介导IncI2质粒接合转移能力增强的调控机制；

（3）解析PilQ蛋白I375T突变诱导ROS产生的内在机制。
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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）

2 科技报告（篇） 1

其中被SCI/EI/ISTP收录
论文数（篇）

1 培养人才（人） 1

专著（册） 引进人才（人） 0

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

3/10
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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： 2025-01-01 至 2027-12-31

（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

2025-01-01 2025-12-31

（1）验证PilQ I375T对IncI2质粒接合转移的作用；

（2）分析PilQ蛋白I375T突变株内rpoS的表达是否激活；

（3）验证RpoS在IncI2质粒接合转移能力增强中的作用；

（4）整理数据，撰写年终报告。

2026-01-01 2026-12-31

（1）分析PilQ蛋白I375T突变株内ROS及sRNA是否激活；

（2）验证ROS在IncI2质粒接合转移频率增强中的作用；

（3）鉴定激活RpoS的关键sRNA；

（4）参加中国畜牧兽医学会兽医药理毒理学分会学术研讨会；

（5）整理数据，撰写年终报告。

2027-01-01 2027-12-31

（1）比较PilQ I375T和PilQ的酶活力；

（2）分析PilQ蛋白I375T突变株内ETC功能是否紊乱；

（3）鉴定PilQ蛋白I375T突变株内ETC诱导ROS产生的关键基因；

（4）整理数据，总结课题，撰写发表研究论文。
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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2025   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

五、人员信息

项目负责人

姓名 证件号码 年龄 性别 职称 学历
在项目中承
担的任务

所在单位 签名

李龚 612324199402057012 31 男
未取
得

博士研究
生

项目负责人
华南农业

大学

项目组主要成员

姓名 证件号码 年龄 性别 职称 学历
在项目中承
担的任务

所在单位 签名

夏丽娟 360122199508172126 30 女
未取
得

硕士研究
生

接合实验及氧化

应激研究

华南农业

大学

周士迎 372923199511015651 30 男
未取
得

硕士研究
生

基因编辑相关工

作

华南农业

大学

高昂 412722200006120013 25 男
未取
得

本科 能量代谢研究
华南农业

大学
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广东省基础与应用基础研究基金项目任务书

六、工作分工及财政经费分配

承担/参与单位名称
（盖章）

工作分工
省级财政科技资金分配

(万元)

华南农业大学

负责项目所涉及的研究内容：（1）揭示RpoS在

PilQ蛋白I375T突变增强IncI2质粒接合转移能

力中的作用；（2）阐明ROS响应的sRNA对RpoS

介导IncI2质粒接合转移能力增强的调控机制；

（3）解析PilQ蛋白I375T突变诱导ROS产生的内

在机制。

10.00

合计 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《广东省自然科学

基金及联合基金项目管理实施细则》（粤科规范字〔2024〕5号）《省级科技计划项目任务

书管理细则》（粤科规范字〔2022〕8号）等规定，为顺利完成（ ）年2025 PilQ氨基酸突变

专项项目（项目编号： ）经协商一致，驱动IncI2质粒接合转移的分子机制 2025A1515012412

特订立本任务书，作为甲乙双方在项目实施管理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《广东省科学技术厅科技计划项目科研诚信管理办法》（粤科规范字〔2024〕2号

）《广东省基础与应用基础研究基金项目科研不端行为调查处理实施细则（试行）》（粤科

规范字〔2023〕1号）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

科研项目经费使用及省基金项目经费使用“负面清单+包干制”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。

  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。
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广东省基础与应用基础研究基金项目任务书

  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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广东省基础与应用基础研究基金项目任务书

            年    月    日  

            年    月    日  

           2025 年   03 月   21 日  

八、本任务书签约各方

管理单位（甲方）：                               广东省基础与应用基础研究基金委员会 （盖章）

法定代表人（或法人代理）：                  曾路       （签章）

依托单位（乙方）：     华南农业大学                      （盖章）

法定代表人（或法人代理）：    薛红卫                            （签章）

联系人（项目主管）姓名：    夏杰                            （签章）

                Email： kjcgxk@scau.edu.cn

                 电话：  020-85283435  /  13711345768

开户单位名称：    华南农业大学

开户银行名称：    广东广州工行五山支行

开户银行账号：    3602002609000310520

联系人（项目负责人）姓名：    李龚                      （签名）

                Email： ligong@scau.edu.cn

                 电话： 15089893236
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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）

方亮星   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：32373063 ArcA调控TCA循环和氧化应激介导多重耐药IncHI2质粒

 ，直接费用： 万元，项目起止年月：与鼠伤寒沙门菌补偿性进化的机制研究 50.00 202

年 月至 年 月，有关项目的评审意见及修改意见附后。4 01 2027 12

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；2023年9月7日16点：

2． 提交修改后电子版计划书的截止时间；2023年9月14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2023年9月21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。2023年10月7日：
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国家自然科学基金委员会

2023年8月24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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主要参与者（注: 主要参与者不包括项目申请人）

编号 姓名 出生年月 性别 职 称 学 位 工作单位 项目分工 办公电话 证件号码

1 李龚 1994-02-05 男 无 博士 华南农业大学
基因编辑与生信分
析

6**************2

                   

                   

                   

                   

                   

                   

                   

                   

总人数统计（注: 包括项目申请人、主要参与者及其他参与人员；勿重复计数）

总人数 高级职称 中级职称 初级职称 博士后 博士生 硕士生 本科生及其他学生 其他

7 1 0 0 1 1 4 0 0

NSFC 20
23

第 4 页

国家自然科学基金申请书 2023版

版本：23010316235332556
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 山 东 省 教 育 厅 
 

  
 鲁教科函〔2024〕58 号 

 

山东省教育厅 
关于公布 2024 年度山东省高等学校 

“青创团队计划”团队立项名单的通知 
 

各有关高等学校： 

经各高校推荐、专家评审、省教育厅厅长办公会审议和公示，

决定认定山东大学“肿瘤微环境响应性超分子治疗创新团队”等

部属高校团队、山东科技大学“工矿环境气溶胶污染溯源基础研

究创新团队”等省属高校团队为 2024 年度山东省高等学校“青

创团队计划”团队（见附件），现将立项名单予以公布。 

各依托高校和团队要根据《山东省教育厅关于印发<山东省

高等学校青年创新团队发展计划实施方案>的通知》（鲁教科字

〔2022〕1号）要求，登录“山东省高等学校优秀青年创新团队

申 报 管 理 系 统 ”（ 以 下 简 称 “ 系 统 ”， 网 址 为 ：

https:\\kygl.sdei.edu.cn\qncxtd），认真编制《山东省高等学

校青年创新团队发展计划任务合同书》（以下简称《任务合同

书》），团队牵头人（乙方）签字并经依托高校（丙方）审核后加
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盖依托高校公章，以依托高校为单位将本校团队的《任务合同书》

纸质版一式三份送至教育厅科学技术处（济南市市中区舜耕路

60 号 614 房间）审核盖章，于 2025 年 1 月 10 日前，将盖章完

毕的《任务合同书》PDF 版本上传至系统，每份《任务合同书》

均以“编号+学校名称+团队名称”的形式命名。经审核备案后的

《任务合同书》，将作为团队支持和管理的依据。支持经费由各

高校统筹安排，支持标准由学校视项目开展情况自行确定。 

联系人：石金雨，联系电话：0531-51793859。 

技术支持：王睿晨、赵同祥，联系电话：0531-89701233、

89701715。 

 

附件：2024 年度山东省高等学校“青创团队计划”团队立

项名单 

  

 

                           山东省教育厅 

2024 年 12 月 19 日 
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附件

2024 年度山东省高等学校“青创团队计划”团队立项名单

序号 所在单位 编号 团队名称 研究课题名称
团队带

头人
团队核心成员

1 聊城大学 2024KJH132

6G 通信太赫兹光子

技术与应用创新团

队

6G 高速太赫兹探测器件

研发与应用
宋琦

王晓伟,张帆,李校

博,戴子杰,吴志洋

2 聊城大学 2024KJH174
海洋能源岩土工程

创新团队

新型海上风电基础研发

及承载机理研究
吴宇旗

边江,任玉宾,栾鲁

宝,李珊珊,翟汉波,

朱彬

3 聊城大学 2024KJG064
高分子生物医用材

料创新团队

凝胶基多酶柔性传感器

件的有序构筑及其对慢

性伤口的智能诊疗研究

张琦

吴越,尚英辉,赵加

民,魏俊杰,王巧芝,

张玉珏

4 聊城大学 2024KJH145
先进电介质材料研

究与应用创新团队

高性能低损耗无铅压电

陶瓷设计及能量收集与

转换技术研究

李朋

黄海华,周旭峰,杜姗

姗,王阳波,白海瑞,

高潇逸
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序号 所在单位 编号 团队名称 研究课题名称
团队带

头人
团队核心成员

5 聊城大学 2024KJN032
艺术治疗青年创新

团队

艺术治疗对提高乡村自

闭性障碍儿童社会性能

力的干预研究

潘佩佩

袁秀鸣,李傲翼,桑发

德,李文哲,丁浩东,

徐海鸽

6 聊城大学 2024KJD010

中华优秀传统文化

助推社会治理创新

团队

儒家文化价值观推动铸

牢中华民族共同体意识

的心理学取径研究

亓立东

闫琳,李雅宁,许文

涛,王玲晓,辛聪,王

鹏飞

7 聊城大学 2024KJJ047

胶质瘤代谢及靶向

治疗精准医学创新

团队

WDR82 促进胶质瘤谷氨酰

胺代谢及其靶向治疗的

功能和机制研究

杨睿
于亚慧,王冉,张珊

珊,高亿茹

8 聊城大学 2024KJN042
脑信号解码与分析

创新团队

被动式认知负荷解码研

究
周月莹

徐达,姜筱,孙丝雨,

刘诗涛

9 聊城大学 2024KJN040 康养旅居创新团队

复杂自适应系统视域下

康养旅居体系构建与地

方响应研究

唐若菡
张云飞,宋永林,苏泽

明,刘晓临,田耘

10 聊城大学 2024KJI019

动物细菌性疾病绿

色防控技术创新团

队

禽致病菌的噬菌体筛选

改造及制剂研发
王民歌

赵霞,李龚,周国栋,

杨耀森,张鸿焱
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CRISPR-AMRtracker: A novel toolkit to monitor the antimicrobial 
resistance gene transfer in fecal microbiota

Gong Li a,b,c,1,2, Teng-Fei Long a,c,1,2, Shi-Ying Zhou a,c,2,  
Li-Juan Xia a,c,2, Ang Gao a,c,2, Lei Wan a,c,2, Xiao-Yuan Diao a,c,2,  
Yu-Zhang He a,c,2, Ruan-Yang Sun a,c,2, Jin-Tao Yang a,c,2, Sheng-Qiu Tang b, Hao Ren a,c,2,  
Liang-Xing Fang a,c,2, Xiao-Ping Liao a,c,2, Ya-Hong Liu a,c,2, Liang Chen d,*,  
Jian Sun a,c,2,**

a State Key Laboratory for Animal Disease Control and Prevention, College of Veterinary Medicine, South China Agricultural University, Guangzhou 510642, PR China
b Guangdong Provincial Key Laboratory of Utilization and Conservation of Food and Medicinal Resources in Northern Region, Shaoguan University, Shaoguan, PR China
c Guangdong Provincial Key Laboratory of Veterinary Pharmaceutics Development and Safety Evaluation, South China Agricultural University, Guangzhou 510642, PR 
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A B S T R A C T

The spread of antibiotic resistance genes (ARGs), particularly those carried on plasmids, poses a major risk to 
global health. However, the extent and frequency of ARGs transfer in microbial communities among human, 
animal, and environmental sectors is not well understood due to a lack of effective tracking tools. We have 
developed a novel fluorescent tracing tool, CRISPR-AMRtracker, to study ARG transfer. It combines CRISPR/Cas9 
fluorescence tagging, fluorescence-activated cell sorting, 16S rRNA gene sequencing, and microbial community 
analysis. CRISPR-AMRtracker integrates a fluorescent tag immediately downstream of ARGs, enabling the 
tracking of ARG transfer without compromising the host cell’s antibiotic susceptibility, fitness, conjugation, and 
transposition. Notably, our experiments demonstrate that sfGFP-tagged plasmid-borne mcr-1 can transfer across 
diverse bacterial species within fecal samples. This innovative approach holds the potential to illuminate the 
dynamics of ARG dissemination and provide valuable insights to shape effective strategies in mitigating the 
escalating threat of antibiotic resistance.

1. Introduction

Antimicrobial resistance (AMR) is a growing concern that poses a 
significant threat to the global health (Iregbu et al., 2022). To effectively 
combat the emergence and spread of AMR, it is crucial to understand the 
mechanisms, spectrum, and frequency by which antibiotic resistance 
genes (ARGs) are disseminated. Horizontal gene transfer (HGT) is one of 
the most significant routes for the spread of ARGs, particularly when 
mediated by conjugative plasmids (Arnold et al., 2021; Brito, 2021). 

Conjugative plasmid transfer is a process through which bacteria can 
horizontally transfer genes to other strains, species, genera, phyla and 
even domains. Besides ARGs, these plasmids often carry other accessory 
genes, such as those involved in metal resistances, catabolic pathways or 
virulence factors. HGT is a common event in the human and animal gut 
microbiome as well as environmental microbiome, encompassing a 
collection of all microbes from various bacterial species, fungi and vi
ruses (Li et al., 2018; Shen et al., 2022). Conjugative plasmids serve as 
the main vessels of gene flow in microbial communities, connecting 
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distinct genetic pools among different biological sectors. Despite their 
importance, the dynamics of conjugative gene transfer in complex mi
crobial communities, such as the gut microbiome, are still poorly 
understood.

Previous methods for monitoring plasmid-mediated HGT in natural 
environments have primarily focused on identifying specific plasmid- 
encoded traits and phenotypes, such as antibiotic resistance or cata
bolic pathways that impose plasmid selection in new hosts 
(Pinilla-Redondo et al., 2018). However, these approaches are pre
dominantly cultivation-dependent, thereby inherently limiting the 
range of bacterial host profiling (Pinilla-Redondo et al., 2018). Recent 
advancements in the field, such as the utilization of 
fluorescently-labelled plasmids, have broadened the spectrum of host 
plasmids that can be studied. These experiments have been conducted in 
various microcosms, including soil (Brophy et al., 2018), water 
(Cyriaque et al., 2020), activated sludge (Qiu et al., 2018) and the gut 
(Ronda et al., 2019). Nonetheless, these studies have often focused on a 
few plasmid types, such as RP4 or pKJK5, whereas clinically significant 
plasmids, such as those harboring carbapenemase genes or mobile 
colistin resistance gene (mcr), are rarely explored. Other techniques, like 
transposition with Mu (Bahl et al., 2009), Tn5 (Herrero et al., 1990) and 
Tn7 (McKenzie and Craig, 2006), have been employed to introduce 
fluorescent gene markers into plasmids. However, these insertions are 
often random, potentially leading to unintended consequences.

The CRISPR/Cas9 system is a highly efficient tool for introducing a 
double-strand break (DSB) at a target site (Ryan and Cate, 2014). This 
system comprises the Cas9 protein and a guide RNA (gRNA). By utilizing 
a specific single guide RNA (sgRNA), the Cas9 endonuclease can make 
precise incisions (He et al., 2021) (Wang et al., 2021). The Lambda Red 
recombination system facilitates recombination between the bacterial 
genome and exogenous double-stranded DNA (dsDNA) through the co
ordinated action of several proteins, including the 5′→3′exonuclease 
(Exo), the single-stranded DNA (ssDNA)-binding protein (Beta), and the 
degradation-inhibiting protein (Gam) (Murphy, 1998). This method 
requires the presence of homologous arms of approximately 40 base 
pairs or longer on either side of the intended modification (Yang et al., 
2014). Combing the CRISPR/Cas9 and Lambda Red systems represents a 
highly efficient methodology for generating precisely defined insertions 
(Wang et al., 2021), potentially enabling the specific integration of a 
fluorescent gene into a plasmid.

In this study, we employed the CRISPR/Cas9 and lambda Red system 
to integrate an sfGFP gene into the conserved regions of plasmids con
taining clinically significant ARGs, including mcr-1, blaNDM-1, blaKPC-2, 
and blaOXA-48, in their clinical bacterial hosts such as Escherichia coli, 
Salmonella Typhimurium, and Klebsiella pneumoniae. We conducted a 
comparison between antibiotic resistance, growth patterns, conjugation 
and transposition abilities of the tagged strains and their wild-type 
counterparts. Subsequently, the fluorescently tagged strains were used 
to monitor the dissemination of the mcr-1 gene in fecal microbiota. Our 
study introduces a highly effective method for tracking ARG transfer in 
microbial populations.

2. Material and methods

2.1. Bacterial strains, plasmids, primers and growth conditions

The strains used in this study are detailed in Table S1, while the 
plasmids employed are outlined in Table S2. A comprehensive list of the 
primers used can be found in Table S3. Cultures of E. coli, S. Typhimu
rium, K. pneumoniae, A. baylyi, and E. faecalis were cultivated at 37◦C in 
LB medium. Diaminopimelic acid (DAP) was supplemented at 50 mg/L 
for E. coli WM3064 growth. Antibiotics were used at the following 
concentrations as needed: chloramphenicol (CHL) 25 mg/L, meropenem 
(MEM) 1 mg/L, Ampicillin (AMP) 100 mg/L, apramycin (APR) 30 mg/L, 
kanamycin (KAN) 30 mg/L, rifampin (RIF) 50 mg/L, streptomycin (STR) 
2000 mg/L and colistin (CS) 2 mg/L.

2.2. Plasmid construction

The plasmids used in this study, namely pCasKP-oriT (cas9 plasmid 
with an oriT site), pSGKP-Tmcr-500GFP, pSGKP-arr2-TNDM500GFP, 
pSGKP-arr2-TKPC500GFP, and pSGKP-arr2-TOXA500GFP (guide RNA 
plasmids containing sfGFP gene and repair template targeting down
stream ARGs), as well as pJS05, pJS06 (suicide plasmids harboring mcr- 
1 transposon without and with sfGFP tag), and pMQ (a plasmid incor
porating lacIq gene to inhibit the Ptrc promoter of sfGFP), were all con
structed using standard molecular cloning techniques (Supplementary 
data, Appendix 1).

2.3. Fluorescently labelling ARG plasmids

The target sites for insertion of the sfGFP gene were selected within 
the regions immediately downstream of ARGs, which are typically 
conserved for the same resistance genes across different plasmid types. 
Additional details regarding the target site selection and gRNA design 
were present in the Supplementary data, Appendix 2. This was achieved 
using a two-plasmid CRISPR/Cas9 system (Hao et al., 2020; Wang et al., 
2018). The Cas9 plasmid, pCasKP-oriT, was transferred via conjugation 
to clinical isolates of E. coli CSZ4, S. Typhimurium 14E1050, S. Typhi
murium LS3479, E. coli HZE22, K. pneumoniae 50700 and K. pneumoniae 
49210(Additional details were present in the Supplementary data, Ap
pendix 3). The pCasKP-oriT recipient strains were incubated overnight 
at 30◦C in LB-APR medium and then subcultured at 30◦C in LB-APR, 
followed by 0.1 M L-arabinose induction, to make competent cells. The 
pSGKP-gfp plasmid vectors, including the gRNA and the repaired tem
plate, were transferred by electroporation as previously described 
(Datsenko and Wanner, 2000). Electroporants were selected on LB plates 
supplemented with RIF and APR, followed by PCR confirmation. Single 
colonies were transferred onto LB agar plates containing 5 % sucrose and 
incubated at 37◦C to remove pSGKP-gfp and pCasKP-oriT vectors. 
Macroscopic green colonies were screened and confirmed by PCR and 
Sanger sequencing using primers MF and OR. The removal of 
pCasKP-oriT was confirmed using primers CasKP-F and CasKP-R in PCR 
reactions, while primers SGKP-F and SGKP-R were used to verify the 
removal of pSGKP-gfp. The labelling efficiency (%) was calculated as the 
percentage of sfGFP-labelled clones out of the total tested clones.

2.4. Donor strain construction

Reporter donor strains were constructed from sfGFP gene-labelled 
clinical AMR strains. To do this, 100 ng of plasmid pMQ was electro
porated into sfGFP gene-labelled strain and selected on LB-KAN plates. 
Red colonies were then selected and confirmed by PCR using primers 
Kan-F and Kan-R.

2.5. Conjugation assays

Both the donor and recipient strains were grown to the log phase in 
their respective media, and the cell suspensions were adjusted to OD600 
~0.3 (~108 CFU/mL cells). The cells were then washed in the media 
prior to mating. For broth mating, equal volumes of donor: recipient 
(500 µL each) cells were mixed and incubated at 37◦C for 8 h. For agar 
mating, equal amounts of donor: recipient cells (10 μL) were transferred 
onto 0.45 μm nitrocellulose membrane filters on LB agar. The mixtures 
were then incubated at 37◦C for 8 h. The cells were then suspended in 
sterile PBS and used for flow cytometry, fluorescence microscopy, or 
serially-diluted and spotted on LB plates containing appropriate anti
biotics for bacterial enumeration. The conjugation frequency was 
calculated as the number of transconjugants per output recipients. The 
experiment was performed with 3 biological replicates. The coefficient 
of variation (CV) is calculated as standard deviation (SD) / mean ×
100 %.

G. Li et al.                                                                                                                                                                                                                                        Drug Resistance Updates 77 (2024) 101142 

2 



2.6. Antimicrobial susceptibility testing

The minimum inhibitory concentrations (MICs) of meropenem, 
ampicillin and colistin were determined using the broth dilution method 
and the results were interpreted according to the guideline of Clinical 
and Laboratory Standards Institute (CLSI, 2018). The assay was per
formed using 3 biological replicates. E. coli ATCC 25922 was used as the 
quality control strain.

2.7. Bacterial growth curve assay

The overnight cultures of bacterial strains were adjusted to an OD600 
~0.3 and then diluted 10 times with LB broth. 100 µL cells (~106 CFU) 
were then transferred into 10 mL LB and cultured at 37◦C at 180 rpm. 
The growth was monitored by measuring OD600 for 24 hours, and 
growth curves were constructed using Prism 8 (GraphPad, San Diego, 
Ca, USA).

2.8. Transposition assays

Transposition assays were performed as previously described with 
minor modifications (YZ et al., 2019). In brief, suicide plasmids pJS05 
and pJS06, each harboring the RK2 replicons and mcr-1 transposon 
while pJS06 contains an additional sfGFP gene inserted downstream of 
mcr-1, were electroporated into E. coli WM3064 to generate the donors 
WM3064/pJS05 and WM3064/pJS06. E. coli MG1655 was used as a 
recipient in the transposition assays. The donor strain was grown for 8 h 
at 37◦C in LB supplemented with DAP until an OD600 of ~0.3. The 
recipient strains were cultivated in LB at 37◦C until an OD600 of ~0.3 
was reached. Both donor and recipient strains were centrifuged for 
5 min at 6000 rpm, and 10 μL donor and recipient cells were mixed by 
pipetting and placed on membrane filters on LB agar plates supple
mented with DAP, followed by incubation at 37◦C for 8 h. Membranes 
were then transferred to microcentrifuge tubes containing 900 μL PBS 
and vortexed to release the cells. Transposons were then identified as 
colonies growing on selective agar plates containing CS without DAP. 
The transposition frequency was calculated as transposons per recipient, 
and conjugation assays were performed using 6 biological replicates.

2.9. Fluorescence imaging of bacteria

Bacteria were washed by PBS and centrifuged at 6000 rpm, then 
resuspended in PBS. A 1 µL suspension was dropped onto a microscope 
slide and covered with a glass coverslip. The bacteria were imaged using 
a laser scanning confocal microscope (LSCM, LEICA, TCS SP8) with the 
BF (bright field), FITC and TRITC channels.

2.10. Animal ethics statement

Female C57BL/6 mice, 6 weeks old, were housed at the Laboratory 
Animal Center of Southern Medical University, Guangzhou, China. An
imal care was conducted in accordance with the guidelines of the 
American Association for Accreditation of Laboratory Animal Care 
criteria. All animal experiments were carried out in compliance with 
institution’s guidelines for animal use and the Guide for the Care and use 
of Laboratory Animals at laboratory animal center of South China 
Agricultural University (Guangzhou, China).

2.11. Isolation of live bacteria from mouse gut

Live gut bacteria from mice were isolated using a previously estab
lished protocol with minor modifications(Ronda et al., 2019). Briefly, 
250 µl of PBSC (pH 7.4 PBS containing 0.1 % (w/v) L-cysteine) was 
added to pre-weighed stool samples in microcentrifuge tubes. The 
samples were mechanically disrupted using a motorized pestle, and 
750 µL PBSC was added, followed by vortex mixing and centrifugation at 

1000 rpm for 30 s. 750 µL of supernatant was then transferred into a new 
tube. The above step was repeated three more times to obtain a total 
~3 mL supernatant. The resulting 3 mL of isolated cells were pelleted by 
centrifugation at 6000 rpm for 5 min, and the supernatant was dis
carded. The cells were then resuspended in 0.5–1.0 mL of PBSC.

2.12. Conjugation in natural recipient community

Donor strain MQCSZ4GFP was streaked onto LB agar plates with 
2 mg/L colistin and incubated at 37◦C overnight. Single colonies were 
incubated into 4 mL LB broth media and grown for 4 h at 37◦C. The 
recipient community was isolated anaerobically from fresh mouse feces 
immediately before conjugation as described above. The donor cells 
were washed twice in PBSC and adjusted to OD600~0.5. 10 μL aliquots 
were mixed 1:1 with recipient cells onto 0.45 μM membrane filters on 
BHI agar. The mating cultures were incubated at 37◦C for 8 h. The cells 
were harvested from plates by scraping, suspended in 1 mL PBS, and 
used for downstream experiments.

2.13. Flow cytometry and FACS(fluorescence-activated cell sorting) 
measurements

The BD FACSAria III (Becton Dickinson Biosciences, San Jose, CA, 
USA), equipped with BD FACSDiva software, was utilized to quantify the 
numbers of donor and transconjugants(Klümper et al., 2015). The 
analysis employed the following settings and voltages: forward 
scatter=37 V, side scatter=208 V, and detectors for green (bandpass 
filter 530/30 nm) and red fluorescence (bandpass filter 582/15 nm) 
were set at 373 and 571 V, respectively. The threshold for the side 
scatter parameter was set at 300. Sorting was performed using a 70 μm 
nozzle at a sheath fluid pressure of 70 psi. The BD FACSDiva software 
version 6.1.3 was used for both operational and analytical purposes. 
Prior to FACS, all samples were diluted about 100-fold in PBS to ensure 
optimal detection of donor material (GFP-mCherry+), gut microbiota 
without a transferred vector (GFP–mCherry–), and transconjugants 
(GFP+mCherry–). The populations selected for sorting transconjugants 
consisted of a minimum of 4000,000 cells. The donor strain and recip
ient strains (gut bacteria) served as mCherry positive control and GFP 
negative controls, respectively. The FACS plots were generated using the 
BD FACSDiva software. Plating of approximately 200 isolated trans
conjugants on BHI agar containing 2 mg/L colistin resulted in the 
detection of green fluorescence in all colonies by Colony Screening Suite 
(Singer Instrument, UK). In addition, we also verified the 
GFP-expressing transconjugants by PCR using primers mcr-1-F-ZSY and 
mcr-1-R-ZSY from these colonies. Among the isolated transconjugants, 8 
colonies were randomly selected and subject to whole genome 
sequencing (WGS).

