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一、基本信息

实验室名
称

中文：内蒙古自治区马铃薯产业融合发展企业重点实验室

英文：Key Laboratory of Integrated Development Enterprises in the
Potato Industry

实验室
简介

内蒙古自治区马铃薯产业融合发展企业重点实验室于 2022
年 6月在“内蒙古自治区马铃薯肥料农药高效利用技术企业重点
实验室”原有的基础上进行优化和调整，由原来单一与中国科学
院微生物研究所合作，调整扩增为集合“内蒙古自治区马铃薯种
薯绿色繁育技术院士专家工作站”、中国科学院微生物研究所、
自治区农牧业产业化重点龙头企业“呼伦贝尔恒屹农牧业股份有
限公司”、东华大学、青岛农业大学食品研究院、呼伦贝尔市新
型研发机构“呼伦贝尔恒屹马铃薯产业研究院有限公司”等科研
平台、基地组建。

内蒙古自治区马铃薯产业融合发展企业重点实验室，以马铃
薯产业融合发展领域的关键技术问题为目标，突破产业重大共性
关键技术，推动马铃薯产业链科技成果转化和技术创新。

研究
方向
（据实
增删）

研究方向 1 马铃薯肥料高效利用与化肥替代技术

研究方向 2 马铃薯化学农药控失及绿色防控技术

研究方向 3 加工专用型马铃薯新品种选育

研究方向 4 马铃薯主粮化与高值化精深加工关键技术

研究方向 5 畜禽粪污农作物秸秆快速腐熟技术

实验室
主任

姓名 仲乃琴 出生年月 1965.05.15

职称 正高级 专业领域 农业生物技术

任职时间 2018年 在依托单位职务 中科院微生物所
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学术
委员会
主任

姓名 方荣祥 出生年月 1946.01.19

职称 正高级 专业领域 植物病毒学

任职时间 2018年 所在单位及职务 中科院微生物所

二、重点实验室年度情况

实验室
经费

（万元）

经费构成
运行费
（万元）

科研经费
（万元）

仪器设备购
置费（万元）

合计

国家 0 0 0 0

部门
（地方）

0 180 0 180

依托单位 98.8 250 5.85 354.65

合计 98.8 430 5.85 534.65

科研
条件

（当前
情况）

实验室面积 2016平方米

科研仪器、设备累计 65台 120万元

大型仪器、设备（50万元
以上）累计

0台 0万元

科研
情况

承担国家自然科学基金 0项 经费 0万元

承担自治区自然科学基金 0项 经费 0万元

承担自治区科技计划项目 1项 经费 100万元

承担地市级项目（课题） 1项 经费 80万元

承担横向项目（课题） 2项 经费 50万元

合计 4 230

人才 固定人员 28人
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队伍 高级职称 6人 中级职称 4人 初级
职称

0人

流动人员 16人

高级职称 4人 中级职称 4人 初级
职称

0人

院士
固定 1人

百千万人才
固定 0人

流动 0人 流动 0人

杰青或优青
固定 人

长江学者
固定 0人

流动 1人 流动 0人

其他国家级人才
固定 0人 省部级人才

计划

固定 0人

流动 0人 流动 2人

运行
管理

管理制度 10 项 是否全部实施 是☑否□

组建学术委员会 是☑否□ 召开会议次数 1 次

开放
共享

开放课题 2项 经费合计 50 万元

仪器设施对外开
放机时

86小时 开展科普活动 1次

三、成果统计

获奖情
况

国家级奖励 一等奖 0项 二等奖 0项

省、部级科技
奖励

一等奖 1项 二等奖 0项 三等奖 0项

行业科技奖励 一等奖 0项 二等奖 0项 三等奖 0项

论文
专著

发表论文 共计 6篇 SCI 0篇 EI 6篇

专著
国内
出版

0部 国外
出版

0部
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知识
产权

发明专利 国际 3项 国内 1项

其它专利 国际 0项 国内 0项

标准规范
国际标准 0个 国家标准 0个

行业标准 0个 团体标准 1个

产学研
合作

与高校、院所
合作

1项 合作经费 24万元

与企业合作 0项 合作经费 0万元

行业
支撑

成果转移转化 1项 转移转化收入 100万元

行业技术服务 0项 服务收入 0万元

注：以上各表中所有数据指截止到统计年度所得数据或统计年度当

年情况，项目经费指每个项目的总经费。

四、实验室本年度建设情况

简要介绍实验室本年度研发条件与能力、科研水平与贡献、团队建

设与人才培养、开放交流与运行管理等情况。存在的不足及下一步

工作计划。

一、研发条件与能力

2023年依托单位呼伦贝尔恒屹农牧业股份有限公司为实验室共

计投入 354.65 万元，其中，日常运行经费 27.68万元，仪器设备经

费 5.85 万元，人才培养与引进经费 71.12万元（包括实验室固定人

员工资），科研经费 250 万元。

2017 年本实验室依托单位呼伦贝尔恒屹农牧业股份有限公司

与中国科学院微生物所开始合作，2019 年正式签订了全面科技合
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作协议，2021年续签，并新增了约定大型仪器实现开放共享，为共

同研发肥药高效利用及替代技术提供科研保障，本实验室及其依托

单位可根据科研需求可随时免费预约使用。例如：磷屏扫描仪、红

外双色扫描仪、高速转盘式激光共聚焦显微镜 ,荧光显微镜，

qRT-PCR 仪，全自动核酸提取仪，高通量植物样品粉碎系统等设

备。

依托单位购置并建成了完整的病毒分子检测平台、微生物分离

平台、脱毒苗组培平台，包括 eppendorf 冷冻离心机 1 台、博日

基因扩增仪 1 台、上海天能凝胶成像系统 1 台、北京六一琼脂糖

水平电泳仪 1 台、知信制冰机 1 台、奥浦两档体式显微镜 1 台，

土壤速测仪 1 台，超净工作台 20 个等 60 余台（套），价值（原

值）120 余万元。设备对于进行马铃薯组培苗、种薯的病毒检测、

土壤病原菌的分子鉴定，具备良好的检出能力，为企业马铃薯的种

薯品质提供技术保障。

内蒙古自治区马铃薯产业融合发展企业重点实验室于 2022年 6

月在“内蒙古自治区马铃薯肥料农药高效利用技术企业重点实验室”

原有的基础上进行优化和调整，由原来单一与中国科学院微生物研

究所合作，调整扩增为集合“内蒙古自治区马铃薯种薯绿色繁育技

术院士专家工作站”、中国科学院微生物研究所、自治区农牧业产

业化重点龙头企业“呼伦贝尔恒屹农牧业股份有限公司”、东华大

学、青岛农业大学食品研究院、呼伦贝尔市新型研发机构“呼伦贝
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尔恒屹马铃薯产业研究院有限公司”等科研平台、基地组建。

内蒙古自治区马铃薯产业融合发展企业重点实验室，以马铃薯

产业融合发展领域的关键技术问题为目标，突破产业重大共性关键

技术，推动马铃薯产业链科技成果转化和技术创新。

截止至 2023年 12月 31日，实验室的主要研究方向承担国家和

自治区各级各类项目共 9项，其中，国家级项目 1项为国家发改委

项目；中国科学院项目 1项；自治区级项目共 6项，包括自治区应

用技术与开发项目 1项，院士工作站建设 1项，自治区科技创新引

导奖励资金 2项；关键技术攻关 2项，呼伦贝尔市级项目 5项。

二、科研水平与贡献

马铃薯新品种选育工作：通过三年的育种工作，实验室已收集

鉴定了几十余份优质马铃薯亲本资源，2023年，本站依托呼伦贝尔

恒屹农牧业股份有限公司与呼伦贝尔农牧科学研究合作，开展“加

工专用型马铃薯新品种选育”研究工作，现已对目标品种“恒屹 1

号、恒屹 2号”进行 DUS测试，其淀粉含量在 18%左右或干物质含

量 20左右，还原糖含量低于 0.4%，平均单产 2.3吨/亩以上，抗晚疫

病，抗退化等综合形状表现突出。2024年预申请登记目标新品种 1-2

个。

病毒检测工作：开展马铃薯病毒检测，利用 PCR技术鉴定马铃

薯样品的病毒含量,培训相关技术人员 1-2名，使其能够掌握病毒检
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测技术的操作程序，鉴定种植区域马铃薯病毒病主要病源，分析土

壤理化性质，制定了防控方案；对马铃薯种苗、种薯、土壤进行病

害、病毒等检测，严控种苗、种薯质量；同时开展肥药减施增效、

土传病害防控等功能菌剂技术开发，进行技术的展示及应用，培训

相关技术人员 1-2名。

种质资源库建设工作：2023年我们成功地建成了种质资源库，

并实现了正常运行。该资源库收藏了马铃薯种质资源共计 70余份，

种质资源库的建设，不仅丰富了我地区种质资源的保存手段和管理

方式，还有力地推动了农业科技创新和产业升级。未来，我们将继

续优化和完善种质资源库及其管理水平，进一步提高我地区在种质

资源保护和利用方面的水平，为农业现代化做出更大的贡献。

组培室育苗工作：在 2023年，我们的马铃薯组培室在繁育种苗

方面取得了显著的成果。今年，我们共繁育了种苗 500万株，较去

年增长了 21%左右。这些种苗均经过精心培育和筛选，以保证其生

长状况良好，符合农业生产的各项标准。为了更好地满足对高品质

马铃薯的需求我们将继续优化培育技术，提高种苗质量及成活率。

同时，也将加强与相关科研机构的合作与交流，吸收先进的农业科

技成果，为农业生产提供更优质的服务。

成果应用示范及转化工作：实验室以具有自主知识产权的环保肥

料增效剂、农药控失剂、高效叶面肥、拌种菌剂等为核心技术，在

本企业建立多点试验示范，而且将肥料增效剂用于小麦生产示范基
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地上。同时，在呼伦贝尔陈巴尔虎旗鄂温克苏木绿野农场建立 1 个

有机肥中试线和农田示范基地，打造有机肥生产样板车间，生产有

机肥 100吨，示范农田 1000亩，并将该技术在呼伦贝尔地区进行应

用推广，发表相关学术论文 2篇。

二、科研水平与贡献之成果

（1）发表研究论文 6篇

 《产胞外多糖菌株的分离鉴定及其功能研究》，茹素龙、赵永龙、

王紫薇、曹晶晶、汪志琴、赵盼、仲乃琴，微生物学刊

 《疮痂链霉菌拮抗菌 HD9-1的筛选及功能评价》，周敬轩、 赵

永龙、 赵盼、曹晶晶、汪志琴、刘璐、仲乃琴，微生物学通报，

 Effects of a Nanonetwork-Structured Soil Conditioner on Microbial

Community Structure，Jingjing Cao、Pan Zhao 、Dongfang Wang、

Yonglong Zhao、Zhiqin Wang、Naiqin Zhong，Biology 2023, 12, 668

 Phosphorus accumulation aggravates potato common scab and to be

controlled by phosphorus-solubilizing bacteria ， Jingjing Cao 、

Zhiqin Wang、Jiahe Wu、 Pan Zhao、Chengchen Li、 Xiaobo Li 、

Lu Liu 、Yonglong Zhao、Naiqin Zhong，Science Bulletin 68 (2023)

2316–2320

 Alkali-Activated Potassium Persulfate Treatment of Sugarcane Filter Cake

for the Rapid Production of Fulvic-like-Acid Fertilizer.

Dongqing Cai, Xianghai Kong, Xiaojiang Zhang, Jinghong Ye, He Xu,
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Yanping Zhu, and Dongfang Wang, ACS Sustainable Chemistry &

Engineering, 2023, 11, 13678-13687.

 Accelerated spent coffee grounds humification by heat/base co-activated

persulfate and products’ fertilization evaluation

Yanping Zhu, Keyi Zhang, Qing Hu, Weijia Liu, Yi Qiao, Dongqing

Cai, Pengjin Zhu, Dongfang Wang, He Xu, Shihu Shu*, Naiyun Gao,

Environmental Technology & Innovation, 2023, 32, 103393.

（2）专利：申请 4项、年度授权 4项

申请四项：

1、植物抗性诱导制剂及其应用，2023104994462

2、磷酸根盐在制备促疮痂链霉菌生长的菌剂中的应用，

2023111604413

3、一株植物乳杆菌 LWQ17 及其应用，202311409402.2

4、一株戊糖片球菌 LWQ1 及其应用，2023114092972

（国际专利授权 3项）

《 Annealing treatment based on modified starch and its

preparation method and application》OCTROOINUMMER ，2031143

《 Magnetic microsphere-immobilized protease, instant

high-nitrogen-soluble index plant protein and their
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preparation method》OCTROOINUMMER ，2031144

《Slow digestion of starch as well as the preparation method,

sand and application》THEREOFOCTROOINUMMER ，2031145

（国内专利授权 1 项）

1、《一种微生物菌剂、制备方法及其应用》，呼伦贝尔恒屹农

牧业股份有限公司，ZL 2018 1 0113513.1

三、团队建设与人才培养

2023年共引进了不同层次人才 13人（本科毕业生 5人，专科毕

业生 8 人），同时与中国科学院微生物研究所、青岛农业大学、东

华大学技术团队开展合作，为加强工作站科学发展提供有力人才支

撑。

四、开放交流与运行管理

2023年 8月公司组织各种植基地场长、技术员参加内蒙古呼伦

贝尔马铃薯单产提升培训班。

2023年 8月参加上海交通大学种质创新研究团队调研座谈会。

2023年 10月与 HZPC团队开展交流合作洽谈会。

2023年 11月参加上海交通大学转移转化对接会。

2023年 11月与 HZPC团队签约合作。

在过去的一年中，蒙古自治区马铃薯产业融合发展企业重点实

验室始终坚持高标准、严要求，确保实验室的各项工作有序进行。



12

首先，在人员管理方面，我们注重培养专业素养高、创新能力

强的人才队伍。通过制定科学的培训计划和激励机制，激发员工的

工作热情和创造力。同时，我们加强团队建设，促进员工之间的交

流与合作，形成良好的工作氛围。

其次，在设备管理方面，我们注重设备的维护和更新。定期对

设备进行检查和保养，确保其正常运行。对于老旧设备，我们及时

进行更新换代，提高实验室的整体装备水平。此外，我们还加强与

外部机构的合作与交流，引进先进的实验设备和技术，提升实验室

的科研能力。在安全管理方面，我们始终坚持“安全第一”的原则。制

定完善的安全管理制度和应急预案，确保实验室的安全运行。同时，

我们加强员工的安全意识培训，提高大家对安全问题的重视程度。

对于存在的安全隐患，我们及时进行排查整改，确保实验室的安全

稳定。

最后，在财务管理方面，我们注重合理使用经费。制定科学的

预算方案，严格按照预算进行开支。同时，我们加强与财务部门的

沟通协作，确保经费使用的合法性和规范性。对于重大项目的经费

使用，我们进行严格的审计和监督，确保资金的有效利用。

五、存在问题与下一步计划

1、由于 2023年优化重组后，实验室规模日益增大，目前实

验室面积已不能满足各项实验要求，需要寻找合适的地里位置重
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新建设重点实验室和流动专家生活区。

2、实验室人才引进和管理制度仍需完善。目前的科技体制，

激励机制、人才引进和评价机制不够完善，有待进一步加强。

下一步计划

1、单位进一步加大实验室科研经费投入力度，每年企业投入

100 万元以上专项经费支持实验室开放课题开展，吸引专家在公

司开展科研工作，从而提升实验室的研究能力和水平，解决制约

企业发展的技术瓶颈问题。

2、深入开展马铃薯化肥农药减施增效技术的研发和示范，优

化土传病害绿色防控技术，熟化和产业化更多在国内具有较高影

响力的肥药高效和替代技术产品， 为马铃薯化肥农药有效减施提

供技术支撑。

3、积极参与更多科研项目，争取国家、自治区、呼伦贝尔市

科技专项经费支持（尤其是 200 万元以上的自治区重大专项）；

4、 力争 2025 年新建 3000 平方米以上的现代化组培室，

目前前期土地手续正在进行中。

5、更新、引进智能化组培设备 6-10 台件，采取集约化生产，

降低人工费用，达到节本增效目的。
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产胞外多糖菌株的分离鉴定及其功能研究 

茹素龙 1，赵永龙 2,3，王紫薇 4，曹晶晶 2,3，汪志琴 2,3，赵盼 2,3,5，仲

乃琴 2,3,5  

1 宁夏大学农学院，宁夏 银川 750021 

2 中国科学院微生物研究所，北京 100101 

3 中国科学院农业微生物先进技术工程实验室，北京 100101 

4 山西农业大学植物保护学院，山西 晋中 030600 

5 内蒙古自治区马铃薯肥料农药高效利用技术企业重点实验室，内蒙古 呼伦贝尔 021000 

 

摘要：微生物产生的胞外多糖（EPS）可促进大粒径土壤团聚体形成，高产EPS的菌株

在土壤改良、促进作物生长方面具有较好的应用前景。【目的】从土壤样品中筛选高产

胞外多糖的细菌，研究其在土壤改良、环境适应性、广谱抗病等方面的功能，为制备

土壤改良型功能菌剂提供候选菌株。【方法】采用蒽酮硫酸法测定菌株胞外多糖的产量，

通过形态学观察、生理生化试验及 16S rRNA 基因序列测定确定其分类地位，结合土壤

培养试验研究菌株对土壤团聚体形成的影响。【结果】获得 3 株胞外多糖产量大于 500 

mg/L 的细菌，经鉴定 A-5 为地衣芽孢杆菌（Bacillus licheniformis），XJ-3 为萎缩芽孢杆

菌（Bacillus atrophaeus），KW3-10为耐盐芽孢杆菌（Bacillus halotolerans）。菌株A-5、

XJ-3、KW3-10 处理后，土壤大团聚体（>0.25 mm）含量较对照分别提高了 4.07、2.14、

3.16 倍。3 株菌株对疮痂链霉菌（Streptomyces scabies）、尖孢镰刀菌(Fusariumo 

xysporum)、茄链格孢菌(Alternaria solani)和立枯丝核菌(Rhizoctonia solani)等多种植物

病原菌具有明显的抑制效果，可耐受 pH5-9 和 NaCl 含量 1%-9%的盐碱环境，促进植物

生长，其中 KW3-10 的代谢产物中 IAA 含量为 25.58 mg/L。【结论】菌株 A-5、XJ-3、

KW3-10 可显著促进土壤团粒结构形成，具有较好的广谱抗病性和促生长特性，可作为

高效复合功能菌剂的候选菌株。 

                                                             
资助项目：中国科学院战略性先导科技专项（XDA13020601，XDA28030202）；广东省重点领域研发计划

（2020B0202010005）；内蒙古自治区关键技术攻关计划（2021GG0300） 

This work was supported by the Strategic Priority Research Program of the Chinese Academy of Sciences 

(XDA13020601, XDA28030202), the Guangdong Province Key Field R&D Program Project (2020B0202010005), 

and the Inner Mongolia Autonomous Region Key Technology Tackling Plan Project (2021GG0300) 

Corresponding author. E-mail: nqzhong@im.ac.cn 

Received: 2023-03-24; Accepted: 2023-05-23; Published online: 

网络首发时间：2023-06-02 08:55:48
网络首发地址：https://kns.cnki.net/kcms2/detail/11.1995.Q.20230601.0853.001.html

只活心情不活人生
Underline



 

 

关键词：胞外多糖，土壤团聚体，芽孢杆菌，土壤改良  

 

Isolation, identification, and functional 

characterization of exopolysaccharide-producing 

strains 

RU Sulong1, ZHAO Yonglong2,3, WANG Ziwei4, CAO Jingjing2,3, WANG 

Zhiqin2,3, ZHAO Pan2,3,5, ZHONG Naiqin2,3,5* 

1 School of Agriculture, Ningxia University, Yinchuan 750021, Ningxia, China 

2 Institute of Microbiology, Chinese Academy of Sciences, Beijing 100101, China 

3 Engineering Laboratory for Advanced Technology of Agricultural Microbiology, Chinese Academy 

of Sciences, Beijing 100101, China 

4 College of Plant Protection, Shanxi Agricultural University, Jinzhong 030600, Shanxi, China 

5 The Enterprise Key Laboratory of Advanced Technology for Potato Fertilizer and Pesticide,  

Hulunbuir 021000, Inner Mongolia, China 

 

Abstract: Exopolysaccharides (EPS) produced by microorganisms can promote the formation 

of large soil aggregates. EPS-producing strains have good application prospects in improving 

soil and promoting crop growth. [Objective] We isolated the bacteria with high yields of 

exopolysaccharides from soil samples and studied their soil-improving function, environmental 

adaptability, and broad-spectrum disease resistance, aiming to provide candidate strains for the 

preparation of soil-improving microbial agents. [Methods] The yield of EPS was determined 

by anthrone-sulfuric acid method. The taxonomic status of the strain was determined by 

morphological observation, physiological and biochemical tests, and 16S rRNA gene 

sequencing. Soil culture experiments were carried out to evaluate the effect of the strain on the 

formation of soil aggregates. [Results] Three strains of bacteria with EPS yields greater than 

500 mg/L were obtained. A-5 was identified as Bacillus licheniformis, XJ-3 as B. atrophaeus, 

and KW3-10 as B. halotolerans. After treatment with these strains, the content of soil 

macroaggregates (>0.25 mm) increased by 4.07, 2.14, and 3.16 times, respectively. The three 

strains exerted significant inhibitory effects on plant pathogens such as Streptomyces scabies, 

Fusariumo xysporum, Alternaria solani, and Rhizoctonia solani. They could tolerate the saline-

alkali environment with pH 5–9 and NaCl content of 1%–9% and promoted plant growth. The 

content of indole acetic acid in the metabolites of KW3-10 was 25.58 mg/L. [Conclusion] 



 

 

Strains A-5, XJ-3, and KW3-10 can significantly promote the formation of soil aggregates and 

demonstrate broad-spectrum disease resistance and remarkable growth-promoting performance, 

serving as candidates for the preparation of efficient compound microbial agents. 