2.14. Metagenomic 16S rRNA sequencing and analysis

The microbial DNA from the FACS-sorted transconjugants and re
cipients was extracted using the E.Z.N.A. stool DNA Kit (Omega Bio-Tek, 
Norcross, GA, USA) following the manufacturer’s instructions. The V3- 
V4 hypervariable regions of the bacteria 16S rRNA genes were ampli
fied using PCR, and the amplicons were sequenced using the Illumina 
MiSeq platform. The raw data was quality filtered using Trimmomatic 
(version 0.33)(Bolger et al., 2014). Primer sequences were identified 
and removed using Cutadapt (version 1.9.1)(Kechin et al., 2017), fol
lowed by the merging of paired-end reads and removal of chimeras using 
USEARCH (version 10)(Edgar, 2013) and employing UCHIME (version 
8.1)(Edgar et al., 2011). High-quality sequences were obtained for 
subsequent analysis. Sequence clustering was performed using 
USEARCH (version 10.0)(Edgar, 2013). DADA2 method from QIIME2 
(version 2020.6) was used to denoise the quality-controlled data(Bolyen 
et al., 2019). Abundance and diversity analysis of operational taxonomic 
units (OTUs) was conducted for the samples. Representative OTUs were 
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aligned using the GeneBank (NCBI) databases.

2.15. WGS and phylogenetic analysis

Whole genome sequencing (WGS) was performed on a subset of 
chosen isolates using the Illumina MiSeq system (Illumina, San Diego, 
CA, USA). The resulting paired-end Illumina reads were assembled using 
SPAdes v3.6.2 (Bankevich et al., 2012) and genome annotation was 
conducted via the Prokaryotic Genome Annotation Pipeline server. 
Bacterial species and potential contamination were examined by Mash 
2.2 using NCBI RefSeq genome database(Ondov et al., 2019). For 
sequence comparisons(Alikhan et al., 2011), the BLASTn algorithm in
tegrated within BLAST Ring Image Generator (BRIG) Version 0.95 was 
employed. Additionally, EasyFig2.1 was utilized for linear plasmid 
comparisons using the BLASTn default settings(Sullivan et al., 2011).

2.16. Statistical analysis

The statistical analysis was performed using GraphPad Prism 8 
software. The results are presented as the mean ± standard deviation 
obtained from at least three independent experiments. To determine 
significant differences between groups, unpaired t-tests or one-way 
analysis of variance (ANOVA) were used, and a p-value of less than 
0.05 was considered significant.

3. Results

3.1. Two plasmid CRISPR/Cas9 system was used for fluorescence tagging

In this study, we have introduced a novel tool that utilizes the sfGFP 
fluorescence tag to track the spread of clinically important ARGs har
bouring plasmid in bacterial communities. Unlike previous studies, in 
which a fluorescence tag was either inserted in a gene or integrated 
randomly into a plasmid (Buckner et al., 2020; Hardiman et al., 2016; 
Shintani et al., 2014), our approach targets the conserved regions 
associated with different ARGs. These earlier techniques were limited in 
their ability to quickly label diverse plasmids containing the same ARG. 
Moreover, they could pose a risk of causing unintended biological 
consequences due to the stochastic nature of the insertions.

To overcome these limitations, we have developed this novel fluo
rescence plasmid tagging system, specifically targeting the conserved 
regions associated with different ARGs. ARGs are often linked to 
different mobile genetic elements (MGEs), such as the carbapenemase 
genes blaKPC, blaNDM and blaOXA-48, associated with Tn4401/NTMKPC 
(Chen et al., 2012), Tn125 (Chen et al., 2015) and Tn1999 (Potron et al., 
2014), respectively. The mobile colistin resistance mcr-1 gene is often 
situated in complete or partial Tn6330 with a core mcr-1-pap2 cassette 
(He et al., 2019; Snesrud et al., 2018). Our analysis of NCBI database 
genomes of blaKPC, blaNDM, blaOXA-48 and mcr-1 genes has revealed 
conserved regions within these gene cassettes across diverse plasmid 
types (Fig S1a). For instance, the mcr-1-pap2 cassette (approx. 2000 bp) 
in Tn6330 is highly conserved in mcr-1-containing IncX4, IncI2 and 
IncHI2 plasmids. The above in silico analysis suggested that the regions 
flanking the AMR genes could be transferred together with the AMR 
genes during horizontal gene transfer. This characteristic renders these 
regions prime candidates for fluorescence-based tracking. Our system 
targets the conserved regions associated with specific ARGs, such as 
blaKPC, blaNDM, blaOXA-48 and mcr-1. This capability allows us to label 
different clinically significant plasmids containing the same ARGs, 
regardless of the plasmid background, using the same fluorescence 
tagging system. If the ARGs are located on the chromosome, our design 
also facilitates the insertion of the sfGFP gene into the chromosome.

Six clinical isolates, each harboring different ARGs, were selected for 
fluorescence tagging. These isolates were obtained from E. coli, S. 
Typhimurium and K. pneumoniae and carried mcr-1 (CSZ4, 14E1050 and 
LS3479), blaKPC-2 (50700), blaNDM-1 (HZE22), and blaOXA-48 (49210). The 

mcr-1 gene was located on plasmids pCSZ4 (IncX4), p14E1050 (IncI2), 
and pLS3479 (IncHI2), while blaNDM-1, blaKPC-2 and blaOXA-48 were 
located on plasmids pHZE22 (IncHI2), p50700 (IncF) and p49210 
(IncL), respectively (Table S2 and Fig S1b).

Subsequently, a two plasmids CRISPR/Cas9 system (consisting of 
plasmid pCas9-oriT and pSGKP-gfp) was utilized for fluorescence 
tagging (Table S2，Fig. 1a). Plasmid pCas9-oriT was engineered by the 
addition of an oriT region to the thermosensitive plasmid pCas9-apr, 
which provides Cas9 and lambda Red proteins (Qi et al., 2012). This 
plasmid enabled the transfer of Cas9 and lambda Red genes to clinical 
isolates through conjugation. The plasmid pSGKP-gfp encoded the 
sgRNA under the control of the J23119 promoter (Qi et al., 2012), the 
superfolder green fluorescent protein gene (sfGFP) under the control of 
the pTrc promoter, the sucrose-sensitive gene sacB (Quandt and Hynes, 
1993) as well as a homologous DNA fragment targeting the AMR gene. 
Upstream and downstream elements of approximately 500 bp flanking 
the sfGFP insertion site were PCR amplified and ligated to pSGKP-gfp at 
the XbaI site. The sfGFP gene on the plasmid pSGKP-gfp is regulated by a 
modified pTrc promoter, which can be repressed by the LacIq protein 
(Fig. 1b).

Four pSGKP-gfp plasmids (pSGKP-arr2-TKPC500GFP, pSGKP-arr2- 
TNDM500GFP, pSGKP-arr2-TOXA500GFP and pSGKP-Tmcr-500GFP) 
were constructed, each targeting the blaKPC, blaNDM, blaOXA-48 and mcr- 
1 gene cassettes, respectively. To tag sfGFP gene in the conserved 
downstream region of the ARGs, the pCasKP-oriT plasmid was trans
ferred into the clinical isolates E. coli CSZ4, S. Typhimurium 14E1050, S. 
Typhimurium LS3479, K. pneumoniae 50700, E. coli HZE22 and 
K. pneumoniae 49210, respectively, through conjugation, achieving a 
100 % success rate for each strain. Subsequently, the plasmid pSGKP-gfp 
with different homologous templates (e.g. pSGKP-arr2-TKPC500GFP, 
pSGKP-arr2-TNDM500GFP, pSGKP-arr2-TOXA500GFP and pSGKP- 
Tmcr-500GFP) was electrotransformed into the aforementioned strains 
harboring pCasKP-oriT. Following induction with L-arabinose, the sfGFP 
fluorescent tag was successfully inserted into the region downstream of 
mcr-1, blaNDM-1, blaKPC-2, blaOXA-48 in the strains E. coli CSZ4, S. Typhi
murium14E1050, S. Typhimurium LS3479, E. coli HZE22, K. pneumoniae 
50700 and K. pneumoniae 49210, respectively (Fig. 1c). By increasing 
the cultivation temperature of the strains to 37◦C and subjecting them to 
selection on 5 % sucrose plates, PCR results confirmed the complete 
elimination of plasmids pSGKP-gfp and pCas9-oriT from the sfGFP 
labelled strains (Fig S2). Further PCR screening and laser scanning 
confocal microscope (LSCM) showed that all of these strains were suc
cessfully labelled with sfGFP at the targeted sites (Fig. 1d-e). The la
beling efficiency ranged from 11.09 % (pLS3479) to 100 % (85.85 % for 
p14E1050, and 100 % for pCSZ4, pHZE22, p50700 and p49210), as 
shown in Fig. 1f.

3.2. Fluorescence labeling did not interfere normal functions of the 
bacterial strains

To assess the effects of fluorescent labeling on host strains, we 
compared the minimum inhibitory concentration (MIC) values and 
growth curves of sfGFP-labelled strains with those of their parent strains. 
The results showed no differences in the MIC values of CS, MEM, or AMP 
in E. coli CSZ4, S. Typhimurium 14E1050, S. Typhimurium LS3479, 
E. coli HZE22, K. pneumoniae 50700, and K. pneumoniae 49210 between 
the sfGFP-labelled strains and their parent strains (Fig. 2a). Additionally, 
the growth kinetics of the sfGFP-labelled and parent strains were found 
to be the same (Fig. 2b and Fig S3). These findings suggested that the 
fluorescent labeling did not alter the antimicrobial susceptibility of the 
AMR genes or impose any significant fitness costs on the bacterial hosts.

We then examined whether the fluorescent tagging would impact the 
plasmid conjugation frequency. The coefficient of variation (CV) of 
conjugation frequency (logarithmically transformed) among replicates 
ranged from − 0.53 % to − 23.25 %. No significant differences in 
conjugation frequency were observed between sfGFP-labelled strains 
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and their parent strains (P > 0.05, Fig. 2c-d).
We also examined if the insertion with sfGFP element would impact 

the transposition frequency. We cloned the mcr-1 or mcr-1-sfGFP into the 
suicide plasmid pJS01 (He et al., 2019; He et al., 2020), resulting in the 
plasmid pJS05 (containing a 4673 bp Tn) and pJS06 (containing a 
5582 bp Tn) (Fig. 2e-g), respectively. The transposition frequencies into 
E. coli MG1655 were 1.48±0.66 × 10− 6 and 1.98±0.21 × 10− 6 per 
transformed cell for pJS05 and pJS06, respectively. No significant 
transposition frequency differences were observed between pJS05 and 
pJS06 (P > 0.05, Fig. 2h). These results indicated that labeling the sfGFP 
gene at the downstream conserved region of ARGs did not impact 
antibiotic susceptibility, growth characteristics, conjugation frequency, 
or transposition frequency.

3.3. Monitoring the horizontal transfer of ARGs using a dual-fluorescence 
reporter system

To improve the detection of ARGs transfer from clinical isolated 
isolates to complex microbiota, we constructed a non-transferable ColE1 
plasmid pMQ. The plasmid pMQ expresses mCherry fluorescence pro
tein and LacIq, which inhibits the sfGFP promoter pTrc. The concept 
behind this design is to introduce the pMQ into sfGFP tagged clinical 
isolates, and the presence of pMQ will inhibit the sfGFP expression, 
resulting in the manifestation of only red fluorescence due to the 
expression of mCherry gene in pMQ. However, when the sfGFP labeled 
ARG plasmid is transferred to other recipients, the inhibition of sfGFP 
promoter is removed, thereby enabling the emission of green fluores
cence (Fig. 3a). This dual-fluorescence reporter system facilitates a 
straightforward differentiation and quantification of transconjugant 
cells, which can be accomplished through flow cytometry or rapid 
detection using a confocal microscope.

We then experimentally validated the design. The plasmid pMQ was 
transformed into E. coli CSZ4-sfGFP, K. pneumoniae 49210-sfGFP, E. coli 
HZE22-sfGFP to track the transfer of IncX4-mcr-1, IncL-blaOXA-48 and 
IncHI2-blaNDM-1 plasmids, respectively. As shown in Fig. 3b, E. coli CSZ4- 
sfGFP, K. pneumoniae 49210-sfGFP, E. coli HZE22-sfGFP showed green 
fluorescence. Upon introduction of pMQ into E. coli CSZ4-sfGFP, 
K. pneumoniae 49210-sfGFP or E. coli HZE22-sfGFP, only red fluores
cence was observed.

In the conjugation system, both red and green fluorescence were 
observed, representing donor pMQ/AMR plasmids-harboring strains 
and E. coli C600 transconjugants, respectively (Fig. 3b). To confirm the 
fluorescence detecting results, we randomly selected ~10 green and red 
colonies, and subsequently conducted PCR, Sanger sequencing, 
Enterobacterial Repetitive Intergenic Consensus PCR (ERIC PCR) and 
found that the red colonies were all from donors, while the green col
onies were all from the E. coli C600 transconjugants (Fig S4). These 
results confirmed that our dual-fluorescence reporter system can effec
tively detect the AMR plasmid transfer in vitro.

The high conjugation frequency of the mcr-1-carrying IncX4 plasmid 
pCSZ4 (31,229 bp, Fig S5) from E. coli CSZ4 to E. coli C600 strain 
prompted us to select it for further studies. To investigate the potential 
of IncX4-mcr-1 transfer from dual-fluorescence reporter system E. coli 
MQCSZ4GFP to mixed bacterial populations, we firstly established 
recipient populations with the addition of three other Gram-negative 
species: S. Typhimurium 14028, K. pneumoniae 700603 and A. baylyi 

ADP1. Using our above described pMQ/AMR-sfGFP system, we exam
ined the IncX4-mcr-1 transfer in the bacterial populations using LSCM. 
The conjugation frequency obtained through fluorescence-based assay 
was presented in a normalized context with transconjugants (green) per 
donor counts (red). Our results revealed the fluorescence of both red and 
green cells in the conjugation cultures of E. coli C600, S. Typhimurium 
14028 and K. pneumoniae 700603, with transfer frequencies (TCs/do
nors) of (2.21±1.40) × 10− 1, (3.70±2.34) × 10− 4 and (6.00±1.61) ×
10− 4, respectively. However, no A. baylyi ADP1 transconjugants were 
observed using LSCM (Fig. 3c-d). To validate the fluorescence tracking 
results, we further conducted conjugation assay using culture-based 
approach. The results showed that IncX4-mcr-1 transferred success
fully from donor to the recipient strains, including E. coli C600, S. 
Typhimurium 14028 and K. pneumoniae 700603, with frequencies (TCs/ 
donors) of (1.37±0.57) × 10− 1, (3.27±0.92) × 10− 4 and (5.53±2.14) ×
10− 4, respectively. Notably, transfer to A. baylyi ADP1 was not observed 
(Fig. 3d). The transfer frequency of IncX4-mcr-1 to different bacteria 
exhibited no significant difference between culture-based and 
fluorescence-based assays (P >0.05). The fluorescence-based assays 
produced consistent results with the culture-based findings, reinforcing 
the potential applicability of our system in monitoring plasmid- 
mediated ARG transfer within natural bacterial populations, such as 
the fecal microbiota.

3.4. Plasmid pCSZ4-sfGFP transfer in natural fecal microbiota 
community

Next, we explored the plasmid-mediated ARGs transfer within fecal 
microbiota community using the IncX4-mcr-1 dual-fluorescence reporter 
system. The generated transconjugants were isolated via cell sorting 
(FACS) and characterized by 16S rRNA gene amplicon sequencing 
(Fig. 4a). Initially，we optimized the gating stringency of FACS with 
donor (MQCSZ4GFP), GFP positive control (CSZ4-sfGFP) and fecal 
microbiota. In the FACS analysis, zone Q1 represents mCherry fluores
cent donor cells, Q2 represents both positive signals, Q3 indicates both 
negative signals without fluorescence, and the Q4 region defines the 
sorted GFP+mCherry– transconjugant populations (Fig. 4b). Subse
quently, we introduced GFP-tagged bacteria into a synthetic community 
comprising equimolar concentrations of donor bacteria and fecal 
microbiota.

By comparing the GFP-tagged bacteria ratio with the observed 
GFP+mCherry– cell ratio, we established standard curves for the 
GFP+mCherry– cell ratio (y) and GFP-tagged bacteria ratio (x) for re
cipients and donors with the equations：y=0.9835x-8E-05 (R2=1, TCs/ 
Recipients) and y=0.9996x-0.001 (R2=1, TCs/Donors，Fig S6), 
respectively. Following this, we conducted in vitro conjugation experi
ments with fecal microbiota, which confirmed the successful transfer of 
the payload from donors to fecal microbiota. This resulted in the gen
eration of GFP+mCherry– transconjugants that could be selectively 
enriched using FACS (Fig. 4b).

Subsequent 16S rRNA sequencing analysis was performed on the 
FACS-enriched transconjugant populations. Our observations revealed 
that the recipient (fecal microbiota, RPs) comprised a total of 294 core 
OTUs. The FACS-enriched transconjugant populations (TCs) had 69 core 
OTUs (Fig. 4c). At the phylum level, 8 bacteria phyla were detected in 
the RPs group, with Bacteroidota, Firmicutes, Patescibacteria, and 

Fig. 1. Two plasmid CRISPR/Cas9 system was used for fluorescence tagging. (a) The two-plasmid CRISPR/Cas9 system was employed to tag the sfGFP gene at the 
downstream conserved-region of ARGs in clinical isolates. (b) Schematic representation of the procedures involved in the fluorescence tagging process using the two- 
plasmid CRISPR/Cas9 system. (c) Schematic representation of the two-plasmid CRISPR/Cas9 system utilized to tag the sfGFP gene at the downstream conserved- 
region of ARGs in clinical isolates. The sgRNA-Cas9 complex is responsible for cleaving the double-strand DNA adjacent to a PAM site, thereby generating a 
double-stranded DNA break. The double-stranded DNA break is repaired through the process of lambda Red-mediated homologous recombination. (d) Laser scanning 
confocal microscope (LSCM) of the sfGFP-labelled strains along with their parent strains. BF, bright-field. (e) Genotyping PCR results of the sfGFP-labelled E. coli 
CSZ4-sfGFP, S. Typhimurium 14E1050-sfGFP, S. Typhimurium LS3479-sfGFP, E. coli HZE22-sfGFP, K. pneumoniae 50700-sfGFP, K. pneumoniae 49210-sfGFP, and 
their respective parent strains. (f) The labelled efficiency of E. coli CSZ4, S. Typhimurium 14E1050, S. Typhimurium LS3479, E. coli HZE22, K. pneumoniae 50700, and 
K. pneumoniae 49210. The calculation of labeling efficiency (%) involved determining the percentage of sfGFP-labelled clones out of all the clones that were tested.
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Proteobacteria being the top four bacterial phyla. However, in the TCs 
group, the predominant phylum of bacteria is Proteobacteria, followed 
by Firmicutes, Bacteroidota, and others (Fig. 4d). At the genus level, the 
relative abundance of the most abundant genera in RPs were Mur
ibaculaceae (0.228), unclassified_Lachnospiraceae (0.165), Lachnospir
aceae_NK4A136_group (0.093), Alistipes (0.075), uncultured_ 
Bacteroidales_bacterium (0.073), Bacteroides (0.066), Muribaculum 
(0.05), Candidatus_Saccharimonas (0.030), Escherichia_Shigella (0.030). 
In contrast, the relative abundance of the most abundant genera at genus 
level in TCs were Escherichia_Shigella (0.867), Enterococcus (0.068), 
unclassified_Muribaculaceae (0.0002), Lachnospiraceae_NK4A136_group 
(0.00003), uncultured_Bacteroidales_bacterium (0.00001), unclassi
fied_Lachnospiraceae (0.000009) (Fig. 4e). Simultaneously, the patterns 
of transconjugants were displayed on a heatmap (Fig S7), revealing that 
transconjugant OTUs were classified into two main clusters. Notably, we 
observed substantial reproducible enrichment of Proteobacteria and 
Firmicutes, particularly Escherichia_Shigella and Enterococcus, among 
successful transconjugants across multiple independent experiments 
(Fig. 4e and Fig S7). The most abundant taxa in TCs/RPs at the genus 
level included Escherichia_Shigella, Enterobacter, Pseudomonas, and 
Enterococcus, followed by Ligilactobacillus and Lactobacillus (Fig. 4f). The 
16S rRNA sequencing of these transconjugant populations unveiled a 
broad spectrum of phylogenetic diversity.

3.5. Identification of transconjugants from the mice with whole genome 
sequencing

In parallel to FACS metagenomic studies, we isolated individual 
transconjugants from sorted library, containing potential distinct 
transconjugants, by selectively plating the library with a colistin con
centration of 2 mg/L as payload. Confirmation of transconjugants was 
achieved through UV imaging and PCR. Across the experiments, the 
majority of colonies that grown on the plate were green (Fig. 5a). We 
successfully isolated and validated over 60 mcr-1 positive trans
conjugants, encompassing three genera within the Phylum Proteobac
teria (Fig. 5b-c). Eight transconjugants carrying the mcr-1 gene and 
displaying distinct colony morphologies were selected for whole- 
genome sequencing (WGS). Genomic analysis revealed that two of 
these transconjugants originated from C. freundii (W14–1 and W13–4), 
five from S. sonnei (W17–2, R2–1, R6–1, R1–1, and R7–1), and one from 
E. cloacae (440− 2) (Fig. 5d). Further blastn based comparative genomic 
analysis confirmed the presence of pCSZ4-sfGFP and the lack of mCherry 
among all the genomes (Fig. 5e), indicating that mcr-1 was successfully 
transferred to the recipient microbiota bacteria along with the IncX4 
plasmid through conjugation.

To investigate the potential of transconjugants within the microbiota 
to serve as intermediate donors, initiating secondary plasmid transfers, 
we conducted conjugation experiments via agar mating. FACS-sorted 
transconjugants were employed as donors, with E. coli C600 as the 
recipient. The results illustrated that the IncX4-mcr-1 plasmid could be 
effectively transferred to E. coli C600. This implies that specific gut 
bacteria are able to act as intermediate hosts for subsequent plasmid 
transfer.

4. Discussion

HGT plays a crucial role in driving the dissemination of ARGs among 
bacteria. Gaining insight into the specific bacteria that are more inclined 
to accept plasmids, along with identifying potential factors influencing 
their susceptibility, is pivotal for achieving a thorough understanding of 
plasmid dissemination mechanisms and their ecological ramifications. 
However, a lack of a robust tracking system has hindered our compre
hensive comprehension of ARG transfer within complex bacterial eco
systems. The implementation of CRISPR-AMRtracker, capable of 
distinguishing between donor, recipient and transconjugant pop
ulations, offers a distinct advantage in investigating HGT. Our study 
established a novel toolkit to enhance the investigation of clinical 
plasmid transfer.

In this study, the sfGFP gene driven by the promoter (Ptrc) was 
employed as a reporter for the plasmid. The Plac promoter is a 
commonly used inducible promoter that governs gene expression. Sanin 
Musovic et al. detected Plac::gfp expression in Proteobacteria and Bac
teroides (Musovic et al., 2014). Masaki Shintani et al. further extended 
this finding, showing Plac promoter-derived PA1/04/03-induced gfp 
expression in Proteobacteria, Actinobacteria, Bacteroidetes, and Firmi
cutes (Shintani et al., 2014). Derived from Plac (lac) promoter, Ptrc 
promoter has been optimized for increased flexibility and efficiency in 
gene regulation. It effectively controls gene expression in Gram-negative 
bacteria like E. coli, Salmonella spp, Klebsiella spp, and some 
Gram-positive bacteria such as Bacillus subtilis (Musovic et al., 2014). 
The sfGFP emits green fluorescence upon exposure to blue to ultraviolet 
light. Notably, sfGFP expression has been documented not only in 
eukaryotic organisms (Zhang et al., 2020), but also in a variety of pro
karyotic organisms, including A. baumannii (Godeux et al., 2018), 
L. lactis (Hernández-Ortega et al., 2022), B. subtilis (Xu et al., 2022). 
Furthermore, Carlotta Ronda et al. employed the sfGFP gene to directly 
modify various taxa within the mouse gut microbiome (Ronda et al., 
2019). We also observed the expressions of Ptrc-controlled sfGFP in 
bacteria of E. coli, Salmonella spp, Klebsiella spp, C. freundii, S. sonnei, and 
E. cloacae. These findings indicate its potential functionality across 
diverse bacterial species. In this study, the implementation of 
Ptrc-controlled sfGFP in our design allows for real-time detection of 
AMR plasmid transfer among different microbiota species using flow 
cytometry or fluorescent microscopy techniques.

Previous dual-fluorescence tracking systems were limited to the ex
amination of plasmid transmission for a few specific types (e.g., RP4, 
pKJK5) (Qiu et al., 2018). However, clinical plasmids possess a more 
intricate genetic context due to the inclusion of MGEs and recombina
tion events, potentially leading to distinct transmission behaviors when 
compared to the aforementioned plasmids. For example, the mcr-1-pap2 
structure predominates as the carrier of mcr-1 genes (Lu et al., 2023). 
Common Tn4401 genetic elements include tnpA and tnpR, which are 
Tn3-based transposases inserted upstream of blaKPC. Additionally, 
ISKpn6 and ISKpn7 are inserted downstream and upstream of blaKPC, 
respectively (Chen et al., 2014). Similarly, ISAba125 is positioned up
stream of blaNDM, while the bleomycin resistance gene, bleMBL, is reliably 
located downstream (Wu et al., 2019). The dissemination of blaOXA-48 is 
primarily facilitated by the composite transposon Tn1999 (Manageiro 

Fig. 2. Fluorescence labeling did not interfere normal functions of the bacterial strains. (a) The minimum inhibitory concentrations (MICs) of strains labelled with 
sfGFP gene were compared to those of the parental strains. (b) Growth curves of strains labelled with sfGFP gene and their parental strains were observed over a 
period of 24 hours. (c) The conjugation frequencies of plasmids labelled with sfGFP gene were compared to those of the parental plasmids using both broth mating. 
(d) The conjugation frequencies of plasmids labelled with sfGFP gene were compared to those of the parental plasmids using agar mating. The experiment was 
conducted with three biological replicates. (e) The plasmids pJS05 and pJS06 were depicted in maps, illustrating the presence of a 4673 bp transposon (Tn) in pJS05 
and a 5582 bp Tn with sfGFP gene in pJS06. The figure displayed the R6K replication, RP4 oriT, traJ, cmR, ISApl1, mcr-1, and pap2 genes. The mcr-pap2 cassette was 
flanked by two ISApl1 elements, forming a composite transposon (Tn). To assess pJS05 and pJS06, primers MF and OR were utilized, resulting in the generation of a 
271 bp fragment (pJS05) or a 1176 bp fragment (pJS06). IRL, inverted repeat left. IRR, inverted repeat right. (f) The genotyping PCR results of plasmid pJS05 and 
pJS06 were analyzed using primers MF and OR. (g) The laser scanning confocal microscope (LSCM) was used to examine WM3064/pJS05 and WM3064/pJS06. BF, 
bright-field. (h) The transposition frequencies in pJS05 or pJS06 were determined by calculating the number of transposons per recipient, n=6. ns, P >0.05. *， 
P <0.05.
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Fig. 3. Monitoring the horizontal transfer of ARGs using a dual-fluorescence reporter system. (a) Development of new dual-fluorescence reporter system (DFRS) to 
monitor transfer of ARGs within complex microbiota. The donor cells were equipped with two plasmids, including a sfGFP-labelled plasmid and a non-transferable 
ColE1 plasmid pMQ that was tagged with mCh and lacIq gene. The expression of sfGFP gene is repressed by LacIq, resulting in the production of red fluorescence in the 
donor cell. The plasmid carrying the sfGFP tag was introduced into either an individual recipient cell or a bacterial community, leading to the generation of 
transconjugants. Following this, the sfGFP protein was produced in the transconjugant cells. (b) The analysis of the sfGFP-labeled strains, DFRS, and the mating 
cultures of DFRS with the recipient E. coli C600 was conducted using a laser scanning confocal microscope (LSCM). The plasmid pMQ was transformed into E. coli 
CSZ4-sfGFP, K. pneumoniae 49210-sfGFP, and E. coli HZE22-sfGFP to monitor the transfer of IncX4-mcr-1, IncL-blaOXA-48, and IncHI2-blaNDM-1, respectively. (c) The 
mating cultures of pCSZ4-sfGFP contained E. coli MQCSZ4GFP, along with E. coli, S. Typhimurium, K. pneumoniae, and A. baylyi, respectively. These cultures were 
observed using LSCM. (d) The conjugation frequencies of plasmid pCSZ4-sfGFP transfers into E. coli, S. Typhimurium, K. pneumoniae, and A. baylyi strains were 
determined using both culture-based and fluorescence-based assays. The conjugation frequency obtained through the culture-based assay was calculated by counting 
the colonies of transconjugant and donor. The conjugation frequency obtained through the fluorescence-based assay was presented in a normalized context, with the 
number of transconjugants (green) per donor (red). The assay was performed in triplicate, and all data points were included, along with the mean and standard 
deviation (represented by error bars). nd, no data. ns, P >0.05. *，P <0.05.
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Fig. 4. Plasmid pCSZ4-sfGFP transfer in natural fecal microbiota community. (a) The pCSZ4-sfGFP plasmid was conjugative transfer from the donor strain into fecal 
bacteria obtained from mice feces. This was followed by the use of FACS and 16S rRNA gene amplicon sequencing. (b) FACS was used to count the donor 
(MQCSZ4GFP), GFP positive control (CSZ4-sfGFP), mice feces, and mating cultures. The mCherry fluorescent donor cells were represented in Zone Q1, while both 
positive signals were represented in Zone Q2. Zone Q3 indicated both negative signals without fluorescence, and the sorted GFP+mCherry– transconjugant pop
ulations were defined in the Q4 region. (c) The operational taxonomic units (OTUs) representing the microbial composition were analyzed for both the recipient 
group (RPs) and the transconjugants group (TCs). (d) The genus level analysis was conducted for both RPs and TCs. (e) The microbiota from RPs and TCs were 
subjected to unweighted UniFrac principal coordinate analysis. (f) The species abundance profile of RPs and TCs. RPs, recipient group. TCs, transconjugants group.
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Fig. 5. Identification of transconjugants from the mice with whole genome sequencing. (a) Sorted GFP+ cells were plated on selective media and grown at 37 ◦C for 
24 h. Subsequently, the plates were subjected to imaging using both bright-field (BF) and ultraviolet (UV). (b) The primers mcr-1-F-ZSY and mcr-1-R-ZSY were 
employed to amplify the mcr-1 gene, resulting in the generation of a 672 bp fragment. (c) Genotyping PCR results of mcr-1 gene. (d) The phylogenetic structures, 
genus types, and names of the mcr-1 positive isolates. (e) Sequence alignment of sorted mcr-1 positive isolates. The 32,045 bp plasmid pCSZ4-sfGFP was used as a 
reference and genetic regions. The donor E. coli MQCSZ4GFP was used as positive control.
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et al., 2015). The horizontal transfer of these genes involves not only the 
transfer of plasmids between different strains but may also encompass 
transposon-mediated transposition within the same cell. Consequently, 
an ideal tracking system should be capable of capturing both of these 
scenarios.

In this study, we targeted the conserved downstream regions of mcr- 
1, blaNDM-1, blaKPC-1 and blaOXA-48 in clinical isolates to integrate the 
sfGFP gene using the CRISPR/Cas9 and Lambda Red system. We suc
cessfully labeled these clinically significant ARGs carried by IncX4, 
IncI2, IncHI2, IncF, and IncL type plasmids, achieving a 100 % labeling 
success rate with relatively higher labeling efficiency. By selecting 
conserved sequences surrounding the ARGs as targets, we maximized 
the labeling potential of distinct plasmid variants bearing ARGs. This 
study provides effective sgRNA target sequences for effective labeling 
clinical plasmids carrying mcr-1, blaNDM-1, blaKPC-2 or blaOXA-48. The la
beling strategy employed here directly focused on ARGs, enabling the 
labeling of diverse Inc plasmid variants and facilitating the monitoring 
of plasmid transfer across various clinical bacterial strains. In addition, 
our innovative design, featuring the positioning of the sfGFP gene 
downstream within the conserved region of the ARGs, makes it possible 
to effectively track the transfer of ARGs facilitated by diverse MGEs, 
encompassing plasmids, transposons, integrons, and others.

Furthermore, the fluorescently labeled strains demonstrated com
parable antibiotic susceptibilities, growth characteristics, conjugation, 
and transposition behaviors to their parent strains. These findings affirm 
that fluorescence tagging preserves the normal functionality of the 
bacterial host, highlighting the applicability of this approach for label
ing diverse ARGs-bearing plasmids in clinical strains.

Notably, our results showed that plasmids of IncX4, IncI2, IncF, and 
IncL types exhibited heightened transfer rates on agar compared to those 
in broth, possibly due to the promotion of bacterial biofilm formation on 
solid surfaces (Partridge et al., 2018). It’s known that conjugation events 
in aquatic environments primarily take place in liquid media, whereas 
gut-based conjugation simulates conditions similar to solids (Neil et al., 
2020). Therefore, the employing agar-based mating in our study could 
more accurately mimic conjugation incidents occurring within the 
gastrointestinal tract. We selected the mcr-1-carrying IncX4 type 
plasmid pCSZ4, which exhibits a relatively higher conjugation fre
quency, as a representative model to investigate the versatility of this 
tool. The IncX4-mcr-1 plasmid was transferred to E. coli C600, S. 
Typhimurium 14028, and K. pneumoniae 700603 using both 
fluorescence-based assays and culture-based methods. The consistent 
results from these approaches suggest the utility of this system for 
investigating plasmid transfer within bacterial populations. A. baylyi 
ADP1 has been employed to investigate the potential risks associated 
with HGT (Fu et al., 2012; Zhang et al., 2021). In a previous study, GFP 
facilitated the direct in situ visualization of natural transformation in 
A. baylyi (Rizzi et al., 2008). Our observations indicate that the 
IncX4-mcr-1 plasmid was not successfully transferred into A. baylyi 
ADP1, as evidenced by both fluorescence-based assays and 
culture-based methods. Currently, only a few plasmids, such as RSF1010 
(IncQ), pQ-mini (IncQ) and pWH1277 (a cryptic plasmid originally 
isolated from A. calcoaceticus), have demonstrated efficient replication 
and stability within A. baylyi ADP1 (Long et al., 2024; Lucidi et al., 2018; 
Santala and Santala, 2021). We speculate the inability of IncX4-mcr-1 
plasmid transfer into A. baylyi ADP1 may be due to specific character
istics related to plasmid replication and maintenance in different bac
terial species.

The results of FACS and 16S rRNA sequencing reveal that, at the 
genus level, the taxa within the GFP+mCherry- population (trans
conjugants) mainly includes Escherichia_Shigella, Enterobacter, Pseudo
monas, Enterococcus, Ligilactobacillus and Lactobacillus. Specifically, a 
preference for transfer to Enterobacteriaceae bacteria is evident, high
lighting diverse preferences and compatibilities among different bacte
rial types in plasmid transfer. Certain bacteria readily accept and 
maintain plasmids, leading to higher transfer frequencies, while others 

exhibit lower receptivity. The variability in recipient bacterial commu
nities, encompassing diversity and abundance, plays a crucial role in 
influencing plasmid transfer preferences. Bacteria with high abundance 
and specific mechanisms for plasmid acceptance may serve as primary 
recipients for efficient plasmid acquisition. As a result, the composition 
and structure of recipient bacterial communities are key factors influ
encing the study of plasmid dissemination and receptivity. Some dual- 
fluorescence reporter systems have been employed for exploring spe
cific plasmid dissemination within microbial communities residing in 
soil, sediment, and the gut (Brophy et al., 2018; Cyriaque et al., 2020; 
Fan et al., 2019; Klümper et al., 2015; Ronda et al., 2019). Our results 
suggest that microbial communities abundant in Enterobacteriaceae, 
especially those containing high levels of Enterobacteriaceae bacteria, 
are likely to facilitate more efficient AMR plasmid dissemination (e.g. 
pCSZ4), particularly for plasmids characterized by narrow-host, such as 
IncI2 or IncHI2. Upon successful validation of this novel 
dual-fluorescence reporter system, our focus will shift towards investi
gating the transfer dynamics of the sfGFP-labeled clinical plasmid. This 
exploration will encompass the journey from its natural bacterial host to 
diverse recipients within the bacterial population, with the overarching 
objective of comprehending plasmid transfer efficiency and its spectrum 
within a bacterial collective boasting varying relative abundances.

Interestingly, in addition to Escherichia_Shigella, our investigation 
revealed the presence of other species among the sorted IncX4-mcr-1 
transconjugants, including Enterobacter, Pseudomonas, Enterococcus, 
Ligilactobacillus, and Lactobacillus. This finding was consistent with 
molecular epidemiological reports. As evidence, mcr-1-harboring IncX4 
plasmids are predominantly detected in E. coli, K. pneumoniae, 
S. enterica, and E. cloacae from human, animal and environmental sec
tions (Bustamante and Iredell, 2017; Stokes et al., 2013). The mcr-1 gene 
has also been reported in other Gram-negative bacteria such as 
P. aeruginosa and Acinetobacter species (Mmatli et al., 2022). A keyword 
search using "mcr-1" in the NCBI database yielded a total of 854,400 
nucleic acid sequences. Among the bacteria carrying the mcr-1 gene, 
predominant species included E. coli (549,177), K. pneumoniae (15,647), 
S. enterica (9760), K. quasipneumoniae (2805), S. sonnei (923), P. mirabilis 
(377), A. variabilis (298), M. morganii (254), A. baumannii (194), 
C. freundii (179), P. aeruginosa (20), among others (Fig S8), indicating 
the broad host of mcr-1 gene. The WGS data from isolated trans
conjugants provided further confirmation of the horizontal gene transfer 
of IncX4-mcr-1 plasmid to C. freundii, S. sonnei, and E. cloacae within the 
fecal microbiota.

The results obtained from FACS and 16S rRNA sequencing in our 
study provide additional support to the notion that bacteria belonging to 
the Enterobacteriaceae family, notably Escherichia coli and Shigella spe
cies, have a greater tendency to acquire the IncX4-mcr-1 plasmid. This 
finding could potentially explain the extensive prevalence of IncX4 
plasmids carrying the mcr-1 gene within Enterobacteriaceae bacteria 
worldwide. Additionally, an mcr-1-carrying Bacillus cereus strain was 
detected in tap water, and subsequent experimentation demonstrated 
the transfer of mcr-1 to Enterococcus hirae within a BALB/c female mouse 
through HGT subsequent to the inoculation of the B. cereus parent strain 
(Khan et al., 2020). Interestingly, in our study, we observed consistent 
and significant enrichment of Enterococcus among successful trans
conjugants across multiple independent experiments. This observation, 
combined with aforementioned E. hirae report, suggests that the 
inter-specific transfer of mcr-1 may occur within the mouse gut. How
ever, despite our efforts, obtaining mcr-1-positive Enterococcus clones 
from sorted transconjugant populations remained elusive. This could be 
attributed to the relatively lower abundance of Enterococcus when 
compared to Escherichia_Shigella within the population or, alternatively, 
to a transient nature of mcr-1 plasmid transfer in Enterococcus, where the 
plasmid fails to maintain stable replication. Subsequently, we directly 
co-cultured the donor bacteria with E. faecalis ATCC 29212, followed by 
a repetition of FACS assays. Regrettably, significant signals corre
sponding to the transconjugants were not detected. We speculate that 
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this could be due to the relatively lower conjugation frequency of the 
IncX4-mcr-1 plasmid when transferring from the donor to E. faecalis 
ATCC 29212 or that an intermediate host (e.g. B. cereus) is needed for 
the plasmid transfer into Enterococcus. Further studies are needed to 
unravel the nature of IncX4-mcr-1 plasmid transfer between Gram 
negative (e.g. E. coli) and Gram positive (e.g. Enterococcus species) 
strains.

However, the CRISPR-AMRtracker introduced in this study exhibits 
certain limitations that warrant consideration. Firstly, it is important to 
acknowledge that in instances where the conjugation frequency is at an 
exceedingly low level, falling beneath the detection threshold of the 
FACS methodology (TCs/Donors, 0.0002), our system’s capacity to 
accurately reflect the true conjugation frequency might be compro
mised. This predicament could also exert an adverse influence on sub
sequent sorting procedures. To address this challenge, a spectrum of 
innovative methodologies has emerged. Among these, OIL-PCR stands 
out as the latest breakthrough in investigating plasmid hosts (Diebold 
et al., 2021), especially those enigmatic taxa that necessitate a molecular 
linkage between plasmid-encoded genes and the bacterial 16S rRNA 
gene through fusion PCR performed within an emulsion. The combina
tion of the CRISPRAMR-tracker with OIL-PCR holds promising prospects 
to monitor the transfer of ARGs within complex microbiota. Secondly, 
although the deployment of the Ptrc promoter enhances the expression 
of the sfGFP gene, yielding robust green fluorescence across diverse 
bacterial strains with commendable sensitivity, uncertainties persist 
regarding the heterologous expression of sfGFP in all conceivable 
recipient bacteria. Although we observe robust sfGFP expression in 
numerous bacterial species, further investigations are necessary to 
delineate the promoter’s activity within other microbiota species. Lastly, 
employing the CRISPRAMR-tracker system to explore in vivo plasmid 
conjugative transfer presents its own set of challenges. Our endeavors to 
employ CRISPRAMR-tracker for monitoring mcr-1 dissemination within 
the mouse gut underscore these challenges. We conducted experiments 
using the oral administration of 108 CFU tagged bacteria E. coli 
MQCSZ4GFP to mice, followed by the collection of fecal samples after 
24 hours for subsequent FACS and sequencing analysis. Regrettably, our 
observations revealed not only a scarcity of GFP+mCherry- cells within 
the fecal samples but also a substantial decline in the abundance of 
donor bacteria (data not shown), indicating inadequate colonization by 
the donor bacteria or constrained plasmid conjugation dissemination in 
situ. Consequently, the identification of bacterial donors exhibiting 
increased gut colonization levels or the implementation of a more effi
cacious colonization model emerges as imperative for yielding more 
substantive in vivo findings.

5. Conclusions

In summary, the development of CRISPR-AMRtracker introduces a 
powerful tool for monitoring the transfer of ARGs within complex 
microbiota. With its straightforward construction process and high ef
ficiency, the future applications of CRISPR-AMRtracker hold the po
tential to significantly advance various research endeavors, including 
the identification of plasmid host ranges, exploration of driving factors, 
and the development of novel strategies to combat antimicrobial 
resistance.
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Waterborne polyurethane nanoparticles incorporating linoleic acid as a
potential strategy for controlling antibiotic resistance spread in the
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A B S T R A C T

Plasmid-mediated conjugative transfer of antibiotic resistance genes (ARGs) within the human and animal in-
testine represents a substantial global health concern. linoleic acid (LA) has shown promise in inhibiting
conjugation in vitro, but its in vivo effectiveness in the mammalian intestinal tract is constrained by challenges in
efficiently reaching the target site. Recent advancements have led to the development of waterborne poly-
urethane nanoparticles for improved drug delivery. In this study, we synthesized four waterborne polyurethane
nanoparticles incorporating LA (WPU@LA) using primary raw materials, including N-methyldiethanolamine,
2,2’-(piperazine-1,4-diyl) diethanol, isophorone diisocyanate, castor oil, and acetic acid. These nanoparticles,
identified as WPU0.89@LA, WPU0.99@LA, WPU1.09@LA, and WPU1.19@LA, underwent assessment for their pH-
responsive release property and biocompatibility. Among these, WPU0.99@LA displayed superior pH-
responsive release properties and biocompatibility towards Caco-2 and IPEC-J2 cells. In a mouse model, a
dosage of 10 mg/kg/day WPU0.99@LA effectively reduced the conjugation of IncX4 plasmids carrying the mobile
colistin resistance gene (mcr-1) by more than 45.1-fold. In vivo toxicity assessment demonstrated that 10 mg/kg/
day WPU0.99@LA maintains desirable biosafety and effectively preserves gut microbiota homeostasis. In
conclusion, our study provides crucial proof-of-concept support, demonstrating that WPU0.99@LA holds signif-
icant potential in controlling the spread of antibiotic resistance within the mammalian intestine.

Abbreviations: AMR, Antimicrobial resistance; HGT, Horizontal gene transfer; GTAs, Phage-like gene transfer agents; ARGs, Antibiotic resistance genes; LA,
Linoleic acid; WPU, Waterborne polyurethane; MDEA, N-methyldiethanolamine; CO, Castor oil; MEK, Methyl ethyl ketone; HEP, 2,2’-(piperazine-1,4-diyl) diethanol;
IPDI, Isophorone diisocyanate; DBTDL, Dibutyltin dilaurate; AcOH, Acetic acid; ACN, Acetonitrile; LB, Luria-Bertani; EMB, Eosin Methylene Blue; FTIR, Fourier-
transform infrared spectroscopy; TEM, Transmission electron microscopy; HPLC, High-performance liquid chromatography; H&E, Hematoxylin and eosin; DLC, Drug
loading content; EE, Encapsulation efficiency; DLE, Drug loading efficiency; OTUs, Operational taxonomic units; PCoA, Principal coordinates analysis; WPU@LA,
Waterborne polyurethane nanoparticles incorporating LA; 1H NMR, H proton magnetic resonance; GPC, Gel permeation chromatography; THF, Tetrahydrofuran;
PBS, Phosphate-buffered saline; SGF, Simulated gastric fluid; SIF, Simulated intestinal fluid.
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1. Introduction

Antimicrobial resistance (AMR) poses a significant challenge by
limiting the effectiveness of antimicrobial agents, impacting both
human and animal health [1,2]. This issue is exacerbated by horizontal
gene transfer (HGT) among diverse microorganisms [3–5]. Bacteria
employ various pathways for HGT, including phage-mediated trans-
duction, transformation through ’naked’ DNA, plasmid-mediated
conjugation, and mechanisms involving vesicles, nanotubes, and
phage-like gene transfer agents (GTAs) [6]. Among these pathways,
conjugation is recognized as the most prevalent mechanism [7–9]. For
example, naturally occurring plasmids like IncI2, IncX4, and IncX3
increasingly carry antibiotic resistance genes (ARGs) such as mcr-1 for
colistin, blaNDM-1 for carbapenem, and tet(X4) for tigecycline [10–12],
impacting the treatment of Gram-negative bacterial infections. These
plasmids, carrying ARGs, transfer through conjugation between
different bacteria, leading to the global dissemination and spread of
ARGs. The mammalian gut, known for its diverse microbial population,
acts as a reservoir for genetic exchange, strongly linked to the wide-
spread occurrence of conjugation events involving ARGs [13]. Conse-
quently, preventing ARG conjugation, particularly in the mammalian
gut, is crucial to mitigate the spread of AMR.

Conjugation involves the transfer of DNA through donor cell-formed
conjugative pili to recipient cells [8]. Conjugation of ARGs hinders
antibiotic effectiveness, emphasizing its significance in controlling
AMR. To tackle this issue, various natural products and small molecules
have been developed as conjugation inhibitors. Examples include free
nitrous acid, azidothymidine, capsaicin, gingerol analogues, Fe2O3@-
MoS2, and abacavir [14–19], but many of these have either shown
toxicity or lack in vivo testing. Additionally, both Ripoll-Rozada et al.
and our previous study have demonstrated that linoleic acid (LA) in-
hibits the conjugative transfer of IncW, IncH, IncF, IncI, IncL/M and
IncX plasmids by suppressing the TrwD ATPase (VirB11 homologue)
[20,21].

LA, which is essential for human or animal bodies, is absorbed in the
small intestine under acidic pH conditions (pH ~ 2) [22]. However, the
challenge arises when considering the normal colon and cecum, which
maintain a slightly neutral pH (6.0–7.2) [23]. These regions serve as
primary colonization sites for bacteria in the intestinal tract and are key
locations for plasmid conjugative transfer. Unfortunately, LA is unable
to reach the colon and cecum before its absorption in the small intestine,
thereby hindering its potential to inhibit plasmid conjugation in these
critical areas. Consequently, the limited pharmacokinetic properties of
LA constrain its broader in vivo application in conjugation inhibition.

To enhance LA production in the colon and cecum, Peng et al.
devised a strategy by constructing a bioactive Lactobacillus casei strain
LC + mcra by inserting themcra (myosin cross-reactive antigen) gene into
the bacterial genome, which promotes the conversion of conjugated LA
[24]. On the other hand, when considering drug administration
methods, intestinal-based drug delivery is regarded as the preferred
approach [25]. Within this context, waterborne polyurethane (WPU), a
synthetic high molecular weight polymer, emerges as a versatile mate-
rial class with applications ranging from coatings to healthcare [26,27].
Recent studies have shown that the integration of N-methyldiethanol-
amine (MDEA), featuring tertiary amines, plays a pivotal role in the
development of pH-responsive polyurethanes [28]. The tertiary amines
present in the MDEA segment are widely recognized for their ability to
undergo protonation, leading to the formation of an ionic state [29,30].
Consequently, when exposed to acetic acid, the polyurethane with the
MDEA segment undergoes ionization, resulting in the formation of
zwitterionic polyurethanes. Moreover, a satisfactory nanocarrier usually
requires low toxicity [31]. Notably, these zwitterionic polyurethanes
have gained significant attention due to their remarkable biocompati-
bility [32].

This study introduces a novel nanoparticle-based system known as
WPU0.99@LA, demonstrating its versatility and responsiveness in

releasing LA. The effectiveness and safety of this nanocarrier have been
robustly established and validated through in vivo models. These find-
ings strongly emphasize the promising potential of WPU0.99@LA for
future applications in inhibiting the spread of AMR within the
mammalian intestine.

2. Methods

2.1. Chemicals and bacteria

Castor oil (CO) was purchased from Guangzhou Xinye Co., Ltd.
(Guangzhou, China). Linoleic acid (LA), N-methyldiethanolamine
(MDEA), and methyl ethyl ketone (MEK) were obtained from Shanghai
Rhawn Co., Ltd. (Shanghai, China). 2,2’-(piperazine-1,4-diyl) diethanol
(HEP) was obtained from Shanghai Aladdin Reagent Co., Ltd. (Shanghai,
China). Isophorone diisocyanate (IPDI) was supplied by Guangzhou
Wengjiang Chemical Reagent Co., Ltd. (Guangzhou, China). Dibutyltin
dilaurate (DBTDL) was purchased from Fuchen Reagent (Tianjin,
China). Acetic acid (AcOH) and phosphoric acid (H3PO4) were acquired
from Guangzhou Chemical Reagent Factory (Guangzhou, China).
Acetonitrile (ACN) was sourced from Shanghai Macklin Biochemical
Technology Co., Ltd (Shanghai, China). Human intestinal epithelial cells
(Caco-2) and the intestinal porcine enterocyte cell line (IPEC-J2) were
procured from Dojindo Chemical Technology (Shanghai, China). Dul-
becco’s modified Eagle’s medium (DMEM, Gibco) and fetal bovine
serum (FBS, Gibco) were obtained from Nobimpex Biotechnology
(Shanghai, China). Mueller Hinton (MH) broth, Luria-Bertani (LB)
broth, LB agar, and Eosin Methylene Blue (EMB) agar were purchased
from Guangzhou Huankai Microbial Technology (Guangzhou, China).
Streptomycin sulfate and polymyxin sulfate were procured from Beijing
Pubo Biotechnology Co., Ltd. (Beijing, China). Antibiotics used for
screening and selection procedures were added at the following con-
centrations (μg/mL): streptomycin sulfate (STR, 2000) and polymyxin
sulfate (CS, 2).

Donor strains employed in this study were E. coli MQCSZ4GFP,
which harbors the conjugative IncX4 plasmid pCSZ4-sfGFP with colistin
resistance (mcr-1), and a non-conjugative plasmid pMQ expressing
mCherry fluorescence protein and LacIq [33]. pCSZ4-sfGFP is a deriv-
ative of the clinical IncX4mcr-1-harboring plasmid pCSZ4 [34], and was
tagged with the green fluorescent protein (sfGFP) downstream a lacI
repressor. E. coli C600-lux (streptomycin resistance) was genetically
modified by chromosomally tagging with gene cluster luxCDABE
encoding constitutive bioluminescence. Consequently, donor cells
exhibited red fluorescence but GFP expression was inhibited due to the
presence of LacIq. Upon the transfer of the pCSZ4-sfGFP plasmid into
E. coli C600-lux (referred to as the transconjugant), GFP expression
became possible without the lacI suppression.

2.2. Characterization

Fourier-transform infrared spectroscopy (FTIR) was conducted using
a Thermo Fisher Nicolet IS10 FTIR spectrophotometer (Thermo Fisher,
Waltham, MA, USA). The H proton magnetic resonance (1H NMR)
spectra were recorded on a Bruker AV 600M spectrometer (Karlsruhe,
Germany). Gel permeation chromatography (GPC) tests were performed
in tetrahydrofuran (THF) solutions at 35 ◦C with an elution rate of 1.0
mL/min using a Waters 1525 system equipped with a Waters 2414 de-
tector (Burlington, MA, USA). The system was calibrated using poly-
styrene standards ranging from 200 to 500,000 g/mol. Zeta potential
and particle sizes were determined using a Zeta-sizer Nano ZSE instru-
ment (Malvern, Worcestershire, UK). Transmission electron microscopy
(TEM) measurements were carried out with an FEI/Talos L120C trans-
mission electron microscope (Thermo Fisher, Pittsburgh, PA, USA)
operating at an acceleration voltage of 100 kV. High-performance liquid
chromatography (HPLC) measurements were performed with a Waters
2695 instrument (Waters, Milford, MA, USA). Colony images were
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captured using the IVIS Lumina LT Series III system (PerkinElmer,
Waltham, MA, USA). Histological sections were stained with hematox-
ylin and eosin (H&E) and observed using a Nikon TE2000U optical
microscope (Tokyo, Japan) [35].

2.3. Preparation of WPU and WPU@LA

The representative synthetic route of WPU and WPU@LA is depicted
in Fig. 1A. Specifically, a dried double-necked flask was used to intro-
duce CO (3.25 g), IPDI (3.32 g), and HEP (0.4 g), which were then stirred
at 78 ◦C (130–170 r/min) for 10 min to achieve a homogeneous
dispersion. The OH group ratio of CO: MDEA: HEP: IPDI was maintained
at 1:0.89 (0.99/1.09/1.19):2.15 (2.25/2.35/2.45). Subsequently, 20 μL
of DBTDL was added as a catalyst. After 10 min, an appropriate amount
of MDEA was added to the solution. MEK (30 mL) was then added to the
system and allowed to react for 2 h, followed by cooling the solution to
room temperature. Next, AcOH was introduced into the polyurethane
chain to counterbalance the presence of free COOH, while being stirred
for 30 min.