Keywords: exopolysaccharides, soil aggregate, Bacillus, soil improvement 

 

土壤团聚体是土壤结构的基本单元，其数量和粒径分布决定土壤的肥沃程度，稳定性

决定土壤承受被破坏的能力[1]。多糖是土壤有机质的组成成分之一，占总有机质的 5%-30%，

可通过游离羟基的离子键和氢键与土壤颗粒结合，形成稳定的团聚体[2]。胞外多糖

(exopolysaccharides, EPS)是一些微生物生长代谢过程中分泌到细胞壁外的水溶性多糖，对

土壤大团聚体（>0.25 mm）的形成及植物生长发育具有显著的促进作用[3]。Chenu[4]和

Vadakattu[5]等研究发现，EPS 可促进边际土壤颗粒的聚集，形成有效团聚体，从而提高土

壤结构的稳定性和持水能力。EPS 不仅能提高植物根部土壤团聚体的稳定性，还能增加土

壤孔隙度，改善透气性，利于植物根系生长和营养吸收，从而提高土壤养分的利用效率[6-8]，

并可将有机碳封闭在团聚体中，增强其迟效性[9]。邓照亮等[10]研究结果表明，抑病型土壤

的水稳定性大团聚体含量明显高于导病型土壤，砖红壤和砂壤的抑病型土壤中粒径大于 2 

mm 的团聚体是导病型土壤的 1.87 倍、2.38 倍；康贻军等人[11]用两种产胞外多糖的细菌浸

种，有效提高了土壤水稳性团聚体(>0.25 mm)比例，促进番茄幼苗生长，降低青枯病危害

程度。可见，产胞外多糖细菌对于改良土壤结构，调节土壤生态、促进作物增产具有重要

作用。但是目前应用于土壤改良的菌种资源十分有限，加之 EPS 的形成对环境温度、土壤

pH 值和盐度的变化十分敏感[12-13]，迫切需要筛选胞外多糖产量高、兼具抗病、耐盐碱，且

环境稳定性强的菌株，为复合功能菌剂的研发和产业化应用提供候选菌种资源。 

本研究从土壤样品中定向分离和筛选高产 EPS 的细菌，明确其分类地位，研究菌株对

土壤水稳定性大粒径团聚体形成的促进作用，探究其环境适应性和对土壤的改良作用，测

定其对致病性链霉菌 S. scabies 等多种病原菌的广谱拮抗效果，以期获得具有推广应用前景

的功能菌株。 

1 材料与方法 

1.1 材料 

1.1.1 病原菌样品 

疮痂链霉菌（Streptomyces scabies）、尖孢镰刀菌（Fusarium oxysporum）、立枯丝核菌

（Rhizoctonia solani）购自中国科学院微生物研究所菌种保藏管理中心，馆藏编号分别为

CGMCC4.1765、CGMCC3.18025、CGMCC3.2888；盆栽基质采用 1×105 Pa 灭菌 30 min 的

营养土和蛭石。 

1.1.2 供试土壤样品 

土壤培养试验供试土样采自黑龙江省三江平原北大荒集团友谊农场（46°13′-46°47′N，



 

 

131°21′-131°21′E），pH 8.16，总磷 0.77 g/kg，全氮 0.761 g/kg，全钾 2.17%，有机质 29.7 

g/kg。 

1.1.3 主要培养基与试剂 

LB 培养基(g/L)：蛋白胨 10，酵母提取物 5，NaCl 10，用去离子水定容至 1 L，pH 调

整至 7.0-7.2，121 °C 灭菌 20 min。 

有氮培养基(g/L)：蔗糖 10，(NH4)2SO4 1，MgSO4·7H2O 0.5，NaCl 0.1，K2HPO4 2，酵

母提取物 0.5，用去离子水定容至 1 L，调 pH 为 7，固体培养基添加 20 琼脂，113 °C 灭菌

30 min。 

PDA 固体培养基(g/L)：马铃薯块茎 200 切碎，沸水煮 20 min，用纱布过滤除渣，加入

葡萄糖 20，琼脂 15，用去离子定容至 1 L，调 pH 至 7.0-7.2，113 °C 灭菌 20 min。 

King 氏培养基(g/L)：蛋白胨 20，K2HPO4 1.725，丙三醇 15 mL，MgSO4·7H2O 1.5，色

氨酸 0.1，用去离子水定容至 1 L，调 pH 至 7.2，121 °C 灭菌 20 min。 

比色液：将 20 mL 0.025 mol/L 的 FeCl3缓缓加入 30 mL 浓硫酸中，搅拌均匀。 

B5 营养液(g/L)：KNO3 2.5，MgSO4·7H2O 0.25，NaH2PO4·H2O 0.15，CaCl2·2H2O 0.15，

(NH4)2SO4 0.135，FeSO4·7H2O 0.028，EDTA·Na2 0.037，MnSO4·4H2O 0.004，ZnSO4·7H2O 

0.000 8，去离子水定容至 1 L。 

PKO 培养基(g/L)：葡萄糖 10，(NH4)2SO4 0.5，NaC1 0.3，KC1 0.3，MgSO4·7H2O 0.1，

MgSO4·H2O 0.03，FeSO4 0.03，Ca3(PO4)2 5，酵母提取物 0.5，琼脂 20，用去离子水定容至

1 L，调 pH 至 7.0，113 °C 灭菌 20 min。 

蒽酮溶液(g/mL)：称取 0.2 蒽酮，定容至 100 mL 浓硫酸中，临用前配制。 

1.1.4 供试作物 

由本实验室培育 30 d 的马铃薯脱毒试管苗（品种：夏波蒂）。 

1.2 目标菌株的分离 

采集上海松江区、广西环江县严重板结的农田土壤样品，和宁夏西吉县板结土壤中马

铃薯病薯表面土壤样品，取 1 g 置于 50 mL 离心管中，加入 10 mL 无菌水充分震荡。吸取

100 µL 上述悬浮液均匀涂布于 LB 固体培养基上，28 °C 培养 24 h；挑选细菌单菌落进行划

线纯化，并将所得菌株接种于液体 LB 培养基中，37 °C 振荡培养备用。 

1.3 产 EPS 菌的初筛 

将分离所得的菌株涂布于固体有氮培养基中，37 °C 培养 48 h。用灭菌牙签挑取菌落，

挑选黏度较大的菌株。 

1.4 多糖含量的测定 

将初筛获得的菌株分别于 37 °C 振荡(200 r/min)培养 48 h，采用乙醇沉淀法提取发酵液

粗多糖，并采用硫酸-蒽酮法测定多糖含量。 



 

 

葡萄糖标准曲线制作：分别吸取 50 μg/mL 的葡萄糖溶液 0、0.5、1、1.5、2、2.5 mL 于

25 mL 比色管中，加去离子水至 2.5 mL，分别加入 5 mL 的蒽酮溶液，置沸水浴中保温 10 

min。采用分光光度计测定 OD620 值。以葡萄糖浓度为横坐标，OD 值为纵坐标绘制葡萄糖

标准曲线。 

样品多糖含量的测定：待测菌株培养液 8 000 r/min 离心 10 min，用 Sevag 法[14]提取

EPS，分别取 EPS 溶液 0.1 mL 于比色管中，加入去离子水 2.4 mL，混匀，采用硫酸-蒽酮法

测定多糖含量。 

1.5 菌株形态观察 

将待测菌液均匀涂布于 LB 固体培养基上，37 °C 培养 24 h 后镜检观察菌落形态，分别

采用日立冷场发射扫描电子显微镜 SU8010 和蔡司荧光倒置显微镜 Observer Z1 观察菌体形

态。 

1.6 菌株革兰氏染色 

将待测菌液滴至载玻片上，自然晾干后轻微烘烤，用草酸铵结晶紫染色 1 min，自来水

冲洗 30 s，加碘液于涂面约 1 min，再次水洗，用吸水纸吸干水分，加 95%酒精数滴，轻轻

摇动进行脱色，20 s 后水洗，吸去水分，番红染色液（稀）染 2 min，自来水冲洗，干燥后

镜检。 

1.7 菌株生理生化特性分析 

采用 API 50 CHB G+芽胞杆菌鉴定试剂盒测定菌株理化性质，依据 API 50CH 试验条说

明书判读测试结果。 

将待测菌种分别接种于 pH值为 3.0、5.0、7.0、9.0、11.0，NaCl浓度分别为 1%、3%、

5%、7%、9%、11%的液体 LB 培养基中，37 °C、200 r/min 振荡培养 12 h 后测定其 OD600

值，分析菌株耐盐碱特性[15]。 

1.8 分子系统学分析 

采用 16S rRNA 基因片段通用引物 (27F：5′-AGAGTTTGATCCTGGCTCAG-3′，1492R：

5′-CTACGGCTACCTTGTTACGA-3′)进行测序（北京博迈德生物工程股份有限公司），PCR 

反应体系(20 µL)：2×T5 Super PCR Mix 10 µL，菌株基因组 DNA (200 ng/μL) 2 µL，正、反

向引物(10 µmol/L)各 1 µL，ddH2O 6 µL。PCR 反应条件：95 °C 5 min；95 °C 30 s，55 °C 30 

s，72 °C 2 min，35 个循环；72 °C 10 min。测序结果在 National Center for Biotechnology 

Information（NCBI）上进行比对，采用 MEGA 7.0 软件构建系统发育树。 

1.9 土壤培养试验 

挖取 0-15 cm土层土壤，自然风干后，碾碎过孔径为 0.25 mm的筛。在容积为 1 300 mL

的组培瓶底部垫 150 g 石英砂(约 1 cm 厚)，称取 500 g 过筛土样装入组培瓶中，用纱网将土

壤与石英砂隔开，121 °C 灭菌 45 min。将参试菌株接种于 500 mL LB 液体培养中培养 4-5 

d，至芽孢形成，离心弃上清，将菌体用无菌水洗涤 2 次，分别取 107 CFU/mL 菌体均匀接



 

 

入土壤中，加无菌水至土壤饱和含水量 60%，室温培养箱 37 °C 培养 120 d，样品送至青岛

斯坦德衡立环境技术研究院有限公司测定不同粒径水稳性土壤团聚体含量。 

试验设置 4 个处理，CK（过筛土样+无菌水），处理 1（过筛土样+A-5），处理 2（过筛

土样+XJ-3），处理 3（过筛土样+ KW3-10），每个处理重复 3 次。 

1.10 菌株溶磷及促生长特性分析 

菌株在 PKO 固体培养基上 28 °C 培养 7 d，观察菌株溶磷效果。 

吸取 100 μL 菌液接种于 King 氏液体培养基中，37 °C、200 r/min 培养 48 h，离心收集

上清液，用 SalKowski 比色法定性检测菌液中的生长素(IAA)，参照李振东等的方法测算

IAA 浓度[16]。 

1.11 广谱抑菌效果测定 

吸取 100 µL 疮痂链霉菌(S. scabies)孢子悬浮液均匀涂布于 PDA 固体培养基，吸取上述

细菌培养液 6 µL 滴于其上，28 °C 培养 7 d 后测量抑菌圈直径。 

在 PDA 培养基上接种大丽轮枝菌、立枯丝核菌和尖孢镰刀菌，在其两侧间隔 1 cm 处

分别接种 6 μL 目标菌株培养液，并以单独接种病原菌的处理为对照，28 °C 培养 4 d 观察抑

菌效果。 

1.12 马铃薯疮痂病盆栽防控效果验证 

在高 10 cm、直径为 17 cm 的花盆中装满蛭石与营养土（蛭石：营养土=4：1），将 2 L 

B5 营养液均匀浇入花盆，移栽培养 30 d 的马铃薯夏波蒂脱毒组培苗，每盆 3 株，置于相同

环境培养，10 d 后每株幼苗根部接种 100 mL 1×107 CFU/mL 的 S. scabies 孢子悬浮液，间隔

15 d 后接种目标菌悬浮液(30 mL/盆，1×108 CFU/mL)，不接种任何菌株的处理为 CK1，仅

接种 S. scabies 的处理为 CK2。每个处理重复 3 次，每周浇水 1 次，每次浇 2 L。马铃薯收

获以后，依据疮痂病分级标准统计发病率、病情指数，计算防治效果。 

病害分级标准[17]：0级为薯皮健康，无病斑；1级为病斑面积占块茎总表面积的0-1/6；

2 级为病斑面积占块茎总表面积的 1/6-1/3；3 级为病斑面积占块茎总表面积的 1/3-1/2；4 级

为病斑面积占块茎总表面积的 1/2 以上。 

发病率(%)=发病块茎数/总块茎数×100%； 

病情指数=∑(各病级块茎数×该病级数代表值)/(调查个体总和×最高病级数)×100； 

相对防效(%)=(对照组病情指数−处理组病情指数)/对照组病情指数×100%。 

参照 Wanner Leslie A[18]的方法，以基质环境为模板，依据 S. scabies 的关键致病基因

TxtA 序列设计引物，正向引物：5′-CACGTACGCGCAGTTCAATG-3′；反向引物：5′-

AGATGATGTAGGCGGGAC-3′。采用 ABI 7500Real-Time PCR System 仪扩增土壤中 TxtA 的

生物量，试验重复 3 次。 



 

 

1.13 数据处理 

采用 Excel 和 Origin 2021b 软件处理相关数据，运用 MEGA 7.0 软件构建菌株系统发育

树。 

2 结果与分析 

2.1 高产 EPS 菌株筛选 

分别从采自上海松江区、广西环江县、宁夏西吉县的严重板结土壤样品中，分离获得

3 株表面湿润、黏度较大、产胞外多糖高的细菌，编号分别为 A-5、XJ-3，KW3-10。采用

硫酸-蒽酮法制作葡萄糖标准曲线，葡萄糖浓度和吸光度之间的线性方程为

Y=0.0125X+0.0424，R2=0.9983，标准曲线满足分析测试要求。测定结果如图 1 所示，培养

72 h 时，A-5 培养液中 EPS 产量最高，达 1 439.23 mg/L，XJ-3 与 KW3-10 菌株 EPS 产量分

别为 735.34 mg/L 和 838.77 mg/L。 

 

 

 

 

 

 

 

图 1 菌株胞外多糖（EPS）产量 

Figure 1 EPS yield of strain. The presented values are the means of three determinations, with standard deviations 

indicated; Means with different letters are significantly different at P < 0.05. 

2.2 菌株形态学观察 

如图 2所示，扫描电镜下观察发现，3株菌均为杆状细菌，菌体两端钝圆，边缘整齐，

表面湿润，革兰氏染色呈阳性，且周围有丝状分泌物。其中 A-5 菌落白色圆形，半透明，

宽度 0.60-0.95 μm，长度 1.5-2.4 μm；XJ-3 菌落乳白色圆形，半透明，有荚膜，宽度约为

0.55-1.00 μm，长度为 1.6-2.4 μm；菌株 KW3-10 菌落乳白色圆形，不透明，宽度 0.50-0.95 

μm，长度 1.5-3.5 μm。 
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图 2 菌株 A-5、XJ-3、KW3-10 的形态特征 

Figure 2 Morphological characteristics of A-5, XJ-3, KW3-10. A: A-5 colonies; B: XJ-3 colonies; C: KW3-10 

colonies; D: A-5 bacteria; E: XJ-3 bacteria; F: KW3-10 bacteria; G: A-5 Gram staining; H: XJ-3 Gram staining; I: 

KW3-10 Gram staining. 

2.3 菌株生理生化特性分析 

由表 1 所示，菌株 A-5、XJ-3、KW3-10 均可利用 D-核糖、D-葡萄糖、D-果糖、D-甘

露糖、山梨醇、D-蔗糖、D-纤维二糖、肌醇、水杨苷、D-麦芽糖、D-海藻糖、淀粉作为唯

一碳源，代谢产物可降解苦杏仁苷；不能利用 D-阿拉伯糖、赤藻糖醇、L-木糖、D-核糖醇、

L-山梨糖、卫矛醇、D-乳糖、D-松三糖、木糖醇、葡萄糖酸钾。API 50CH 鉴定结果显示，

3株待测菌株均为芽胞杆菌，其中 A-5初步鉴定为地衣芽孢杆菌，鉴定率为 99.5%；XJ-3与

KW3-10 初步鉴定为枯草、解淀粉芽孢杆菌，鉴定率分别为 77.4%、89.9%。 

表 1 菌株的生理生化特性 

Table 1 Physiological and biochemical characters of strains 

Test items 
Results 

Test items 
Results 

A-5 XJ-3 KW3-10 A-5 XJ-3 KW3-10 

Negative control - - - Esculin ferric citrate + + + 

Glycerol + + + Salicin + + + 

Erythritol - - - cellobiose + + + 

D-Arabinose - - - D- maltose + + + 

L-Arabinose + + + D- lactose - - - 

D-ribose + + + D-disaccharide - - + 

D-xylose + - + D- sucrose + + + 

L-Xylose - - - D-Trehalose dihydrate + + + 

D-Ribitol - - - Synanthrin + - + 

D-Galactose + - - D-Raffinose + - + 

D-glucose + + + amylum + + + 

D-Fructose + + + glycogen + + + 

D-Mannose + + + Xylitol - - - 

D E F 

G H

·

·

·

·

· 

I 



 

 

L-Sorbose - - - D-Gentiobiose + - - 

L-rhamnose + - - Melezitose - - - 

Dulcitpl - - - D-Lyxose - - - 

Inositol + + + D-Tagatose + + + 

D-Mannitol + + + D-fucose - - - 

Sorbitol + + + L-fucose - - - 

Methyl alpha-D-

Mannopyranoside 
- - - D-arabinitol - - - 

Methyl-a-D-

glucopyranoside 
+ + + L-Arabitol - - - 

N-Acetyl 

glucosamine 
- - - Potassium gluconate - - - 

Nitrilosides + + + 
2-Keto-potassium 

gluconate 
- - - 

hydroquinone O-β-

D-glucopyranoside 
+ + + 

5-Keto-potassium 

gluconate 
- - - 

+: Positive; -: Negative. 

2.4 基于 16S rRNA 的分子生物学鉴定 

将菌株 A-5、XJ-3 和 KW3-10 的 16S rRNA 序列在 NCBI 中进行比对，发现三者分别与

地衣芽孢杆菌、萎缩芽孢杆菌与耐盐芽孢杆菌的同源性达到 99.9%以上，运用 MEGA 7.0软

件构建系统发育树。结果如图 3 所示，A-5 与 Bacillus paralicheniformis QT391T在同一分支，

XJ-3 与 Bacillus atrophaeus B-1T在同一分支，KW3-10 与 Bacillus halotolerans NOK83T在同

一分支，结合形态学和生理生化特性分析结果，将 A-5、XJ-3 和 KW3-10 分别鉴定为地衣

芽孢杆菌（Bacillus licheniformis）、萎缩芽孢杆菌（Bacillus atrophaeus）、耐盐芽孢杆菌

（Bacillus halotolerans）。 

 

 

 

 

 

 

 

 

图 3 基于 16S rRNA 基因序列构建菌株的系统发育树  

Figure 3 Phylogenetic tree of Strains constructed based on the 16S rRNA gene sequences. Numbers in parentheses 

are GenBank accession numbers; The bootstrap values are shown at the node; The scale bar indicates 0.050 

substitutions per nucleotide position. 
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2.5 土壤培养试验 

菌株处理土壤样品 120 d 后，不同粒径的土壤团聚体分布如图 4A 所示，接种 A-5、XJ-

3 和 KW3-10 的处理组，粒径大于 2 mm 的土壤团聚体比例分别较 CK 提高了 1.97%、0.53%、

1.60%，差异均达到极显著水平（P<0.01）；粒径大于 0.25 mm 的土壤团聚体比例分别较 CK

提高了 4.07、2.14、3.16 倍，其中 XJ-3 和 KW3-10 处理达到显著水平（P<0.05）；粒径大于

0.053 mm的土壤团聚体比例均较CK略有增加，其中XJ-3差异达到显著水平。与CK相比，

各处理粒径小于 0.053 mm 的土壤团聚体比例均有所下降，其中 XJ-3 和 KW3-10 差异达到

显著水平。结果表明，胞外多糖具有较好的胶结能力，可以将小团聚体聚集形成稳定的大

团聚体。 

土壤多糖含量测定结果如图4B所示。3组处理的土壤多糖含量均有所增加，分别较CK

提高了 28.87%、21.09%和 12.93%，其中菌株 A-5 处理的差异达显著水平，XJ-3 处理的差

异达极显著水平。 

各处理对土壤 pH 变化的影响如图 4C 所示。与 CK 相比，接种 A-5、XJ-3、KW3-10 的

土壤 pH 值分别下降了 0.49、0.84、0.85，差异均达到极显著水平。推测参试细菌能通过代

谢产生有机酸，利用质子置换盐碱土壤中的阳离子，从而降低土壤的 pH 值。 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

图 4 土壤培养试验结果 

Figure 4 Soil culture test results. A: Effects of different strains on soil aggregates distribution in the soil culture 

experiment; B: The Effect of Strains on the Content of Soil Polysaccharides; C: The effect of strains on soil pH. The 

presented values are the means of three determinations, with standard deviations indicated; *: P<0.05, **: P<0.01. 
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2.6 菌株耐盐碱特性分析 

为了探究参试菌株对盐碱环境的适应性，我们分别将其接种于 NaCl 含量 1%-11%、

pH1-13 的 LB 液体培养基中，28 °C，培养 24 h 后观察发现（图 5），3 株菌对极端盐碱环境

均具有较强的耐受性，其中菌株 A-5 和 KW3-10，在 NaCl 浓度为 1%-3%的条件下可正常生

长，在NaCl浓度为7%-9%的条件下可较好生长；XJ-3和KW3-10最高可耐受NaCl浓度11%

的高盐环境（培养 24 h 后，KW3-10 菌液的 OD600值可达 0.896）。在 pH 为 5-7 的环境中，3

株菌均可正常生长，KW3-10 可耐受 pH11 的极端高碱环境。 

 

 

 

 

 

 

 

 

 

 

 

 

图 5 菌株 A-5，XJ-3，KW3-10 的耐盐碱范围 

Figure 5 Salt-alkali tolerance range of A-5, XJ-3, KW3-10. The presented values are the means of three 

determinations, with standard deviations indicated. 

2.7 参试菌株产 IAA 能力与溶解磷能力比较 

将 3 株目标菌在 King 氏液体培养基中培养 24 h，将上清液与比色液进行混合，3 株菌

的混合液均呈显粉红色，对照标准曲线 Y=8.8218X，R²=0.9918 计算，菌株 IAA 的产量（图

6A）分别为 2.68、8.09、25.58 mg/L。 

在 KPO 培养基上培养发现，A-5 菌落周围形成明显的透明圈，表明其具有较好的溶磷

能力（图 6B）；KW3-10 菌落周围虽没有形成透明圈，但其生长繁殖明显好于 XJ-3。 
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图 6 菌株 A-5，XJ-3，KW3-10 代谢产物中生长素测定与溶解磷能力 

Figure 6 Determination of auxin in metabolites of strains A-5, XJ-3, KW3-10 and their ability to phosphate 

solubilizing. A: Auxin assay in strain A-5, XJ-3, KW3-10 metabolites; B: Phosphate solubilizing ability of strains. 

The presented values are the means of three determinations, with standard deviations indicated; Means with different 

letters are significantly different at P < 0.05. 

2.8 菌株促生长效果测定 

菌体浇施马铃薯幼苗，培养 60 d 后统计 SPAD、株高、茎粗，数据汇总如图 7 所示。3

株菌处理的植株长势均优于对照，其中，A-5处理后的 SPAD值、株高、茎径较对照分别增

加了 23.42%，21.35%和 20.73%，差异均达到极显著水平；XJ-3 的株高与茎径较对照分别

增加了 28.83%、36.96%，差异达到显著水平，SPAD 值增加 17.00%，但差异不显著；

KW3-10 处理的 SPAD 值、株高与茎径分别较对照增加了 29.15%、34.81%和 56.54%，差异

均达到显著水平。可见，3 株菌均对植株具有良好的促生长效果（图 7A-D）。 

 

 

 

 

 

 

 

 

 

 

 

图 7 菌株 A-5，XJ-3，KW3-10 促生能力分析 

Figure 7 Analysis of growth-promoting ability of strains. A: water treatment; B-D: The order of pouring A-5, XJ-3 

and KW3-10 bacterial liquid; E: Plant height after 60 d; F: SPAD after 60 d; G: Stem diameter after 60 d. The 

presented values are the means of three determinations, with standard deviations indicated; *: P<0.05, **: P<0.01. 

2.9 菌株广谱抗性分析 

为了进一步挖掘被试菌株的广谱生防功能，通过平板对峙试验测试了其对 4 种植物病

原菌的拮抗效果。结果如图 8 所示，A-5，XJ-3，KW3-10 的 72 h 培养液对疮痂链霉菌(S. 

scabies)的抑菌圈直径分别约为 20、49、56 mm；A-5 对尖孢镰刀菌(Fusariumo xysporum)、

茄链格孢菌(Alternaria solani)和立枯丝核菌(Rhizoctonia solani)均具的抑菌率分别约为

50.97%、25.66%、2.44%，XJ-3 的抑菌率分别约为 37.65%、46.9%、63.41%，KW3-10的抑

菌率分别为 48.05%、64.91%、60.98%，推测 3 株芽孢杆菌均具有较好的广谱抗性。 
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图 8 菌株 A-5，XJ-3，KW3-10 的广谱抗性 

Figure 8 Broad-spectrum resistance of A-5, XJ-3, KW3-10. B, C, D: A-5, XJ-3, KW3-10 antagonize Streptomyces 

scabies; F, G, H: A-5, XJ-3, KW3-10 antagonize Fusarium oxysporum; J, K, L: A-5, XJ-3, KW3-10 antagonize 

Alternaria solani; N, O, P: A-5, XJ-3, KW3-10 antagonize Rhizoctonia solani. 

2.10 盆栽防病试验 

为了验证平板试验结果的准确性，本文采用高感马铃薯疮痂病品种夏波蒂作为参试植

物，通过盆栽试验，人为分别接种致病链霉菌 S. scabies、致病链霉菌 S. scabies+产胞外多

糖细菌，结果如表 2 和图 9 所示，水处理组（CK1）的微型薯均未发病；病原菌 S. scabies

处理组（CK2）发病率为 100%，病情指数为 55.88；S. scabies 与 A-5 共处理组发病率为

50%，病情指数 17.5，相对防效达 68.68%；S. scabies 和 XJ-3 共处理组发病率为 55.56%，

病情指数为 20.83，相对防效为 62.72%；S. scabies 和 KW3-10 共处理组发病率为 61.11%，

病情指数为 22.22，相对防效达 60.24%。 

TxtA 是致病性链霉菌 S. scabies 的主要致病基因，TxtA 在基质中的相对丰度反映了基质

中疮痂链霉菌的数量。图 9F 所示，菌株 A-5、XJ-3 和 KW3-10 处理组中致病菌的相对丰度

显著低于 CK2，与上述结果一致，表明 3 个目标菌对 S. scabies 均有较好的抑制效果。 
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表 2 马铃薯疮痂病情统计 

Table 2 Statistics of potato scab 

Treatment Number of grains 
Sickness 

Occurrence rate 
Disease 

index 
Relative control effects 

0 1 2 3 4 

CK1 16 16 0 0 0 0 0 0 - 

CK2 17 0 6 4 4 3 100% 55.88 - 

A-5 20 10 7 2 1 0 50% 17.5 68.68% 

XJ-3 18 8 8 0 1 1 55.56% 20.83 62.72% 

KW3-10 18 7 8 2 0 1 61.11% 22.22 60.24% 

 

 

 

 

 

 

 

 

 

 

 

 

图 9 盆栽防病试验结果 

Figure 9 Pot disease inhibition test results. A: Control; B: Pathogen treatment; C, D, E: Pathogen+target bacteria 

treatment F: Detection of pathogenic gene TxtA. The presented values are the means of three determinations, with 

standard deviations indicated; *: P<0.05, **: P<0.01, ***: P<0.001. 

3 讨论 

一些产胞外多糖、生态适应性强、对环境友好的芽孢杆菌，能通过竞争、拮抗和提高

植物抗病性等方式抵御病原菌的入侵，促进农作物增产，具有潜在的产业化应用可能性[19]。

Vardharajula[20]等人在土壤中接种高产 EPS 的解淀粉芽孢杆菌（Bacillus amyloliquefaciens）

HYD-B17、地衣芽孢杆菌（Bacillus licheniformis）HYTAPB18 及枯草芽孢杆菌（Bacillus 

subtilis）RMPB44 后，土壤中小团聚体的胶结性提高，水稳定性大团聚体数量显著增多。

张文平[21]等通过优化蜡样芽孢杆菌 DT-10 的发酵条件，获得较高产量的 EPS。枯草芽孢杆

菌沙漠亚种 GBW HF-98 在盐碱胁迫下，可以通过产胞外多糖改善土壤团粒结构，调整土壤

的盐碱性，从而促进番茄生长[22]。 

近年来，随着化肥农药的大量施用和养分的不平衡富集，土壤生态环境持续恶化，农

作物土传病害加剧危害，尤其由致病性链霉菌(Streptomyces scabies)引起的块根块茎类作物

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

CK1 CK2 A-5 XJ-3 KW3-10

R
el

at
iv

e 
co

n
te

n
t 

o
f 

T
xt

A

**
***

**

S. scabies A-5 XJ-3 KW3-10 H2O 

A 

F 

B C D E 



 

 

的疮痂病在世界范围普遍发生，危害程度逐年加重[23-26]。我国马铃薯疮痂病年发病面积超

过 40 万 hm2，平均病株率约 30%，导致块茎商品性和耐储性大幅下降，病原菌土传和种传，

难以防控，已严重威胁到产业的可持续发展[27]。微生物制剂具有对环境友好、促进作物生

长、广谱抗病等多种功能，越来越受到人们的重视，可能是未来实现马铃薯疮痂病等主要

土传病害有效防控的重要途径。虽然有一些学者分离鉴定了疮痂链霉菌的拮抗菌，并在盆

栽或田间试验中取得了一定的防效，但真正用于生产的菌株非常有限，且防治效果并不理

想。 

2022 年农业部颁布的微生物肥料行业标准 GB/T 41728-2022 明确规定，地衣芽孢杆菌

对人畜和环境友好，可免作毒理学试验，直接添加在肥料中应用于农业生产。本研究从严

重板结的土壤样品中分离获得的地衣芽孢杆菌 A-5，培养液胞外多糖含量高达 1 439.23 

mg/L，在土壤中定殖力强，处理后土壤多糖为 4.73 mg/g，粒径＞0.25 mm 的团聚体数量比

对照提高 4.07 倍，不仅具有很好的耐盐碱特性和调节土壤 pH 的作用，还具有较好的广谱

抗病功能，尤其对马铃薯疮痂病的盆栽防效达到 68.68%，可作为土壤改良型抑病功能菌剂

的候选菌株，具有较好的应用前景。值得一提的是 A-5 虽然在平板对峙试验中抑菌圈直径

最小（20 mm），但其解磷和产 EPS 能力显著优于其他 2 株菌，盆栽试验对疮痂链霉菌的抑

制效果最佳，相对防效达 68.68%，我们推测菌株对疮痂病抑制效果可能与其解磷或产胞外

多糖性能相关，其相关性和作用机理有待进一步研究和验证。 
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摘要：微生物产生的胞外多糖（EPS）可促进大粒径土壤团聚体形成，高产EPS的菌株

在土壤改良、促进作物生长方面具有较好的应用前景。【目的】从土壤样品中筛选高产

胞外多糖的细菌，研究其在土壤改良、环境适应性、广谱抗病等方面的功能，为制备

土壤改良型功能菌剂提供候选菌株。【方法】采用蒽酮硫酸法测定菌株胞外多糖的产量，

通过形态学观察、生理生化试验及 16S rRNA 基因序列测定确定其分类地位，结合土壤

培养试验研究菌株对土壤团聚体形成的影响。【结果】获得 3 株胞外多糖产量大于 500 

mg/L 的细菌，经鉴定 A-5 为地衣芽孢杆菌（Bacillus licheniformis），XJ-3 为萎缩芽孢杆

菌（Bacillus atrophaeus），KW3-10为耐盐芽孢杆菌（Bacillus halotolerans）。菌株A-5、

XJ-3、KW3-10 处理后，土壤大团聚体（>0.25 mm）含量较对照分别提高了 4.07、2.14、

3.16 倍。3 株菌株对疮痂链霉菌（Streptomyces scabies）、尖孢镰刀菌(Fusariumo 

xysporum)、茄链格孢菌(Alternaria solani)和立枯丝核菌(Rhizoctonia solani)等多种植物

病原菌具有明显的抑制效果，可耐受 pH5-9 和 NaCl 含量 1%-9%的盐碱环境，促进植物

生长，其中 KW3-10 的代谢产物中 IAA 含量为 25.58 mg/L。【结论】菌株 A-5、XJ-3、

KW3-10 可显著促进土壤团粒结构形成，具有较好的广谱抗病性和促生长特性，可作为

高效复合功能菌剂的候选菌株。 
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Abstract: Exopolysaccharides (EPS) produced by microorganisms can promote the formation 

of large soil aggregates. EPS-producing strains have good application prospects in improving 

soil and promoting crop growth. [Objective] We isolated the bacteria with high yields of 

exopolysaccharides from soil samples and studied their soil-improving function, environmental 

adaptability, and broad-spectrum disease resistance, aiming to provide candidate strains for the 

preparation of soil-improving microbial agents. [Methods] The yield of EPS was determined 

by anthrone-sulfuric acid method. The taxonomic status of the strain was determined by 

morphological observation, physiological and biochemical tests, and 16S rRNA gene 

sequencing. Soil culture experiments were carried out to evaluate the effect of the strain on the 

formation of soil aggregates. [Results] Three strains of bacteria with EPS yields greater than 

500 mg/L were obtained. A-5 was identified as Bacillus licheniformis, XJ-3 as B. atrophaeus, 

and KW3-10 as B. halotolerans. After treatment with these strains, the content of soil 

macroaggregates (>0.25 mm) increased by 4.07, 2.14, and 3.16 times, respectively. The three 

strains exerted significant inhibitory effects on plant pathogens such as Streptomyces scabies, 

Fusariumo xysporum, Alternaria solani, and Rhizoctonia solani. They could tolerate the saline-

alkali environment with pH 5–9 and NaCl content of 1%–9% and promoted plant growth. The 

content of indole acetic acid in the metabolites of KW3-10 was 25.58 mg/L. [Conclusion] 



 

 

Strains A-5, XJ-3, and KW3-10 can significantly promote the formation of soil aggregates and 

demonstrate broad-spectrum disease resistance and remarkable growth-promoting performance, 

serving as candidates for the preparation of efficient compound microbial agents. 

Keywords: exopolysaccharides, soil aggregate, Bacillus, soil improvement 

 

土壤团聚体是土壤结构的基本单元，其数量和粒径分布决定土壤的肥沃程度，稳定性

决定土壤承受被破坏的能力[1]。多糖是土壤有机质的组成成分之一，占总有机质的 5%-30%，

可通过游离羟基的离子键和氢键与土壤颗粒结合，形成稳定的团聚体[2]。胞外多糖

(exopolysaccharides, EPS)是一些微生物生长代谢过程中分泌到细胞壁外的水溶性多糖，对

土壤大团聚体（>0.25 mm）的形成及植物生长发育具有显著的促进作用[3]。Chenu[4]和

Vadakattu[5]等研究发现，EPS 可促进边际土壤颗粒的聚集，形成有效团聚体，从而提高土

壤结构的稳定性和持水能力。EPS 不仅能提高植物根部土壤团聚体的稳定性，还能增加土

壤孔隙度，改善透气性，利于植物根系生长和营养吸收，从而提高土壤养分的利用效率[6-8]，

并可将有机碳封闭在团聚体中，增强其迟效性[9]。邓照亮等[10]研究结果表明，抑病型土壤

的水稳定性大团聚体含量明显高于导病型土壤，砖红壤和砂壤的抑病型土壤中粒径大于 2 

mm 的团聚体是导病型土壤的 1.87 倍、2.38 倍；康贻军等人[11]用两种产胞外多糖的细菌浸

种，有效提高了土壤水稳性团聚体(>0.25 mm)比例，促进番茄幼苗生长，降低青枯病危害

程度。可见，产胞外多糖细菌对于改良土壤结构，调节土壤生态、促进作物增产具有重要

作用。但是目前应用于土壤改良的菌种资源十分有限，加之 EPS 的形成对环境温度、土壤

pH 值和盐度的变化十分敏感[12-13]，迫切需要筛选胞外多糖产量高、兼具抗病、耐盐碱，且

环境稳定性强的菌株，为复合功能菌剂的研发和产业化应用提供候选菌种资源。 

本研究从土壤样品中定向分离和筛选高产 EPS 的细菌，明确其分类地位，研究菌株对

土壤水稳定性大粒径团聚体形成的促进作用，探究其环境适应性和对土壤的改良作用，测

定其对致病性链霉菌 S. scabies 等多种病原菌的广谱拮抗效果，以期获得具有推广应用前景

的功能菌株。 

1 材料与方法 

1.1 材料 

1.1.1 病原菌样品 

疮痂链霉菌（Streptomyces scabies）、尖孢镰刀菌（Fusarium oxysporum）、立枯丝核菌

（Rhizoctonia solani）购自中国科学院微生物研究所菌种保藏管理中心，馆藏编号分别为

CGMCC4.1765、CGMCC3.18025、CGMCC3.2888；盆栽基质采用 1×105 Pa 灭菌 30 min 的

营养土和蛭石。 

1.1.2 供试土壤样品 

土壤培养试验供试土样采自黑龙江省三江平原北大荒集团友谊农场（46°13′-46°47′N，



 

 

131°21′-131°21′E），pH 8.16，总磷 0.77 g/kg，全氮 0.761 g/kg，全钾 2.17%，有机质 29.7 

g/kg。 

1.1.3 主要培养基与试剂 

LB 培养基(g/L)：蛋白胨 10，酵母提取物 5，NaCl 10，用去离子水定容至 1 L，pH 调

整至 7.0-7.2，121 °C 灭菌 20 min。 

有氮培养基(g/L)：蔗糖 10，(NH4)2SO4 1，MgSO4·7H2O 0.5，NaCl 0.1，K2HPO4 2，酵

母提取物 0.5，用去离子水定容至 1 L，调 pH 为 7，固体培养基添加 20 琼脂，113 °C 灭菌

30 min。 

PDA 固体培养基(g/L)：马铃薯块茎 200 切碎，沸水煮 20 min，用纱布过滤除渣，加入

葡萄糖 20，琼脂 15，用去离子定容至 1 L，调 pH 至 7.0-7.2，113 °C 灭菌 20 min。 

King 氏培养基(g/L)：蛋白胨 20，K2HPO4 1.725，丙三醇 15 mL，MgSO4·7H2O 1.5，色

氨酸 0.1，用去离子水定容至 1 L，调 pH 至 7.2，121 °C 灭菌 20 min。 

比色液：将 20 mL 0.025 mol/L 的 FeCl3缓缓加入 30 mL 浓硫酸中，搅拌均匀。 

B5 营养液(g/L)：KNO3 2.5，MgSO4·7H2O 0.25，NaH2PO4·H2O 0.15，CaCl2·2H2O 0.15，

(NH4)2SO4 0.135，FeSO4·7H2O 0.028，EDTA·Na2 0.037，MnSO4·4H2O 0.004，ZnSO4·7H2O 

0.000 8，去离子水定容至 1 L。 

PKO 培养基(g/L)：葡萄糖 10，(NH4)2SO4 0.5，NaC1 0.3，KC1 0.3，MgSO4·7H2O 0.1，

MgSO4·H2O 0.03，FeSO4 0.03，Ca3(PO4)2 5，酵母提取物 0.5，琼脂 20，用去离子水定容至

1 L，调 pH 至 7.0，113 °C 灭菌 20 min。 

蒽酮溶液(g/mL)：称取 0.2 蒽酮，定容至 100 mL 浓硫酸中，临用前配制。 

1.1.4 供试作物 

由本实验室培育 30 d 的马铃薯脱毒试管苗（品种：夏波蒂）。 

1.2 目标菌株的分离 

采集上海松江区、广西环江县严重板结的农田土壤样品，和宁夏西吉县板结土壤中马

铃薯病薯表面土壤样品，取 1 g 置于 50 mL 离心管中，加入 10 mL 无菌水充分震荡。吸取

100 µL 上述悬浮液均匀涂布于 LB 固体培养基上，28 °C 培养 24 h；挑选细菌单菌落进行划

线纯化，并将所得菌株接种于液体 LB 培养基中，37 °C 振荡培养备用。 

1.3 产 EPS 菌的初筛 

将分离所得的菌株涂布于固体有氮培养基中，37 °C 培养 48 h。用灭菌牙签挑取菌落，

挑选黏度较大的菌株。 

1.4 多糖含量的测定 

将初筛获得的菌株分别于 37 °C 振荡(200 r/min)培养 48 h，采用乙醇沉淀法提取发酵液

粗多糖，并采用硫酸-蒽酮法测定多糖含量。 



 

 

葡萄糖标准曲线制作：分别吸取 50 μg/mL 的葡萄糖溶液 0、0.5、1、1.5、2、2.5 mL 于

25 mL 比色管中，加去离子水至 2.5 mL，分别加入 5 mL 的蒽酮溶液，置沸水浴中保温 10 

min。采用分光光度计测定 OD620 值。以葡萄糖浓度为横坐标，OD 值为纵坐标绘制葡萄糖

标准曲线。 

样品多糖含量的测定：待测菌株培养液 8 000 r/min 离心 10 min，用 Sevag 法[14]提取

EPS，分别取 EPS 溶液 0.1 mL 于比色管中，加入去离子水 2.4 mL，混匀，采用硫酸-蒽酮法

测定多糖含量。 

1.5 菌株形态观察 

将待测菌液均匀涂布于 LB 固体培养基上，37 °C 培养 24 h 后镜检观察菌落形态，分别

采用日立冷场发射扫描电子显微镜 SU8010 和蔡司荧光倒置显微镜 Observer Z1 观察菌体形

态。 

1.6 菌株革兰氏染色 

将待测菌液滴至载玻片上，自然晾干后轻微烘烤，用草酸铵结晶紫染色 1 min，自来水

冲洗 30 s，加碘液于涂面约 1 min，再次水洗，用吸水纸吸干水分，加 95%酒精数滴，轻轻

摇动进行脱色，20 s 后水洗，吸去水分，番红染色液（稀）染 2 min，自来水冲洗，干燥后

镜检。 

1.7 菌株生理生化特性分析 

采用 API 50 CHB G+芽胞杆菌鉴定试剂盒测定菌株理化性质，依据 API 50CH 试验条说

明书判读测试结果。 

将待测菌种分别接种于 pH值为 3.0、5.0、7.0、9.0、11.0，NaCl浓度分别为 1%、3%、

5%、7%、9%、11%的液体 LB 培养基中，37 °C、200 r/min 振荡培养 12 h 后测定其 OD600

值，分析菌株耐盐碱特性[15]。 

1.8 分子系统学分析 

采用 16S rRNA 基因片段通用引物 (27F：5′-AGAGTTTGATCCTGGCTCAG-3′，1492R：

5′-CTACGGCTACCTTGTTACGA-3′)进行测序（北京博迈德生物工程股份有限公司），PCR 

反应体系(20 µL)：2×T5 Super PCR Mix 10 µL，菌株基因组 DNA (200 ng/μL) 2 µL，正、反

向引物(10 µmol/L)各 1 µL，ddH2O 6 µL。PCR 反应条件：95 °C 5 min；95 °C 30 s，55 °C 30 

s，72 °C 2 min，35 个循环；72 °C 10 min。测序结果在 National Center for Biotechnology 

Information（NCBI）上进行比对，采用 MEGA 7.0 软件构建系统发育树。 

1.9 土壤培养试验 

挖取 0-15 cm土层土壤，自然风干后，碾碎过孔径为 0.25 mm的筛。在容积为 1 300 mL

的组培瓶底部垫 150 g 石英砂(约 1 cm 厚)，称取 500 g 过筛土样装入组培瓶中，用纱网将土

壤与石英砂隔开，121 °C 灭菌 45 min。将参试菌株接种于 500 mL LB 液体培养中培养 4-5 

d，至芽孢形成，离心弃上清，将菌体用无菌水洗涤 2 次，分别取 107 CFU/mL 菌体均匀接



 

 