To synthesize various WPU@LA, 2.35 g of LA was incorporated into
the solution. Subsequently, the stirring rate was increased to 300 r/min,
and the prepolymer was dispersed in 90 mL of deionized water for 2 h.
The successful preparation of both WPU and WPU@LA was achieved
through the elimination of MEK in the emulsion via vacuum distillation.
Furthermore, 5 mg of WPU@LA was dissolved in 2 mL of methanol,
sonicated until fully dissolved, and then filtered through a 0.22 μm
microporous membrane. The drug loading content (DLC), encapsulation
efficiency (EE), and drug loading efficiency (DLE) of LA were quanti-
tatively determined using HPLC with an Agilent Eclipse XDB-C18 col-
umn (4.6 mm × 250 mm, 5 μm) and a mobile phase consisting of
acetonitrile and 0.05 % H3PO4 (v/v = 10:90) at a flow rate of 1.0 mL/
min, maintained at 30 ◦C, and monitored at 203 nm [36]. DLC (%) and
DLE (%) were calculated as described in a previous article [37].
Encapsulation efficiency was calculated as follows: Encapsulation effi-
ciency (%) = (Actual drug loaded)/(Theoretical drug loaded) * 100 38.

2.4. The LA release rate in vitro

The release amount of LA from WPU@LA in vitro was tested ac-
cording to a dialysis method [37]. Briefly, the release medium contained
a phosphate-buffered saline (PBS) solution, 30 % ethanol, and 0.5 %
sodium dodecyl sulfate, adjusted to pH = 2.0, 5.8, or 7.4 with hydro-
chloric acid. 0.5 g of WPU@LA was transferred into dialysis bags
(MWCO 3.5 kDa) and suspended in 100 mL of release medium at 37 ◦C,
stirred at 120 rpm. At 0, 0.5, 1, 2, 4, 6, 8, 10, 12, 24, 48, and 96 h post
dialysis, 2 mL aliquots were taken for the determination of released LA,
measured using a Waters 2695 instrument, and monitored at 203 nm.

2.5. In vitro biocompatibility assay

Caco-2 and IPEC-J2 cells were seeded in 24-well culture plates (1.0
× 105 cells per well) and allowed to adhere for 18 h. Samples of different
WPU@LAs were added to each well at final concentrations of 400, 200,
100, 50, 25, 12.5, and 0 μg/mL and incubated for 12 h 10 μL of cell
counting Kit-8 (CCK-8) was added to the medium and incubated at
37 ◦C, 5 % carbon dioxide in the dark for 2 h, and the solution absor-
bance was measured at 450 nm. Cell viability (%) was calculated using
the equation: (Asample/Acontrol) × 100 %, where Asample represents the
absorbance of cells treated with the samples, and Acontrol represents the
absorbance of the untreated cells [38]. Cell viability was also assessed
using a live and dead cell staining kit for Caco-2 and IPEC-J2 cells. These
cells were incubated at 37 ◦C for 24 h, washed with sterile PBS, and then
250 μL of detection buffer containing 0.1 % Calcein-AM/PI was added.
The plate was incubated at 37 ◦C for 30 min, and cell images were
observed using a fluorescence microscope [39,40].

2.6. Stability

The stability of WPU0.99@LA nanoparticles was evaluated under
simulated gastric and intestinal conditions (Hu et al., 2016). Simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF) solutions were
prepared according to the Chinese Pharmacopoeia (2015) [37]. Briefly,
1 mL of freshly prepared nanoparticles was added to 9 mL of SGF (pH 2)
or SIF (pH 6.8), followed by incubation at 37 ◦C for 6 h [41]. Particle size
and zeta potential were measured after each incubation.

2.7. Animal

C57BL/6J mice (SPF, 6 weeks, female) were housed at the Labora-
tory Animal Center of Southern Medical University, Guangzhou, China.
Animal care was conducted in accordance with the guidelines of the
American Association for Accreditation of Laboratory Animal Care
criteria (2022c045). The mice were allowed to acclimate for 7 days prior
to experimentation. All animal experiments were carried out in
compliance with the institution’s guidelines for animal use and the
Guide for the Care and Use of Laboratory Animals at the Laboratory
Animal Center of South China Agricultural University (Guangzhou,
China).

2.8. In vivo conjugation experiments

All mice were divided into four groups, each consisting of eight mice.
Prior to the experiment, all mice were administered STR through oral
gavage (200 μL, 5 mg/mL) and drinking water (5 mg/mL) for three days
to eliminate colonization resistance. Following this pretreatment, all
mice were intragastrically administered a mixture of donor E. coli
MQCSZ4GFP and recipient E. coli C600-lux, with a concentration of
approximately 108 CFU. Subsequently, the mice were further treated via
daily gavage of 10mg/kgWPU0.99@LA, 8mg/kgWPU0.99@LA, or 2mg/
kg LA into the intestinal tract, with the control group receiving an equal
volume of sterile water. Fecal samples were obtained on days 1, 2, 3, 5,
and 7, and subsequently homogenized by vortexing. The bacterial
populations were evaluated through selective plating on EMB agar,
enabling the identification of recipient bacteria (STR2000) and trans-
conjugants (STR2000+CS2). The presence of mcr-1 in the trans-
conjugants was confirmed by PCR and sequencing. The reaction mixture
(25 μL) contained 12.5 μL Green Taq MIX (Novizan, Nanjing, China), 2
μL of each primer, 1 μL DNA template, and 9.5 μL nuclease-free water.
The PCR procedure was performed using the following reaction condi-
tions: initial denaturation at 98 ◦C for 3 min followed by 30 cycles of
95 ◦C for 10 s, 56 ◦C for 30 s and 72 ◦C for 30 s, with a final extension at
72 ◦C for 5 min. The primers for mcr-1 were GCGTGATGC-
CAGTTTGCTTA (mcr-F) and GCACATCGACGGCGTATTC (mcr-R). The
conjugation frequency was determined by dividing the number of
detected transconjugants by the total count of recipients. The conjuga-
tion rate was determined by the number of mice with transconjugants in
the feces per the total number of mice in each group.

2.9. In vivo biocompatibility assay

For acute toxicity, mice were intravenously injected with 0.2 mL of
WPU0.99@LA at doses of 5000 mg/kg according to the Guidelines of
Animal Drug Acute Toxicity Study (the Center for Veterinary Drug
Evaluation of Ministry of Agriculture, 2012) [42]. The time of death was
recorded daily for 2 weeks [43]. Then, uninfected mice were randomly
assigned to two groups (n = 5/group) for a 2-week treatment period via
oral gavage: WPU0.99@LA (10 mg/kg/day) and a control group
receiving sterile water. The mice were weighed and monitored daily
throughout the study. After 2 weeks of WPU0.99@LA or sterile water
administration, the mice were euthanized. Liver, spleen, duodenum,
kidney, stomach, and colon tissues were collected and fixed overnight in
4 % (v/v) PBS-buffered paraformaldehyde. Subsequently, the tissues
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Fig. 1. Synthesis and characterization of WPU, WPU@LA nanomaterials. (A) Schematic of the synthesis of WPU@LA nanomaterials. (B) FTIR spectrum, (C) 1H
NMR, (D) GPC, (E) particle size distribution and (F) TEM images, respectively, of four WPU@LAs. HEP, 2,2’-(piperazine-1,4-diyl) diethanol. IPDI, isophorone
diisocyanate. DBTDL, dibutyltin dilaurate. MDEA, N methyldiethanolamine. AcOH, acetic acid. LA, linoleic acid, scale bar: 500 nm, 200, and 100 nm, respectively.
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were embedded in paraffin, cut into 5 μm sections, stained with H&E,
and observed using Nikon TE2000U optical microscopy (Tokyo, Japan)
[35,44]. 16S rRNA sequencing was performed following the procedures
outlined in a previous study [45].

2.10. Statistical analysis

Statistical analyses and data visualization were conducted using a
two-tailed Student’s t-test, Kruskal-Wallis test, or Tukey’s test with one-
way ANOVA (Prism 8.0, GraphPad Software Inc., San Diego, CA, USA).
Statistical significance was indicated as follows: * for p < 0.05.

3. Results and discussion

3.1. Synthesis and characterization of WPU and WPU@LA
nanomaterials

To create a pH-responsive WPU system, we employed MDEA, HEP,
IPDI, CO, and AcOH for synthesizing hydrophilic and hydrophobic
structures to encapsulate LA (Fig. 1A). MDEA acted as an internal
emulsifying agent, influencing emulsification [46]. Increasing MDEA
proportions shifted the solution appearance from translucent to milky
white, indicating enhanced emulsification efficiency (Table 1). Within
WPU carriers, nucleophilic addition reactions occurred between hy-
droxyl groups in CO, HEP, and MDEA with isocyanate groups in IPDI,
forming polyurethane with urethane bonds. Specifically, CO’s long fatty
acid chain served as the soft segment, providing material flexibility,
while HEP and MDEA acted as hard segments, with HEP being
pH-responsive [47]. The NCO groups on IPDI acted as crosslinkers,
forming polymer chains [48]. By optimizing material proportions,
aqueous polyurethane WPU@LA with varying MDEA concentrations
(0.89, 0.99, 1.09, and 1.19) were synthesized with respective yields of
87.8 % (w/w), 92.1 % (w/w), 75.2 % (w/w), and 86.4 % (w/w),
respectively (Table 1). Fourier-transform infrared (FTIR) spectrum
exhibited typical features of WPU at 3321 cm− 1 (-N-H-), 1252 cm− 1

(-C-N-), 1700 cm− 1 (-C=O), and 1070 cm− 1 (-C-O-C-) (Fig. 1B), con-
firming reaction between reactant hydroxyl and isocyanate groups to
form polyurethane with urethane functional groups containing amino
formate.

As shown in Fig. 1C, H NMR spectra peaks at δ5.32 ppm are attrib-
uted to the carbon-carbon double bonds of the fatty acid chains from
castor oil. New peaks appear at δ3.99 and δ3.44 ppm, corresponding to
the proton signals of the ethanoyloxy and acetoxy groups (OCH2 and
OCH) in the esters formed from the esterification of HEP, MDEA, and CO
with IPDI. Molecular weight by GPC analysis showed number-average
molecular weights of four WPU@LAs as 8407 (PDI = 1.47), 7102
(PDI = 1.37), 6334 (PDI = 1.27), and 8103 (PDI = 1.38) g/mol,
respectively (Fig. 1D and Table S1). The high molecular weights of the
obtained WPU@LAs could be beneficial for the formation of supramo-
lecular polymeric materials [37]. WPU@LAs exhibited diameters
ranging from 68.1 nm to 164.0 nm (Fig. 1E). TEM images further
confirmed the spherical morphology of the WPU@LAs (Fig. 1F). Zeta
potential of WPU@LA nanoparticles ranged from 23.0 to 52.0 mV
(Table 1), indicating a cationic polymer. Together, these results confirm

the successful preparation of WPU@LA nanoparticles.

3.2. WPU@LA nanomaterials exhibit promising pH-responsive LA release
capability

To investigate the pH-responsive release of LA from various
WPU@LAs, solutions with pH values of 2.0, 5.8, and 7.4 were prepared
to simulate conditions in the gastrointestinal tract. As illustrated in
Fig. 2, minimal release was observed at lower pH (pH = 2), with
increased release correlating with higher hydroxide ion concentrations
in the medium. The cohesive assembly and release behavior of cationic
WPUs are influenced by their similar structures and electrostatic in-
teractions. Hence, monomers with multiple hydroxyl groups (e.g., CO)
and positively charged monomers like HEP and MDEA were deliberately
chosen. IPDI was slightly in excess during stepwise copolymerization in
a butanone solution, decisions driven by the physical properties of WPU.
The pH variations trigger conformational changes in microspheres due
to positively charged HEP, thereby modulating the amount of released
LA [49]. Notably, increasing MDEA ratio significantly enhanced LA
release. This can be attributed to MDEA acting as a chain extender.
Higher MDEA content reduces cationic WPU chain length, diminishing
cross-linking and accelerating release rates [50]. These findings robustly
underscore the promising pH-responsive LA release capabilities of the
four cationic WPU@LAs.

3.3. In vitro cytotoxicity of WPU@LA

Before considering in vivo application, addressing the biosafety of the
system is paramount. To assess their suitability for in vivo use, we
initially evaluated the cytotoxicity of four WPU@LAs using Caco-2 and
IPEC-J2 cell lines, commonly employed for in vitro cytotoxicity assess-
ments [51,52]. Cell viability was assessed by exposing Caco-2 and
IPEC-J2 cells to WPU@LA concentrations ranging from 12.5 to 400
μg/mL. Viability levels remained above 90 % after treatment with
WPU0.89@LA, WPU0.99@LA, and WPU1.19@LA at concentrations from
12.5 to 200 μg/mL. However, viability dropped to 32.98 % with 200
μg/mL of WPU1.09@LA for Caco-2 cells (Fig. 3A). Similarly, for IPEC-J2
cells, viability was above 90 % with 200 μg/mL WPU0.99@LA, whereas
viability significantly decreased in the other three groups. Notably, the
200 μg/mL WPU1.09@LA group exhibited the lowest cell viability, at
only 6.99 % (Fig. 3B). Additionally, live/dead cell staining for Caco-2
and IPEC-J2 at 200 μg/mL indicated minimal toxicity for
WPU0.99@LA (Fig. 3C and Fig. S1). Given its lower cytotoxic effect and
superior release properties, WPU0.99@LA was selected for subsequent
experiment.

3.4. WPU0.99@LA improves the inhibition of conjugation of mcr-1-
harboring IncX4 plasmid in vivo

As emulsions undergo digestion in gastrointestinal conditions, the
stability determines how quickly they digest [53]. To explore their po-
tential as oral delivery vehicles, the stability of WPU0.99@LA under
simulated gastric (SGF) and intestinal (SIF) conditions was determined,
respectively. As shown in Fig. S2, minimal changes in particle size and

Table 1
Fundamental characteristics of WPU0.99 and WPU@LA nanoparticles.

Nanoparticle Functional OH
(castor oil)

HEP MDEA NCO
(IPDI)

Appearance Z-average size
(nm)

Zeta potential
(mV)

Solids
content

Drug loading
efficiency

Encapsulation
efficiency

WPU0.89@LA 1 0.25 0.89 2.15 Translucent 122.2 23 20.7 % 14.16 % 87.8 %
WPU0.99@LA 1 0.25 0.99 2.25 Translucent 68.1 52 22.1 % 16.40 % 92.1 %
WPU1.09@LA 1 0.25 1.09 2.35 Oyster

white
78.8 27.6 19.3 % 13.16 % 75.2 %

WPU1.19@LA 1 0.25 1.19 2.45 Oyster
white

164.0 33.1 18.7 % 15.88 % 86.4 %

WPU0.99 1 0.25 0.99 2.25 Translucent 15.7 15.1 16.8 % 0 % –
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zeta potential were observed in SGF, indicating that WPU0.99@LA re-
mains stable under gastric condition. However, prolonged incubation in
SIF led to a continuous increase in zeta potential and gradual enlarge-
ment of particle size, indicating poorer stability of WPU0.99@LA under
intestinal condition. This underscores our targeted delivery approach to
ensure the predominant release of LA in the intestinal environment.

The gut harbors trillions of densely colonizing bacteria that actively
combat pathogens, a phenomenon commonly known as "colonization
resistance” [54]. Colonization resistance limits the colonization of donor
and recipient bacteria in the gut and the subsequent transfer of plasmids
[55,56]. To evaluate the efficacy of WPU0.99@LA in vivo on plasmid
conjugation, we initially treated mice with streptomycin to reduce in-
testinal microbiota, rendering mice susceptible to colonization by
exogenous donor and recipient (Fig. 4A). As expected, Fig. 4B shows a
significantly reduced colonization level of Enterobacteriaceae (below
detection limits) after one day of streptomycin treatment, indicating

abnormal changes in intestinal flora amounts and microbiota destruc-
tion. Conjugation experiments employed E. coli MQCSZ4GFP as the
donor and E. coli C600-lux as the recipient. E. coli MQCSZ4GFP
exhibited red fluorescent, while E. coli C600-lux expressed biolumines-
cent luciferase. Transconjugants displayed both green fluorescence and
luciferase activity (Fig. 4C), facilitating clear observation of conjugation
events. Colony imaging and PCR results confirmed that the IncX4
plasmid pCSZ4-sfGFP could undergo conjugative transfer within the
mammalian gut (Fig. 4D–F).

Based on pre-experiment results, both 50 mg/kg WPU0.99@LA and
10 mg/kg WPU0.99@LA reduced conjugation rates in the in vivo exper-
iment (data not shown). To explore potential factors mediating the in-
hibition of conjugation, we synthesized PU0.99 and conducted a
subsequent in vivo experiment (Table 1). Mice were administered with
10 mg/kg WPU0.99@LA, 8 mg/kg WPU0.99, 2 mg/kg LA, or sterile water,
respectively. Within the first three days post-infection, the conjugation

Fig. 2. WPU@LA nanomaterials exhibit promising pH-responsive LA release capability. (A) Schematic of the release of LA from nanoparticle WPU0.89@LA,
WPU0.99@LA, WPU1.09@LA and WPU1.19@LA under different pH conditions. (B) LA release profiles of WPU0.89@LA, WPU0.99@LA, WPU1.09@LA, and WPU1.19@LA
within 96 h.
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rates for the control group were 100 %, 100 %, and 75 %, respectively.
In contrast, for the WPU0.99@LA group, rates were 100 %, 37.5 %, and
25 %, respectively (Fig. 4G). Conjugation rates in the WPU0.99 and LA
groups were similar to those in the control group. Similarly, compared to
the control group, on day 1, the conjugation frequency in the WPU0.99
group decreased by 3.3-fold (p< 0.05), and in theWPU0.99@LA group, it
decreased by 3.0-fold (p < 0.05). However, no conjugation inhibition
was observed in the samples collected in the WPU0.99 group on day 2.
Meanwhile, compared to the control group, the conjugation frequency
in the WPU0.99@LA group decreased by 45.1-fold (p < 0.05) (Fig. 4H).

The aforementioned findings highlight the potential of WPU0.99@LA
in reducing in vivo plasmid transfer, indicating its efficacy in mitigating
plasmid dissemination within living organisms. Specifically,
WPU0.99@LA could effectively deliver LA to the site of plasmid conju-
gation. LA exerts inhibitory effects on VirB11 activity and the expression
of its associated genes [20,21]. This inhibition can potentially lower ATP
levels, thereby hindering plasmid transfer. Consequently, the inhibitory
effect of WPU0.99@LA can be attributed to the synergy between LA and
the responsive-release WPU0.99 carrier.

3.5. WPU0.99@LA demonstrates excellent biocompatibility

As conjugation inhibitors act preventively without directly triggering
therapeutic responses, their practical application requires administra-
tion in the mammalian intestine, where plasmid conjugation occurs
[57]. Therefore, the conjugation inhibitor must demonstrate favorable
biosafety upon entering the human or animal body through the digestive
system [57,58]. Initially, an acute toxicity assay was conducted to
evaluate the safety of WPU0.99@LA in vivo. The results indicated that the
LD50 value for WPU0.99@LA in C57BL/6J mice exceeded 5000 mg/kg,
with no deaths observed among the 10 mice tested (Fig. S3).

Subsequently, treatment biosafety was evaluated by monitoring

changes in body weight and examining organ tissue sections using H&E
staining (Fig. 5A). Throughout the experiment, mice receiving 10 mg/
kg/day WPU0.99@LA did not exhibit significant differences in body
weight compared to those receiving sterile water (Fig. 5B). Since organs
involved in digestion and metabolism often encounter and accumulate
chemicals [59]. We pathologically examined the liver, kidney, spleen,
stomach, duodenum, and colon of treated mice using H&E staining.
Fig. 5C shows that no damage or inflammation was evident in these
organs of mice treated with WPU0.99@LA. These findings underscore the
excellent biosafety profile of WPU0.99@LA, confirming its suitability for
in vivo use in conjugation inhibition.

3.6. WPU0.99@LA maximally maintains the gut microbiota homeostasis

The composition of the microbiota in the mammalian gut is intri-
cately linked to both health and disease [60,61]. To assess the impact of
WPU0.99@LA exposure on the gut microbiota of mice, we conducted 16S
rRNA gene sequencing. A total of 294 operational taxonomic units
(OTUs) were identified across all samples from the biosafety assay, with
185 unique OTUs in the control group and 151 in the WPU0.99@LA
group (Fig. 6A). α-diversity was assessed using the Chao1 and Shannon
indexes, revealing no significant difference between the two groups
[62]. Principal Coordinates Analysis (PCoA) based on Unweight-
ed_Unifac and Bray-Curtis distance indicated a tendency of separation
between the two groups (Fig. 6B–F), suggesting differences in the overall
structure of gut microbiota [63]. At the phylum level, 8 phyla were
detected in all samples, including Bacteroidetes, Firmicutes, Actino-
bacteria, Verrucomicrobia, Proteobacteria, TM7, Tenericutes, and
Deferribacteres (Fig. 6G). Predominantly, Bacteroidetes, Firmicutes,
Actinobacteria, and Verrucomicrobia were observed among the gut
microbiota from all tested animals. The Firmicutes/Bacteroidetes ratio is
an important parameter for evaluating the distribution of gut microbiota

Fig. 3. In vitro cytotoxicity of WPU@LAs. Cell proliferation rate (%) of Caco-2 cells (A) and IPEC-J2 cells (B) after the treatment with WPU0.89@LA, WPU0.99@LA,
WPU1.09@LA and WPU1.19@LA nanoparticles for 24 h. (C) Live/dead cell staining of Caco-2 cells using 100 μg/ml test samples. scale bar: 250 μm.
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Fig. 4. WPU0.99@LA improves the inhibition of conjugation of mcr-1-harboring IncX4 plasmid in vivo. (A) The study protocol including streptomycin pre-
treatment, donor and recipient inoculation, and mice with the following treatments: sterile water, 2 mg/kg/day LA, 8 mg/kg/day WPU0.99 and 10 mg/kg/day
WPU0.99@LA. (B) Enterobacteriaceae depletion followed by CFU counts from feces of mice treated with 5 g/L streptomycin. (C) Development of fluorescence-based
strains to monitor transfer of plasmid in vivo. Isolated transconjugants were plated on selective media and grown at 37 ◦C for 24 h. (D) Representative biolumi-
nescence images of transconjugants in the bioluminescence channel. (E) Representative green fluorescence (GFP) images of transconjugants in the GFP channel. (F)
Colony PCR for the mcr-1 gene using mcr-F and mcr-R as specific primers. Line1-12: PCR product for transconjugants colony; Line13, PCR product for donor (E. coli
MQCSZ4GFP); Line13, PCR product for recipient (E. coli C600-lux). (G) Conjugation rates and (H) Conjugation frequency in response to sterile water, 2 mg/kg/day
LA, 8 mg/kg/day WPU0.99 and 10 mg/kg/day WPU0.99@LA. Filled icons show individual values for each dataset. Bar graphs represent the average and error bars the
standard deviation of the data set. n = 8, *, p < 0.05.
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[64]. Firmicutes/Bacteroidetes ratio and the relative abundance of
Bacteroidota, Firmicutes, Actinobacteria, Verrucomicrobia, and Pro-
teobacteria did not significantly differ between the WPU0.99@LA and
control group (Fig. 6H–N). These findings suggest that WPU0.99@LA

maintains gut microbiota homeostasis effectively.
Despite these findings, our study has several limitations. Firstly, our

research solely focused on the inhibitory effect of the WPU0.99@LA
nanoparticle on the IncX4 plasmid. Additionally, we investigated the

Fig. 5. WPU0.99@LA demonstrates excellent biocompatibility. (A) Schematic illustration of the workflow of animal experiments. (B) Body weight alteration of
mice received the sterile water and WPU0.99@LA. (C) Pathological examination of liver, kidney, spleen, stomach, duodenum and colon of mice received sterile water
and WPU0.99@LA, scale bar: 250 μm. n = 5, *, p < 0.05.
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plasmid conjugation inhibition effect of WPU0.99@LA in a mouse model
with disrupted gut microbiota. Future studies should broaden the scope
of investigation by exploring the inhibitory effects of WPU0.99@LA
nanoparticles on a diverse range of AMR plasmids in vivo. Additionally,
examining the conjugation inhibition efficacy of WPU0.99@LA in animal
models with intact gut microbiota would enhance the translational
relevance of our findings. Addressing these aspects will contribute to a
more comprehensive understanding of the potential applications of
WPU0.99@LA in combating antimicrobial resistance. Nevertheless, this

study provides robust proof of concept evidence, supporting that
WPU0.99@LA hold significant potential in controlling the spread of
antibiotic resistance within the mammalian intestine.

4. Conclusions

In summary, the WPU0.99@LA nanoparticle was engineered as a pH-
responsive polyurethane system, showcasing its capability for the pre-
cise delivery of LA. This innovative nanoparticle demonstrated

Fig. 6. WPU0.99@LA maximally maintains the gut microbiota homeostasis. Operational taxonomic units (OTUs) (A), Shannon index (B), chao1 index (C),
Unweighted UniFrac principal coordinate analysis (PCA) (D), Bray Curtis (E), Bray Curtis distances (F) of the microbial composition for two groups. (G) The relative
abundance of cecal bacteria at the phylum level. The Firmicutes/Bacteroidota ratio (H), the relative abundance of cecal Bacteroidota (I), Firmicutes (J), Actino-
bacteria (L), Verrucomicrobia (M) and Proteobacteria (N). n = 5 mice/group. *, p < 0.05.
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effectiveness in combating the HGT of ARG-bearing plasmids within the
mammalian intestine. Overall, WPU0.99@LA exhibited a superior safety
profile and offers insights for mitigating the spread of AMR in vivo.
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Abstract

The co‐occurrence of plasmid‐mediated multidrug resistance and hypervirulence in epidemic carbapenem‐resistant
Klebsiella pneumoniae has emerged as a global public health issue. In this study, an ST23 carbapenem‐resistant hyper-
virulent K. pneumoniae (CR‐HvKP) strain VH1‐2 was identified from cucumber in China and harbored a novel hybrid plasmid
pVH1‐2‐VIR. The plasmid pVH1‐2‐VIR carrying both virulence and multidrug‐resistance (MDR) genes was likely generated
through the recombination of a virulence plasmid and an IncFIIK conjugative MDR plasmid in clinical ST23 18622 isolated
from a sputum sample. The plasmid pVH1‐2‐VIR exhibited the capacity for transfer to the clinical ST11 carbapenem‐resistant
K. pneumoniae (CRKP) strain via conjugation assay. Acquisition of pVH1‐2‐VIR plasmid directly converted a CRKP into
CR‐HvKP strain characterized by hypermucoviscosity, heightened virulence for Galleria mellonella larvae, and increased
colonization ability in the mouse intestine. The emergence of such a hybrid plasmid may expedite the spread of CR‐HvKP
strains, posing a significant risk to human health.

Keywords: conjugative virulence plasmid; CR‐HvKP; hybrid plasmid; Klebsiella pneumoniae; ST23

Impact statement
An ST23 carbapenem‐resistant and hypervirulent K. pneumoniae (CR‐HvKP) strain VH1‐2 was detected from cucumber in
China. VH1‐2 was observed to possess a hybrid virulence plasmid, pVH1‐2‐VIR, which may have arisen from the re-
combination of a virulence plasmid and an IncFIIK conjugative MDR plasmid in clinical ST23 18622 from a sputum sample.
The hypervirulent plasmid pVH1‐2‐VIR was proficient in conjugative transfer to clinical ST11 CRKP, leading to an escalation
in virulence and colonization levels. The appearance of such plasmids can be worrisome, which necessitates vigilant
observation of their prevalence in the food chain.