入土壤中，加无菌水至土壤饱和含水量 60%，室温培养箱 37 °C 培养 120 d，样品送至青岛

斯坦德衡立环境技术研究院有限公司测定不同粒径水稳性土壤团聚体含量。 

试验设置 4 个处理，CK（过筛土样+无菌水），处理 1（过筛土样+A-5），处理 2（过筛

土样+XJ-3），处理 3（过筛土样+ KW3-10），每个处理重复 3 次。 

1.10 菌株溶磷及促生长特性分析 

菌株在 PKO 固体培养基上 28 °C 培养 7 d，观察菌株溶磷效果。 

吸取 100 μL 菌液接种于 King 氏液体培养基中，37 °C、200 r/min 培养 48 h，离心收集

上清液，用 SalKowski 比色法定性检测菌液中的生长素(IAA)，参照李振东等的方法测算

IAA 浓度[16]。 

1.11 广谱抑菌效果测定 

吸取 100 µL 疮痂链霉菌(S. scabies)孢子悬浮液均匀涂布于 PDA 固体培养基，吸取上述

细菌培养液 6 µL 滴于其上，28 °C 培养 7 d 后测量抑菌圈直径。 

在 PDA 培养基上接种大丽轮枝菌、立枯丝核菌和尖孢镰刀菌，在其两侧间隔 1 cm 处

分别接种 6 μL 目标菌株培养液，并以单独接种病原菌的处理为对照，28 °C 培养 4 d 观察抑

菌效果。 

1.12 马铃薯疮痂病盆栽防控效果验证 

在高 10 cm、直径为 17 cm 的花盆中装满蛭石与营养土（蛭石：营养土=4：1），将 2 L 

B5 营养液均匀浇入花盆，移栽培养 30 d 的马铃薯夏波蒂脱毒组培苗，每盆 3 株，置于相同

环境培养，10 d 后每株幼苗根部接种 100 mL 1×107 CFU/mL 的 S. scabies 孢子悬浮液，间隔

15 d 后接种目标菌悬浮液(30 mL/盆，1×108 CFU/mL)，不接种任何菌株的处理为 CK1，仅

接种 S. scabies 的处理为 CK2。每个处理重复 3 次，每周浇水 1 次，每次浇 2 L。马铃薯收

获以后，依据疮痂病分级标准统计发病率、病情指数，计算防治效果。 

病害分级标准[17]：0级为薯皮健康，无病斑；1级为病斑面积占块茎总表面积的0-1/6；

2 级为病斑面积占块茎总表面积的 1/6-1/3；3 级为病斑面积占块茎总表面积的 1/3-1/2；4 级

为病斑面积占块茎总表面积的 1/2 以上。 

发病率(%)=发病块茎数/总块茎数×100%； 

病情指数=∑(各病级块茎数×该病级数代表值)/(调查个体总和×最高病级数)×100； 

相对防效(%)=(对照组病情指数−处理组病情指数)/对照组病情指数×100%。 

参照 Wanner Leslie A[18]的方法，以基质环境为模板，依据 S. scabies 的关键致病基因

TxtA 序列设计引物，正向引物：5′-CACGTACGCGCAGTTCAATG-3′；反向引物：5′-

AGATGATGTAGGCGGGAC-3′。采用 ABI 7500Real-Time PCR System 仪扩增土壤中 TxtA 的

生物量，试验重复 3 次。 



 

 

1.13 数据处理 

采用 Excel 和 Origin 2021b 软件处理相关数据，运用 MEGA 7.0 软件构建菌株系统发育

树。 

2 结果与分析 

2.1 高产 EPS 菌株筛选 

分别从采自上海松江区、广西环江县、宁夏西吉县的严重板结土壤样品中，分离获得

3 株表面湿润、黏度较大、产胞外多糖高的细菌，编号分别为 A-5、XJ-3，KW3-10。采用

硫酸-蒽酮法制作葡萄糖标准曲线，葡萄糖浓度和吸光度之间的线性方程为

Y=0.0125X+0.0424，R2=0.9983，标准曲线满足分析测试要求。测定结果如图 1 所示，培养

72 h 时，A-5 培养液中 EPS 产量最高，达 1 439.23 mg/L，XJ-3 与 KW3-10 菌株 EPS 产量分

别为 735.34 mg/L 和 838.77 mg/L。 

 

 

 

 

 

 

 

图 1 菌株胞外多糖（EPS）产量 

Figure 1 EPS yield of strain. The presented values are the means of three determinations, with standard deviations 

indicated; Means with different letters are significantly different at P < 0.05. 

2.2 菌株形态学观察 

如图 2所示，扫描电镜下观察发现，3株菌均为杆状细菌，菌体两端钝圆，边缘整齐，

表面湿润，革兰氏染色呈阳性，且周围有丝状分泌物。其中 A-5 菌落白色圆形，半透明，

宽度 0.60-0.95 μm，长度 1.5-2.4 μm；XJ-3 菌落乳白色圆形，半透明，有荚膜，宽度约为

0.55-1.00 μm，长度为 1.6-2.4 μm；菌株 KW3-10 菌落乳白色圆形，不透明，宽度 0.50-0.95 

μm，长度 1.5-3.5 μm。 
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图 2 菌株 A-5、XJ-3、KW3-10 的形态特征 

Figure 2 Morphological characteristics of A-5, XJ-3, KW3-10. A: A-5 colonies; B: XJ-3 colonies; C: KW3-10 

colonies; D: A-5 bacteria; E: XJ-3 bacteria; F: KW3-10 bacteria; G: A-5 Gram staining; H: XJ-3 Gram staining; I: 

KW3-10 Gram staining. 

2.3 菌株生理生化特性分析 

由表 1 所示，菌株 A-5、XJ-3、KW3-10 均可利用 D-核糖、D-葡萄糖、D-果糖、D-甘

露糖、山梨醇、D-蔗糖、D-纤维二糖、肌醇、水杨苷、D-麦芽糖、D-海藻糖、淀粉作为唯

一碳源，代谢产物可降解苦杏仁苷；不能利用 D-阿拉伯糖、赤藻糖醇、L-木糖、D-核糖醇、

L-山梨糖、卫矛醇、D-乳糖、D-松三糖、木糖醇、葡萄糖酸钾。API 50CH 鉴定结果显示，

3株待测菌株均为芽胞杆菌，其中 A-5初步鉴定为地衣芽孢杆菌，鉴定率为 99.5%；XJ-3与

KW3-10 初步鉴定为枯草、解淀粉芽孢杆菌，鉴定率分别为 77.4%、89.9%。 

表 1 菌株的生理生化特性 

Table 1 Physiological and biochemical characters of strains 

Test items 
Results 

Test items 
Results 

A-5 XJ-3 KW3-10 A-5 XJ-3 KW3-10 

Negative control - - - Esculin ferric citrate + + + 

Glycerol + + + Salicin + + + 

Erythritol - - - cellobiose + + + 

D-Arabinose - - - D- maltose + + + 

L-Arabinose + + + D- lactose - - - 

D-ribose + + + D-disaccharide - - + 

D-xylose + - + D- sucrose + + + 

L-Xylose - - - D-Trehalose dihydrate + + + 

D-Ribitol - - - Synanthrin + - + 

D-Galactose + - - D-Raffinose + - + 

D-glucose + + + amylum + + + 

D-Fructose + + + glycogen + + + 

D-Mannose + + + Xylitol - - - 

D E F 

G H

·

·

·

·

· 

I 



 

 

L-Sorbose - - - D-Gentiobiose + - - 

L-rhamnose + - - Melezitose - - - 

Dulcitpl - - - D-Lyxose - - - 

Inositol + + + D-Tagatose + + + 

D-Mannitol + + + D-fucose - - - 

Sorbitol + + + L-fucose - - - 

Methyl alpha-D-

Mannopyranoside 
- - - D-arabinitol - - - 

Methyl-a-D-

glucopyranoside 
+ + + L-Arabitol - - - 

N-Acetyl 

glucosamine 
- - - Potassium gluconate - - - 

Nitrilosides + + + 
2-Keto-potassium 

gluconate 
- - - 

hydroquinone O-β-

D-glucopyranoside 
+ + + 

5-Keto-potassium 

gluconate 
- - - 

+: Positive; -: Negative. 

2.4 基于 16S rRNA 的分子生物学鉴定 

将菌株 A-5、XJ-3 和 KW3-10 的 16S rRNA 序列在 NCBI 中进行比对，发现三者分别与

地衣芽孢杆菌、萎缩芽孢杆菌与耐盐芽孢杆菌的同源性达到 99.9%以上，运用 MEGA 7.0软

件构建系统发育树。结果如图 3 所示，A-5 与 Bacillus paralicheniformis QT391T在同一分支，

XJ-3 与 Bacillus atrophaeus B-1T在同一分支，KW3-10 与 Bacillus halotolerans NOK83T在同

一分支，结合形态学和生理生化特性分析结果，将 A-5、XJ-3 和 KW3-10 分别鉴定为地衣

芽孢杆菌（Bacillus licheniformis）、萎缩芽孢杆菌（Bacillus atrophaeus）、耐盐芽孢杆菌

（Bacillus halotolerans）。 

 

 

 

 

 

 

 

 

图 3 基于 16S rRNA 基因序列构建菌株的系统发育树  

Figure 3 Phylogenetic tree of Strains constructed based on the 16S rRNA gene sequences. Numbers in parentheses 

are GenBank accession numbers; The bootstrap values are shown at the node; The scale bar indicates 0.050 

substitutions per nucleotide position. 
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2.5 土壤培养试验 

菌株处理土壤样品 120 d 后，不同粒径的土壤团聚体分布如图 4A 所示，接种 A-5、XJ-

3 和 KW3-10 的处理组，粒径大于 2 mm 的土壤团聚体比例分别较 CK 提高了 1.97%、0.53%、

1.60%，差异均达到极显著水平（P<0.01）；粒径大于 0.25 mm 的土壤团聚体比例分别较 CK

提高了 4.07、2.14、3.16 倍，其中 XJ-3 和 KW3-10 处理达到显著水平（P<0.05）；粒径大于

0.053 mm的土壤团聚体比例均较CK略有增加，其中XJ-3差异达到显著水平。与CK相比，

各处理粒径小于 0.053 mm 的土壤团聚体比例均有所下降，其中 XJ-3 和 KW3-10 差异达到

显著水平。结果表明，胞外多糖具有较好的胶结能力，可以将小团聚体聚集形成稳定的大

团聚体。 

土壤多糖含量测定结果如图4B所示。3组处理的土壤多糖含量均有所增加，分别较CK

提高了 28.87%、21.09%和 12.93%，其中菌株 A-5 处理的差异达显著水平，XJ-3 处理的差

异达极显著水平。 

各处理对土壤 pH 变化的影响如图 4C 所示。与 CK 相比，接种 A-5、XJ-3、KW3-10 的

土壤 pH 值分别下降了 0.49、0.84、0.85，差异均达到极显著水平。推测参试细菌能通过代

谢产生有机酸，利用质子置换盐碱土壤中的阳离子，从而降低土壤的 pH 值。 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

图 4 土壤培养试验结果 

Figure 4 Soil culture test results. A: Effects of different strains on soil aggregates distribution in the soil culture 

experiment; B: The Effect of Strains on the Content of Soil Polysaccharides; C: The effect of strains on soil pH. The 

presented values are the means of three determinations, with standard deviations indicated; *: P<0.05, **: P<0.01. 
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2.6 菌株耐盐碱特性分析 

为了探究参试菌株对盐碱环境的适应性，我们分别将其接种于 NaCl 含量 1%-11%、

pH1-13 的 LB 液体培养基中，28 °C，培养 24 h 后观察发现（图 5），3 株菌对极端盐碱环境

均具有较强的耐受性，其中菌株 A-5 和 KW3-10，在 NaCl 浓度为 1%-3%的条件下可正常生

长，在NaCl浓度为7%-9%的条件下可较好生长；XJ-3和KW3-10最高可耐受NaCl浓度11%

的高盐环境（培养 24 h 后，KW3-10 菌液的 OD600值可达 0.896）。在 pH 为 5-7 的环境中，3

株菌均可正常生长，KW3-10 可耐受 pH11 的极端高碱环境。 

 

 

 

 

 

 

 

 

 

 

 

 

图 5 菌株 A-5，XJ-3，KW3-10 的耐盐碱范围 

Figure 5 Salt-alkali tolerance range of A-5, XJ-3, KW3-10. The presented values are the means of three 

determinations, with standard deviations indicated. 

2.7 参试菌株产 IAA 能力与溶解磷能力比较 

将 3 株目标菌在 King 氏液体培养基中培养 24 h，将上清液与比色液进行混合，3 株菌

的混合液均呈显粉红色，对照标准曲线 Y=8.8218X，R²=0.9918 计算，菌株 IAA 的产量（图

6A）分别为 2.68、8.09、25.58 mg/L。 

在 KPO 培养基上培养发现，A-5 菌落周围形成明显的透明圈，表明其具有较好的溶磷

能力（图 6B）；KW3-10 菌落周围虽没有形成透明圈，但其生长繁殖明显好于 XJ-3。 
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图 6 菌株 A-5，XJ-3，KW3-10 代谢产物中生长素测定与溶解磷能力 

Figure 6 Determination of auxin in metabolites of strains A-5, XJ-3, KW3-10 and their ability to phosphate 

solubilizing. A: Auxin assay in strain A-5, XJ-3, KW3-10 metabolites; B: Phosphate solubilizing ability of strains. 

The presented values are the means of three determinations, with standard deviations indicated; Means with different 

letters are significantly different at P < 0.05. 

2.8 菌株促生长效果测定 

菌体浇施马铃薯幼苗，培养 60 d 后统计 SPAD、株高、茎粗，数据汇总如图 7 所示。3

株菌处理的植株长势均优于对照，其中，A-5处理后的 SPAD值、株高、茎径较对照分别增

加了 23.42%，21.35%和 20.73%，差异均达到极显著水平；XJ-3 的株高与茎径较对照分别

增加了 28.83%、36.96%，差异达到显著水平，SPAD 值增加 17.00%，但差异不显著；

KW3-10 处理的 SPAD 值、株高与茎径分别较对照增加了 29.15%、34.81%和 56.54%，差异

均达到显著水平。可见，3 株菌均对植株具有良好的促生长效果（图 7A-D）。 

 

 

 

 

 

 

 

 

 

 

 

图 7 菌株 A-5，XJ-3，KW3-10 促生能力分析 

Figure 7 Analysis of growth-promoting ability of strains. A: water treatment; B-D: The order of pouring A-5, XJ-3 

and KW3-10 bacterial liquid; E: Plant height after 60 d; F: SPAD after 60 d; G: Stem diameter after 60 d. The 

presented values are the means of three determinations, with standard deviations indicated; *: P<0.05, **: P<0.01. 

2.9 菌株广谱抗性分析 

为了进一步挖掘被试菌株的广谱生防功能，通过平板对峙试验测试了其对 4 种植物病

原菌的拮抗效果。结果如图 8 所示，A-5，XJ-3，KW3-10 的 72 h 培养液对疮痂链霉菌(S. 

scabies)的抑菌圈直径分别约为 20、49、56 mm；A-5 对尖孢镰刀菌(Fusariumo xysporum)、

茄链格孢菌(Alternaria solani)和立枯丝核菌(Rhizoctonia solani)均具的抑菌率分别约为

50.97%、25.66%、2.44%，XJ-3 的抑菌率分别约为 37.65%、46.9%、63.41%，KW3-10的抑

菌率分别为 48.05%、64.91%、60.98%，推测 3 株芽孢杆菌均具有较好的广谱抗性。 
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图 8 菌株 A-5，XJ-3，KW3-10 的广谱抗性 

Figure 8 Broad-spectrum resistance of A-5, XJ-3, KW3-10. B, C, D: A-5, XJ-3, KW3-10 antagonize Streptomyces 

scabies; F, G, H: A-5, XJ-3, KW3-10 antagonize Fusarium oxysporum; J, K, L: A-5, XJ-3, KW3-10 antagonize 

Alternaria solani; N, O, P: A-5, XJ-3, KW3-10 antagonize Rhizoctonia solani. 

2.10 盆栽防病试验 

为了验证平板试验结果的准确性，本文采用高感马铃薯疮痂病品种夏波蒂作为参试植

物，通过盆栽试验，人为分别接种致病链霉菌 S. scabies、致病链霉菌 S. scabies+产胞外多

糖细菌，结果如表 2 和图 9 所示，水处理组（CK1）的微型薯均未发病；病原菌 S. scabies

处理组（CK2）发病率为 100%，病情指数为 55.88；S. scabies 与 A-5 共处理组发病率为

50%，病情指数 17.5，相对防效达 68.68%；S. scabies 和 XJ-3 共处理组发病率为 55.56%，

病情指数为 20.83，相对防效为 62.72%；S. scabies 和 KW3-10 共处理组发病率为 61.11%，

病情指数为 22.22，相对防效达 60.24%。 

TxtA 是致病性链霉菌 S. scabies 的主要致病基因，TxtA 在基质中的相对丰度反映了基质

中疮痂链霉菌的数量。图 9F 所示，菌株 A-5、XJ-3 和 KW3-10 处理组中致病菌的相对丰度

显著低于 CK2，与上述结果一致，表明 3 个目标菌对 S. scabies 均有较好的抑制效果。 

 

 

B A C D 

F 

I 

E G H 

J K L 

M N O P 



 

 

表 2 马铃薯疮痂病情统计 

Table 2 Statistics of potato scab 

Treatment Number of grains 
Sickness 

Occurrence rate 
Disease 

index 
Relative control effects 

0 1 2 3 4 

CK1 16 16 0 0 0 0 0 0 - 

CK2 17 0 6 4 4 3 100% 55.88 - 

A-5 20 10 7 2 1 0 50% 17.5 68.68% 

XJ-3 18 8 8 0 1 1 55.56% 20.83 62.72% 

KW3-10 18 7 8 2 0 1 61.11% 22.22 60.24% 

 

 

 

 

 

 

 

 

 

 

 

 

图 9 盆栽防病试验结果 

Figure 9 Pot disease inhibition test results. A: Control; B: Pathogen treatment; C, D, E: Pathogen+target bacteria 

treatment F: Detection of pathogenic gene TxtA. The presented values are the means of three determinations, with 

standard deviations indicated; *: P<0.05, **: P<0.01, ***: P<0.001. 

3 讨论 

一些产胞外多糖、生态适应性强、对环境友好的芽孢杆菌，能通过竞争、拮抗和提高

植物抗病性等方式抵御病原菌的入侵，促进农作物增产，具有潜在的产业化应用可能性[19]。

Vardharajula[20]等人在土壤中接种高产 EPS 的解淀粉芽孢杆菌（Bacillus amyloliquefaciens）

HYD-B17、地衣芽孢杆菌（Bacillus licheniformis）HYTAPB18 及枯草芽孢杆菌（Bacillus 

subtilis）RMPB44 后，土壤中小团聚体的胶结性提高，水稳定性大团聚体数量显著增多。

张文平[21]等通过优化蜡样芽孢杆菌 DT-10 的发酵条件，获得较高产量的 EPS。枯草芽孢杆

菌沙漠亚种 GBW HF-98 在盐碱胁迫下，可以通过产胞外多糖改善土壤团粒结构，调整土壤

的盐碱性，从而促进番茄生长[22]。 

近年来，随着化肥农药的大量施用和养分的不平衡富集，土壤生态环境持续恶化，农

作物土传病害加剧危害，尤其由致病性链霉菌(Streptomyces scabies)引起的块根块茎类作物
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的疮痂病在世界范围普遍发生，危害程度逐年加重[23-26]。我国马铃薯疮痂病年发病面积超

过 40 万 hm2，平均病株率约 30%，导致块茎商品性和耐储性大幅下降，病原菌土传和种传，

难以防控，已严重威胁到产业的可持续发展[27]。微生物制剂具有对环境友好、促进作物生

长、广谱抗病等多种功能，越来越受到人们的重视，可能是未来实现马铃薯疮痂病等主要

土传病害有效防控的重要途径。虽然有一些学者分离鉴定了疮痂链霉菌的拮抗菌，并在盆

栽或田间试验中取得了一定的防效，但真正用于生产的菌株非常有限，且防治效果并不理

想。 

2022 年农业部颁布的微生物肥料行业标准 GB/T 41728-2022 明确规定，地衣芽孢杆菌

对人畜和环境友好，可免作毒理学试验，直接添加在肥料中应用于农业生产。本研究从严

重板结的土壤样品中分离获得的地衣芽孢杆菌 A-5，培养液胞外多糖含量高达 1 439.23 

mg/L，在土壤中定殖力强，处理后土壤多糖为 4.73 mg/g，粒径＞0.25 mm 的团聚体数量比

对照提高 4.07 倍，不仅具有很好的耐盐碱特性和调节土壤 pH 的作用，还具有较好的广谱

抗病功能，尤其对马铃薯疮痂病的盆栽防效达到 68.68%，可作为土壤改良型抑病功能菌剂

的候选菌株，具有较好的应用前景。值得一提的是 A-5 虽然在平板对峙试验中抑菌圈直径

最小（20 mm），但其解磷和产 EPS 能力显著优于其他 2 株菌，盆栽试验对疮痂链霉菌的抑

制效果最佳，相对防效达 68.68%，我们推测菌株对疮痂病抑制效果可能与其解磷或产胞外

多糖性能相关，其相关性和作用机理有待进一步研究和验证。 
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Abstract: Potato common scab (CS) is a worldwide soil‐borne disease that severely reduces tuber 

quality and market value. We observed  that  foliar application of  tryptophan  (Trp) could  induce 

resistance against CS. However,  the mechanism of Trp as an  inducer  to  trigger host  immune re‐

sponses is still unclear. To facilitate dissecting the molecular mechanisms, the transcriptome of foliar 

application of Trp and water (control, C) was compared under Streptomyces scabies (S) inoculation 

and uninoculation. Results showed that 4867 differentially expressed genes (DEGs) were identified 

under S. scabies uninoculation (C‐vs‐Trp) and 2069 DEGs were identified under S. scabies inoculation 

(S‐vs‐S+Trp). Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich‐

ment analyses indicated that Trp induced resistance related to the metabolic process, response to 

stimulus, and biological regulation. As phytohormone metabolic pathways related to inducing re‐

sistance,  the expression patterns of candidate genes  involved  in salicylic acid  (SA) and  jasmonic 

acid/ethylene (JA/ET) pathways were analyzed using qRT‐PCR. Their expression patterns showed 

that the systemic acquired resistance (SAR) and induced systemic resistance (ISR) pathways could 

be co‐induced by Trp under S. scabies uninoculation. However, the SAR pathway was induced by 

Trp under S. scabies inoculation. This study will provide insights into Trp‐induced resistance mech‐

anisms of potato for controlling CS, and extend the application methods of Trp as a plant resistance 

inducer in a way that is cheap, safe, and environmentally friendly.   