INTRODUCTION
Klebsiella pneumoniae is a significant constituent of the
human gut microbiota, yet it also serves as a prominent
causative agent of invasive nosocomial infections including
pyogenic liver abscesses that pose a substantial clinical
treatment across the globe, particularly in Asia1. Clinical

K. pneumoniae strains have undergone a transformation
into hypervirulent K. pneumoniae (HvKP) (initially detected
in Taiwan, China in 2002) and carbapenem‐resistant
K. pneumoniae (CRKP), both of which are currently preva-
lent in Asia2–4. Infection by HvKP strains is the cause of
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FIGURE 1 (Continued)
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significant life‐threatening liver abscesses or pneumonia
thereby resulting in a high morbidity and mortality5. CRKP
strains are responsible for the majority of (70%–90%)
clinical carbapenem‐resistant Enterobacteriaceae (CRE)
infections in several countries including China6. This has
resulted in untreatable or difficult‐to‐treat infections and
poses a pressing public health concern globally. For-
tunately, most HvKP strains as of now are susceptible to
antibiotic therapy.

A significant threat to animal and human health is the
acquisition of a carbapenemase‐encoding plasmid by an
HvKP strain, which results in a carbapenem‐resistant HvKP
(CR‐HvKP)7,8. A fatal outbreak caused by ST11 CR‐HvKP
strains carrying a pLVPK‐like hypervirulence plasmid was
reported in China3 and subsequent CR‐HvKP infections
have been documented9,10. It was recently discovered that
the integration of carbapenemase gene blaKPC‐2 into an
HvKP virulence plasmid, along with the capsular poly-
saccharide (CPS) regulator rmpA2, had resulted in the
emergence of hyper‐resistance and hyper‐virulence phe-
notypes8. Fortunately, this plasmid was determined to be
nontransferable even though it was mobilizable. A recent
discovery in China revealed the insertion of a transposon
element carryingblaCTX‐M‐24 into a pLVPK‐like hyper-
virulence plasmid in an ST23 CR‐HvKP11. However, the
nonconjugative characteristic of pLVPK‐like virulence
plasmids has constrained the dissemination levels of CR‐
HvKP. The greatest concern, however, is a hybrid virulence
plasmid that is conjugative. Moreover, composite pLVPK
and IncFIB plasmid has been detected in a clinical Kleb-
siella variicola isolate, suggesting a potential for increased
dissemination of CR‐HvKP12. All previously reported
CR‐HvKP strains have been isolated solely from hospi-
talized patients with no instances from animals, environ-
ment, or retail food.

The current safety status of the food chain has attracted
significant public attention due to contamination risks and its
potential to act as a reservoir for antibiotic resistance genes
(ARGs). Numerous studies have reported a high prevalence
of antibiotic‐resistant bacteria in the global food chain,
particularly in retail13–15. CRE are also frequently detected in
retail meat with some new isolates carrying both blaNDM type
carbapenemases and the mobilized colistin resistance gene
mcr‐116. The safety of fresh vegetables has also become a
growing concern due to the rising number of foodborne
disease outbreaks linked to contaminated vegetables. These
infections are often caused by bacteria exhibiting hyper‐
resistance and hyper‐virulence phenotypes, such as Shiga
toxin‐producing Escherichia coli (STEC), which encoded
ESBL in sprouts in Germany in 201117. In our previous study,

two CRKP isolates were found in ready‐to‐eat vegetables but
the virulence potential of these isolates is currently un-
known18.

The current study presents novel findings on the iden-
tification of a conjugative virulence plasmid (undergone
hybridization) with a conjugative IncFII MDR plasmid
(isolated from cucumber). Acquisition of this virulence
plasmid was observed to understand the level of virulence
and intestinal colonization.

RESULTS
Genome sequence analysis of K. pneumoniae
strains VH1‐2 and 18622
Between May and November 2017, the CR‐HvKP ST23
strains 18622 and VH1‐2 were obtained from an inpatient
sputum sample and cucumber, respectively, in the Qingdao
region of Shandong province, China. These strains exhibited
highly similar pulsed‐field gel electrophoresis (PFGE) patterns
(Figure S1). ARG and virulence gene analysis indicated a
significant degree of relatedness between strain 18622 and
VH1‐2 (Table S1). Altogether, these findings indicate that
VH1‐2 and 18622 are phylogenetically closely related.

Whole genome sequencing (WGS) analysis of the ge-
nomes of these two strains revealed the presence of three
and four plasmid types in VH1‐2 and 18622, respectively
(Figure 1A). Isolate 18622 contained blaKPC‐2 on an F35:A‐:B1
type plasmid pCRKP18622‐KPC (134,794 bp, Genbank
Accession No. CP027866), which carried aac(6′)‐Ib, blaTEM‐

1B, blaCTX‐M‐14, aac(6′)‐Ib‐cr, cmlA1, and iucABCD‐iutA. No-
tably, isolate VH1‐2 from cucumber contained a highly similar
blaKPC‐2‐bearing F35:A‐:B1 type plasmid. The backbone of
both blaKPC‐2‐bearing plasmids was organized similar to
plasmid p2246‐CTXM (Genbank Accession No. KX646543)
carrying blaCTX‐M‐14 from Shigella boydii. The primary com-
ponent of the multidrug‐resistant (MDR) region on
pCRKP18622‐KPC was blaKPC‐2 and blaCTX‐M‐14. The blaKPC‐2
was located in the ΔTn6296 that inserted at a site down-
stream of ISKpn26 in both strains 18622 and VH1‐2 and
differed from the site in p112298‐KPC (Genbank Accession
No. NZ_KP987215). The blaCTX‐M‐14 transposition unit was
flanked by 5 bp direct repeats (DRs) at both ends, located
downstream of blaKPC‐2 and inserted on a reverse ΔTn1721
on plasmid pCRKP18622‐KPC. However, the blaCTX‐M‐14

transposition unit was truncated and further disrupted by
ΔIn153 and IS26 elements on plasmid pVH1‐2‐KPC, resulting
in the minor differences between pVH1‐2‐KPC and
pCRKP18622‐KPC (Figure 1B).

Numerous virulence genes were identified on the plasmids in
both strains and VH1‐2 possessed rmpA, iroBCDN, iucABCD‐
iutA, and rmpA2 on a 346,781 bp IncHI1B‐FIIK2‐FIB(K)

Figure 1. Genome sequence analysis of Klebsiella pneumoniae strains VH1‐2 and 18622. (A) Species, sources, and chromosome sizes of the
CRKP isolates. (B) Comparison of plasmids pCRKP18622‐KPC, pVH1‐2‐KPC, and p112298‐KPC. (C) Circular comparison of plasmid pVH1‐2‐
VIR, pCRKP18622‐VIR, and pCRKP18622‐2. The plasmid pVH1‐2‐VIR located at the innermost circle was used as the reference plasmid to
perform sequence alignment with BLASTn by the BRIG software. Genetic regions associated with virulence are highlighted in cyan. (D) Linear
alignment of complete plasmid sequences of pR210‐2‐CTX, pCRKP18622‐2, and pRes_C2051_ESBL. Genes are denoted by arrows and
colored based on function classification. Shaded regions denote shared regions of homology (95% nucleotide identity). (E) Linear alignment of
complete plasmid sequences of pVir‐CR‐HvKP4, pCRKP18622‐VIR, and pKP70‐2.
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(A)

(B) (B)

(D)

Figure 2. Prevalence of pVH1‐2‐VIR‐like plasmids. (A) Phylogenetic structures, MLST, antibiotic resistance phenotypes, ARGs, and virulence
genes of CRKP isolates. Isolate location and sources are indicated. Red and blue squares represent positivity for resistance phenotypes and
resistance genes, respectively. Purple squares represent positivity for virulence genes. AMP, ampicillin; CTX, cefotaxime; MEM, meropenem. (B)
Sequence alignment of virulence plasmids harboring rmpA and rmpA2 in the 23 clinical CR‐HvKP strains of different STs used in this study. The
346.781 kb virulence plasmid pVH1‐2‐VIR found in this study is used as a reference and genetic regions associated with virulence are highlighted in
green. (C) Schematic depicting for investigating potential pVH1‐2‐VIR‐like plasmids. Primers 3 and 5 were used to amplify hybrid regions. (D) PCR
confirmed the presence of the pVH1‐2‐VIR‐like plasmids in CRKP isolates. CRKP, carbapenem‐resistant K. pneumoniae.
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plasmid designated as pVH1‐2‐VIR, which also carried ARGs for
β‐lactams (blaCTX‐M‐15, blaTEM‐1C), fluoroquinolones (qnrB6, aac
(6′)‐Ib‐crcr), aminoglycosides (aadA16), rifampicin (arr‐3), sulfo-
namides (sul1), macrolide (mph(A)), and trimethoprim (dfrA27).
Interestingly, the virulence plasmid pVH1‐2‐VIR covered all the
regions of both the IncFIIK resistance plasmid (pCRKP18622‐2)
and the IncFIB(K)‐IncHI1B virulence plasmid (pCRKP18622‐VIR)
and carried the ARGs aadA16, blaCTX‐M‐15, blaTEM‐1C,
aac(6′)‐Ib‐cr, qnrB6, mph(A), arr‐3, sul1, dfrA27 as well as viru-
lence genes iucABCD‐iutA, iroBCDN, rmpA, and rmpA2, re-
spectively (Table S1). Moreover, sequence comparisons
indicated that the virulence plasmid pVH1‐2‐VIR was formed by
the fusion of pCRKP18622‐2 and pCRKP18622‐VIR carried by
strain 18622 (Figure 1C).

The backbone of plasmids pR210‐2‐CTX (Genbank Ac-
cession No. CP034085) and pRes‐C2051‐ESBL (Genbank
Accession No. CP073922) from K. pneumoniae in the Gen-
Bank database were similar to pCRKP18622‐2, especially for
pRes‐C2051‐ESBL. Compared with pCRKP18622‐2, the
plasmid pRes‐C2051‐ESBL was inserted with a 5036 bp hp‐
korc‐hp‐fesH‐hp fragment and a 9221 bp MDR region medi-
ated by IS26 in two identical directions. In particular, a
10,971 bp tetracycline resistance gene region flanked by
TnAS1 and IS26 in two opposite directions was inserted in
plasmid pRes‐C2051‐ESBL (Figure 1D). The conjugative
transfer regions including tra and trb genes were identified in
the plasmid pCRKP18622‐2 and pVH1‐2‐VIR (Figure 1C,D).

An identical multidrug resistance region (MRR) of
29,479 bp containing blaCTX‐M‐15, aac (6′)‐Ib‐cr and qnrB6 as
well as another six ARGs were found in both pVH1‐2‐VIR
and pCRKP18622‐2 and both harbored virulence genes
iucABCD‐iutA, iroBCDN, rmpA, and rmpA2. In the GenBank
database, there was no highly similar plasmid to pVH1‐2‐VIR
whereas pKP70‐2 (Genbank Accession No. MF398271) from
a clinical CR‐HvKP isolate in China showed the highest
similarity to pCRKP18622‐VIR in this study. The minor dif-
ferences between these two plasmids were two unique re-
gions and a segment of 3645 bp franked by two IS102 in the
same orientation was inserted in pCRKP18622‐VIR. Fur-
thermore, an MDR region of 14,780 bp flanked by two IS26
elements containing 8 bp DRs (CTAAAATT) in the same ori-
entation was inserted between the backbone region in
pKP70‐2, suggesting that the insertion of this MDR region
into the virulence plasmid pCRKP18622‐VIR was mediated
by IS26 to form pKP70‐2 (Figure 1E).

Prevalence of pVH‐2‐VIR‐like plasmids
To investigate the prevalence of such virulence plasmid, we
retrospectively screened 45 clinical CRKP strains collected
from Qingdao, Beijing, and Kunming in China in 2017–2018.
All the 45 clinical CRKP strains that carried blaKPC‐2 and 23
(51.11%) possessed the virulence plasmids harboring rmpA
and rmpA2. Both the CRKP isolates (1742 and 1743) from
Beijing were CR‐HvKP, possessing rmpA and rmpA2, and
21/45 (46.67%) clinical CRKP strains were classified as CR‐
HvKP. WGS analysis indicated that five different ST types

were present in the 23 clinical CR‐HvKP strains, among
which ST11 (10 strains) and ST23 (10 strains) were the most
prevalent (Figure 2A). We also found that all ST11 and
ST1764 CR‐HvKP strains lacked the clbA‐S virulence gene
cluster, which was found in all examined ST23 and ST65
clinical CR‐HvKP strains. Of note, all 23 CR‐HvKP strains
carried the gene cluster iucABCD‐iutA, which was also lo-
cated in the virulence plasmid pVH1‐2‐VIR harboring rmpA2,
and genes ybtA/E/P/Q/S/T/U/X were found in 42 clinical
CRKP strains (Figure 2A).

Owing to its hybrid nature encompassing both the
virulence plasmid pCRKP18622‐VIR and resistance plasmid
pCRKP18622‐2, the 346.781 kb virulence plasmid pVH1‐2‐
VIR was aligned to pVH1‐2‐VIR in 47 CR‐HvKP strains
of varying STs. A retrospective analysis of clinical records
revealed that the plasmid contigs within the ST23 strains
covered nearly all regions of pVH1‐2‐VIR (Figure 2B) in-
dicating that CR‐HvKP from patients exhibited similarity with
those from ready‐to‐eat vegetables.

To further investigate the prevalence of the pVH1‐2‐VIR‐
like plasmid, two pairs of primers were designed to target the
hybrid region for PCR amplification and sequencing
(Figure 2C). The results of the PCR amplification and
sequencing confirmed that four ST23 isolates from hospital
patients in Qingdao, Shandong province, China (DH33,
DH29, DH28, and VH1‐2) were positive for the hybrid region
(Figure 2D). This indicated that the occurrence of pVH1‐2‐
VIR‐like virulence plasmids was not limited to VH1‐2 but was
also present in other clinical ST23 CRKP strains.

The pVH1‐2‐VIR plasmid contributes to
hypervirulence in clinical ST11 CRKP
Given that ST11 has been the predominant CRKP type
in China and the majority of ST11 CRKP strains are not
hypervirulent, conjugation experiments were conducted to
assess the potential hazard of the pVH1‐2‐VIR plasmid using
a clinical ST11 strain as the recipient. The results of the
conjugation experiments demonstrated that the pVH1‐2‐VIR
plasmid was transmissible to ST11 CRKP1332 from VH1‐2 at
a conjugative frequency of 2.2 ± 0.56 × 10−6. Of note, the
transconjugant 1332 demonstrated resistance to amikacin
while remaining susceptible to rifampicin whereas VH1‐2
exhibited resistance to rifampicin but remained susceptible
to amikacin. MIC tests demonstrated that the acquisition
of pVH1‐2‐VIR resulted in resistance to amikacin and
rifampicin, indicating the successful transfer of pVH1‐2‐VIR
into strain 1332. Additionally, both 1332/pVH1‐2‐VIR
and 1332 exhibited comparable susceptibilities to mer-
openem, rifampicin, fosfomycin, gentamicin, ciprofloxacin,
tetracycline, and doxycycline (Tables S2 and S3).

Interestingly, the growth curves of the transconjugant
1332/pVH1‐2‐VIR and donor were indistinguishable
(Figure 3A). This indicated that the introduction of pVH1‐2‐
VIR plasmid did not alter the normal growth of donor 1332.
Moreover, since plasmids can introduce fitness costs to their
hosts, we performed a quantitative evaluation of the fitness
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(A) (B)

(C) (D)

(E)

(F)

Figure 3. The pVH1‐2‐VIR plasmid contributes to hypervirulence to clinical ST11 CRKP. (A) Growth curve of 1332 and 1332/pVH1‐2‐VIR
(n = 3). (B) Relative fitness of pVH1‐2‐VIR plasmid carrying clones compared with pVH1‐2‐VIR‐free clones obtained by competition assays. Bars
represent normalized relative fitness after subtracting the effect of pVH1‐2‐VIR (n = 3). (C) String length observed in tested CRKP isolates (n = 3).
(D) Virulence potential of CRKP isolates tested in a Galleria mellonella infection model. Survival of mice infected with 5 × 105 CFU of each
Klebsiella pneumoniae at 48 h is shown (n = 12). (E) Experimental setup for the intestinal colonization assay. (F) Colonization levels of CRKP
isolates in feces at Days 1 to 5 after infection (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001. CFU, colony‐forming unit; CRKP, carbapenem‐resistant
K. pneumoniae; nd, not detected.
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costs linked to pVH1‐2‐VIR carriage. We carried out a com-
petition between isogenic 1332/pVH1‐2‐VIR and 1332
clones. However, the outcomes of these assays indicated
that pVH1‐2‐VIR introduced only minor fitness costs
(Figure 3B).

The virulence potentials of strains 18622, VH1‐2, 1332,
and 1332/pVH1‐2‐VIR were also assessed through viscous
string assay and the G. mellonella larvae survival assay.
Plasmid HVKP4 was used as a hyper‐virulence control and
FJ8 as a low‐virulence control18. We found that both FJ8
and 1332 generated viscous string <0.5 cm, indicating a
low‐mucoviscous phenotype. In contrast, HVKP4, 18622,
VH1‐2, and 1332/pVH1‐2‐VIR exhibited a higher degree of
mucoviscosity with strings >0.5 cm compared to the low‐
virulence control FJ8 (Figure 3C). The virulence potential
using G. mellonella larvae indicated that inoculation with
5 × 105 CFU of VH1‐2 strain resulted in a mortality of
91.67% at 48 h and this surpassed that of the hyper-
virulent control strain HVKP4 (83.33% mortality) and was
significantly higher than the low‐virulence control strain
FJ8 (0% mortality).

The inoculation of G. mellonella larvae with 5.0 × 105 CFU
1332/pVH1‐2‐VIR resulted in a mortality rate of 83.33% at
48 h and was comparable to that of HVKP4 but higher than
that of 1332 (12.67%, p < 0.001). These findings provide
further evidence that the acquisition of the pVH1‐2‐VIR
plasmid by the ST11 CRKP strain 1332 facilitated its trans-
formation into a hypervirulent strain. In contrast, strain 18622
displayed a lower degree of mucoviscosity (p < 0.01) and
mortality (50%, p < 0.05) compared to VH1‐2, suggesting that
its virulence level may be lower than that of the VH1‐2 strain
(Figure 3D).

The process of gastrointestinal colonization plays a crucial
role in the development of healthcare‐associated infections
caused by K. pneumoniae strains19. To assess the colo-
nization potential of CRKP strains, a streptomycin‐treated
mouse model was utilized. Interestingly, despite the seem-
ingly low virulence of strain FJ8, its colonization level was
found to be significantly high in the mouse model. Specifi-
cally, infection with either 5 × 105 VH1‐2 or 1332/pVH1‐2‐VIR
at 5 days postinfection (dpi) resulted in a colonization level of
4.28 × 108 and 3.12 × 107 CFU/g, respectively. However,
CRKP strain 1332 was not detected in the feces at 5 dpi. The
data indicated that the presence of a pVH1‐2‐VIR plasmid in
1332 resulted in an elevated level of colonization whereas
18622 demonstrated a slightly lower level of colonization
compared to VH1‐2 (Figure 3E).

DISCUSSION
The incidence of CR‐HvKP strains has been on the rise,
particularly in China12,20. Previous reports have indicated that
the carbapenemase gene blaKPC‐2 and virulence genes
rmpA/rmpA2 were typically situated on separate plasmids in
most of CR‐HvKP strains3,21. Plasmids carrying blaKPC‐2, for
example pVH1‐2‐KPC, were frequently found to be trans-
ferable6,22. Whereas hypervirulence plasmids, for example
pLVPK‐like plasmids, often lacked conjugative regions like

tra20. These findings prompted the hypothesis that hyper-
virulent plasmids present in clinical HvKP strains lacked
conjugative properties. Consequently, the formation of
CR‐HvKP was believed to primarily occur via conjugative
blaKPC‐2 plasmid acquisition from HvKP strains. Although
pLVPK‐like virulence plasmids were initially deemed non-
conjugative, a recent investigation revealed that virulence
plasmids could mobilize independently or in conjunction with
a helper plasmid at a lower rate23. Furthermore, the non-
conjugative virulence plasmid could be supplied with transfer
functions from a conjugative plasmid during conjugation and
mobilize at a higher frequency24.

Previous reports have indicated that ARGs, such as
blaCTX‐M

11 and blaKPC‐2
8, are colocated on pLVPK‐like plas-

mids. However, these plasmids are devoid of conjugative
regions. In contrast to previously identified virulence plas-
mids, a novel conjugative virulence plasmid was recently
identified in K. variicola, which integrated a 100 kb virulence
fragment into a conjugative IncFIB plasmid. This plasmid was
capable of being transferred to various Klebsiella strains via
conjugation but did not harbor any ARGs12. In scattered
clinical CRKP strains, 11 virulence plasmids were identified
that were potentially capable of conjugation and contained
the transfer region of plasmid IncFII, that is, tra genes. In
addition, most of these plasmids also harbored ARGs25,26

while only two have been demonstrated to be transferable.
Recently, a conjugative hybrid plasmid of 479 kb was re-
ported in a clinical ST15 CR‐HvKP in China. This plasmid
shared regions from a 290 kb virulence plasmid and a con-
jugative MDR plasmid (188 kb), both of which are present in
another clinical ST15 CR‐HvKP27.

There have been recent increases in the incidence of
foodborne illnesses caused by contaminated vegetables.
This is compounded by the presence of hypervirulent MDR
organisms in ready‐to‐eat vegetables and poses a sig-
nificant food safety concern. The current study aims to
characterize a CR‐HvKP strain associated with foodborne
transmission. We identified an ST23 CR‐HvKP strain from
cucumber that harbored a 347 kb conjugative hybrid viru-
lence plasmid. This plasmid was likely formed through the
recombination of a virulence plasmid (228 kb) and an IncFIIK
conjugative MDR plasmid (111 kb) present in clinical ST23
CRKP strains. The virulence plasmid (pVH1‐2‐VIR) con-
tained IncFIIK, IncFIB(K), and IncHI1B replicons as well as
transfer regions tra and trb. These three types of Inc plas-
mids are predominantly distributed among Enter-
obacteriaceae, including E. coli, K. pneumoniae, Shigella
flexneri, and Salmonella enterica Typhimurium28–30. Our
conjugation assays demonstrated the transferability of the
pVH1‐2‐VIR plasmid to the widely prevalent clinical ST11
CRKP strain. Our conjecture is that these virulence plasmids
have the potential to directly disseminate among bacterial
pathogens, especially Enterobacteriaceae, resulting in the
simultaneous expression of phenotypic carbapenem re-
sistance and high‐level virulence. This could pose a sig-
nificant threat to human health through the food chain. To
the best of our knowledge, this is the first documented
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report of this type of particularly hypervirulent MDR plasmid,
particularly in the context of the food chain.

The ST23 clonal group is associated with hypervirulence
and has been identified as a prevalent ST in clinical
K. pneumoniae across several countries including China31.
Examination of virulence genes in CR‐HvKP revealed that all
ST23 CR‐HvKP strains contained nearly all virulence genes,
resulting in heightened virulence compared to other STs. This
finding further supports the notion that ST23 clonal group
members are highly virulent. In addition, our findings in-
dicated that CR‐HvKP strains (specifically ST23 VH1‐2) that
possess virulence plasmids containing CPS regulatory
genes, exhibit greater virulence than CRKP strains lacking
such plasmids. This was indicated quantitively here using
G. mellonella assays. The hypervirulent potential of the
foodborne strain VH1‐2 and its virulence plasmid trans-
conjugant was assessed using the string test, a widely used
method for identifying HvKP strains31. The results confirmed
that VH1‐2 and its transconjugants exhibited high levels of
virulence and provided additional evidence that the acquis-
ition of a conjugative hypervirulent plasmid by ST11 1332
contributed to the observed increase in virulence.

The cocarriage of ARGs and virulence factors within a
singular virulence vector can facilitate the concurrent trans-
mission of both traits, thereby promoting the rapid emer-
gence and dissemination of multidrug‐resistant hypervirulent
K. pneumoniae (MDR HvKP) strains32. Our results of colo-
nization assay further confirmed that the acquisition of the
virulence plasmid could augment mammalian colonization,
thereby posing an unprecedented threat to human health via
the food chain. Notably, VH1‐2 exhibited a greater degree of
virulence and colonization relative to 18622, suggesting that
the fusion of the two plasmids enhanced not only virulence
but also bacterial colonization. However, the underlying
mechanisms remain unclear and require further investigation.

In brief, this study delineated the emergence of an in-
frequent conjugative MDR hypervirulent plasmid in an ST23
CR‐HvKP strain isolated from fresh cucumber. This con-
jugative plasmid has the potential to directly disseminate into
human CRKP and contribute to augmented virulence and
colonization, thereby posing an unparalleled risk to human
health through the food chain. The emergence of conjugative
MDR hypervirulent plasmids in pathogens found in ready‐to‐
eat food is a concerning trend and it is imperative to closely
monitor the prevalence of such plasmids among clinical
strains and the food chain.

MATERIALS AND METHODS
Bacterial strains antimicrobial susceptibility
testing and PFGE typing
In 2017–2018, a total of 47 isolates were obtained from in-
patient sputum and cucumber samples in Qingdao (n = 44),
Beijing (n = 2), and Kunming (n = 1), China. The agar dilution
method was used to determine the minimum inhibitory
concentrations (MIC) for meropenem, cefotaxime, ampicillin,
fosfomycin, amikacin, ciprofloxacin, gentamicin, tetracycline,

trimethoprim/sulfamethoxazole, rifampicin, and florfenicol.
The results were interpreted in accordance with the Clinical
and Laboratory Standards Institute (CLSI) guidelines.
Broth microdilution method was used to examine the MIC
of tigecycline. E. coli ATCC 25922 was used as a quality
control strain. Clonal relationships of VH1‐2 and 18622 were
investigated using PFGE of XbaI‐digested genomic DNA as
previously described33.

WGS and phylogenetic analysis
WGS was conducted on 47 selected isolates using the
Illumina MiSeq system (Illumina), and the paired‐end Illumina
reads were assembled using SPAdes v3.6.234. ARG was
identified via ResFinder 3.1 (https://cge.cbs.dtu.dk/services/
ResFinder/) while transposon and insertion sequence (IS)
elements were predicted using ISfinder (https://www-is.
biotoul.fr). The prediction of virulence genes was facilitated
with the Virulence Factor Database (http://www.mgc.ac.cn/
VFs/). The genome was annotated through the Prokaryotic
Genome Annotation Pipeline server. The BLASTn algorithm,
integrated in BLAST ring image generator (BRIG) Version
0.95 was employed for sequence comparisons and map
generation35. In addition, EasyFig. 2.1 (BLASTn, default set-
ting) was utilized for the linear comparison of plasmids36.

Identification of pVH1‐2‐VIR‐like plasmid
The CRKP isolates were screened for the presence of pVH1‐
2‐VIR‐like hybrid plasmid using primers F3: 5′‐GCACTCCG
GAATACATACTGATG‐3′, F5: 5′‐GCAAAAAGGGCGTGAACT
TCAGG‐3′. The samples were run with the following PCR
program: 95°C 3min, 95°C 15 s–55°C 15 s–72°C 1min for
30 cycles, 72°C 5min. The presence of the targeted gene
was confirmed by Sanger sequencing.