Keywords: Solanum tuberosum; common scab; transcriptome analysis; tryptophan; induced   

resistance 

 

1. Introduction 

The potato (Solanum tuberosum) is the fourth most important food crop in China after 

rice, wheat, and maize. In 2017, the potato‐cultivated area was over 5.67 million hectares, 

and its production exceeded 99.15 million metric tons [1]. However, numerous diseases 

threaten the growth of potato, especially common scab (CS) disease [2]. CS in potato tu‐

bers results in skin lesions, leading to the production of unmarketable potatoes for fresh 

consumption, seeds and others  [3–5].  In recent years, CS has caused a substantial eco‐

nomic loss worldwide and has become one of the most severe concerns for potato farmers 

[6–8].   

CS is caused by the soil‐borne Gram‐positive, filamentous bacteria genus Streptomy‐

ces [9]. At least 12 species in Streptomyces have been reported to be able to produce scab 

symptoms  [9–11],  among  which  S.  scabies  is  the  first  and  best‐characterized  species 
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[9,12,13]. Thaxtomins are plant phytotoxins secreted by Streptomyces and are supposed to 

induce CS skin  lesion symptoms  [3,9,14]. As  the predominant  form of  thaxtomins pro‐

duced by S. scabies, thaxtomin A inhibits plant cellulose biosynthesis, especially cellobiose 

and cellotriose biosynthesis [15–17]. The secretion of thaxtomin A in potato tubers alters 

plant physiologies, such as Ca2+, H+ inflowing, and polysaccharide deposition, resulting 

in  tissue necrosis and reduced potato quality  [10,18]. Genetic evidence has shown  that 

eliminating critical genes of thaxtomin A synthesis, including txtA, txtB and txtC, nega‐

tively affects the pathogenicity of S. scabies. It is well‐known that txtA and txtB encode two 

nonribosomal peptide synthetases, and txtC encodes cytochrome P450‐type monooxygen‐

ase in thaxtomin A biosynthesis.[9,19–21]. 

Although the causal agent of CS is well‐diagnosed, it is still challenging to control CS 

effectively. The applications of individual strategies, such as crop rotation, chemical fu‐

migation, or fungicides, have all proven insufficient [10,22]. Meanwhile, chemical meth‐

ods are expensive and environmentally unfriendly. Therefore, new nontoxic and cheap 

strategies need to be searched for. Plant immunity inducers, which are green biological 

agents able to control diseases, have attracted much attention around the world. Immun‐

ity inducers are a class of immune‐active compounds that can induce resistance in plants 

and promote healthy plant growth. Induced resistance in plants is triggered by biological 

or chemical inducers that protects the plant’s nonexposed parts against future attack by 

pathogenic microbes  [23–25]. This  resistance can be divided  into  induced  systemic  re‐

sistance  (ISR), and  systemic acquired  resistance  (SAR),  induced by nonpathogenic mi‐

crobes and pathogenic microbes, or based on the nature of the elicitor and the regulatory 

pathways involved [25]. SAR is dependent on the accumulation of phytohormone salicylic 

acid (SA) and pathogenesis‐related (PR) proteins [26–29]. However, ISR is dependent of 

the phytohormone jasmonic acid/ethylene (JA/ET) [30,31]. Induced resistance is expressed 

not only locally at the site but also systemically in other parts of the plant that are sepa‐

rated from the inducer, enhancing the level of protection against a broad spectrum of at‐

tackers [32]. 

Plant‐induced resistance provides a new strategy for controlling potato scab disease. 

In practice, foliar sprays of auxins and related molecules have been used for controlling 

CS [33–35]. Some chemicals act as elicitors or inducers that can trigger host immune re‐

sponses [23,24]. For example, 2,4‐dichlorophenoxyacetic acid (2,4‐D), indole‐3‐acetic acid 

(IAA) [36], benzothiadiazole (BTH), β‐aminobutyric acid (BABA), and acetylsalicylic acid 

(ASA) [33–35,37–41] have been used to suppress the development of CS. It has been re‐

ported that tryptophan (Trp), a precursor of auxin and secondary metabolites, could pro‐

tect plants against some fungal, bacterial, and insect attacks [42–46]. Here, we found that 

the application of Trp could induce potato resistance to control CS. Considering that Trp 

is a relatively cheap chemical, this observation expanded the range of inducers that could 

be used to protect potato in the field. There are few reports stating that Trp application as 

an inducer can enhance the resistance of potato to CS. Thus, it is valuable to investigate 

the mechanisms of Trp‐induced resistance against potato CS. 

Transcriptome analysis is an important method for studying the expression of a large 

number of genes  in a given tissue [47]. RNA transcript profiling can rapidly and effec‐

tively provide information for genome‐wide transcript characterization, differential gene 

expression analysis, variant detection, and gene‐specific expression. This  technology  is 

used to analyze the transcriptome in response to different biotic or abiotic stresses, includ‐

ing low‐nitrogen stress [48], high‐light stress [49], drought response to different soybean 

cultivars [50], salt stress [51,52], Cd stress [53], and sweet orange response to Citrus tristeza 

virus [54]. 

In this study, we analyzed transcriptome datasets from the leaves of potato plantlets. 

Leaves sprayed with Trp or water were examined from two groups (C‐vs‐Trp and S‐vs‐

S+Trp) of potato plants. The differentially expressed genes (DEGs) of the two groups were 

identified to deepen the understanding of Trp‐induced resistance to potato CS. These data 
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will be critical to identifying defense‐related genes that are regulated by exogenous Trp 

and to prompting our understanding of potato–S. scabies interactions. 

2. Results 

2.1. Foliar Treatment of Trp Enhances Potato Resistance against CS 

Although Trp has been reported to protect plants against some fungi and bacteria, 

foliar application of Trp to defend against the soil disease CS has not been reported. It was 

hypothesized that Trp may act as an inducer to enhance resistance to CS in potato. There‐

fore, a field trial was designed to test the effectiveness of Trp. The results of disease inci‐

dence and yield indicated that 100 mg/L Trp was the best concentration (Figure S1). 

Thus, 100 mg/L Trp was sprayed on potato plants in pots during tuber initiation. At 

this time, tubers are easily infected by the bacteria. The potato tubers were harvested from 

pots and assessed for CS. Tubers > 2 g were washed under running water and scored for 

disease incidence, disease index, total tuber mass and control efficacy. Tubers inoculated 

with S. scabies  (S) showed strong susceptibility  to disease compared  to  the control  (C), 

showing that the inoculation was very successful. As shown in Figure 1, the scabs on the 

surface of the tubers treated with S. scabies and Trp (S + Trp) were reduced compared to 

tubers treated with only S. scabies. Then, we scored the total tuber mass, disease incidence, 

disease index and control efficacy. As shown in Table 1, the tuber mass of Trp was the 

best. After inoculation with S. scabies, foliar application of Trp decreased the disease inci‐

dence and disease index. Compared with S, the disease incidence of S + Trp was decreased 

from 90% to 59.09% and the disease index of S + Trp tubers was decreased from 53 to 27.27. 

The control efficacy of S + Trp compared with S was 48.54%. These results suggest that 

foliar treatment with Trp could enhance potato resistance against CS. 

 

Figure 1. Disease symptoms of potatoes in pots. C: S. scabies‐uninoculated plants treated with water; 

Trp: S. scabies‐uninoculated plants treated with Trp; S: S. scabies‐inoculated plants treated with wa‐

ter; S + Trp: S. scabies‐inoculated plants treated with Trp. 

Table 1. Disease index and incidence assessment following foliar application of Trp on CS. 

Treatment  Total Tuber Mass (g)  Disease Incidence (%)  Disease Index  Control Efficacy (%) 

C  323.40 ± 7.82  0  0  – 

Trp  370.51 ± 1.70  0  0  – 

S  271.13 ± 5.85  90.00 ± 7.08  53.00 ± 6.95  – 

S + Trp  342.67 ± 10.89  59.09 ± 2.53 **  27.27 ± 1.18 **  48.54 ± 8.27 

The asterisks denote statistically significant differences, as determined by Student’s t‐test, ** p < 0.01. 

Three biological repetitions were performed. 

2.2. Analyses of the Transcriptome Datasets 

The quality of the total RNA was assessed using the Agilent Bioanalyser 2100 (Ag‐

ilent Technologies, Santa Clara, CA, USA) prior to subsequent experiments. A total of 12 

RNA libraries were sequenced in depth, ranging from 102.19 to 105.84 million raw reads 

(Table S1). After filtering (removal of low‐quality, joint contamination, and excessive un‐

known bases), 122.11 GB of data  (fq.gz) was generated  in  total. More  than 97.78% and 

89.49% of the clean reads reached the Q20 and Q30 levels, respectively. More than 78.64% 
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of  the clean reads were mapped  to  the reference genome,  including more  than 58.61% 

unique reads (Table S2). The assessment of the filtered data indicated that the filtered se‐

quences were high‐quality. 

The transcriptional levels were normalized using the fragments per kilobase per mil‐

lion reads (FPKM) method. Based on the criteria (|fold change, FC| ≥ 2 and Q‐value ≤ 

0.001), DEGs were defined. The number of DEGs was depicted as volcano plots (Figure 

2a,b). Under S. scabies uninoculation (C‐vs‐Trp), compared with C plants, 3158 DEGs were 

upregulated and 1709 were downregulated (Figure 2a). Under S. scabies inoculation (S‐vs‐

S+Trp), compared with the S‐treated plants, we found that 1297 DEGs were upregulated 

and 772 were downregulated (Figure 2b). The C‐vs‐Trp group had more DEGs than the 

S‐vs‐S+Trp group. A Venn diagram analysis showed the unique and shared DEGs in the 

two groups (Figure 2c). In total, 810 DEGs were common between the two groups (Table 

S3). Among these 810 DEGs, 592 DEG showed the same trends in gene expression, includ‐

ing 387 DEGs being upregulated and 205 downregulated, and the remaining 218 DEGs 

had different expression trends between the two groups. These DEGs were involved in 

the starch and sucrose metabolism pathway, metabolic pathway, and plant hormone sig‐

nal  transduction pathway. There were 486 upregulated DEGs and 324 downregulated 

DEGs  in the C‐vs‐Trp group. These genes were mainly categorized as catalytic activity 

and metabolic process, and were mainly involved in metabolic pathways, biosynthesis of 

secondary metabolites pathways and plant hormone signal biosynthesis. There were 506 

upregulated and 304 downregulated DEGs  in  the S‐vs‐S+Trp group. Most of the genes 

were categorized as catalytic activity, metabolic process, transporter activity, and so on. 

The  pathways  or  biological  processes  included  biological  regulation,  binding,  RNA 

transport, and cutin biosynthesis. Furthermore, 4057 DEGs, including 2627 upregulated 

DEGs and 1385 downregulated DEGs, were  specific  to  the C‐vs‐Trp group  (Table S3). 

These DEGs were involved in plant hormone signal transduction, plant‐pathogen inter‐

action, glycan degradation, and wax biosynthesis. 1259 DEGs, including 807 upregulated 

DEGs and 452 downregulated DEGs, were specific  to  the S‐vs‐S+Trp group  (Table S3). 

These DEGs were involved in the mRNA surveillance pathway, base excision repair, and 

non‐homologous end‐joining pathway. These results showed that more DEGs were up‐

regulated when treated with Trp without pathogens. 
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Figure 2. Volcano plot (a,b) and Venn diagram (c) of DEGs in the C‐vs‐Trp group and S‐vs‐S+Trp 

group. 

2.3. GO and KEGG Enrichment Analyses of DEGs 

Gene Ontology (GO) enrichment analysis was applied to categorize the DEGs (Figure 

3). In the two groups, DEGs were classified into three GO categories: biological process 

(BP), cellular component (CC), and molecular function (MF). In the C‐vs‐Trp group, the 

BP category was mainly enriched in cellular process (721 DEGs), metabolic process (679 

DEGs), response to stimulus (318 DEGs), biological regulation (274 DEGs), and regulation 

of biological process (242 DEGs); in the CC category, DEGs were mainly enriched in mem‐

brane (979 DEGs), membrane part (930 DEGs), cell (710 DEGs), cell part (679 DEGs) and 

organelle (509 DEGs); in the MF category, the top five items were catalytic activity (1435 

DEGs), binding (1358 DEGs), transporter activity (177 DEGs), transcription regulator ac‐

tivity (110 DEGs) and molecular function regulator (84 DEGs). In the S‐vs‐S+Trp group, 

the DEGs enriched were similar to those in the C‐vs‐Trp group. In the BP category, the 

top five items were cellular process (368 DEGs), metabolic process (348 DEGs), biological 

regulation (100 DEGs), response to stimulus (100 DEGs), and regulation of biological pro‐

cess (94 DEGs); in the CC category, the top five items were membrane (342 DEGs), mem‐

brane part (330 DEGs), cell (315 DEGs), cell part (306 DEGs) and organelle (245 DEGs); in 

the MF category, the top five items were binding (568 DEGs), catalytic activity (559 DEGs), 

transporter activity (75 DEGs), transcription regulator activity (37 DEGs) and molecular 

function regulator (37 DEGs). The results showed the same categorization of BP and MF 

in the two groups. It was also clearly visible that more genes were upregulated than down‐

regulated  for  each  group  (Figure  S2).  There was  a  slight  difference  between  the  two 

groups. For example, in the “response to stimulus” process, there were more upregulated 

genes than downregulated ones in C‐vs‐Trp group. However, there were more downreg‐

ulated genes than upregulated ones  in S‐vs‐S+Trp group. The genes related hormones, 
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stimulus,  transcription regulator activity, and metabolic process should be given more 

attention in further research. 

 

Figure 3. Gene Ontology (GO) enrichment analysis of DEGs in the C‐vs‐Trp (a) and S‐vs‐S+Trp (b) 

groups. 

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was per‐

formed  to  further understand  the DEGs.  In  the diagrams,  the  significant  results were 

based on the Rich factor (RF) and Q‐value (the smaller the Q‐value is, the more significant 

the results; the larger RF is, the more significant the results). In the C‐vs‐Trp group, the 

major pathways were plant hormone signal  transduction  (268 DEGs, 0.21 RF), sesquit‐

erpenoid and triterpenoid biosynthesis (55 DEGs, 0.28 RF), other glycan degradation (50 

DEGs, 0.27 RF) and cutin, suberine and wax biosynthesis (38 DEGs, 0.25 RF); in the S‐vs‐

S+Trp group, the major pathways were sesquiterpenoid and triterpenoid biosynthesis (17 

DEGs, 0.09 RF), mRNA surveillance pathway (34 DEGs, 0.07 RF), fatty acid metabolism 

(19 DEGs, 0.08 RF) and RNA degradation (39 DEGs, 0.07 RF) (Figure 4). 
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Figure  4. Kyoto Encyclopedia of Genes  and Genomes  (KEGG) pathway  enrichment  analysis of 

DEGs  in the C‐vs‐Trp group (a) and S‐vs‐S+Trp (b) group. The X‐axis represents the enrichment 

factor, and the Y‐axis represents the pathway name. The depth of color represents the Q‐value, and 

the size of the dot represents the number of DEGs. 

2.4. Validation of RNA‐seq Data by qRT–PCR 

To validate the transcriptome sequencing results, qRT–PCR was performed to assess 

the expression levels of genes. A total of 18 genes were selected, of which 7 were differen‐

tially expressed in the two groups, 3 were only differentially expressed in the S‐vs‐S+Trp 

group, 6 were only differentially expressed in the C‐vs‐Trp group, and 2 were not DEGs 

in both groups. As shown in Figure 5, the qRT–PCR results were consistent with the tran‐

scriptome sequencing results. The results indicated that the obtained RNA‐seq data are 

reliable. 
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Figure 5. qRT–PCR validation of 18 DEGs. The asterisks denote statistically significant differences, 

as determined by Student’s t‐test, * p < 0.05, ** p < 0.01. Three biological repetitions were performed. 

2.5. Candidate Trp‐Induced DEGs in Phytohormone Pathways 

The genes in the phytohormone pathways were correlated with induced resistance. 

Based on functional annotation and pathway analysis, several candidate DEGs related to 

phytohormone pathways were found to be notable in both groups. These were SA‐, JA‐ 

and ET‐related genes, such as SA biosynthesis‐related genes ICS (isochorismate synthase), 

PAL (phenylalanine ammonia‐lyase), SA‐responsive genes PR1 (pathogenesis‐related protein 1) 

and NPR1  (nonexpressor  of  pathogenesis  related  genes  1), NPR1  transcription  factor  gene 

WRKY, SA glucosylation genes SAGT  (salicylic acid glucosyltransferase),  JA biosynthesis‐

related genes LOX (lipoxygenase) and OPR (12‐oxophytodienoate reductase), and ET biosyn‐

thesis‐related genes ACO (1‐aminocyclopropane‐1‐carboxylate oxidase) and ACS (1‐aminocy‐

clopropane‐1‐carboxylate synthase). 

In the C‐vs‐Trp group, the expression of SA biosynthesis‐related genes ICS and PAL 

was significantly induced by Trp. All the SAGT genes were downregulated. Furthermore, 

three NPR1 genes, one PR1 gene and six WRKY genes were upregulated. Foliar treatment 
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of Trp also induced the expression of JA biosynthesis‐related genes. Seven LOX genes and 

two OPR genes were upregulated. The same results were seen in the ET‐related genes. 

The expression of four ACO genes and seven ACS genes was induced (Table S4). Moreo‐

ver, we selected some candidate genes with high FC values from the group and detected 

their relative expression levels by qRT–PCR (Figure 6a). 

In the S‐vs‐S+Trp group, there were similar results in the expression of the SA bio‐

synthesis‐related genes. Two ICS genes and one PAL gene were upregulated. Three of the 

SAGT genes were downregulated. One NPR1 gene, three PR1 genes and two WRKY genes 

were upregulated. However, in the JA/ET biosynthesis‐related genes, Trp downregulated 

genes expression. Four LOX genes were downregulated. The same results were seen in 

the ET pathway‐related genes. The four ACO genes and one ACS gene were all downreg‐

ulated (Table S4). Some genes with high FC values were selected to verify the differences 

in expression using qRT–PCR (Figure 6b). 

 

Figure 6. The relative expression of some candidate genes belonging to the C‐vs‐Trp group (a) and 

S‐vs‐S+Trp group (b) was detected by qRT–PCR. The asterisks denote statistically significant differ‐

ences, as determined by Student’s  t‐test,  * p < 0.05,  ** p < 0.01. Three biological  repetitions were 

performed. 

3. Discussion 

As a globally serious potato disease, CS is difficult to control via single management. 

Chemical methods are  frequently used but expensive and environmentally unfriendly. 

The overuse or  inappropriate use of chemical agents results  in serious problems, espe‐
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cially environmental pollution and food safety,  in agriculture [55,56]. Techniques to  in‐

duce plant resistance represent a new and rapidly developing field of research and devel‐

opment [56]. To reduce the usage of chemical agents, we need to search for nontoxic and 

effective methods. Previous studies have reported that Trp could protect plants against 

some  fungal, bacterial, and  insect attacks  [42–46].  In particular, Trp‐derived secondary 

metabolites play important roles in defense responses, such as producing serotonin [57] 

and  increasing  the  accumulation  of  camalexin,  indole‐carboxylic  acid  (ICA),  and  IAA 

[58,59]. Exogenous Trp can strongly inhibit the production of thaxtomin A by pathogenic 

S. scabies in a liquid thaxtomin‐inducing growth medium [60,61]. Thus, the foliar applica‐

tion of Trp induces a broad‐spectrum resistance exhibiting a great potential to avoid plant 

diseases. 

We found that foliar treatment with Trp enhances potato resistance to CS and can 

increase its yield (Figures 1 and S1). There are no reports that foliar application of Trp can 

control potato CS. Thus, it is of value to investigate the mechanisms of Trp‐induced re‐

sistance against CS. We used transcriptome sequencing technology to analyze the mech‐

anisms of the induced resistance of potato by foliar application of Trp against CS. A total 

of 4867 and 2069 DEGs were identified in the C‐vs‐Trp and S‐vs-S+Trp groups, respec‐

tively. Based on GO and KEGG analyses, DEGs induced by Trp were found be involved 

in the metabolic process, response to stimulus and biological regulation (Figures 3 and 4). 

In view of the phytohormone pathways related to induced resistance, we analyzed 

key genes in hormone signaling pathways, such as SA, JA and ET. Induced resistance is 

an  important mechanism by which plants enhance their defense ability via  inducers  in 

response to a broad range of pathogen attacks [30]. At present, the two forms of induced 

resistance, SAR and ISR, have been used in conventional agriculture against pathogens 

[62]. Via comparative transcriptome analysis, we found that SAR and ISR can be co‐in‐

duced by Trp without pathogen treatment. Under S. scabies treatment, SAR is the pathway 

induced by Trp treatment. 

SAR is required for the accumulation of PR proteins (and transcripts) and SA [26–

29]. In this study, we analyzed the hormones of SA‐related DEGs. In the C‐vs‐Trp and S‐

vs‐S+Trp groups, the expression of SA‐related genes was induced by Trp. ICS and PAL 

expression was upregulated, suggesting that SA biosynthesis may be increased. The SAGT 

genes were also downregulated. SAGT enzymes convert most of the produced SA to SAG, 

which is stored in the vacuole. Knockout mutants of the Arabidopsis SAGT genes showed 

increased disease resistance and free SA levels [63]. AtSGT1 gene overexpression results 

in a reduction in SA content and reduced plant resistance [64]. SAR is typically character‐

ized by augmentation of SA and PR genes’ activation. SAR‐induced plants showed  in‐

creased expression of SA‐dependent PR1 [29]. In our study, the expression of PR1 genes 

in the two groups was upregulated by Trp. In fact, exogenous application of SA can acti‐

vate PR gene expression and resistance  in plants without pathogen  inoculation [65,66]. 

These results imply that the SA signaling pathway is required to induce resistance by Trp. 

ISR is mediated by a JA/ET‐sensitive pathway and does not involve the accumulation 

of PR proteins or SA [30,31]. It is generally believed that this antagonism occurs between 

SA and  JA, and we also analyzed  the expression of SA.  JA biosynthesis‐related genes, 

including LOX and OPR, and ET synthesis‐related genes, including ACO and ACS, were 

found. In the C‐vs‐Trp group, the expression of LOX, OPR, ACO, and ACS was shown to 

increase after treatment with Trp. Surprisingly, the expression of these responsive genes 

was downregulated by foliar treatment with Trp in the S‐vs‐S+Trp group. There were sig‐

nificant differences in the expression of these genes between the two groups. Both syner‐

gistic and antagonistic interactions between SA and JA have been reported [67]. The inter‐

action between SA and  JA  is either concentration‐dependent or  tissue‐specific and dy‐

namic [68]. In our results, we presumed that Trp‐mediated resistance is different with or 

without pathogen attack. Without pathogens, foliar treatment with Trp induced SA and 

JA increases at low levels. Therefore, the resistance induced by Trp overlaps with ISR and 

SAR. This was also  found  in a  recent study showing  that  the SA‐ and  JA‐biosynthesis 
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pathways can be co‐induced [69]. In contrast, in the S‐vs‐S+Trp group, SA biosynthesis‐

related genes were induced, and JA‐related genes were downregulated. This showed that 

SAR was induced by Trp rather than ISR when the pathogen was inoculated. NPR1 ex‐

pression is consistent with ICS and PAL, which are SA biosynthesis genes. NPR1 is a com‐

mon regulator of ISR and SAR [66]. The SAR and ISR pathways are independent but have 

an overlapping requirement for NPR1 [70]. In both groups, the expression of NPR1 was 

increased. These results showed that Trp‐mediated resistance required NPR1 to regulate 

the SAR and ISR pathways in pathogen inoculation. This is different from Si‐mediated LB 

resistance in potato that occurs through ET/JA‐ and NPR1‐ dependent signaling pathways 

[71]. In a study of SA‐ and JA‐mediated gene expression, the WRKY70 transcription factor 

was  likely  to be  involved  in mediating SA‐JA crosstalk  [72]. However,  in our data, no 

WRKY70 genes were found among the DEGs. Whether the other transcription factors play 

a role is unclear; we require further analysis of our data in future works. 

There are many elicitors that can initiate the plant defense response [62]. These in‐

clude many chemical compounds, such as SA, BTH, BABA, or PBZ, or biological com‐

pounds  including metabolites, oligosaccharides, glycoproteins, glycopeptides, proteins, 

polypeptides,  lipids, and other cellular components [56]. Amino acids, such as methio‐

nine, can activate the ROS defense pathway and induce defense‐related genes [73]. Lower 

concentrations of JA and BTH enable the simultaneous expression of both SAR and ISR 

pathways [74]. The combination of ISR and SAR can increase protection against pathogens 

that are resisted through both pathways in addition to extending protection to a broader 

spectrum of pathogens than ISR/SAR alone [29]. Trp‐induced resistance  is unlike these 

elicitors.  In  the S‐vs‐S+Trp/C‐vs‐Trp groups,  there are different signaling pathways  in‐

volved in Trp‐induced resistance. Further research, such as protein assays, plant hormone 

measurements, and cell assays, is needed to validate the functions of interesting genes. 

In this study, we revealed that foliar treatment with Trp can induce resistance of po‐

tato against CS. Our results showed that Trp  induced resistance though different path‐

ways under different conditions. Under pathogen  inoculation, SAR  is  the pathway  in‐

duced by Trp treatment. Without pathogens inoculation, SAR and ISR can be co‐induced 

by Trp. This study provides useful information for research into Trp‐induced resistance 

mechanisms and extends the application of Trp as an alternative agent to control CS, es‐

pecially considering the field conditions. 

4. Materials and Methods 

4.1. Determine the Proper Concentration of Trp 

To determine the proper concentration of Trp, a series of concentrations solutions (50 

mg/L, 100 mg/L, 200 mg/L, and 400 mg/L) were prepared  in water. The  field  trial was 

arranged in a plot in which CS occurred year by year. The plot consisted of five subplots 

of the same area (4.2 m × 4 m) that sowed the same number of seeds at the same time. The 

different concentrations of Trp were sprayed on  field potato plants 3 weeks after seed 

germination. Water was sprayed as the control. Trp solution or water was sprayed onto 

the leaves of different potato groups until runoff. Field tubers were harvested at 120 days 

after seeding and assessed for disease incidence and yield. 

4.2. Plant Materials 

The CS‐susceptible potato cultivar, Shepody, was used. The potato plantlets were 

multiplicated  through plant  tissue culture  technology and grown  in pot  trials. Briefly, 

stems of potato plantlets were cut into node explants of similar length. These single‐node 

explants were cultured on solid Murashige and Skoog (M&S) medium (pH 5.8) at 24 °C 

in an 8 h/16 h light cycle. Two weeks later, five established non‐embryogenic callus lines 

of similar size were selected and transferred into pots filled with the same amount of au‐

toclaved vermiculite. The selected potato lines were maintained under the same growth 

conditions. In brief, the pots were cultured at 24 °C with a 16 h light/8 h dark photoperiod 
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and 70 μmol m−2 s−1 photon flux density provided by fluorescent lamps. For further trials, 

there were 3 plots (diameter 25 cm) that 5 seedlings per pot to replicate each treatment. 

4.3. Pathogen Inoculation and Tryptophan Treatments 

The S. scabies strain 4.1765, a highly pathogenic isolate from the China General Mi‐

crobiological Culture Collection (CGMCC), was used in our experiments. The S. scabies 

strain was cultured on an oatmeal medium  (OM) plate  for 15 days at 28 °C. Then,  the 

pathogenic colonies were inoculated into tryptic soy broth (TSB) and incubated at 28 °C 

in a rotary shaker (200 rpm) for three days. The cell pellets were harvested by centrifuga‐

tion (10 min, 5000 × g) and washed with sterile water. The bacterial cells were resuspended 

in fresh water to a final concentration of 1 × 109 conidia/mL for inoculation. This concen‐

tration of the suspension was determined based on the relationship between amount of 

pathogenic S. scabies and the incidence of CS on tubers [75,76]. Then, 10 mL inoculation 

buffer was poured near  the  roots of seedlings. Therefore, a  total of 50 mL  inoculation 

buffer was inoculated into each pot. 

The potato plants were divided  into  two groups and maintained under  the same 

growth conditions. One was subjected to S. scabies  infection, and another group was S. 

scabies uninoculation. Twenty‐one days post‐inoculation, at which time the tubers initiate 

and bacteria are highly  infectious  [77,78], Trp  solution or water was  sprayed onto  the 

leaves of different potato groups until runoff. The concentration of the tryptophan solu‐

tion was set at 100 mg/L, because this relatively low concentration could effectively inhibit 

the spread of CS disease. For the S. scabies‐uninoculated plants, leaves were treated with 

tryptophan (Trp) and water (C). The same treatment of the leaves was performed in the 

S. scabies‐inoculated plants (S+Trp and S). 

After 4 days treatment, two top leaves were collected from each plant. Leaves col‐

lected  from 5 different plants  in one pot were pooled  together as one sample for RNA 

extraction. Three replicates were repeated for each sample. 

4.4. Disease Assessment 

Tubers harvested 90 days after seedlings were planted in pots (3 pots, 5 plants per 

plot) were graded and assessed for CS. Tubers > 2 g were washed under running water 

and scored for the percentage of tuber area covered by scab. 

The disease index was calculated by the following equation: 

Disease index = [∑(n × 1 + n × 2 + n × 3 + n × 4 + n × 5)/(N × 5)] × 100. (n = number of 

tubers corresponding to the numerical grade. N = total number of potato tubers assessed. 

5 = high score on the severity of scale). The percentage of tuber area covered: 0. No symp‐

tom of scab; 1. 0–12.5%; 2. 12.6–25%; 3. 26–50%; 4. 51–75%; 5. 76–100%. 

Control efficacy = (disease index of control − disease index of treated)/disease index 

of control × 100%. 

4.5. RNA Extraction and RNA Sequencing 

In total, twelve samples of four conditions were used for total RNA extraction and 

library construction. Total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen, 

Hilden, Germany) and library construction and sequencing were conducted by The Bei‐

jing  Genomics  Institute  (BGI,  Beijing,  China,  http://www.genomics.cn/index.html;  ac‐

cessed on 6 May 2022). The BGISEQ‐500 platform was used for RNA sequencing and gen‐

erated raw data [79,80]. The raw reads of the transcriptome data were filtered with SOAP‐

nuke software to remove unsatisfactory reads with low quality, joint contamination, and 

excessive unknown bases. 

The clean RNA‐Seq data have been deposited in the SRA database under NCBI (Ac‐

cession No. PRJNA611872). 
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4.6. Data Mapping, Analysis and Functional Annotation 

The filtered clean reads were saved as FASTQ data and aligned to the potato refer‐

ence genome S. tuberosum group phureja DM1‐3 v6.1 (http://spuddb.uga.edu/; accessed 

on 20 April 2022) by HISAT [81–83]. 

The updated reference genome was generated by adding the newly identified tran‐

scripts into the original potato reference sequences. The clean reads were mapped to the 

updated reference sequences by Bowtie 2 [82–84]. The abundance of transcripts was esti‐

mated using the FPKM [85] method. 

DEGs were analyzed by DEGseq [86,87] with the parameters “FC ≥ 2” and “Q‐value 

≤ 0.001”. GO functional enrichment of DEGs was performed based on the GO database 

(http://www.geneontology.org/; accessed on 22 April 2022), and pathway enrichment of 

DEGs was performed based on  the KEGG database  (http://www.genome.jp/kegg/;  ac‐

cessed on 23 April 2022). Meanwhile, GO term enrichment and KEGG pathway enrich‐

ment analyses were conducted using the “phyper” function of the R package. FDR < 0.05 

was defined as the threshold for significant enrichment. 

4.7. qRT–PCR Analysis 

Total RNA was extracted using the Plant Total RNA Extraction kit (Tiangen, Beijing, 

China) according to the manufacturer’s  instructions. cDNA was synthesized from 1 μg 

total RNA using the TransScript® One‐Step gDNA Removal and cDNA Synthesis Super‐

Mix  (Transgene,  Beijing,  China).  qRT–PCR  was  performed  using  the  SYBR®  Green 

Realtime PCR Master Mix (Toyobo, Osaka, Japan). All qRT–PCRs were analyzed using 

CFX96 Touch (Bio‐Rad, Hercules, CA, USA) with three technical replicates and three bio‐

logical replicates. The relative expression  levels of selected genes were  identified using 

the 2−ΔΔCT method [88]. StActin (Soltu.DM.04G007480) was used as an internal control. The 

primers for qRT–PCR are shown in Table S5. 
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potato common scab (CS) induced by pathogenic Streptomyces
occurs globally, and the harm is increasing year by year [3]. Potato
CS has become a key problem that urgently needs to be solved in
the potato industry. The research on preventing potato CS has been
carried out for more than 100 years [4], yet limited breakthroughs
have been achieved so far. Therefore, the investigation of the main
mechanism leading to CS and the effective strategy to control CS
for industrialized applications is needed.

Previous research showed that potato CS disease is potentially
affected by plant mineral nutrients including the exogenous appli-
cation of fertilizer [5,6]. These studies demonstrated that macro-
and microelements, e.g., nitrogen, phosphorus, calcium, iron, etc.,
affect the CS severity depending on their contents in soil or plant
tissue [7]. Phosphorus is an essential nutrient element for the
growth and the development of all crops, often supplied through
application of phosphorus fertilizer. Since soil colloid has a strong
effect on phosphorus adsorption and fixation, most phosphorus
fertilizers (monoammonium phosphate and diammonium phos-
phate) combine with Ca2+, Fe2+, Fe3+, and Al3+ in soil to form insol-
uble phosphate including Ca3(PO4)2 [8,9]. Here, we found for the
first time that Ca3(PO4)2 enhances the growth and reproduction
of the pathogen S. scabies. During the growth of the pathogen,
organic acids are produced, and the protons released by organic
acids combine with Ca3(PO4)2 to form HPO4

2�, which supports the
growth of S. scabies. We further screened one antagonistic bac-
Firstly, to investigate the effects of soil phosphorus content on CS
development, we conducted field experiments. These experiments
were performed in two main potato varieties (Favorita and Qingshu)
produced in areas in China, Huidong (HD) in Guangdong Province
from 2020 to 2021 and Hailar (HLE) in Inner Mongolia Autonomous
Region in the year 2021. Disease incidence rate and index are posi-
tively correlated with phosphate concentration, as the high phos-
phate fertilizer (HP) enhances both the rate and the index of CS, in
comparison with low phosphate (LP) or moderate phosphate (MP).
In line with this, the relative abundance of S. scabies in soil indicated
by the DNA level of the gene txtA (the effector gene of S. scabies) is
also higher in HP than LP (Fig. 1a). Altogether, these results sug-
gested that there was a positive correlation between doses of phos-
phorous fertilizer and occurrence of CS in the field.

Given that phosphorous fertilizer was able to promote CS occur-
rence in the field, we further studied which phosphate states con-
tribute to this consequence. Various types of phosphorous
chemical components were supplemented in the medium (initial
pH 7.0) to support S. scabies growth. On the media containing KH2-
PO4 and Ca(H2PO4)2 as the only source of phosphorus, the growth
of S. scabies peaked at 1.25 g/L of KH2PO4 and 3.75 g/L of Ca
(H2PO4)2, respectively, and gradually decreased with higher con-
centrations (Fig. S1a online), indicating that excess of H2PO4

� was
not benefit for further growth. Whereas the medium containing
CaHPO4 or K2HPO4 could support the growth of S. scabies until
the highest phosphate concentration (Fig. 1b), suggesting that
HPO4

2� was easily absorbed and utilized by S. scabies. Interestingly,
on the medium with insoluble Ca3(PO4)2, the growth and
reproduction of S. scabies was remarkably faster than on the media
mentioned above, reaching high colony numbers (above 1000)

ess. All rights reserved.
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Fig. 1. High phosphorus fertilizer application increases the severity of potato CS disease. (a) The incidence and disease index of harvested potatoes in field experiments.
Relative DNA levels of txtA were analyzed by qPCR with 16S DNA as an internal control. (b) Colony numbers of S. scabies on different phosphate media. (c) The growth of S.
scabies mycelia and spores was observed by electron microscope at day 1 and 3 during culture. (d) Disease rates and disease index of harvested potatoes were calculated, and
the relative DNA levels of txtA were analyzed. (e) The optimum pH for the growth of S. scabies. (f) The chemicals in the culturing medium after 48 h were analyzed via HPLC-
MS. (g) The phosphorus state was analyzed by XPS in the media without S.scabies, with S.scabies or pure organic acid growing for 7 days. Pooled data from 3 plots for each
experiment are shown with mean ± standard deviation and were analyzed by unpaired t test (****P < 0.0001, *** P < 0.001, ** P < 0.01, * P < 0.05). qPCR: quantative polymerase
chain reaction.
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starting from 1.25 g/L of Ca3(PO4)2. K3PO4 could also support a
rapid growth of S. scabies, even though not as pronounced as Ca3(-

(HP) enhanced both the rate and the index of CS. One of reason for
this is that Ca3(PO4)2 promotes rapid growth and reproduction of

J. Cao et al. Science Bulletin 68 (2023) 2316–2320

318
PO4)2. To exclude whether Ca2+ promotes the growth of S. scabies,
gradually increasing amounts of CaCl2 or KCl were supplemented
on top of K2HPO4 which supplied HPO4

2�. Additional Ca2+ or K+ only
mildly enhanced the growth of S. scabies (Fig. 1b).

Then, scanning electron microscope was also employed to assess
the growth of S. scabies. As shown in Fig. 1c, at day 1, only a few S. sca-
bies spores germinated to form aerial hyphae in the absence of Ca3(-
PO4)2, whereas all spores formed hyphae in the presence of 2.5 g/L of
Ca3(PO4)2. Aerial hyphae generated branches in the presence of 5 g/L
of Ca3(PO4)2 at day 1, indicating that Ca3(PO4)2 promotes S. scabies
spore germination and hyphae growth (Fig. 1c). At day 3, 2.5 g/L of
Ca3(PO4)2 accelerated hyphae growth and reproduction with much
higher hyphae intensity. When Ca3(PO4)2 was increased to 5 g/L, lots
of new spores were formed. In sum, Ca3(PO4)2 promotes rapid
growth and reproduction of S. scabies.

We next focused on Ca3(PO4)2 and tested its ability to drive CS
in potato. Potatoes were cultured under gradually increased con-
centration of Ca3(PO4)2 and were inoculated with S. scabies. In line
with the results from field experiments (Fig. 1d), CS severity was
significantly exacerbated along with the increasing amount of
Ca3(PO4)2 (Fig. S1b online). Similar results were observed when
assessing the disease rates and disease index (Fig. 1d), as well as
the relative DNA levels of txtA of S. scabies (Fig. 1d).

To further decipher the mechanism underlying how Ca3(PO4)2

promotes the growth and reproduction of S. scabies, the pH and
metabolic products of the culturing medium were analyzed. The
optimum initial pH value for S. scabies growth was determined to
be 7.0 (Fig. 1e). The culturing medium became acidified after the
addition of Ca3(PO4)2 (2.5 or 5 g/L), indicated by the decrease on
pH to lower than 6.0 after 36 h (Fig. 1f, left panel). The analysis of
the metabolic products by high-performance liquid
chromatography-mass spectrometric (HPLC-MS) showed that the
organic acid level was heightened in the medium containing Ca3(-
PO4)2 compared to that in the medium without Ca3(PO4)2 (Fig. 1f,
right panel). More specifically, the organic acids produced along
with the addition of Ca3(PO4)2 included pyruvic acid, pyrrole-2-
carboxylic acid, L-Leucine and parabanic acid. We thus speculated
whether these organic acids conferred H+ to Ca3(PO4)2 and gener-
ated HPO4

2� which supported Ca3(PO4)2 promotes S. scabies spore
germination and hyphae growth, as observed in Fig. 1b, c. To test this
hypothesis, we performed X-ray photoelectron spectroscopy (XPS)
to analyze the phosphate content in the media. In the medium con-
taining Ca3(PO4)2 but without S. scabies as a control, both Ca3(PO4)2

and PO4
3� were detected. While the inoculation of S. scabies altered

the main phosphate state to HPO4
2�, the pure organic acids could

generation of different phosphate states, and the major state being
HPO4

2� (Fig. 1g). Meanwhile, the number of S. scabies spore germina-
tion in medium containing Ca3(PO4)2 higher than medium contain-
ing CaHPO4 (Fig. 1b). This showed that HPO4

2� could promote the
spores germination. Meanwhile, the Ca3(PO4)2 in medium advanced
the hyphae growth (Fig. 1c). These results confirmed our specula-
tion. In the filed, the high HPO4

2� and insoluble phosphorus from
HP could result in potato CS more serious. In view of the concentra-
tion of Ca3(PO4)2 in field is lower than medium, we thought that the
severity of the CS is due to spores germination number increased.

Next, to identify the antagonistic bacteria against S. scabies for
controlling CS, we performed multiple rounds of screening with soil
samples collected from different potato production areas across
China, with the procedure listed in Fig. S2a. In total, 988 bacterial
strains with the ability to antagonize S. scabies were isolated by
cultured-based methods. Among them, Bacillus accounted for the
largest proportion, about 77%; and Pseudomonas accounted for
8.62% (Fig. 2a). These antagonistic bacteria have application poten-
tial for disease control. In our field test, high phosphate fertilizer

2

S. scabies. However, whether HP affects the bacteria abundance in
soil is unclear, especially the antagonistic bacteria such as Bacillus
and Pseudomonas. The change of bacteria composition in soil with
LP, MP, and HP was analyzed by high-throughput sequencing. The
highest relative abundance of genus is uncultured_bacterium_c_Sub
group_6. The relative abundances of the two genera (Bacillus and
Pseudomonas), with potential antibacterial activities, were signifi-
cantly decreased with increasing amounts of phosphorous fertilizer
(Fig. 2b). Each sample (LP, MP, and HP) includes 79,857 reads on aver-
age, matched with about 1843 operational taxonomic units (OTUs).
At the family level, the relative abundance of antagonistic bacteria,
including Rhizobiaceae, Pesudomonadaceae, Bacillaceae, Berkelbac-
teria and Streptomycetaceae, was analyzed. The proportions of Pesu-
domonadaceae and Bacillaceae dropped the most with increasing
amounts of phosphorus fertilizer, with 93% and 37%, respectively
(Fig. 2b, left panel). An obvious decrease was also seen in Pseu-
domonas and Bacillus at the genus level, and the abundance of Serratia
was largely diminished due to the high level of phosphorus (Fig. 2b,
right panel). From antagonistic strains, we selected three antagonis-
tic strains (namely DX-9, XJ-3, and HZ-9) belonging to Bacillus and
one (SC-2) from Pseudomonas, which displayed the best antagonistic
effect with an obvious inhibition zone, for further study (Fig. S2b
online). We found that the supplementation of Ca3(PO4)2 shrunk
their inhibition zone in a dose-dependent manner (Fig. 2c, Fig. S3
online). The relationship between inhibition rate and Ca3(PO4)2 con-
centration were conducted (Fig. 2d). With the concentration of Ca3(-
PO4)2 increased, the inhibition rate of antagonistic bacteria
decreased. These results suggest that a high concentration of Ca3(-
PO4)2 could reduce the effect of beneficial bacterial antagonistic to
pathogen. This benefits the growth and reproduction of S. scabies.