Conjugation experiments
The conjugation experiments were conducted following
previously established protocols with minor modifications37.
Specifically, the donor VH1‐2 (ST23, rifampicin‐resistant) and
recipient K. pneumoniae 1332 (ST11, amikacin‐resistant)
were each inoculated into 5ml of LB broth at a concen-
tration of 108 colony‐forming units (CFU)/ml and incubated at
37°C. After 6 h of liquid mating, the mixed suspension was
subjected to serial dilutions and plated on selective media as
follows: (1) LB agar supplemented with rifampicin (128 µg/ml)
and amikacin (64 µg/ml) for the enumeration of trans-
conjugants; (2) LB agar containing amikacin (64 µg/ml) for the
calculation of recipient cells. The identity of transconjugants
was confirmed by PCR assays and ERIC‐PCR38. Conjugative
frequency was calculated as: γ = T/R, T and R represent the
number of transconjugants and recipients per milliliter, re-
spectively39. The experiment was performed in triplicate.

Growth curves
The bacterial cells of K. pneumoniae 1332 and 1332/pVH1‐2‐
VIR were cultured overnight and subsequently adjusted to a
concentration of 5 × 105 CFU/ml with LB broth. The cultures
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were then incubated at 37°C with shaking at 180 rpm.
Growth curves were generated by measuring the optical
density at 600 nm for a duration of 10 h utilizing an EnSight
Multimode Microplate Reader (PerkinElmer). Prism 8 soft-
ware (GraphPad) was employed to construct the growth
curves.

Competition assay
The K. pneumoniae 1332 and 1332/pVH1‐2‐VIR strains were
cultured overnight, washed, and resuspended in LB broth.
Subsequently, the cultures were combined in a 1:1 ratio and
inoculated at a 1:100 dilution. The resulting mixtures were in-
cubated at 37°C for 1, 2, 3, 4, and 5 days. Following incubation,
LB agar supplemented with or without rifampicin (128 µg/ml)
was utilized to plate dilutions of the bacterial mixture, enabling
differentiation between the rifampicin‐resistant 1332/pVH1‐2‐
VIR and 1332 strains. Relative fitness was calculated as
the ratio of Malthusian parameters W = log10(1332/pVH1‐2‐VIR
end/1332/pVH1‐2‐VIRstart)/log10(1332end/1332start) as previously
described40. Three independent competition experiments were
performed to calculate the Malthusian parameters.

String tests
The methodology for the string test was executed in ac-
cordance with the previously published protocol5. All CRKP
isolates were cultured on agar plates supplemented with 5%
sheep blood and incubated at 37°C for one night. The hyper‐
mucoviscous phenotype was identified by observing the
formation of a viscous string measuring greater than 5mm in
length generated by pulling a single colony upwards using a
standard inoculation loop.

The Galleria mellonella infection assay
The G. mellonella infection assay was conducted in accord-
ance with the methodology outlined in a previous study41.
Each group was comprised of a sample population of 12
larvae weighing 300 ± 50mg. All CRKP isolates were cultured
in LB broth and harvested during the exponential phase.
Following a wash with sterile phosphate‐buffered saline
(PBS), 10 μl of 5 × 105 CFU bacterial cells were administered
via injection into the rear left proleg of the larvae. The survival
rate of the G. mellonella larvae was monitored and recorded
at regular 12 h intervals over a period of 48 h. Survival was
analyzed using the Kaplan–Meier method and implemented
with Prism 8.0 (GraphPad).

Mouse colonization assay
Female BALB/c SPF mice (8 weeks old, weighing 20 ± 2 g)
were utilized for colonization assays. All mice were housed in
the Laboratory Animal Center of Southern Medical University
in Guangzhou, China. To overcome colonization resistance,
the mice were pretreated with 200 μl streptomycin (5 g/l) via
intragastric gavage for 3 consecutive days. The CRKP strains
were experimentally introduced as previously described42.
K. pneumoniae strains were cultured overnight, washed, and
adjusted to a concentration of 5 × 107 CFU/ml with sterile

PBS. The mice were subjected to oral gavage with 200 µl
of 5 × 105 CFU bacterial cells following which their feces were
collected on Days 1 to 5 post‐CRKP administration. The
level of colonization was assessed by plating on LB agar with
100 μg/ml ampicillin and quantifying CRKP CFU in fecal
samples. The colonization assay was conducted in accord-
ance with the guidelines stipulated in the Guide for the Care
and Use of Laboratory Animals at the Laboratory Animal
Center of South China Agricultural University.

Statistical analysis
Statistical analysis was performed using the software
GraphPad Prism version 8.0. The significance of differences
(p < 0.05) was determined using the unpaired t test with a
two‐tailed nonparametric analysis.
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Mechanisms of gastrointestinal toxicity in neuromyelitis optica 
spectrum disorder patients treated with mycophenolate mofetil: 
insights from a mouse model and human study
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ABSTRACT Mycophenolate mofetil (MMF) is commonly utilized for the treatment 
of neuromyelitis optica spectrum disorders (NMOSD). However, a subset of patients 
experience significant gastrointestinal (GI) adverse effects following MMF administra­
tion. The present study aims to elucidate the underlying mechanisms of MMF-induced 
GI toxicity in NMOSD. Utilizing a vancomycin-treated mouse model, we compiled a 
comprehensive data set to investigate the microbiome and metabolome in the GI tract 
to elucidate the mechanisms of MMF GI toxicity. Furthermore, we enrolled 17 female 
NMOSD patients receiving MMF, who were stratified into non-diarrhea NMOSD and 
diarrhea NMOSD (DNM) groups, in addition to 12 healthy controls. The gut microbiota 
of stool samples was analyzed using 16S rRNA gene sequencing. Vancomycin administra­
tion prevented weight loss and tissue injury caused by MMF, affecting colon metabo­
lomes and microbiomes. Bacterial β-glucuronidase from Bacteroidetes and Firmicutes 
was linked to intestinal tissue damage. The DNM group showed higher alpha diversity 
and increased levels of Firmicutes and Proteobacteria. The β-glucuronidase produced 
by Firmicutes may be important in causing gastrointestinal side effects from MMF in 
NMOSD treatment, providing useful information for future research on MMF.

IMPORTANCE Neuromyelitis optica spectrum disorder (NMOSD) patients frequently 
endure severe consequences like paralysis and blindness. Mycophenolate mofetil (MMF) 
effectively addresses these issues, but its usage is hindered by gastrointestinal (GI) 
complications. Through uncovering the intricate interplay among MMF, gut microbiota, 
and metabolic pathways, this study identifies specific gut bacteria responsible for 
metabolizing MMF into a potentially harmful form, thus contributing to GI side effects. 
These findings not only deepen our comprehension of MMF toxicity but also propose 
potential strategies, such as inhibiting these bacteria, to mitigate these adverse effects. 
This insight holds broader implications for minimizing complications in NMOSD patients 
undergoing MMF therapy.

KEYWORDS neuromyelitis optica spectrum disorders, mycophenolate mofetil, 
gastrointestinal toxicity, multi-omics, colitis

N euromyelitis optica spectrum disorder (NMOSD) is a central nervous system 
autoimmune disease characterized by inflammation affecting the optic nerve 

and spinal cord either concurrently or sequentially (1, 2). NMOSD can lead to paraly­
sis, blindness, and potentially respiratory failure (3). Mycophenolate mofetil (MMF) is 
a commonly utilized immunosuppressant that has demonstrated efficacy in treating 
NMOSD. However, the use of MMF is often hindered by significant gastrointestinal (GI) 
side effects, thereby limiting its high-dose and long-term administration (4). Enhanced 
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comprehension of the pathogenesis of GI toxicity associated with MMF could potentially 
pave the way for novel therapeutic approaches and more efficacious interventions.

MMF is an orally administered prodrug of mycophenolic acid (MPA) known for 
its efficacy  as a reversible, non-competitive inhibitor of inosine monophosphate 
dehydrogenase within the purine synthesis pathway (5).  Its therapeutic benefits 
primarily stem from its selective inhibition of T- and B-lymphocyte proliferation. 
The GI toxicity associated with MMF is multifaceted and has been extensively 
studied using various methodologies, including molecular (6),  cellular (7, 8),  and 
whole-animal (5, 9) approaches, in an effort  to elucidate the comprehensive disease 
networks implicated in MMF-induced toxicity. Specifically,  research has indicated that 
the gut microbiota may influence  MMF metabolism through the activity of gut 
bacterial β-glucuronidase (BGUS), which can counteract hepatic glucuronidation, a 
crucial pathway for xenobiotic elimination. While these studies have yielded valuable 
findings,  the precise mechanisms underlying MMF toxicity in patients with NMOSD 
remain to be elucidated.

The utilization of sequencing technologies in the fields of medicine and biology 
has produced data across various levels, encompassing transcriptome, microbiome, and 
metabolome, collectively constituting a “multi-omics” strategy (10). Recent researchers 
have shown that the integration of omics data sets can result in a more thorough 
comprehension of intestinal diseases. For example, a comprehensive examination of 
gut microbiota and whole transcriptome profiling data utilizing the dextran sodium 
sulfate/azoxymethane mouse model of inflammatory colorectal cancer indicated 
enhancements in sphingolipid signaling and the anti-inflammatory lipoarabinomannan 
biosynthetic pathway (11). Mars et al. identified subset-specific mechanisms associated 
with irritable bowel syndrome through the analysis of metagenomic and metabolo­
mic data (12). Therefore, multi-omic investigations enable the elucidation of disease 
mechanisms.

The primary objective of this study was to investigate the mechanism of MMF GI 
toxicity in NMOSD utilizing a multi-omics approach. Initially, an MMF-induced coli­
tis mouse model was established, followed by the collection of a multi-omic data 
set through microbiome and metabolome analyses comparing mice with and with­
out colitis. This data set was then utilized to elucidate the associations between 
metabolite abundance and microbial abundance. The gut microbiomes of NMOSD 
patients receiving MMF treatment were subsequently analyzed to investigate a potential 
association between gut microbiomes and MMF-induced gastrointestinal toxicity. These 
studies collectively offer a comprehensive understanding of the dysregulated signaling 
pathways involved in MMF-induced GI toxicity and highlight a promising therapeutic 
strategy for its management.

MATERIALS AND METHODS

Strains, chemicals, reagents, and deposited data

The strains, chemicals, and reagents utilized in this study are detailed in Table S1. 
Escherichia coli strains were cultivated under aerobic conditions at 37°C in Luria–Bertani 
(LB) broth or on LB agar. Anaerobic culturing was exclusively conducted on brain–heart 
infusion agar or broth as described by Li et al. (13).

Animal experiments

Female C57BL/6 mice, aged 6 weeks, were subjected to animal experiments conducted 
at the laboratory animal center of South China Agricultural University in Guangzhou, 
China. The animals were maintained in accordance with the guidelines for the Care and 
Use of Laboratory Animals. The mouse feed was enriched with MMF at a concentration 
of 0.563% (wt/wt), and mouse sampling was conducted in accordance with established 
protocols (5).
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Histology of mouse tissue

Mice were utilized as the providers of livers, spleens, colon, and cecum, which were 
subsequently fixed in 4% paraformaldehyde for a period of 24 hours. Subsequently, the 
organs were embedded in paraffin longitudinally. The tissues were sliced into longitudi­
nal sections measuring 4 µm in thickness, which were then subjected to histological 
examination through staining with hematoxylin and eosin (H&E).

Metabolome profiling

The extraction of metabolites, liquid chromatography with tandem mass spectrometry 
(LC-MS/MS) analysis, data processing, and statistical analysis were conducted according 
to the methods described by Liu et al. (14) and carried out by Biotree, Shanghai, China. 
In brief, metabolites present in colon content were analyzed using LC-MS/MS with a 0.3 
annotation cutoff. A total of 8,332 peaks were identified, with 372 metabolites remaining 
after de-noising based on the standard deviation in control colon content samples. 
The final data set included peak numbers, sample names, and normalized peak areas, 
which were then imported into the SIMCA 15.0.2 software for further analysis. The data 
underwent scaling and logarithmic transformation, following the previously described 
methods (15).

Microbiome 16S rRNA gene sequencing, alignment, and analysis

Microbial DNA was extracted from fecal samples of patients with NMOSD using the 
E.Z.N.A. Stool DNA Kit (Omega Bio-tek, Norcross, GA, USA) in accordance with the 
manufacturer’s protocol. The V3-V4 DNA region was amplified by PCR using the 
338F_806R primer set. The PCR amplicons were purified according to the manufactur­
er’s instructions after extraction from a 2% agarose gel (Axygen Biosciences, Union 
City, CA, USA). Paired-end sequencing was conducted on an Illumina MiSeq platform, 
and sequencing, alignment, and analysis were performed by Microeco Tech (Shenzhen, 
China).

MALDI-TOF MSBGUS assay

The matrix-assisted laser desorption ionization time-of-flight mass spectrometry 
(MALDI-TOF MS)BGUS assays were conducted with slight modifications to the established 
protocol (16, 17). Bacterial cultures were standardized to a uniform concentration, 
resuspended in 0.9% NaCl solution with MPAG at a final concentration of 100 µg/mL, and 
incubated at 37°C for 4 hours. Subsequently, the samples were centrifuged at 4,000 × g 
for 5 minutes, and the resulting supernatants were applied onto MSP 384 target polished 
steel plates (Shimadzu, Kyoto, Japan) and air-dried at room temperature. Following this, 
1 µL of the matrix [α-cyano-4-hydroxycinnamic acid (HCCA), Sigma-Aldrich, St. Louis, MO, 
USA] was applied and allowed to dry at room temperature for 10 minutes. The internal 
calibration standard for the mass spectrometer was the HCCA polymer ([2M + H]+, m/z 
379). Mass spectra were collected utilizing a Shimadzu performance mass spectrometer 
and Shimadzu Biotech MALDI-MS software in positive linear ion mode within the range 
of 200–900 Da. The parameters set are as follows: ion source 1, 20 kV; ion source 2, 
2.62 kV; lens, 6 kV; pulsed ion extraction, 114 ns; electronic gain, enhanced; mode, 
low range; mass range selection, 300–800 Da; laser frequency, 50 Hz; digitizer trigger 
level, 2,500 mV; laser attenuator, 25%; laser range, 40%. Seven hundred fifty shots were 
acquired per position for each spectrum. Peak ratios for MPA([M + Na]+) at m/z 343 ± 
1.0 and MPAG([M + Na]+) at m/z 519 ± 1.0 were used to assess BGUS activity (18).

The ex vivo procedure utilized in this study involved the utilization of freshly collected 
fecal pellets from mice and live gut bacteria obtained through mechanical homogeniza­
tion of extracted intestinal segments, as detailed in a previous study (19). The assays 
included the incorporation of 4% (vol/vol) live gut bacteria, which were subsequently 
subjected to anaerobic incubation with 100 µM vancomycin (VAN) using microbiome 
profile (MiPro) media to simulate an in vivo microbial environment (13). The control 
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group received double-distilled water as the vehicle control. The specimens underwent 
a 20-hour incubation period, followed by centrifugation of the cultured gut microbiome 
samples at 4,000 × g for 1 minute. Subsequently, the samples were washed twice with 
0.9% NaCl solution and resuspended in 90 µL of the same solution. Following this, 10 µL 
of MPAG at a concentration of 100 µg/mL was introduced to the gut microbiome samples 
and incubated for an additional hour. Following centrifugation at 4,000 × g for 5 minutes, 
the supernatants were subsequently removed, and 1 µL of the samples was utilized 
for MALDI-TOF MS analysis. All experiments were conducted using three independent 
bacterial cultures.

Cell culture and experimental design

The murine colon cancer cell lines (MC38) were cultured in culture flasks at 37°C with 
5% CO2 and 95% humidity in dulbecco's modified eagle medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, following standard 
methods outlined by Qasim et al. (20). MC38 cells were established and treated with MPA 
at concentrations of 5, 10, and 50 µM, or DMSO (control), for 72 hours. Subsequently, 
real-time PCR, Western blot, and immunofluorescence experiments were conducted.

Expression analysis

Total RNAs were extracted from MC38 cells in each experimental group utilizing the 
Trizol method as outlined in a previous study (20). Subsequently, 1 µg of RNA from each 
group was reverse-transcribed into cDNA for gene expression analysis via real-time PCR. 
The housekeeping gene GADPH was chosen as the internal reference. Data analysis was 
conducted using the comparative Ct method, with primer sequences provided in Table 
S2.

Western blot

Whole-cell lysates were prepared from each group using protein lysis buffer, and the 
protein concentration was quantified using a bicinchoninic acid kit. Subsequently, 
20 µg of protein sample was subjected to electrophoresis on a 10% sodium dodecyl 
sulfate-polyacrylamide gel. Following the transfer of the samples onto a polyvinylidene 
difluoride membrane (Millipore), they were blocked with 5% skim milk in 1× Tris-buffered 
saline with Tween for 1 hour at room temperature. Subsequently, the membranes were 
exposed to monoclonal rabbit anti-mouse antibodies (GAPDH, 1:2,000; CLDN2, 1:1,000) 
overnight at 4°C, followed by incubation with horseradish peroxidase (HRP) -conjuga­
ted secondary antibody (1:5,000) for 1 hour. The signals were visualized using an ECL 
chemiluminescent kit.

Immunofluorescence assay

MC38 cells were evenly distributed in 24-well plates and exposed to either MPA or 
DMSO for a period of 72 hours. Subsequently, the cells were fixed in a freshly prepared 
solution of 4% paraformaldehyde in phosphate buffered saline (PBS) for a duration of 
15 minutes. Following permeabilization with 0.5% Triton X-100 in PBS for 15 minutes 
and blocking with 10% goat serum at 37°C for 1 hour, the sections were subjected to 
overnight incubation with primary antibody (CLDN2, 1:200) at 4°C. After rinsing with 
PBS, the sections underwent a 30-minute incubation with a 488-conjugated secondary 
antibody at room temperature. The results were then examined using laser scanning 
confocal microscopy (Leica, TCS SP8).

Patient enrollment

A total of 17 female patients diagnosed with NMOSD and receiving MMF therapy 
(0.5 g MMF orally, twice a day for long-term therapy) at the Third Affiliated Hospital 
of Sun Yat-sen University in Guangzhou, China, were included in this study. The primary 
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inclusion criteria encompassed the following: (i) a clinical diagnosis of NMOSD based 
on clinical characteristics as outlined by Kalari et al. (21), (ii) patients aged between 30 
and 70 years, and (iii) an Expanded Disability Status Scale (EDSS) score not exceeding 
8.0. Patients meeting any of the subsequent exclusion criteria were not considered: (i) 
recent administration of antibiotics or probiotics within the preceding 3 months; (ii) 
emergency treatment, such as plasmapheresis or intravenous methylprednisolone, for 
acute recurrence within the previous month; and (iii) concurrent presence of diabetes 
mellitus, systemic autoimmune diseases, or other neurological disorders.

Stool samples were obtained from female participants (n = 12) in both the NMOSD 
patient and healthy control groups. Clinical data, including follow-up time, relapses, 
EDSS score, and the presence of diarrhea symptoms, were collected. Subsequently, the 
17 individuals were categorized into two groups: the diarrhea NMOSD (DNM) group, 
characterized by patients with diarrhea symptoms and elevated EDSS scores, and the 
non-diarrhea NMOSD (NM) group, consisting of patients without diarrhea symptoms.

Statistical analysis

Statistical analysis and graphing were conducted using unpaired Student’s t-test or 
Mann–Whitney U test. Significant differences among three or more groups were assessed 
using one-way ANOVA with Bonferroni’s multiple comparisons test (Prism 8.0, GraphPad 
Software Inc., San Diego, CA, USA). Compounds with variable importance in projec­
tion values greater than 1.0 and two-tailed Student’s t-test P-values less than 0 were 
considered statistically significant. Statistical significance was defined as *P < 0.05, **P < 
0.01, and ***P < 0.001.

RESULTS

Vancomycin effectively prevented GI toxicity associated with MMF

The gut microbiota has been implicated in the development of inflammatory processes 
in the gastrointestinal tract (11, 22). In this investigation, a bacterial disruption mouse 
model was employed by administering vancomycin through drinking water (Fig. 1A). It 
was observed that the body weights of mice in the MMF group significantly decreased 
compared to the control group, with this effect not observed when vancomycin was 
pre-administered with MMF (VM group) (P < 0.0001) (Fig. 1B). The weights of the heart, 
liver, spleen, and kidney in mice from the MMF group exhibited a significant decrease 
when compared to those in the control group (P < 0.05). Vancomycin demonstrated 
a significant preventive effect on these symptoms (P < 0.05; Fig. S1). Additionally, 
vancomycin significantly mitigated the colonic shortening observed in colitis-induced 
mice treated with MMF (P < 0.0001) (Fig. 1C).

The examination of liver and spleen tissue histopathology in control and MMF-treated 
mice did not show any notable abnormalities (Fig. S2). However, MMF treatment resulted 
in significant disruption of cecal and colon tissue architecture, characterized by mucosal 
and submucosal erosion, loss of intestinal crypt structure, and extensive infiltration of 
inflammatory cells. Co-administration of vancomycin with MMF prevented this tissue 
damage in the VM group (Fig. 1D). Control mice treated with vancomycin alone did not 
exhibit significant differences in body weights, cecum and colon tissue destruction, and 
organ weights compared to untreated control mice. These findings indicate the potential 
importance of vancomycin in mitigating GI toxicity induced by MMF.

Vancomycin significantly modified the metabolomic profile of the colon in 
mice treated with MMF

In order to investigate the disparities in metabolic profiles between the MMF and VM 
groups, we conducted a thorough analysis of colon content samples through metabolo­
mic profiling. Our findings revealed distinct clustering of colon metabolite content 
among the control, MMF, and VM groups through principal component analysis (PCA). 
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The results suggest that all samples fell within the 95% confidence interval based on 
Hotelling’s T-squared ellipse analysis (Fig. 2A).

Ten metabolic pathways were found to be significantly altered by MMF treatment 
based on their impact scores. These pathways included linoleic acid metabolism (1.000); 
methane metabolism (0.400); glycine, serine, and threonine metabolism (0.238); histidine 
metabolism (0.145); aminoacyl-tRNA biosynthesis (0.129); porphyrin and chlorophyll 
metabolism (0.083); vitamin B6 metabolism (0.078); arginine and proline metabolism 
(0.044); purine metabolism (0.043); and cysteine and methionine metabolism (0.025) as 
shown in Fig. 2B. Furthermore, the analysis identified 64 endogenous metabolites that 
exhibited significant variations in the colon content samples (Fig. 2C).

Additionally, 23 metabolic pathways demonstrated a high degree of responsiveness 
to gut bacterial disruption induced by vancomycin. These pathways encompassed 
ubiquinone and other terpenoid-quinone biosynthesis (1); D-glutamine and D-gluta­
mate metabolism (1); linoleic acid metabolism (1); alpha-linolenic acid metabolism (1); 
valine, leucine, and isoleucine biosynthesis (0.667); alanine, aspartate, and glutamate 
metabolism (0.516); and phenylalanine, tyrosine, and tryptophan biosynthesis (0.500) 
(Fig. 2D). In this categorization, we have delineated 36 metabolites that exhibit differen-
tial regulation in response to the perturbation of gut microbiota, such as MPA (Fig. 2E), 4-
hydroxyproline (Fig. 2F), pyridoxine (Fig. 2G), abscisic acid (Fig. 2H), α-tocopherol (Fig. 2I), 
and linoleic acid (Fig. 4J). After exposure to MMF on day 8, elevated levels of MPA were 
observed in the MMF group (61.21 ± 47.93) compared to controls (0.06 ± 0.03, P < 0.05). 
Pre-administration of vancomycin (Group VM) resulted in a reduction of MPA levels 
(25.37 ± 3.13, P < 0.05). Additionally, levels of 4-hydroxyproline, pyridoxine, abscisic acid, 
α-tocopherol, and linoleic acid were significantly decreased in the MMF group (P < 0.05) 
and increased in the VM group (P < 0.01). These findings suggest that perturbation of gut 
microbiota leads to changes in metabolite concentrations within the gastrointestinal 
tract.

FIG 1 Vancomycin effectively prevented GI toxicity associated with MMF. (A) The experimental setup utilized in the MMF 

mouse model included the administration of MMF, VAN, and a combination of VAN and MMF (VM). (B) Mouse body weights. 

(C) Colon length. (D) Representative cecum and colon tissues were stained with H&E at 100× magnification for the specified 

groups. Mild edema in the submucosa was indicated by blue arrows, while inflammatory cell infiltration in tissues was 

indicated by red arrows. Data are presented as the mean ± standard deviation (n = 6 mice per group). Statistical significance 

was denoted as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.04307-23 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

25
 J

un
e 

20
24

 b
y 

12
5.

88
.2

4.
10

3.

https://doi.org/10.1128/spectrum.04307-23


Gut bacteria are required for MMF GI toxicity

The composition of gut microbiota in our experimental mice was determined through 
the analysis of fecal samples using the 16S rRNA gene sequencing method. The 
results revealed that 17 operational taxonomic units (OTUs) were present in all control, 
MMF-treated, and VM groups, while 129, 148, and 24 OTUs were uniquely present in each 
group, respectively (Fig. 3A). The alpha diversity, as measured by the Shannon index, of 

FIG 2 Vancomycin significantly modified the metabolomic profile of the colon in mice treated with MMF. (A) PCA of 

metabolites in the colons of the experimental mice. (B) Differential metabolic pathways between the MMF group and 

control mice. (C) Heatmap of the differential metabolites found in colon content samples. (D) Differential metabolic 

pathways between the VM versus MMF mice. The levels of specific metabolites in the colon contents of the indicated mice. 

(E) Mycophenolic acid, (F) 4-hydroxyproline, (G) pyridoxine, (H) abscisic acid, (I) α-tocopherol, and (J) linoleic acid. n = 4–6 

mice/group. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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the MMF group was comparable to that of the control groups, whereas the VM group 
displayed lower alpha diversity compared to both the controls and the MMF group 
(Fig. 3B). Beta diversity was evaluated through PCA on unweighted UniFrac distance 
matrices, which indicated that the overall composition of the MMF gut microbiota closely 
resembled that of the control group. Conversely, the VM group led to the development 
of a distinct phylogenetic microbiota (Fig. 3C).

Analysis at the phylum level did not yield any notable distinctions between the MMF 
and control groups (Fig. 3D). Conversely, the administration of vancomycin (VM group) 
resulted in a reduction in the abundance of Bacteroidetes (P < 0.05), Firmicutes (P < 0.01), 
TM7 (P < 0.05), and Actinobacteria (P < 0.01), while facilitating the proliferation of 
Verrucomicrobia (P < 0.001) and Proteobacteria (P < 0.01) (Fig. 3F through J).

Significant differences were observed in the abundance of genus Clostridium (P < 
0.05) between the MMF and VM, with the former showing enrichment. Additionally, the 
abundance of Bacteroides (P < 0.001), Clostridium (P < 0.001), and Ruminococcus (P < 0.01) 
was notably decreased in the VM group compared to controls. Conversely, Akkermansia 
(P < 0.001) and Parabacteroides (P < 0.0001) showed significant enrichment (Fig. 3K 
through P). These findings suggest a potential association between gut microbiota 
composition and MMF-induced GI toxicity.

Correlation between the microbiota and MPA after MMF treatment

The activities of BGUS have been shown to catalyze the conversion of phenyl-beta-D-
glucuronide (MPAG) to MPA, as depicted in Fig. 4A, resulting in GI side effects commonly 
associated with MMF administration (23). Furthermore, our observations indicate that 
MPA upregulates the expression of the gut barrier-related cldn2 gene and CLDN2 protein 
in a model using MC38 cells, as illustrated in Fig. 4A; Fig. S3A through C. BGUS enzymes 
possess distinctive active site structures and exhibit unique substrate processing 
functions, as reported in studies by Little et al. and Ervin et al. (24, 25). Therefore, we 
posited that only a restricted set of enzymes would have the ability to metabolize MPAG. 
In order to investigate the primary bacteria involved in MPA metabolism, we conducted 
an analysis of the associations between the microbiota and MPA at the species level.

Initially, a MALDI-TOF MSBGUS method was developed using MALDI-TOF MS (Fig. 4B) for 
MPAG metabolism research. Peaks corresponding to MPAG ([M + Na]+, 519 ± 1.0 m/z) and 
the metabolite MPA ([M + Na]+, 343 ± 1.0 m/z) were manually identified, and their 
intensities were documented (Fig. S4). Furthermore, a strain overexpressing the BGUS 
gene (uidA) (E. coli DH10BΔuidA::pZE-uidA) was introduced to validate the reliability of 
the method. The findings indicated a reduction in the peak of MPAG and a concomitant 
elevation in the peak of MPA in both the E. coli DH10B and E. coli DH10BΔuidA::pZE-uidA 
cohorts. Within the DH10BΔuidA::pZE-uidA cohort, the transformation of the substrate 
(MPAG) into the product (MPA) was complete. Conversely, no analogous occurrence was 
noted in the E. coli DH10BΔuidA group. Subsequently, an ex vivo culture model was 
implemented to confirm the impact of vancomycin on BGUS activity. Our findings 
indicated that vancomycin decreased the MS ratio [MPA/(MPAG + MPA)] by 2.32-fold 
compared to the control group (P < 0.01, Fig. 4D), providing additional evidence that 
vancomycin diminishes the MPAG processing capacity of the gut microbiota. Conse­
quently, the MALDI-TOF MSBGUS assay method demonstrates a degree of reliability.

The 16S rRNA gene sequencing analysis revealed the presence of 12 species belong­
ing to the Bacteroidetes and Firmicutes phyla in the microbiomes of mice. Subsequent 
investigation of these species for their ability to convert MPAG to MPA enzymatically 
showed that 10 strains exhibited varying degrees of MPAG metabolism (with a range of 
one- to ninefold increase). However, C. perfringens ATCC 13124 and C. comes ATCC 27758 
were unable to perform this conversion, as illustrated in Fig. 4E. The findings suggest that 
the presence of Bacteroidetes and Firmicutes members plays a significant role in the 
toxicity of MMF through the conversion to MPA in the context of metabolic diversity 
within the bacterial population.
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The gut microbiota of diarrheal NMOSD patients were structurally and 
compositionally altered

To investigate the potential relationship between MMF-induced diarrhea in NMOSD 
patients and the composition of their gut microbiota, we conducted a profiling analysis 
of the gut microbiota in NMOSD patients. Participants were categorized into the DNM or 

FIG 3 Gut bacteria are required for MMF GI toxicity. Bacterial taxonomic groups in feces from experimental mouse groups. 

(A) OTU and (B) Shannon index. (C) Unweighted UniFrac PCA of the microbial composition for all groups. (D) Phylum level 

composition of the gut microbiota. Relative abundance of the phyla (E) Bacteroidetes, (F) Firmicutes, (G) TM7, (H) Actino­

bacteria, (I) Verrucomicrobia, and (J) Proteobacteria. (K) Composition at the genus level. (L) Bacteroides, (M) Clostridiales, 

(N) Ruminococcus, (O) Akkermansia, and (P) Parabacteroides. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. n = 6 mice/

group.
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NM groups based on their responses to MMF treatment and were compared to a healthy 
control group (HC) to assess the potential impact of gut microbiota on diarrhea in 
NMOSD patients receiving MMF treatment (Fig. 5A).

FIG 4 Correlation between the microbiota and MPA after MMF treatment. (A) MPAG metabolism by BGUS. (B) Experimental 

flow of the MALDI-TOF MSBGUS assay. (C) Representative MALDI-TOF MS spectra of MALDI-TOF MSBGUS assays after 4-hour 

incubation with DH10B, DH10BΔuidA, and DH10BΔuidA::pZE-uidA, respectively. Peaks of MPA (343 ± 1.0 m/z) are indicated by 

dashed red lines, while peaks of MPAG (519 ± 1.0 m/z) are denoted by dashed green lines. (D) Effects of vancomycin on MPAG 

processing in an ex vivo model. (E) Comparison of MPAG metabolism abilities among different Bacteroidetes and Firmicutes 

species. **P < 0.01.

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.04307-2310

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

25
 J

un
e 

20
24

 b
y 

12
5.

88
.2

4.
10

3.

https://doi.org/10.1128/spectrum.04307-23


The microbial composition was assessed through genus-level unsupervised hierarchi­
cal OTU clustering, revealing notable distinctions between DNM and NM patients (Fig. 
5B). Analysis of microbial alpha diversity, as determined by observed OTUs, indicated 
significantly higher diversity in the DNM group compared to both the NM (P < 0.05) and 
HC (P < 0.01) groups (Fig. 5C). Beta diversity was assessed using NMDS based on Jaccard 
metrics. The study revealed notable variations in the gut microbial community of MMF-
treated NMOSD patients with and without diarrhea, as evidenced by phylogenetic 

FIG 5 The gut microbiota of diarrheal NMOSD patients were structurally and compositionally altered. (A) The study cohort. 

(B) Composition of the gut microbiome from fecal samples at the family level between NMOSD and HCs. (C) OTUs observed in 

the groups. (D) Non-metric multidimensional scaling (NMDS) profile of gut microbial diversity. (E) LEfSe analysis showing taxa 

associated with DNM and NM patients. n = 7 for DNM group. n = 10 for NM group and n = 12 for HC group. *P < 0.05. **P < 0.01.
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tree-based distances (Fig. 5D). Subsequent analysis at the taxonomic level, using linear 
discriminant analysis effect size (LEfSe) , identified 21 genera with significant differences 
in abundance between the two groups. Specifically, Lachnospira and Blautia were found 
to be increased in patients with diarrhea, while Butyricimonas, Peptococcus, Oscillospira, 
and Lactobacillus showed decreased levels (Fig. 5D). The primary bacterial phyla 
observed in DNM samples were Firmicutes and Proteobacteria, as shown in Fig. 5E. These 
results collectively suggest that there was an increase in alpha diversity, along with a 
higher abundance of Firmicutes, Proteobacteria, and Bacteroidetes in the DNM group 
compared to the NM group. Overall, these findings indicate that the gut microbiota’s 
structure and composition may play a role in influencing the intestinal toxicity of MMF.

DISCUSSION

MMF has been recognized as a potent immunosuppressant commonly employed in 
the management of NMOSD and various other medical conditions, yet its therapeutic 
efficacy is hindered by GI toxicity (26, 27). Existing literature suggests that the GI toxicity 
of MMF may be attributed to an exaggerated inflammatory reaction and dysbiosis of the 
gut microbiota, although the precise underlying mechanisms remain elusive (5, 28).

In our previous study, we observed a male-to-female ratio of approximately 1:10 
among NMOSD patients in Asian countries, indicating a notably higher prevalence of 
NMOSD in females compared to males (29). Given the significant impact of gender on 
gut microbiota composition (30), our study focused on analyzing the gut microbiota 
of females and utilized female mice as the experimental model. In contrast to our 
research, Flannigan et al. conducted a study utilizing a male C57BL/6 mouse model and 
determined that the gut microbiota significantly contributes to MMF toxicity. Hence, 
this phenomenon should remain consistent regardless of the gender of the mice. The 
administration of MMF resulted in significant colitis characterized by weight loss, colon 
shortening, and colonic tissue damage in mice. Notably, treatment with vancomycin 
mitigated these effects, consistent with previous research findings, thereby implicating 
the gut microbiome in mediating MMF-induced toxicity (5).

The dextran sulfate sodium-induced colitis model has yielded valuable insights into 
the metabolic aspects of the gut microbiome disorder (31, 32), whereas the establish­
ment of an MMF-induced colitis model has been less extensive. In our study, we 
employed non-targeted metabolomics to identify notable variations in gut metabolites 
resulting from MMF administration, which were found to be modifiable with vancomycin 
treatment. Specifically, vancomycin was observed to significantly decrease MPA levels 
while increasing the levels of 4-hydroxyproline, pyridoxine, abscisic acid, α-tocopherol, 
and linoleic acid in the intestinal environment. A significant amount of research has 
established a connection between these compounds and the mitigation of colitis (33). 
For example, patients with ulcerative colitis and Crohn’s disease exhibit notably lower 
levels of linolenic acid compared to non-inflamed individuals and control subjects (34). 
These findings align with our MMF-induced colitis model, indicating that the levels of 
these five distinct metabolites can be influenced by vancomycin treatment, suggesting a 
correlation with the microbiome.

The microbiome data indicated comparable composition and abundance between 
the MMF and control groups, with the VM group exhibiting lower Shannon and PCA 
indices. Specifically, vancomycin administration resulted in decreased abundance of 
Bacteroides and Clostridiales, which are prominent genera within the gut microenviron­
ment (35). The BGUS activity can catalyze the conversion of the MPA glucuronidated 
derivative MPAG to release the parent compound MPA within the GI tract (5). MALDI-
TOF MS is considered to be a convenient, efficient, expeditious, consistent, and easily 
obtainable tool in microbiology laboratories when contrasted with alternative mass 
spectrometry techniques that are combined with gas or liquid chromatography (36, 
37). In a prior investigation, a MALDI-Tet(X)-plus method was devised to promptly 
and dependably identify Tet(X)-producing Gram-negative bacteria (17, 38). Hence, a 
MALDI-TOF MSBGUS method was developed to investigate the conversion of MPAG to 
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MPA by BGUS enzymes expressed in Bacteroidetes and Firmicutes. This study represents 
the first direct confirmation of MPAG metabolism by various bacterial species using 
MALDI-TOF MS. Additionally, a significantly higher microbial richness and diversity were 
observed in DNM patients compared to NM and HC subjects, suggesting increased BGUS 
activity in DNM patients. These findings may contribute to elevated MPA levels in the 
gastrointestinal tract.

The findings of this study offer compelling evidence that bacteria within the 
Bacteroidetes and Firmicutes phyla, capable of producing BGUS, are able to convert 
MPAG to MPA, leading to disruptions in intestinal homeostasis and reductions in levels 
of various metabolites. This process contributes to GI toxicity in patients with NMOSD. 
Inhibiting BGUS activity using natural and synthetic small molecules has been shown to 
alleviate GI toxicity induced by irinotecan (CPT11) (39–41). Therefore, the use of BGUS 
inhibitors may have potential applications in preventing GI toxicity associated with MMF 
treatment. However, our study was constrained by the need for further experimental 
validation of BGUS activity in patients with DNM and NM. Additionally, it would be 
beneficial to include a comparative analysis of the transcriptional levels of the BGUS 
gene across various species to enhance the credibility of our findings.

Conclusions

In conclusion, our study demonstrates that the BGUS produced by Bacteroidetes and 
Firmicutes are capable of metabolizing MPAG into MPA, leading to disturbances in gut 
homeostasis and contributing to GI toxicity in patients with NMOSD. By conducting 
a thorough examination of the gut microbiota and intestinal metabolites, we have 
deduced this interaction and observed similar findings in a mouse model of MMF 
toxicity. Targeting the inhibition of BGUS may represent a promising strategy for 
preventing MMF-induced GI toxicity.
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Abstract

Aims: The aim of this study was to determine the effects of unsaturated fatty

acids on clinical plasmids.

Methods and Results: Two unsaturated fatty acids, linoleic acid (LA) and a-
linolenic acid (ALA) at final concentration 0, 0�03, 0�3 and 3 mmol l�1,

respectively, were used to assess the effects on conjugative transfer of a mcr-1-

harbouring plasmid pCSZ4 (IncX4) in conjugation experiment. The inhibitory

mechanisms were analysed by molecular docking and the gene expression of

virB11 was quantitated by qRT-PCR. Target plasmid diversity was carried out

by TrwD/VirB11 homology protein sequence prediction analysis. Our results

showed that LA and ALA inhibit plasmid pCSZ4 transfer by binding to the

amino acid residues (Phe124 and Thr125) of VirB11 with dose-dependent

effects. The expression levels of virB11 gene were also significantly inhibited by

LA and ALA treatment. Protein homology analysis revealed a wide distribution

of TrwD/VirB11-like genes among over 37 classes of plasmids originated from

both Gram-negative and Gram-positive bacteria.

Conclusions: This study demonstrates representing a diversity of plasmids that

may be potentially inhibited by unsaturated fatty acids.

Significance and Impact of the Study: Our work reported here provides

additional support for application of curbing the spread of multiple plasmids

by unsaturated fatty acids.

Introduction

The global spread of antibiotic resistance genes (ARG)

poses a significant threat to public health (Chen et al.

2019; McInnes et al. 2020). To treat infections caused by

multidrug-resistant (MDR) pathogens, focus has been

shifted to the polymyxins (colistin and polymyxin B), a

class of cationic polypeptide antibiotics typically reserved

as the last line of defence (Sun et al. 2018; Zajazc et al.

2019; Tang et al. 2020). Unfortunately, this last-resort

antibiotic has been challenged by the emergence and glo-

bal spread of the plasmid-mediated mobile colistin resis-

tance genes (e.g. mcr-1) (Liu et al. 2016; Sun et al. 2018).

Currently, different strains carrying mcr-1 have been

isolated (Farzana et al. 2019; Zhang et al. 2019). Further-

more, diversified plasmids can act as plasmid vectors for

the dissemination of the mcr-1 in Enterobacteriaceae.

Among them, IncX4 plasmid is the most common mcr-1-

harbouring plasmid vector, having a significantly high

self-transferable frequencies (~10�1 to ~10�4)
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(Matamoros et al. 2017). The mcr-1-harbouring IncX4

plasmids are widespread in various species (Escherichia

coli, Salmonella enterica and Klebsiella pneumoniae) from

different origins of human, animals and animal products,

in many countries, in particular China, Denmark and

United Kingdom (Sun et al. 2017).

Inhibiting plasmids transfer has been proposed to

be an effective approach in limiting the spread of

ARGs (Graf et al. 2019). Previous studies showed that

unsaturated fatty acids can inhibit the conjugation of

IncW plasmids, through the binding to the essential

plasmid transfer related ATPase TrwD, which, in turn,

limits the pilus biogenesis and DNA translocation

(Ripoll-Rozada et al. 2016; Getino and de la Cruz

2018). However, previous studies have focused on

some laboratory plasmids like R388 (IncW) and few

studies have investigated the effects of unsaturated

fatty acids on clinical plasmids, such as the mcr-1-har-

bouring IncX4 plasmids with high transfer rates.

Although VirB11 traffic ATPase encoded on IncX4

plasmids was reported as the homolog of TrwD

(Ripoll-Rozada et al. 2013), there is a paucity of

experimental data to corroborate.

In this study, we examined the inhibitory effects of two

unsaturated fatty acids, linoleic acid (LA, 18:2n-6) and a-
linolenic acid (ALA, 18:3n-3), on the conjugative transfer

of an IncX4 plasmid pCSZ4. We used molecular docking

to explore the binding of unsaturated fatty acids to

ATPase TrwD of IncX4 plasmid, and evaluated the effects

of unsaturated fatty acids on the expression of trwD/

virB11 gene. Lastly, we explored the target plasmid diver-

sity of unsaturated fatty acids based on the TrwD/VirB11

protein sequence homology detection.

Materials and methods

Bacterial strains

Donor strain E. coli CSZ4 was isolated from food animals

in Guangdong province, China (Sun et al. 2017), which

harbours a plasmid pCSZ4 (GenBank accession number

KX711706) containing mcr-1 gene that confers resistance

to colistin. This plasmid belongs to the transferable plas-

mid of IncX4. The presence of IncX4 plasmid was tested

by PCR using specific primers (Table 1). Streptomycin-

resistant E. coli C600 was used as the recipient strain of

conjugation experiments. Antibiotics, used for screening

and selection, were added at the concentrations of

2 mg l�1 for colistin and 2000 mg l�1 for streptomycin.

Linoleic acid (18:2n-6) and ALA (18:3n-3) were obtained

from Shanghai Yien Chemical Technology (Shanghai,

China). Dimethyl sulfoxide (DMSO) was purchased from

Solarbio (Beijing, China).

Conjugation assay

Broth mating procedure of conjugation experiment was

conducted according to the previous study with minor

modifications (Huang et al. 2019). First, both donor and

recipient strains were cultured to middle exponential

phase at 37°C in Luria-Bertani (LB) broth, supplemented

with appropriate antibiotics. Second, the cultures were

washed three times with LB broth and adjusted to the

same OD600 of ~0�5. Third, 0�495 ml of donor and recip-

ient cultures were mixed with ratio of 1 : 1. Subse-

quently, 0�01 ml of LA or ALA solutions was added to

the mixture to get different final concentrations of 0�03,
0�3 and 3 mmol l�1, respectively. 0�01 ml DMSO was

used as negative controls (0 mmol l�1). Lastly, the mix-

tures were gently vortexed and incubated at 37°C for 4 h

without shaking.

After 4 h of incubation, the cultures were mixed,

diluted and plated on LB solid medium containing

appropriate antibiotics. Transconjugants were selected by

plates contained 2 mg l�1 colistin and 2000 mg l�1 strep-

tomycin, while the plates for donor or recipient selection

contained 2 mg l�1 colistin and 2000 mg l�1 strepto-

mycin, respectively. In addition, donors and recipients

were also plated on plates with 2 mg l�1 colistin and

2000 mg l�1 streptomycin, to rule out of possibility of

spontaneous mutations. Plates were incubated at 37°C for

18–24 h and the colonies were enumerated and con-

firmed by PCR to examine mcr-1 gene. Conjugation fre-

quency was expressed as the number of transconjugants

per output donor. All the experiments were conducted in

triplicate.

Molecular docking analysis

The VirB11 molecular structure was generated using the

Brucella suis VirB11 (2gza.pdb) as the template. LA and

ALA structures were obtained from the ZINC database

(http://zinc.docking.org) and prepared for docking. Files

containing the atomic coordinate of the VirB11 model

and the LA or ALA were submitted to the AutoDock 4�2
server and blind molecular docking (Ripoll-Rozada et al.

2016; Shen et al. 2018).

The mRNA expression analysis

The donor strain E. coli CSZ4 was inoculated separately

into LB broth containing 0 or 0�3 mmol l�1 concentra-

tions of LA or ALA (Qiu et al. 2012; Wang et al. 2019).

After 4-h incubation, the total RNA in each system was

extracted using the E.Z.N.A Bacterial RNA Kit (Omega,

Norcross, GA) following the manufacturer’s instructions.

Next, RNA was transcribed to cDNA by reverse
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transcription polymerase chain reaction (RT-PCR) using

M-MLV First Strand cDNA Synthesis Kit (Omega). Real-

time PCR was carried out using ChamQ Universal SYBR

qPCR Master Mix (Vazyme, Nanjing, China) on a Light-

Cycler� 96 instrument (Roche, Mannheim, German).

The relative quantification method was used to quantify

the virB11 gene of the plasmid pCSZ4 by DDCt method

(Livak and Schmittgen 2001). 16S rRNA was used as an

internal control to normalize total RNA yields (Qiu et al.

2012). Denaturation step at 95°C for 30 s, and 45 cycles

of denaturation for 10 s at 95°C, primer annealing for

30 s at 58°C and extension for 30 s at 72°C. Melt curve

analysis was performed in all reactions to confirm the

amplification of correct product. All experiments were

repeated three times as independent biological replicates.

Building of TrwD/VirB11 hidden Markov models

Sequence database homology searching is one of the most

crucial applications of computational molecular biology

(Eddy 2011). Particularly, probabilistic inference methods

based on profile hidden Markov models (profile HMMs)

HMM approaches facilitated a hierarchical classification

of proteins (Feldgarden et al. 2019). For TrwD and

VirB11 separately, homologous protein sequences were

selected using BLASTP with a coverage cut-off of 90%

and an identity cut-off of 50% (Lavigne et al. 2008). The

homologous protein sequences were performed multiple

sequence alignment using MUSCLE with default parame-

ters (Edgar 2004a, 2004b). For training profile HMMs,

the hmmbuild module as a part of HMMER3 packages

was using with default parameters (Eddy 2009; Skewes-

Cox et al. 2014).

Homologous proteins prediction of plasmid database

The TrwD profile HMMs and VirB11 profile HMMs were

using against an comprehensive plasmid databases con-

tains 10 892 complete plasmid sequences (Brooks et al.

2019) using hmmsearch function of HMMER3 with

default parameters, and the plasmids sequences contain

annotated homologous proteins were extracted from the

database for the following plasmid typing.

Plasmid replicon typing

The TrwD/VirB11 homologous proteins carried plasmids

mentioned above were typing using BLASTN against the

PlasmidFinder database downloaded from Center for

Genomic Epidemiology (https://cge.cbs.dtu.dk/) with an

e-value cut-off at 1e-5.

Statistical analysis

Statistical analysis was performed using GraphPad Prism

8 software. All data were obtained from at least three

independent experiments and presented as means � SD.

In the in vitro studies, unpaired t test between two

groups or one-way ANOVA among multiple groups were

used to calculate P values.

Results

Linoleic acid (LA) and a-linolenic acid efficiently inhibit

conjugal transfer of plasmid pCSZ4

In this study, we tested the effects of two unsaturated

fatty acids, LA and ALA, on the conjugal transfer of mcr-

1-harbouring IncX4 plasmid pCSZ4. Compared to con-

trol group (without LA or ALA treatment), the conjuga-

tion frequency did not show significant change

(P > 0�05) in response to 0�03 mmol l�1 LA. However,

when the LA concentrations increased to 0�3 and

3 mmol l�1, the conjugation frequency decreased 10

(P < 0�05) and 100 folds (P < 0�001), respectively

(Fig. 1a). Results showed a correlation between log con-

centration of LA and percent inhibition (R2 = 0�8697).
The results indicated that LA had a dose-dependent

response (from 0�03 to 3 mmol l�1) on the inhibition of

the conjugation transfer of plasmid pCSZ4.

We also evaluated the effects of LA on the growth of

donor and recipient strains during conjugation. The

Table 1 Complete list of primers used in this study

Gene Primer 50–30 Product size Reference

mcr-1 mcr1-F GCGTGATGCCAGTTTGCTTA 672 bp Present study

mcr1-R GCACATCGACGGCGTATTC

VirB11 VirB11-F TGATGGCATCTTTTGCCGAGG 178 bp Present study

VirB11-R TCCGGCTCTATCATAACAGCAG

X4 X4-F AGCAAACAGGGAAAGGAGAAGACT 570 bp Present study

X4-R TACCCCAAATCGTAACCTG

16S rRNA 16S rRNA-F CCTACGGGAGGCAGCAG 194 bp 19

16S rRNA-R ATTACCGCGGCTGCTGG
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results showed that 0�3 and 3 mmol l�1 LA slightly

inhibited the growth of donors, but the difference was

not significant (P > 0�05) (Fig. 1a). The recipient was not

affected by LA treatment (P > 0�05). Our results indi-

cated that the reduced conjugative transfer frequency was

due to the inhibition of plasmid transfer but not because

of the growth inhibition of the donor or recipient strains

by LA.

a-linolenic acid was found to have the similar effects

on the inhibition of plasmid pCSZ4 conjugal transfer

(Fig. 1b). Results showed a correlation between log con-

centration of ALA and percent inhibition (R2 = 0�7886).
These results indicated that two unsaturated fatty acids

ALA and LA both are able to inhibit conjugal transfer of

mcr-1-harbouring IncX4 plasmid pCSZ4.

Unsaturated fatty acids bind VirB11

To understand the binding of IncX4 plasmid VirB11

ATPases and unsaturated fatty acids, we then performed

molecular docking analysis using VirB11 ATPases as

receptor, LA and ALA as the ligand (Fig. 2). The bonding

site of LA and ALA is a pocket composed of NTD and

liner as previous report (Ripoll-Rozada et al. 2016). LA

and ALA could form hydrogen bonds with amino acid

residues (Phe124 and Thr125) and show a high affinity

with VirB11 protein. These interactions are predicted to

result in decreased VirB11 activity including inhibition of

its ATPase activity that would compromise plasmid con-

jugation (Ripoll-Rozada et al. 2016).

Linoleic acid (LA) and a-linolenic acid inhibit

transcriptional expression of virB11 gene

Type IV traffic ATPase TrwD was found to be the molec-

ular target of bacterial conjugation inhibit by unsaturated

fatty acids (Ripoll-Rozada et al. 2016). We then evaluated

the expressions of virB11 gene under LA and ALA treat-

ment. When donor was treated with 0�3 mmol l�1 LA or

ALA, the expression of virB11 gene was significantly

inhibited by >50%, compared with the control (Fig. 3),

which indicated unsaturated fatty acids inhibit conjuga-

tion not only by affecting VirB11 activity with hydrogen

bond but also inhibiting transcriptional expression of

virB11 gene.

Target plasmids diversity of unsaturated fatty acids

inhibition

This study and the results from the others suggested

that TrwD/VirB11 may be one of the key plasmid conju-

gation inhibitory targets by unsaturated fatty acids
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Figure 1 Effects of unsaturated fatty acids on conjugative transfer of pCSZ4 (IncX4). Effects of linoleic acid (LA, a) and a-linolenic acid (ALA, b)

on donor, recipient, transconjugants numbers and the conjugation frequency. Conjugation efficiency (Tc/D) was calculated by the numbers of

transconjugants (Tc)/donor numbers (D). Each point represents the result of one independent experiment. Horizontal and vertical bars represent

the mean � SD of each group (ns P > 0�05；*P < 0�05, **P < 0�01, ***P < 0�001). All data were plotted using Graphpad Prism 8. [Colour fig-

ure can be viewed at wileyonlinelibrary.com]
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(Ripoll-Rozada et al. 2016). We then explored the

distribution of TrwD/VirB11 homologous proteins

among different plasmid groups to reveal the target plas-

mid diversity of unsaturated fatty acids inhibition.

We build TrwD/VirB11 HMMs by homologous protein

sequences of TrwD and VirB11 separately, and we pre-

dicted homologous proteins of a comprehensive plasmid

databases contain 10 892 complete plasmid sequences

plasmid databases. The TrwD/VirB11 homologous

proteins carried plasmids mentioned above were typing.

Among them, in total 984 plasmid sequences (9�03%)

which including 984 carried TrwD/VirB11-like protein

genes as shown in Fig. 4. The typing results showed the

presence of TrwD/VirB11-like protein gene sequences in

37 different plasmid groups (Fig. 4). Of these, the TrwD/

VirB11-like proteins originated from Gram-negative bac-

teria were commonly found IncX1 (17�21%), IncX3

(11�10%), IncA/C (10�71%), IncI2 (9�95%), IncN

(9�57%), IncFIB (9�31%), IncFII (9�31%), IncX4 (8�29%).

IncI1 (8�04%) and IncP (4�59%) plasmid groups. In addi-

tion, TrwD/VirB11-like protein sequences were also

found in some plasmid types from Gram-positive bacte-

ria, harbouring rep12 (2�55%), rep3 (2�55%) and repUS7

(0�38%) replicons. Our study suggested the wide distribu-

tion of TrwD/VirB11-like protein genes among various

plasmid sequences. The conjugation transfer of these

plasmids may likewise be inhibited by unsaturated fatty

acids through the interference of TrwD/VirB11 function,

which deserves further studies.

Discussion

Antibiotic resistance in bacteria has been documented as

a major global public health concern (Chukwu et al.