Ca3(PO4)2 is converted from insoluble phosphorus to HPO4
2� and

promotes the growth of S. scabies. HP reduces the abundance of
antagonistic bacteria against S. scabies and high level of Ca3(PO4)2

also inhibits their antagonistic effect. We therefore hypothesized
that the CS disease could be controlled by reducing the concentra-
tion of Ca3(PO4)2 in soil. To test this hypothesis on the correlation
between phosphorus context and disease occurrence, one particu-
lar round of screening was conducted to select the phosphorus-
dissolving bacteria. The 4 strains with the best antagonistic effect
were inoculated into the phosphorus-dissolving medium, and then
the transparent circle in plate was selected as phosphorus-
dissolving bacteria. After this test, one phosphorus-solubilizing
strain DX-9 (Bacillus atrophaeus) and two non-phosphorus-
solubilizing strains XJ-3 (Bacillus atrophaeus) and HZ-9 (Paenibacil-
lus polymyxa) were selected from the screened bacteria to conduct
pot experiments (Fig. S4a online). CS occurrence and severity were
much lower in all bacteria-treated potatoes, in comparison with
non-treated ones but inoculated with S. scabies (Fig. 2e, Fig. S4b
online). Bacillus sp. DX-9, which can solubilize phosphorus, con-
ferred a better protection against S. scabies than non-phosphorus-
solubilizing bacteria XJ-3 and HZ-9. The disease index treated with
DX-9 was significantly lower than those treated with XJ-3 and HZ-9
(Fig. 2e). In Ca3(PO4)2 culture condition, Ca3(PO4)2 was decomposed
into HPO4

2� and H2PO4
� by phosphate-solubilizing bacteria DX-9.

After the culture of non-phosphate-solubilizing bacteria XJ-3, the
medium contained Ca3(PO4)2 and PO4

3�, which was consistent with
the components in the control (Ctrl) of uncultured bacteria (Fig. 2f).
Given that Ca3(PO4)2 promotes the growth of S. scabies, the decom-
posed Ca3(PO4)2 slowed down the amount of the pathogen. Under
Ca3(PO4)2 plate, S. scabies and DX-9 possibly competed with each
other to obtain better growth conditions. This was observed by
scanning electron microscope (Fig. 2g). The results implied that
the antagonistic Bacillus with phosphorus-solubilizing functions
in our test are more effective in controlling potato CS.



We then applied DX-9 to conduct the field experiments on
farms in HLE and HD. Compared to the Ctrl, both disease incident

accumulation in soil [12], leading to increase of potato CS
(Fig. 1a). We also tested whether rotation with non-Solanaceae

Fig. 2. Phosphate-solubilizing bacteria counteract CS more effectively than non-phosphate-solubilizing bacteria. (a) Taxonomic statistics of 988 antagonistic bacteria isolated
from multiple potato fields in different areas in China. (b) The relative abundance and composition of the antagonistic bacteria in the near-rhizosphere soil were analyzed by
high-throughput sequencing. (c) Ca3(PO4)2 diminishes the abundance of the antagonistic bacteria against S. scabies and inhibits their antagonistic effect. (d) Ca3(PO4)2

inhibited the inhibition rate of antagonistic bacteria against S. scabies. (e)The inhibitory effect towards CS disease of phosphate-solubilizing Bacillus sp. DX-9 and non-
phosphate-solubilizing Bacillus spp. XJ-3 and HZ-9. (f) The state of phosphorus in phosphate-solubilizing bacteria (DX-9) and non-phosphate-solubilizing bacteria (XJ-3) after
7 days of growth in Ca3(PO4)2 medium was analyzed by XPS. (g) The growth of DX-9 and S. scabies in control (without Ca3(PO4)2) and Ca3(PO4)2 media. (h–k) The Bacillus sp.
DX-9 was applied in the field and the CS disease severity was assessed by disease rates and disease index, and the yield was measured. Pooled data from 3 plots are shown
with mean ± standard deviation and were analyzed by unpaired t test (*** P < 0.001, ** P < 0.01, * P < 0.05).
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rate and disease index in the field applied with DX-9 were signifi-
cantly diminished (Fig. 2h, j, k). Accordingly, the tube yield in trea-
ted fields was dramatically increased (Fig. 2i). The field trials
suggested that DX-9 can be utilized to control CS and increase
the potato yield in large-scale productions.

Phosphorus fertilizer is conventionally regarded as a beneficial
agent to plants. It is essential for crop growth and disease resis-
tance [10]. Unexpectedly, we demonstrated here that a high
amount of phosphorus fertilizer increases the incidence of potato
CS (Fig. 1a). Likewise, Liu et al. [11] reported a similar conclusion
that phosphorus addition is positively relevant to the severity of
foliar fungal disease in Tibetan alpine meadows. The high phospho-
rus application leads to insoluble phosphorous (like Ca3(PO4)2)

2

crops for more than 5 years can alleviate CS. The incidence rate
of CS was as high as 79% in a wasteland reclaimed in Erguna in
Inner Mongolia with Favorita (Fig. S5 online), suggesting that sim-
ply crop rotation hardly solve the problem of CS.

In this study, the insoluble Ca3(PO4)2 promotes S. scabies growth
(Fig. 1c), resulting from S. scabies secreting organic acids (Fig. 1f),
which decompose insoluble Ca3(PO4)2 into HPO4

2� (Fig. 1g).
Phosphorus-solubilizing microorganisms can convert insoluble
phosphorus compounds into soluble ones by producing organic
acid, thus increasing the effectiveness of phosphorus absorption
[13,14]. From our results, the culture medium of non-phosphate-
solubilizing only contained Ca3(PO4)2 and PO4

3�(Fig. 2f). But the
culture medium of pure organic acids includes HPO4

2� and H2PO4
�



(Fig. 1g). We speculate that maybe non-phosphate-solubilizing
microorganisms could not generate enough organic acids to

[2] Zhang C, Yang Z, Tang D, et al. Genome design of hybrid potato. Cell
2021;184:3873–83.
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decomposed the Ca3(PO4)2. Therefore, S. scabies also has the capa-
bility to secrete organic acids like phosphorus-solubilizing
microorganisms which facilitating the solubility of Ca3(PO4)2.

The phosphorous-solubilizing bacterium, Bacillus sp. DX-9, was
screened in this study which was proved to counteract CS disease,
especially in the field experiments. The main mechanism is possi-
bly involved in the bacteria’s phosphorous-solubilizing ability on
the release of insoluble Ca3(PO4)2 accumulation and competition
with S. scabies in growth and absorbing phosphorus. Additionally,
previous reports showed that three Bacillus spp were used to bio-
control potato or radish CS in pots and fields [7,15]. Although
these Bacillus had a good inhibitory effect on S. scabies, their inhi-
bitory efficiencies were obviously lower than that of DX-9,
reduced by 20%–40% vs. 50% in infection rates. Therefore, the
higher resistance of Bacillus DX-9 to potato CS is considered to
make it suitable for potential large-scale application in potato
production.

In summary, potato CS caused by pathogenic Streptomyces such
as S. scabies is notorious for greatly damaging potato production.
Effective protection methods against S. scabies and the therapeutic
strategies for CS have not yet been developed. Here, we found that
high phosphorus fertilizer application strengthens CS symptom. S.
scabies growing in Ca3(PO4) containing medium produces organic
acids, which decompose insoluble Ca3(PO4)2 into HPO4

2� and pro-
mote the spore germination and hyphae growth of S. scabies. More-
over, Ca3(PO4) diminishes both the abundance of antagonistic
bacteria and their antagonistic effect against S. scabies, which con-
sequently results in severe potato CS.
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Simple Summary: Soil is the basis for providing “fertile ground” for agriculture, including the
growth of food and bioenergy crops. The nutrients needed by plants can be provided by chemical
fertilizers. However, the heavy usage of fertilizers not only restricts crop production but also destroys
the soil environment. Meanwhile, the soil microbiome, an indicator of soil quality that can affect
plant growth and yield production, also changes. To solve this problem, a network-structured
nanocomposite was prepared for use as a soil conditioner (SC). It was shown that this SC has a
good ability to control nutrient loss; advance the agronomic traits of pepper, including growth and
yield; improve soil physicochemical properties; and facilitate changes to the composition of microbial
communities. With the view that the soil microbiome could develop soil function, we analyzed the
correlation between network-structured nanocomposites and soil, microorganisms, and plants. In
conclusion, nanonetwork-structured SC is an ideal technology that is effective for the promotion of
crop growth and the improvement of the soil microbial community.

Abstract: Fertilizer application can increase yields, but nutrient runoff may cause environmental
pollution and affect soil quality. A network-structured nanocomposite used as a soil conditioner is
beneficial to crops and soil. However, the relationship between the soil conditioner and soil microbes is
unclear. We evaluated the soil conditioner’s impact on nutrient loss, pepper growth, soil improvement,
and, especially, microbial community structure. High-throughput sequencing was applied to study
the microbial communities. The microbial community structures of the soil conditioner treatment and
the CK were significantly different, including in diversity and richness. The predominant bacterial
phyla were Pseudomonadota, Actinomycetota, and Bacteroidota. Acidobacteriota and Chloroflexi
were found in significantly higher numbers in the soil conditioner treatment. Ascomycota was the
dominant fungal phylum. The Mortierellomycota phylum was found in significantly lower numbers
in the CK. The bacteria and fungi at the genus level were positively correlated with the available K,
available N, and pH, but were negatively correlated with the available P. Our results showed that
the loss of nutrients controlled by the soil conditioner increased available N, which improved soil
properties. Therefore, the microorganisms in the improved soil were changed. This study provides a
correlation between improvements in microorganisms and the network-structured soil conditioner,
which can promote plant growth and soil improvement.

Keywords: nanocomposite microbial community; control nitrogen loss; soil properties; high-throughput
sequencing
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1. Introduction

Crop production is expanding at a remarkable rate because of increased demand for
food, which is of particular necessity for the world’s increasing population. Therefore,
there is a need to produce more food from ever-limited land resources prepared by mixing
attapulgite and PA. Soil is closely linked to agriculture-based economies, food security,
and human health [1]. Plant growth and yield are limited by various factors, including
soil, which is one of the most important parameters. Alterations to soil properties can
result in enhanced plant production. Chemical fertilizer, which is widely used, can provide
macro- and micronutrients in soil. Therefore, the application of fertilizer could promote
the fast growth of crops and increase the yield of crops [2,3]. However, the amount of
fertilizer used is constantly growing, and it is used in excess of what is needed. The use
of extensive amounts of fertilizer has caused various negative effects on the environment;
for example, excessive fertilizer use is a cause of greenhouse gas, water pollution, and
soil degradation [4,5]. Synthetic nitrogen fertilizers, such as urea, contribute significantly
to N2O emissions in the atmosphere [6]. Only 50–60% of nitrogen fertilizers are used by
crops [7], and a portion of the rest runs off into water bodies [8]. Hence, it is important
to supply nutrients to plants without damaging the environment [9]. In particular, there
is an urgent need to develop fertilizers using innovative technology that can control the
loss of nitrogen, increase the utilization efficiency of nitrogen, and decrease the level of
environmental pollution [10].

Soil conditioners (SCs) are also called soil amendments and are an optional technology
to increase crop production. An SC consists of materials that are added to soil that improve
the soil conditions, especially by increasing nutrient availability [11], altering the soil
physical structure [12], and stimulating microbial communities, which may enhance plant
growth [13]. However, if an SC is added in excessive quantities, it may harm plant health,
harm the environment, or enter the food chain [14]. Some materials used for controlled
release are expensive [15], and for some materials, such as inhibitors of nitrification, actual
field data are lacking [16]. Therefore, it is necessary for this new technology to not only
increase the crop yield but also improve soil quality, and in particular, improve microbial
communities.

In our previous study, a network-structured nanocomposite was fabricated that not
only reduced the loss and effectively enhanced the utilization efficiency of nitrogen, but
also modified the bacterial structure [17]. This nanocomposite, which could also be used
as an SC, showed high biosafety and has the potential to reduce agricultural pollution.
However, how SC causes changes in microbial communities and soil properties is unclear
and needs to be studied further.

Soil microbes, including bacteria and fungi, are very important factors in an ecosystem.
They are associated with many aspects of soil quality and health. Microbial communities
provide different functions in soil, such as the cycling of nutrients, the degradation of vari-
ous compounds, the promotion of plant growth, and the control of diseases [18,19]. A wide
range of microbes have beneficial effects on soil. For example, arbuscular mycorrhizal (AM)
fungi and plant-growth-promoting rhizobacteria (PGPR), including the nitrogen-fixing
bacteria Rhizobium spp., belong to this group of beneficial microbes [19,20]. Microorganisms
can mineralize soil nutrients to make them available for plants, bind soil particles together
by secreting sticky polysaccharides, and coregulate the plant hormonal balance to help
plants adapt to abiotic and biotic stressors [21,22]. Therefore, microbial diversity can be seen
as a trait of soil quality that reflects nutrient efficiency and availability [23]. Soil microbial
biomass, activity, and diversity are used as indicators of soil and ecosystem health [24].

High-throughput sequencing technology can provide deeper insight into the analysis
of microbial communities [25,26]. It is an advanced method to research microbial commu-
nities because it can detect almost all species without culturing, even low-copy-number
microorganisms [27]. Therefore, an in-depth analysis can be conducted from the sequencing
results. This technique was used in this study to investigate microbial community changes
in soil after applying SC.
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Today, many studies have been reported regarding microbial community composition
in soil [28]. However, the reason for the changes in microbial communities in soil treated by
network-structured SC is not clear. Here, we addressed three aims: (1) evaluate the runoff
of nutrients and plant growth caused by the nanonetwork-structured SC; (2) assess the
effect of SC on the relationship between soil properties and microbial community structure;
and (3) analyze the correlation between the network-structured SC and microorganisms.
High-throughput sequencing technology was used to investigate the changes in microbial
communities. The data could help understand the relationship between SC and microbial
communities. We compared the changes in microbial communities at different taxonomic
levels between a treatment in which the SC was administered and a treatment in which
the soil was not amended. This study will help us understand the beneficial effects of
our novel SC, which is a network-structured nanocomposite, on soil properties, microbial
communities, and the growth of plants in greenhouses.

2. Materials and Methods
2.1. Preparation of Soil Conditioner and Leaching Assay

We purchased attapulgite powder (100–200 mesh) from Mingmei Co, Ltd. (Mingguang,
China). Polyacrylamide (W. M., 5 million), urea (99%), and other chemicals were purchased
from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Soil (20–50 mesh, pH 7.7,
bulk density 1.5 g/cm3, available N 73.5 mg/kg, available P 87.8 mg/kg, available K
407.3 mg/kg) and sand (20–50 mesh, bulk density 1.5 g/cm3) were sourced from Donghua
University (Shanghai, China). Deionized water was used in the experiments. Tap water
was used in the greenhouse experiment.

The preparation of SC and the leaching assay were carried out as previously de-
scribed [17] with minor modifications. In our previous study, the network-structured
nanocomposite consisted of attapulgite, sodium humate, and polyacrylamide. Here, we
modified the components. Sodium humate was removed. Briefly, SC with a weight ratio
(Wattapulgite:Wpolyacrylamide = 50:1) was prepared by mixing attapulgite and PAM powders.
Attapulgite and polyacrylamide in a weight ratio of 50:1 were mixed thoroughly to obtain
the SC. A 50 g sand–soil mixture (Wsoil:Wsand = 3:7) was added to a 50 mL centrifuge tube
with a 4 mm diameter hole at the bottom. A series of mixtures composed of urea (0.2 g)
and SC (0.2 g, 0.4 g, 0.8 g) were prepared. Finally, the sand–soil mixture (10 g) covered
the top of the SC–urea. A total of 50 mL of deionized water was added to the top of the
system, and the urea concentration in the leachate was measured. The experiments were
performed in triplicate.

2.2. Interaction Analyses of Soil Conditioner

A scanning electron microscope (SEM; SU8220, Hitachi High-Technologies Co., Tokyo,
Japan) was used to study the morphology of the SC. A Fourier transform infrared spec-
trometer (FTIR, iS10, Nicolet Co., La Crosse, WI, USA) and a TTRIII X-ray diffractometer
(XRD; TTRIII, Rigaku Co., Tokyo, Japan) were used to analyze the structure and chemical
state of the SC. A thermogravimetric analyzer (DSCQ2000, TA Co., Valencia, CA, USA) was
used for the thermal gravimetric analysis (TGA) and differential thermal analysis (DTA)
of the SC. The Brunauer–Emmett–Teller (BET) specific surface areas of the attapulgite and
SC were analyzed using an automatic surface area and a pore analyzer (BELSORP-max,
MicrotracBEL, Osaka, Japan). The pore structure of the SC was measured based on the
Barrett–Joyner–Halenda (BJH) method.

2.3. Greenhouse Experiment and Design

The greenhouse experiment took place in Qianbu County (36◦55′ N, 118◦40′ E),
Shouguang City, Shandong Province, China. This site belongs to the Shouguang veg-
etable industry holding group, which is a well-known vegetable industry operator in
China. To obtain a higher yield and quality of vegetables, many plastic greenhouses were
constructed here over 10 years to grow cucumbers, pepper, tomatoes, and other vegetables.
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The average annual temperature of the site is approximately 12.7 ◦C, the average annual
amount of precipitation is approximately 593.8 mm, and the total amount of sunshine is
2548.8 h. The temperature of the studied greenhouse was kept at 28 ◦C to 30 ◦C, and the
relative soil moisture was kept at approximately 50%. The soil’s main properties were as
follows: pH 7.84, available N 73.5 mg/kg, available P 87.8 mg/kg, available K 407.3 mg/kg,
and organic matter 26.1 g/kg. The previous vegetable grown in our greenhouse was tomato.
To investigate the soil and economic benefits that SC had on vegetable products, square
pepper (Capsicum annuum L.) WeiLi was grown in the greenhouse in 2021.

Plots of 8.25 × 6.00 m2 were used to plant the square peppers. There were three exper-
imental treatments, and one control treatment was used based on the different amounts
of SC used. Three replicates were designed for each treatment. A completely randomized
experimental design was implemented. The SC needed to be mixed with base fertilizer
evenly for use. The conditions were as follows: only fertilizer without soil conditioner,
used as the control treatment (CK); 100 kg ha−1 soil conditioner (SC1); 200 kg ha−1 soil
conditioner (SC2); and 400 kg ha−1 soil conditioner (SC3). The base fertilizer was com-
posed of urea (150 kg ha−1), ammonium phosphate (450 kg ha−1), and potassium sulfate
(300 kg ha−1). All of these fertilizers were sprayed on the surface and tilled into the soil in
a layer approximately 20 cm below the topsoil.

2.4. Plant Growth, Soil Collection, and Properties

A total of 165 square pepper seedlings were transplanted into each plot. The plant
distance and row distance were 50 and 60 cm, respectively. The management was the
same for all treatments during the whole planting period. The experiment was performed
in replicates, with 3 plots per treatment. The plant height and leaf chlorophyll content
(measured using chlorophyll meter SPAD 502 Plus) were measured before the flowering
stage. The fruit length and weight were measured at the end of the maturity stage. The
number of earthworms in the soil was measured after the fruit stage.

Soil samples according to the “S” shape were collected after the fruit stage [29]. For
the surface soil (0–20 cm) in each plot, five bulk plant soils (20 cm in depth, 5 cm in
diameter) were collected. Then, the five bulk soils were pooled together to form a composite
sample. There were three replicates for each treatment, so we obtained three composite
samples. The soil samples were stored at 4 ◦C and used to analyze the soils’ physiochemical
properties. The following soil properties were measured: pH, total organic matter (OM),
total salt (TS), available nitrogen (AN), available phosphorus (AP), available potassium
(AK), soil capacity, porosity, and water retention. The soil properties were determined
using previously reported methods [30].

The rhizosphere samples were collected with the soil samples in the meantime, ac-
cording to the “S” shape in the previous method, with minor modifications [31,32]. The
plant closest to each random point was selected. Therefore, each rhizospheric soil sample
was obtained from 5 plants. The bulk soil was removed from the roots of the plants, and
the soil that closely adhered to the surface of the root was collected. The soil samples were
used for the microbial analysis. Three replicates were used for each treatment.

Student’s t-test was carried out to analyze statistical significance with GraphPad Prism
software (Version 9.3.0).

2.5. High-Throughput Sequencing of the Microbe Communities and Data Processing

Total soil DNA was extracted using a TIANamp Soil DNA Kit (TIANGEN biotech
(Beijing) Co., Ltd., Beijing, China). The purity and concentration were quantified at
OD260/280 nm using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA,
USA), and DNA was kept at −80 ◦C for further studies.

The purified DNA was amplified in the V3-V4 region of the bacterial 16S rRNA gene us-
ing the 341F (5′-CCTAYGGGRBGCASCAG-3′)/806R (5′-GGACTACHVGGGTWTCTAAT-
3′) [33] primers and the ITS1-5F region of the fungal rDNA gene with ITS5-1737F (5′-
GGAAGTAAAAGTCGTAACAAGG-3′) and ITS2-2034R (5′-GCTGCGTTCTTCATCGATGC-
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3′) [34]. The PCR product was separated via 2% agarose gel electrophoresis and puri-
fied using a Qiagen Gel Extraction Kit (Qiagen, Germany). Library construction and
sequencing were conducted by Novogene Co., Ltd. (Novogene Co., Ltd., Beijing, China,
https://www.novogene.com/, accessed on 1 August 2022). The sequencing library was
built using a TruSeq DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA,
USA). The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific)
and Agilent Bioanalyzer 2100 system. Then, the Illumina NovaSeq platform was used to
sequence the library.

Paired-end reads were merged using FLASH (V1.2.7, http://ccb.jhu.edu/software/
FLASH/, accessed on 1 August 2022) [35], and the splicing sequences were called raw
reads.

The raw read data were submitted to Science Data Bank (https://doi.org/10.57760
/sciencedb.07079, accessed on 1 August 2022. DOI:10.57760/sciencedb.07079).

To obtain high-quality clean reads, QIIME (V1.9.1, http://qiime.org/scripts/split_
libraries_fastq.html, accessed on 1 August 2022) was used to filter the raw reads following
previous reports [36].

To obtain effective reads, the UCHIME algorithm (http://www.drive5.com/usearch/
manual/uchime_algo.html, accessed on 1 August 2022) was used to detect and remove
chimera sequences [37].

2.6. Statistical Analysis

To cluster the clean reads into operational taxonomic units (OTUs) with ≥97% similarity,
Uparse software (Uparse v7.0.1001, http://drive5.com/uparse/, accessed on 1 August 2022)
was used. To annotate taxonomic information, bacterial OTUs were aligned against the
SILVA SSUrRNA database (https://www.arb-silva.de/, accessed on 1 August 2022) [38].
The fungal OTUs were aligned against the UNITE database (https://unite.ut.ee/, accessed
on 1 August 2022) [39] using QIIME software (Version 1.9.1, http://www.drive5.com/
usearch/manual/uchime_algo.html, accessed on 1 August 2022) [40].