2019; Scheenstra et al. 2019). The prevalence of antibiotic

resistance against conventional antibiotics is increasing

dramatically and we are about to enter the post-antibiotic

era (Scheenstra et al. 2019). The cause for this phe-

nomenon is the rapid evolution and adaptation of bacte-

ria to antimicrobial selection pressures, which mainly

through the acquisition of AMR genes by horizontal

CTD

NTD

PHE-124

PHE-124

LYS-121

PRO-36

THR-39

THR-125

ALA

LA

Linker

(a) (b)

Figure 2 Blind docking of LA and ALA into the molecular model of VirB11. (a) Surface structure of VirB11 containing an LA and ALA-loaded tun-

nel. Blind docking predictions between a molecular model of monomeric VirB11 and LA (grey) and ALA (claret) ligands were performed using the

Autodock 4�2 server. The N-terminal domain (NTD) is shown in orange and the C-terminal domain (CTD) in green connected via a blue linker. (b)

An enlarged view of LA (grey) and ALA (claret) bonding cavity in VirB11. [Colour figure can be viewed at wileyonlinelibrary.com]

Control LA ALA
0.0

0.5

1.0

2
- Δ

ΔC
t

**

***

Figure 3 Effects of two unsaturated fatty acids on the mRNA expres-

sions of virB11 gene. Error bars represent standard error of the

means. *P < 0�05, **P < 0�01. All data were plotted using Graphpad

Prism 8. [Colour figure can be viewed at wileyonlinelibrary.com]
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transfer (Guynet et al. 2011). Horizontal transfer of con-

jugative resistance plasmids served as a major mechanism

of acquired resistance in bacteria, especially for Gram-

negative pathogens.

There is an urgent need to explore timely and effective

strategies to cope with this challenge. Plasmid conjuga-

tion inhibition has even been proposed as a tool in the

fight against antibiotic resistance (Fernandez-Lopez et al.

2005; Graf et al. 2019). In this study, two unsaturated

fatty acids, LA and ALA, were evaluated against the con-

jugative transfer of IncX4 plasmid pCSZ4 in vitro. Our

experimental results showed effective inhibition of LA

and ALA on conjugative transfer of plasmid pCSZ4. To

the best of our knowledge, this is the first study of the

effects of unsaturated fatty acids on IncX4 plasmid.

Type IV traffic ATPase TrwD was found as molecular

target to inhibit bacterial conjugation (Ripoll-Rozada

et al. 2016). While VirB11 orthologue TrwD is struc-

turally related to a large family of ATPases commonly

associated with macromolecular trafficking systems,

including type II secretion systems, type IV pilus systems

and archaeal flagellar biogenesis systems. This activity is

stimulated by lipid in vitro, consistent with the affinity of

these ATPases for membranes in vivo (Christie et al.

2017). In addition, VirB11 is the ATPases for pilus bio-

genesis and DNA translocation of IncX4 plasmid.

Our molecular docking analysis showed that both LA

and ALA mainly bind at the pocket of NTD and linker,

which inhibits movement of the NTD over the CTD, and

in return interferes VirB11 ATPase activity, therefore

compromising plasmid conjugation. This result is consis-

tent with (or similar to) previous molecular docking

analysis on IncW plasmid TrwD protein (Ripoll-Rozada

et al. 2016; Graf et al. 2019). In addition, our qRT-PCR

results indicated that LA and ALA significantly inhibited

the gene expressions of trwD/virB11, suggesting that

unsaturated fatty acids can not only interfere the TrwD/

VirB11 protein structure but also inhibit the gene expres-

sions, which collectively affect the ATPase synthesis in

bacteria and, in turn, limit pilus biogenesis and DNA

translocation. This downregulation of virB11gene expres-

sion by LA and ALA interference could have resulted

from acid stress because the cells responded to acidic

environment by shutting down the ATP synthesis path-

ways (Broadbent et al. 2010).

Moreover, VirB11 is part of the type IV secretory sys-

tem (T4SS) in Gram-negative and Gram-positive bacteria,

and contribute to virulence and antimicrobial resistance

transfer between different bacteria including pathogens

(Sutten et al. 2010; Rossetti et al. 2017). This suggests

that virulence transfer among bacteria may be curbed by

unsaturated fatty acids.

TrwD/VirB11 protein homology sequence analysis

revealed 37 classes of plasmids, originated from both

Gram-negative and Gram-positive bacteria, contained

trwD/virB11-like genes, which served as putative inhibi-

tory targets by unsaturated fatty acids. Of which, the

major plasmid types included IncX1 (17�21%), IncX3
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Figure 4 Target plasmids diversity of unsaturated fatty acids inhibition. The TrwD profile HMMs and VirB11 profile HMMs were using against an

comprehensive plasmid databases contains 10 892 complete plasmid sequences using hmmsearch function of HMMER3 with default parameters,

and the plasmids sequences contain annotated homologous proteins were extracted from the database for the following plasmid replicon typing

using BLASTN against the PlasmidFinder database downloaded from Center for Genomic Epidemiology(https://cge.cbs.dtu.dk/) with an e-value cut-

off at 1e-5 using BioEdit sequence Alignment Editor Software. The dashed line represents the relative abundance of IncX4 plasmid type tested in

this study. Relative abundance of the different plasmid groups carrying TrwD/VirB11-like protein genes were plotted with GraphPath Prism soft-

ware 8.0. Inc, incompatibility group. [Colour figure can be viewed at wileyonlinelibrary.com]
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(11�10%), IncA/C (10�71%), IncI2 (9�95%), IncN

(9�57%), IncFIB (9�31%), IncFII (9�31%), and IncX4

(8�29%). IncI1 (8�04%) and IncP (4�59%) are plasmid

groups. The inhibited effect of unsaturated fatty acid 2-

HAD to IncFI and IncFII plasmids has been demon-

strated before (Getino et al. 2015). However, it is worth

noting that this literature has indicated that plasmids

(IncN and IncP) were not significantly affected even at

0�4 mmol l�1 of unsaturated fatty acid 2-HAD(Getino

et al. 2015). Contrary to this view, another literature

showed that LA at 3 mmol l�1 effectively inhibit conjuga-

tion of the plasmid pCT, which encodes an ATPase TrbB

originated from plasmid RP4 (Inc P) (Buckner et al.

2020). This difference is likely to be due to different com-

pounds and concentrations in two literature. TrwD/

VirB11 was not more widely spread among some Inc

groups of plasmids in our study, the low sequence

homology is likely a major contributing factor to the

lower plasmid targets.

Notably, some of these 37 plasmid groups have been

significantly associated with the horizontal spread of

antimicrobial resistance genes in various species. For

example, IncX3 type plasmids have been linked to the

spread of carbapenemase gene blaNDM, dispersed across

the ‘one-health’ ecosystem: environment, livestock and

human (Liu et al. 2017; Pulss et al. 2017; Cai et al. 2019;

Nigg et al. 2019). blaCTX-M-15-harbouring IncFII type

plasmids attributed to clinical success of E. coli epidemic

ST131 strains (Partridge et al. 2011) and blaKPC-harbour-

ing IncN plasmids were associated with the early spread

of KPC in the Northeastern United States (Eilertson et al.

2017). Future studies are needed to evaluate whether

unsaturated fatty acids can serve as broad spectrum con-

jugative transfer inhibitory agents against a variety of

clinical MDR plasmids.

Our study has some limitations. First, as a first step

towards the understanding the inhibitory effects of unsat-

urated fatty acids on clinically important plasmids, we

only studied a single mcr-1-harbouring IncX4 plasmid

pCSZ4. Other clinically relevant plasmids, harbouring dif-

ferent resistance genes, should be examined in the future.

Second, our study has been focused on the interference

of unsaturated fatty acids on the plasmid transfer gene

trwD/virB11. The result cannot rule out the possibility

that unsaturated fatty acids may also interfere with other

plasmid or chromosome encoded genes. Lastly, previous

research suggested that presented toxic levels of LA to

five different human-derived cells, bacteria and fungus

species were above threshold (Getino et al. 2016), which

makes it potential use in mammalian. However, our

results only showed that conjugal transfer of IncX4 plas-

mid pCSZ4 can be effectively inhibited by unsaturated

fatty acids in vitro, further studies are needed to evaluate

the in vivo inhibitory effects of these unsaturated fatty

acids.

Taken together, our study descried the first time of

conjugative transfer inhibitory effects of unsaturated fatty

acids, LA and ALA, on a mcr-1-harbouring IncX4 plas-

mid. Our results suggested that inhibitory effects of

unsaturated fatty acids were likely associated the structure

interference and expression inhibition of transfer-related

trwD/virB11 gene. Protein homology analysis revealed the

wide spread of trwD/virB11-like genes in various plasmids

from numerous bacterial species. Further studies are

needed to explore whether unsaturated fatty acids can act

as broad-spectrum conjugal transfer inhibitory agents

against other clinical MDR plasmids and examined the

inhibitory effects in vivo models.
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Abstract
Background  Neuromyelitis optica spectrum disorder (NMOSD) is a recurring inflammatory demyelinating disease 
that is commonly observed in Asian countries like China. Prior investigations have shown that mycophenolate mofetil 
(MMF) with better biocompatibility compared to azathioprine (AZA), and can prevent relapses of NMOSD, but the 
efficacy was controversially reported in different NMOSD cases. We aimed to explore the factors that weaken efficacy 
of MMF in NMOSD.

Methods  A total of 34 NMOSD patients treated with MMF were prospectively enrolled and grouped according to 
the therapeutic efficacy as effective group (EG, n = 23) versus less-effective group (LEG, n = 11). The purine metabolites 
were profiled in serum samples and gut microbiota was analyzed using 16S rRNA sequencing with stool samples from 
the same patients.

Results  Purine salvage pathway (PSP) metabolites (inosine, hypoxanthine, xanthine, guanine and uric acid) in 
the serum of NMOSD patients were elevated in the LEG compared to EG (p < 0.05). Additionally, the richness and 
microbial diversity of gut microbiota was found to be similar between EG and LEG patients. However, LEG patients 
had increased presence of Clostridium and Synergistes but decreased abundance of the Coprococcus genus.

Conclusions  The PSP metabolites and composition of the gut microbiota were changed between patients with or 
without optimal clinical response after MMF treatment. This may help us to understand the pharmacodynamics of 
MMF in NMOSD.

Keywords  Neuromyelitis Optica Spectrum Disorders, Mycophenolate Mofetil, Gut Microbiota, Therapeutic Efficacy, 
PSP Metabolites
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Introduction
Neuromyelitis optica spectrum disorders (NMOSD) is a 
severe, disabling autoimmune disease of the central ner-
vous system (CNS) characterized by its association with 
serum anti-aquaporin-4 antibodies (AQP4-IgG) [1–4]. 
Clinically, NMOSD results in a range of syndromes of 
varied severities including recurrent paralysis, blindness 
and brain syndromes [5]. Immunosuppressive therapies 
including administration of azathioprine (AZA) and 
mycophenolate mofetil (MMF) in addition to the new B 
cell- and complement-targeted therapies are the current 
NMOSD treatments aimed at relapse prevention [6, 7], 
with MMF demonstrating better tolerability compared 
to AZA [8]. MMF is a prodrug whose active metabolite 
mycophenolic acid (MPA) inhibits inosine monophos-
phate dehydrogenase (IMPDH) and suppresses the de 
novo synthesis of guanine nucleotides in rapidly-prolifer-
ating cells such as T and B lymphocytes [9, 10]. MMF/
MPA treatments significantly and comprehensively lower 
the levels of baseline purine metabolites in intestinal cell 
models as well as in patients [11, 12]. However, previ-
ous studies have shown mixed efficacy of MMF in treat-
ing NMOSD, the proportion of recurrence-free patients 
in NMOSD is 46–73%, the Expanded Disability Status 
Scale (EDSS) score decreased or stabilized in 83–91% of 
patients [6, 13–15].

Our laboratory recently demonstrated that the gut 
microbiomes of healthy individuals can be distinguished 
from NMOSD patients. In particular, the degree of Strep-
tococcus spp. colonization was significantly and posi-
tively correlated with disease severity [16]. Other studies 
have demonstrated strong associations between several 
Clostridium spp. and NMOSD development [17, 18]. 
These studies linked dynamic interactions of the host 
gut microbiota to NMOSD. However, it is not known 
whether NMOSD therapies such as MMF administration 
are also influenced by the gut microbiota and whether 
the gut microbiota has a role in the efficacy of these 
therapies.

In the current study, we performed metabolic profil-
ing and microbiome analysis on samples collected from 
NMOSD patients. This may not only help us to under-
stand the pharmacodynamics of MMF but may also 
reveal the reasons of therapeutic effect.

Materials and methods
Reagents and chemicals
Inosine, hypoxanthine, xanthine, guanine and uric acid 
were obtained from MedChemExpress (Shanghai, China) 
and were prepared as 1000 ppm methanol stocks. NaOH 
10 mM was used as necessary to increase solubility. Ace-
tonitrile was purchased from Macklin (Shanghai, China).

Patient enrollment
The study group included 34 NMOSD patients who had 
received MMF therapy (0.5  g MMF orally, twice a day 
for long term therapy) at the Third Affiliated Hospital of 
Sun Yat-sen University (Guangzhou, China). The primary 
inclusion criteria were (1) clinical diagnosis of NMOSD 
and seropositive for AQP4-IgG [19, 20]; (2) patients 
aged 15–65 and (3) an Kurtzke Expanded Disability Sta-
tus Scale (EDSS) score ≤ 8.0. Patients who met any of the 
following key criteria were excluded: (1) treatment with 
antibiotics or probiotics within the last 3 months; (2) 
emergency treatment such as plasmapheresis or intrave-
nous methylprednisolone for acute recurrence within the 
last 1 month; (3) Concurrent disease with diabetes melli-
tus, systemic autoimmune diseases or other neurological 
diseases.

Stool and serum samples were taken from the patient 
that received MMF treatment at least for 3 months. Stool 
samples were taken in the morning. Serum samples were 
taken for 0.5, 1 and 2 h after receiving MMF in the early 
morning. Clinical data was collected included relapses, 
follow-up time and EDSS score. The 34 participants 
were divided into two groups: patients with no relapse 
were classified into the effective group (EG). Patients 
who relapsed after 3 months of MMF treatment were 
treated as the less-effective group (LEG). This study was 
approved by the ethics Committee of the Third Affiliated 
Hospital of Sun Yat-sen University ([2020]02-016-01) and 
all patients signed informed consent.

HPLC-MS/MS analysis
Serum sample processing and HPLC-UV–MS/MS analy-
sis were performed as previously described with minor 
modifications [21]. In brief, chromatographic separations 
were conducted using a Shimadzu LC-30AD series HPLC 
system (Shimadzu, Kyoto, Japan) with an Frulic N col-
umn (AZYP, LLC, Arlington, USA). Analytes were eluted 
at a flow rate of 0.4 mL/min using a gradient of phase A 
(0.2% formic acid) and phase B (0.2% formic acid in ace-
tonitrile) as follows: 0–0.5 min, 80% B; 0.5–4.5 min, 50% 
B; 4.5–8 min, 80% B. The eluates were monitored by UV 
at 254  nm and MS detection in parallel. The injection 
volume as 5 µL, and the column temperature was main-
tained at 23 °C. MS detection was performed using an AB 
Sciex Triple Quad 5500 (AB Sciex, Toronto, Canada).

Microbiome 16S rRNA gene sequencing, alignment and 
analysis
Microbial DNA was extracted from fecal samples of 
NMOSD patients using the E.Z.N.A. Stool DNA Kit 
(Omega Bio-Tek, Norcross, GA, USA) according to the 
manufacturer’s protocol. Extracted DNA was qualita-
tively and quantitatively analyzed by gel electropho-
resis and ultraviolet spectroscopy before sequencing. 
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Thereafter, bacterial 16S rDNA V3–V4 regions were 
amplified using primers 341  F and 806R (Illumina, 
San Diego, CA, USA). The resulting amplicons were 
sequenced using the Illumina NovaSeq 6000 platform 
(Guangdong Longsee Biomedical, Foshan, China).

Statistical analyses
The data were expressed as the mean ± standard deviation 
(SD). A unpaired parametric t-test was performed for 
comparison of the two groups using Prism v8.0 software 
(GraphPad, San Diego, CA, USA). A p value of 0.05 was 
considered to be statistically significant.

Results
Clinical characteristics
A total of 34 NMOSD patients who had received MMF 
therapy were recruited. All patients were diagnosed with 
NMOSD according to clinical diagnosis and seropositive 
for AQP4-IgG [19]. Immunotherapies such as MMF or 
AZA typically require 3–6 months to reach a milestone 
of stable effectiveness [22]. Hence, all the recurrences we 
recorded in this study occurred after 6 months of MMF 
use. The acute treatment guideline for NMOSD involves 
high-dose steroid therapy, follow with a gradual reduc-
tion in steroid usage and long-term maintenance [22–25]. 
Throughout the steroid treatment process, patients were 
gradually tapered to a maintenance dose of 8 mg meth-
ylprednisolone or 10  mg prednisone every other day or 
5 mg prednisone once daily during the remission phase. 
As 4 mg methylprednisolone is equal to 5 mg prednisone, 
they all use similar doses of steroids. And in the remis-
sion stage, they all didn’t use other immunotherapy to 
prevent relapse currently and previously.

Our group of NMOSD patients were analyzed accord-
ing to their clinical responses to MMF therapies and 
grouped according to responders (EG) and less-respond-
ers (LEG). The clinical characteristics of the patients 
are shown in Table  1. Significant differences in relapse 
times (p < 0.001) and EDSS after MMF (p = 0.005) were 
observed between EG and LEG patients.

Purine salvage pathway metabolites are maintained at 
high levels in LEG patients
We examined purine metabolites whose biosynthe-
sis is targeted by MMF(MPA) in the serum of recruited 
patients (Fig. 1A-B). Interestingly, we found distinct dif-
ferences in the abundance of the purine salvage pathway 
(PSP) metabolites inosine, hypoxanthine, xanthine, gua-
nine and uric acid (UA) for the patients that responded 
to MMF therapy (EG) and non-responders (LEG). These 
5 PSP metabolites were all elevated in the serum of LEG 
patients. In particular, inosine, hypoxanthine, xanthine 
and guanine were significantly (p < 0.05) decreased in 
EG patients 1 h after receiving the MMF. At 2 h follow-
ing MMF intervention, inosine levels reached the level of 
significance (p < 0.05) and were also lower in EG patients 
(Fig. 1C-G). The observations indicated a negative corre-
lation between the MMF therapeutic response and PSP 
metabolite levels in serum of patients.

Altered gut microbiota in NMOSD patients by their 
responses to MMF therapy
Previous studies have indicated that the gut microbiota 
participates in the development and pathogenesis of 
NMOSD [16–18, 26]. The gut microbiota was profiled for 
each patient using 16 S rRNA sequencing. The microbial 
richness (operational taxonomic units, OTUs and Chao1 
indices) and microbial diversity (Shannon and Simp-
son indices) were similar between EG and LEG patients 
(Fig.  2A-D). β diversity was assessed using principal-
coordinate analysis (PCA) based on weighted UniFrac 
metrics and the results again indicated no compositional 
alterations between the microbiota of the patients in the 
two groups (Fig. 2E).

Since no structural shifts were observed among the 
patients in the response to MMF, we extended our taxo-
nomic comparisons. The microbial compositions of each 
group were compared using the 20 most-abundant oper-
ational taxonomic units OUT at the genus level. Over-
all, Bacteroides dominated in both EG and LEG patients 
while the other dominate genera including Faecalibacte-
rium, Roseburia and Megamonas, rarely exceeded 30% of 
all sequences (Fig. 2F). Interestingly, LEfSe analysis indi-
cated that the abundance of Clostridium and Synergistes 
had significantly increased for EG and corresponded to 
a significant decline in abundance of the Coprococcus 
genus in LEG (Fig. 2G). These results indicated that over-
all, the gut microbiota stayed compositionally stable in 
the MMF therapy while the abundance of 3 bacterial gen-
era were significantly altered.

Discussion
NMOSD pathogenesis has been linked to the activity of 
microbiota [26, 27]. Long-term MMF therapy is widely 
used in immunological and NMOSD diseases although 

Table 1  Clinical parameters in NMOSD patients according to 
response to MMF
Variables EG (n = 23) LEG (n = 11) p value
Relapse times 0 2.00 ± 0.89 < 0.001
Age (years) 39.95 ± 12.20 47.45 ± 11.76 0.106
Gender
(male: female)

5:18 1:10 0.638

Follow-up time (months) 21.00 ± 14.34 37 ± 20.27 0.060
EDSS before MMF 4.00 ± 0.86 3.5 ± 1.06 0.228
EDSS after MMF 3.00 ± 1.06 4.0 ± 1.30 0.005
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not all patients display the optimal clinical response. 
Whether the microbiota is also involved in the therapeu-
tic response to the drugs against NMOSD has not been 
previously investigated. In this study, our findings first 
showed that the purine metabolites and composition of 
the gut microbiota were changed.

The NMOSD patients may experience pathogenesis of 
different level that influenced by various factors such as 
disease duration, comorbidities, prior disease-modifying 
treatment (DMT), and their baseline magnetic resonance 

imaging (MRI) status. However, NMOSD exacerbation is 
often reported to be associated with recurrences rather 
than a gradual progression, typically manifesting as a 
“cliff-like” exacerbation followed by incomplete recovery 
[6]. Consequently, the worsening of NMOSD appears to 
have little correlation with disease duration [7]. Based on 
our pre-survey, all patients recruited in our study had no 
histories for other DMT. Since the MMF has been pri-
marily considered to target the relapses of NMOSD, we 

Fig. 1  Purine salvage pathway metabolites are maintained at high levels in LEG patients. (A) Schematic of the de novo and salvage pathways of purine 
synthesis. (B) Serum collection point for the experiments. Quantification of the levels of (C) Inosine (D) Hypoxanthine (E) Xanthine (F) Guanine and (G) 
Uric acid. *p < 0.05

 



Page 5 of 8Li et al. BMC Neurology          (2023) 23:444 

assessed failed responses of patients to MMF by examin-
ing recurrences and the EDSS.

The assessment of the effectiveness of MMF primar-
ily relies on the area under the plasma concentration-
time curve from 0 to 12  h (AUC0 − 12) as the principal 

parameter. However, while the AUC0 − 12 of the MPA 
concentration-time curve exhibits a strong correlation 
with pharmacological effects, its measurement proves 
to be arduous in a clinical setting. Several clinical trials 
have demonstrated that the predicted value of the AUC 

Fig. 2  Altered gut microbiota in NMOSD patients by their responses to MMF therapy. (A) Observed OTUs. (B) Chao1 index. (C) Shannon index. (D) Simp-
son index of the gut microbiota in EG and LEG samples. (E) Principal component analysis. (F) Composition of the gut microbiota at the genus levels in 
fecal samples in EG and LEG samples. (G) LEfSe (Linear discriminant analysis effect size) analysis showing taxa associated with therapeutic response of 
MMF. n = 23 for effective group (EG) and n = 11 for less-effective group (LEG). *p < 0.05
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from 0 to 2 h (AUC0 − 2) can effectively evaluate the AUC 
from 0 to 12 h [28, 29]. Considering the challenges asso-
ciated with sampling during clinical practice, we have 
chosen to employ three specific time points (0.5, 1, and 
2  h) to represent the aforementioned parameter. We 
found that the levels of four PSP metabolites, including 
inosine, hypoxanthine, xanthine and guanine were sig-
nificantly decreased in EG patients 1 h after receiving the 
MMF compared to LEG patients. MMF was originally 
designed to inhibit GMP and GTP synthesis. However, 
GTP synthesis is also coupled to purine de novo synthesis 
via PRPP availability that is regulated by the rapamycin 
complex 1 (mTORC1) [30]. Thus, other purines and in 
particular the PSP metabolites should be suppressed by 
the presence of MMF. In support of this, previous studies 
have demonstrated that levels of PSP metabolites levels 
in serum or plasma elevated in patients with CNS dis-
ease [31, 32]. Similarly, UA levels were mildly elevated in 
NMOSD patients during relapse compared with patients 
with a good prognosis [33].These findings coupled with 
our results potentially indicated that selected PSP metab-
olites might be used to distinguish the therapeutic effi-
cacy of MMF in NMOSD patients.

A key factor for the poor response to MMF therapy 
in NMOSD patients has been linked to host genetic 
polymorphisms. For instance, single nucleotide poly-
morphisms (SNPs) in the genes encoding the MPA 
metabolizing enzyme UDP-glucuronosyltransferase 
1–9 (UGT1A9) or the molecular targets (IMPDH1 and 
IMPDH2) are linked to a weakened drug responsiveness 
of individual patients [19, 30, 34]. In addition to SNP dif-
ferences, the metabolic capacity of gut microbiota also 
actively participates in the utilization and metabolism 
of MMF e.g. through β-glucuronidase (GUS) enzymes 
expressed by gut commensals [35–37]. We profiled the 
microbiomes of NMOSD patients that were grouped 
according to their therapeutic responses to MMF ther-
apy. Out of expectation, significant changes were not 
found in the microbial richness and diversity in the MMF 
non-responders compared to responders in this study. 
This implied a minor impact of the established host 
microbiome on the therapeutic response to MMF.

Currently, numerous studies have demonstrated that 
patients with NMOSD undergo substantial alterations in 
the composition of their gut microbiota following admin-
istration of immunotherapy drugs. Cree et al. observed 
a noteworthy proliferation of Clostridium perfringens in 
NMOSD patients treated with rituximab, in comparison 
to a control group [38]. In a separate study, Junli Gong 
et al. revealed a decrease in the relative abundance of the 
Streptococcus genus following treatment with immuno-
suppressants (MMF and AZA), when compared to an 
untreated group [39]. These findings suggest a potential 
association between the enrichment of C. perfringens and 

Streptococcus in NMOSD and the development of the 
disease. In this study, the abundance of Clostridium and 
Synergistes had significantly increased for EG patients 
and corresponded to a significant decline in abundance 
of the Coprococcus genus in LEG patients. Clostridium 
in the Firmicutes phylum was related to the AQP4-IgG–
associated NMOSD [17, 18]. Moreover, the genus Copro-
coccus includes species that are strong butyrate producers 
[40–42] so that one possible explanation for our results is 
that they alleviate the syndromes of NMOSD by butyr-
ate-dependent anti-inflammatory effects as well as having 
a negative effect on IL-17 A expression [43, 44]. A recent 
study also spotlighted this genus, whose abundance 
sharply reduced in NMOSD patients in comparison with 
the health control [45]. Hence, the existing Coprococcus 
species might be beneficial microbes to patients with 
NMOSD and ameliorate its symptoms by curtailing the 
levels of pro-inflammatory cytokines. This is an encour-
aging finding, and further investigation is needed to iden-
tify the mechanism adopted by Coprococcus couple with 
MMF to suppress the process of NMOSD development.

However, there are several limitations for this study. 
First, the absence of criteria for assessing the effective-
ness of NMOSD treatment may weaken our conclusion. 
Our analysis based on relapse frequency and EDSS as 
criteria may introduce inherent bias into our findings. 
Second, the limited sampling size restricts our capacity 
to establish comprehensive conclusive remarks. Also, this 
precluded the consideration of baseline MRI status and 
general complications.

Future investigations would incorporate a comprehen-
sive categorization of patients’ conditions, which is ben-
eficial to better understand NMOSD.

Conclusions
In this study, altered PSP metabolites and composition 
of the gut microbiota were observed between NMOSD 
patients with or without optimal clinical response after 
MMF treatment. Poor clinical response might be the 
increased abundance of Clostridium and Synergistes and 
decreased relative abundances of the genera Coprococcus. 
Our data might help to understand the pharmacodynam-
ics of MMF in the aspect of the gut-brain axis. Further-
more, in view of the fact that MMF is so widely used in 
NMOSD, further studies investigating the mechanism of 
this Coprococcus in NMOSD are needed.
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