To determine the phylogenetic relationships of different OTUs, MUSCLE software (Ver-
sion 3.8.31, http://www.drive5.com/muscle/, accessed on 1 August 2022) was used [41].
The OTUs were standardized, and the subsequent diversity analysis was performed on the
basis of the output normalized data.

To understand the changes in microbial structure, alpha diversity and beta diversity
were analyzed. Alpha diversity was calculated by QIIME (Version 1.9.1). The results were
displayed and differences were analyzed using R software (Version 2.15.3). A heatmap
was drawn from the OTUs’ relative abundance using the Vegan Package in R 2.4 (https:
//cran.r-project.org/web/packages/vegan/, accessed on 1 August 2022). QIIME software
(Version 1.9.1) was used for the beta diversity analysis to calculate unweighted UniFrac
distances, and R software (Version 2.15.3, R ade4 package and ggplot2 package) was used
to draw graphs. The unweighted pair group method with arithmetic mean (UPGMA)
was used for hierarchical clustering analysis. To reveal the variation in the microbial
communities of the different samples, principal coordinate analysis (PCoA) was performed
based on the unweighted UniFrac distances. Linear discriminant analysis (LDA) effect size
(LEfSe) (http://huttenhower.sph.harvard.edu/lefse/, accessed on 13 March 2023) was used
to detect the potential biomarkers by utilizing LEfSe software (LDA Score = 4). Student’s
t-test was used to calculate the differences between the different microbial abundance data.
The statistical significance was set at p < 0.05.

Spearman correlation (p < 0.05) and redundancy analysis (RDA) were used to ex-
plore the relationship between environmental factors and species richness and microbial
community structure.

PICRUSt and FunGuild analyses were conducted to predict the functions of the
microbial community. PICRUSt is a bioinformatics package that uses marker genes to
predict the functional content of microorganisms [42]. The potential functions of each
sample were predicted based on 16S rRNA sequencing data. A heat map of the Kyoto
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Encyclopedia of Genes and Genomes (KEGG) level 3 functional pathways was created
using the R package (Version 2.15.3). FUNGuild is a tool that can be used to obtain the
ecological functions of fungi based on 18S or ITS rRNA sequencing data [43,44].

3. Results
3.1. Effect of Controlling Urea Leaching Using the Soil Conditioner

As shown in Figure 1A, the effect of different amounts of SC on the leaching loss of
urea in sand–soil mixtures was investigated. Figure 1B indicates that the concentration of
urea in the leachate obviously decreased with increasing amounts of SC. An amount of
0.8 g SC was shown to have the best ability to control the loss of urea. This result illustrated
that the SC possessed a strong ability to control the loss of urea and increased the utilization
efficiency of urea.
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Figure 1. Leaching assay. (A) Schematic diagram of the leaching system. (B) Influence of the amount
of SC on the leaching loss of urea from soil. Notes: ATP: attapulgite; PAM: polyacrylamide; U: urea.
Asterisks indicate statistically significant differences, as determined by Student’s t-test (*** p < 0.001).

3.2. Interaction Characteristics of Soil Conditioner Components

To elucidate the mechanism of the SC that enabled it to control loss ability, the mi-
crostructure of the SC system was investigated. As shown in Figure 2A,B, attapulgite
nanorods aggregated to form several bunches due to the high surface activity and nanoscale
effect. After it was loaded with polyacrylamide, the SC (Figure 2C,D) became a mi-
cro/nanonetwork due to bridging and netting effects, which were probably caused by
the hydrogen bond between the attapulgite and polyacrylamide. Thus, it was shown
that the SC possessed a high capacity to decrease the loss of urea because of the SC mi-
cro/nanonetwork.

XRD measurements were used to analyze the interactions in the SC system (Figure 3A).
The characteristic peaks in the spectrum of the SC indicated that the attapulgite and poly-
acrylamide combined successfully. Additionally, no new characteristic peak was generated
after the combination of attapulgite and polyacrylamide, indicating that intercalation did
not exist between the attapulgite and polyacrylamide.

The interactions in the SC/urea system were analyzed by FTIR measurement (Figure 3B).
Compared with the characteristic peaks of attapulgite and polyacrylamide, the peaks of the
SC redshifted, and the intensity of the peaks decreased (Figure 3A). After the combination
of SC and urea in the SC/urea system, the peaks of urea shifted, and the peak intensity
decreased [17,45]. Meanwhile, the peak intensity of the SC clearly decreased in the SC/urea
system. These results illustrated that hydrogen bonds probably linked the SC (-OH) and
urea (N-H).
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Figure 3. Interaction analyses of the SC system. (A) FTIR spectra of attapulgite. (B) XRD patterns of
attapulgite, polyacrylamide, and SC. (C–E) TGA (black line) and DTA (blue line) curves of attapulgite,
polyacrylamide, and SC. (F) N2 adsorption–desorption isotherms of SC. (Inset) Pore size distribution
of SC. Notes: ATP: attapulgite; PAM: polyacrylamide; U: urea; FTIR: Fourier transform infrared
spectrometer; XRD: X-ray diffractometer; TGA: thermal gravimetric analysis; DTA: differential
thermal analysis.
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TG-DTA analysis was used to study the thermal stability of the attapulgite, polyacry-
lamide, and SC. As shown in Figure 3C, the initial weight loss region (51–183 ◦C) probably
corresponded to water. The remaining weight loss regions (183–325 ◦C, 325–571 ◦C, and
571–800 ◦C) were probably due to organic matter degradation in the attapulgite. Figure 3D
indicates that the initial weight loss (51–328 ◦C) may be due to water loss. The latter weight
loss region (328–800 ◦C) was ascribed to the probable decomposition of polyacrylamide.
As shown in Figure 3C–E, the weight loss regions of the SC were consistent with those of
attapulgite because the SC contained 98% attapulgite. The weight loss values of attapulgite,
polyacrylamide, and SC were 19.1% (Figure 3C), 92.7% (Figure 3D), and 19.5% (Figure 3E),
respectively. These values illustrate that the SC included approximately 98% attapulgite,
and thus, the results of the TG-DTA analysis were consistent with the weight ratio of
attapulgite:polyacrylamide in the SC. As shown in Figure 3F, many pores appeared, with a
size distribution of 5–60 nm in the SC (inset of Figure 3F, BJH method analysis) and a high
BET specific surface area of 212.37 m2/g, which was beneficial for the adsorption of urea.

These results showed that the network structure of the SC linked the urea by hydrogen
bonds.

3.3. Effects of Soil Conditioner on Plant Growth

A greenhouse test of the SC was performed in Shouguang City, Shandong Province,
to illustrate the effects of the SC on pepper and soil. As shown in Figure S1, the SC had a
significant positive influence on the growth of pepper. Figure 4A–D indicates that with the
increase in the amount of SC, the plant height, SPAD, and fruit length and weight increased.
These results suggested that SC can increase the yield of pepper.
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Figure 4. Effects of SC on plant growth. (A–D) Plant height, SPAD, and fruit length and weight
when treated with different amounts of SC. Asterisks indicate statistically significant differences, as
determined by Student’s t-test (** p < 0.01).

3.4. Effect of Soil Conditioner on Soil Characteristics

Based on the characteristic analysis of the SC and plant growth, we selected SC3 to
determine the characteristics of the soil. Table 1 shows that the SC3 soil had a high capacity
to increase organic matter, available nitrogen, and potassium. This was probably because
the SC possessed a nanonetwork structure that decreased the loss of nutrients and the
degradation of organic matter. The SC reduced the soil capacity (4.55%) and increased
the soil porosity (12.57%), indicating that the soil became loose after treatment with SC3
(Table 1). In addition, the water retention rate was enhanced by 10.04% compared to that



Biology 2023, 12, 668 9 of 25

in the treatment without SC, probably because of the nanonetwork structure of the SC
(Table 1).

Table 1. Soil properties after using SC.

Treatment pH Value
Organic
Matter
(g/kg)

Total Salt
(%)

Available
Nitrogen
(mg/kg)

Available
Phosphorus

(mg/kg)

Available
Potassium

(mg/kg)

Soil
Capacity
(g/cm3)

Porosity
(%)

Water
Retention
Rate (%)

CK 7.86 ± 0.13 26 ± 3 0.10 ± 0.02 80 ± 7 95 ± 2 426 ± 10 1 ± 0.01 17.5 ± 0.34 23 ± 1
SC3 7.87 ± 0.06 26 ± 2 0.11 ± 0.02 97 ± 8 82 ± 4 438 ± 14 1 ± 0.01 19.7 ± 0.97 25 ± 2

The data are shown as the mean ± standard deviation (SD) of three replicates.

Earthworms can be used as indicators to assess soil quality [46,47]. The abundance of
earthworms at a particular site can indicate high soil quality. We collected and recorded
the number of earthworms in the different treatment soils. The number of earthworms
increased gradually with the increase in the amount of SC, indicating that SC promoted the
prevalence of earthworms (Figure S2A). After treatment with SC, there was a significant
number of earthworms in the SC3 soil (Figure S2B).

These results illustrated that SC can be used as a promising soil conditioner in soil.

3.5. The Microbe Communities Identified Using High-Throughput Sequencing

Based on the results presented above, we selected SC3 to analyze the microbial com-
munities via high-throughput sequencing.

3.5.1. Alpha Diversity of the Microbial Community

After a quality control process, a total of 510,150 clean reads from the V3-V4 region
of the 16S rRNA were obtained. The effectiveness of these reads was more than 91.08%.
A total of 480,918 clean reads were obtained from the ITS1-5F region. The effectiveness of
these reads was more than 96.07% (Table S1). The subsequent analysis was performed on
the basis of the normalized data.

The Venn diagram (Figure 5) shows the differences between CK and SC3 at the OTU
level. In the bacteria (Figure 5A), there were 1386 common OTUs in CK and SC3, but
there were 289 unique OTUs in CK and 420 unique OTUs in SC3. In the fungi (Figure 5B),
there were 517 common OTUs in CK and SC3, but there were 155 unique OTUs in CK and
178 unique OTUs in SC3. The results indicate that both the bacterial and fungal diversity
in SC3 were richer than those in CK. The bacterial diversity changed more than the fungal
diversity. This implies that the SC improved the soil environment to accumulate more
bacterial and fungal diversity.

The rarefaction curves tended to be flat (Figure S3), suggesting that a reasonable
number of individual samples were taken. The high Good’s coverage values indicate
that the sequencing depth was adequate for the community analysis (Table 2). Therefore,
the data were sufficient for the analysis of microbial communities. Simultaneously, the
rarefaction curves revealed that the microbial community richness in the SC3 samples was
higher overall than that in the CK samples.

The alpha diversity indices indicated that there were significant differences between
the CK and SC3 treatments (Table 2). Compared to the CK, the richness indices (including
oberved_species, Chao1, and ACE) and diversity indices (including Shannon, Simpson,
and PD_whole_tree) were higher in the treatment.

For bacteria, the Chao1, ACE, Shannon, and Simpson indices were significantly higher
in SC3 than in CK. The oberved_species and PD_whole_tree were also higher in SC3 but
were not significantly different from the CK. There was little difference in the fungi. Except
for the Simpson index, which displayed no significant difference, the Chao1, ACE, Shannon,
and PD_whole_tree were significantly higher in SC3 than in CK. From these results, the
richness and diversity were significantly higher in SC3 than in CK in terms of both bacteria



Biology 2023, 12, 668 10 of 25

and fungi. These results indicated that the diversity of the microbial community was
affected by SC3.
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Table 2. The alpha diversity between CK and SC3 treatments.

Treatment Oberved_Species chao1 ACE Shannon Simpson PD_Whole_Tree Good’s_Coverage

16S rRNA
CK 1240 ± 100 1336 ± 101 1346 ± 102 7.01 ± 0.19 0.96 ± 0.00 104 ± 4 0.996
SC3 1550 ± 8 1614 ± 10 * 1604 ± 18 * 8.85 ± 0.01 *** 0.99 ± 0.00 *** 115 ± 2 0.997

ITS1-5F
CK 435 ± 22 459 ± 21 464 ± 20 4.93 ± 0.67 0.89 ± 0.07 125 ± 6 0.999
SC3 521 ± 8 ** 548 ± 11 ** 549 ± 15 ** 6.59 ± 0.10 * 0.97 ± 0.00 145 ± 5 ** 0.999

The data are shown as the mean ± standard deviation (SD) of three replicates. Asterisks indicate statistically
significant differences, as determined by Student’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001).

3.5.2. Comparison of Bacterial Community Composition Based on 16S rRNA Sequencing

All bacterial sequences were classified at both the phylum and the genus level
(Figure 6). The top 10 relative abundances of the bacteria in each sample at the phylum
level were analyzed using the UPGMA clustering method (Figure 6A). The relative average
abundance of the top 10 bacteria at the phylum level in the CK and SC3 treatments were
Pseudomonadota (30.65 and 20.31%), Actinomycetota (23.75% and 17.23%), Bacteroidota
(12.91% and 5.11%), Acidobacteriota (1.33% and 9.81%), Chloroflexi (2.35% and 4.62%),
Gemmatimonadota (4.73% and 1.69%), Bacillota (2.36% and 3.15%), Myxococcota (2.25%
and 2.54%), and Verrucomicrobiota (1.17% and 1.25%). The relative average abundance
of unclassified_Bacteria at the phylum level accounted for 14.02% in CK and 23.76% in
SC3. The rest of the phyla were presented in “other phyla”, including Planctomycetota,
Nitrospirota, and Cyanobacteria. Additionally, the average proportion of “other phyla”
accounted for 4.49% in CK and 10.54% in SC3. The bacteria with high relative abundance,
including Pseudomonadota, Actinomycetota, and Bacteroidota, were lower in SC3 than in
CK. The abundance levels of Pseudomonadota, Actinomycetota, and Bacteroidota were
significantly higher in SC3 than in CK (p < 0.05). The UPGMA analysis results also showed
similar samples in each treatment.

More details regarding the relative abundance of the bacterial community at the
genus level are shown in a heatmap (Figure 6B). The top 35 bacteria at the genus level in
the CK and SC3 treatments are presented. In SC3, Sphingomonas, Blastococcus, RB41, etc.,
were the dominant genera. In CK, the most representative genera were Paeniglutamicibac-
ter, Luteimonas, Pedobacter, etc. The relative abundance levels of Massilia, Sphingomonas,
Aeromicrobium, etc., were higher in SC3 than in CK. Meanwhile, the levels of unclassified
Gemmatimonadacae, Luteimonas, Galbitalea, etc., were higher in CK than in SC3. Some genera
had similar average relative abundance levels between CK and SC3, such as Flavisolibacter
(0.72% and 0.62%) and Nocardioides (0.84% and 0.85%). This suggests that the changes in
relative abundance occurred after the SC3 treatment. These changes may have occurred
because the SC modified the soil ecosystem.
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Figure 6. Composition and relative abundance of bacterial communities. (A) UPGMA clustering
analysis showed the top 10 relative abundance levels of the bacterial community in each sample at
the phylum level. (B) Clustering heat map of the relative abundance levels of the top 35 bacteria
at the genus level in each sample. The “Z” value corresponding to the heat map is described by
the color intensity from 2 to −2. The color gradient shifted from blue to red (from low to high
abundance). CK1-CK3 represent the 3 replicates of soil without soil conditioner; SC31-SC33 represent
the 3 replicates of soil with 400 kg ha−1 soil conditioner.

Principal coordinate analysis (PCoA) was performed to reveal the variation in the
bacterial communities among the different samples (Figure S4A). The PCoA significantly
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separated the CK samples from the SC3 samples, indicating that the two treatments had
their own specific characteristic microbial community. The heat map of beta diversity also
indicated that the microbial communities of the samples were clearly different between
CK and SC3 (Figure S4B). Both the PCoA and heatmap results showed samples that were
similar in their bacterial compositions in each treatment. The bacterial compositions of the
samples in the CK were different from those in SC3. The results were also the same as the
results of the UPGMA analysis (Figure 6A).

To examine the taxonomic bacteria with significant abundance differences between CK
and SC3, linear discriminant analysis effect size (LEfSe) was used for biomarker analysis.
The results showed that there were 35 distinct bacterial taxa with LDA values greater
than 4.0 (Figure 7A). In SC3, three phyla, five classes, four orders, six families, seven
genera, and eight species were enriched. Meanwhile, one genus (Luteimonas) and one
species (Luteimonas mephitis) were enriched in the CK. LEfSe analysis indicated that SC3
influenced the bacterial composition of the soil.
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Figure 7. LEfSe analysis of the difference in bacterial abundance between CK and SC3. (A) LDA
score between CK and SC3. The column length indicates the effect size of the bacterial lineages.
(B) The cladogram of bacterial communities with differences between CK and SC3. The proportion
of bacterial abundance is indicated by the circle’s diameter. Red and green nodes: bacterial taxa that
play a vital role in CK and SC3, respectively. Yellow: nonsignificant.

3.5.3. Comparison of Fungal Community Composition Based on ITS Sequencing

The relative abundance of the fungi at the phylum and genus levels is shown in
Figure 8. The top 10 relative abundance levels of the fungal community in each sample at
the phylum level were analyzed using the UPGMA clustering method (Figure 8A). The
Ascomycota phylum was the most abundant in the two treatments (50.54% and 51.83%).
The abundance of the Mortierellomycota phylum was significantly lower in CK than in
SC3 (3.14% and 17.4%). Additionally, the abundance of the Basidiomycota phylum was
significantly higher in the CK (14.17% and 9.42%). The average proportion of “other phyla”
accounted for 30.56% in CK and 19.00% in SC3. The UPGMA analysis results also showed
similar samples in each treatment.
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Figure 8. Composition and relative abundance of fungal communities. (A) UPGMA clustering
analysis: the top 10 relative abundance levels in each sample at the phylum level. (B) Clustering
heat map of the relative abundance of the top 35 fungi at the genus level in each sample. The
corresponding value of the heat map is the “Z” value, depicted by the color intensity, ranging from 2
to −2. The gradient of color shifts from blue (low abundance) to red (high abundance). CK1-CK3
represent the 3 replicates of soil without soil conditioner; SC31-SC33 represent the 3 replicates of soil
with 400 kg ha−1 soil conditioner.

The relative abundance levels of the top 35 fungi at the genus level in CK and SC3
are presented as a heat map (Figure 8B). In contrast to SC3, Pseudogymnoascus, Thelebolus,
Botryotrichum, etc., were the dominant genera in the CK. In the SC3, Mortierella, Thysanorea,
Calyptella, etc., were the dominant genera. The abundance of some fungi in SC3 was
higher than that in CK, including Alternaria, Acremonium, Mortierella, etc. The unclassi-
fied_Eurotiales_sp. was only found in the SC3. This suggested that SC3 changed the relative
abundance of fungi.

The variation in and relationship between fungal communities were analyzed using
PCoA (Figure S5A). There was 68.72% variance in the first principal coordinate axis (PCo1)
and 18.19% variance in the second principal coordinate axis (PCo2). The relationships
between different samples were also the same as those shown in the UPGMA analysis
(Figure 8A). The heat map of beta diversity also indicated that the fungal communities of
the samples were obviously different between CK and SC3 (Figure S5B).
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LEfSe was conducted to identify the taxa with significant differences between CK and
SC3 (Figure 9). The results showed that there were 46 fungal taxa with distinguishable
differences with LDA values greater than 4.0 (Figure 9A). From the LEfSe analysis, one
phylum, two classes, five orders, five families, seven genera, and seven species were
enriched in SC3, while three classes, four orders, four families, four genera, and four
species were enriched in CK. These results indicated that fungal compositions in soil are
influenced by the use of SC3.
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Figure 9. LEfSe analysis of fungal abundance between CK and SC3. (A) LDA score between CK
and SC3. The column length indicates the effect size of the bacterial lineages. (B) The cladogram of
fungal communities with differences between CK and SC3. The proportion of bacterial abundance is
indicated by the circle’s diameter. Red and green nodes: fungal taxa that play a vital role in CK and
SC3, respectively. Yellow: nonsignificant.

3.5.4. Correlation Analysis between Microbes and Environmental Parameters

Redundancy analysis (RDA) was conducted to identify the relationships between
microbial compositions at the genus level and environmental factors (Figure 10). Four
parameters—pH, available phosphorus (AP), available potassium (AK), and available
nitrogen (AN)—were selected for RDA. Organic matter content was not included in our
analysis because available nutrient loss could be controlled by SC3. We wanted to find
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the relationships between soil properties altered by SC3′s control of nutrient loss and the
changes in microbial communities.
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Figure 10. Redundancy analysis (RDA) of microbial genera and soil physical and chemical properties.
(A,B) RDA of bacterial and fungal communities and environmental variables. The arrow length in
the RDA plot corresponds to the strength of the correlation between a variable and the community
structure. CK1-CK3 represent the 3 replicates of soil without soil conditioner; SC31-SC33 represent
the 3 replicates of soil with 400 kg ha−1 soil conditioner.

The physicochemical properties of the soils are shown in Table 1. The AN and AK
contents were higher in SC3 than in CK, while the AP content was lower in SC3 than in CK.
SC3 had little effect on the soil pH value.

The compositions of bacterial genera and fungal genera in the SC3 samples were both
positively correlated with AK, AN, and pH. Meanwhile, the microbial community struc-
tures in CK samples, both bacterial genera and fungal genera, were positively correlated
with AP (Figure 10). Changes in microbial communities relied on the AN, AK, and AP. The
results showed that microbial communities are positively correlated with AN and AK, and
they may be affected by SC.

Spearman correlation analysis was used to study the correlations between environ-
mental variables and the microbial abundance in genera (Figure 11). In terms of bacterial
abundance (Figure 11A), Massilia and Blautia were positively correlated with AN, while
Pontibacter and Paeniglutamicibacter were negatively correlated. Truepera, Flaviaesturari-
ibacter, Gemmatimonas, Arthrobacter, and Paeniglutamicibacter were positively correlated
with AP, while Massilia and Blautia had negative correlations. Kribbella, Aeromicrobium,
Massilia, and Blautia were positively correlated with AK, but Truepera, UTBCD1, and
Paeniglutamicibacter were negatively correlated with AK. In terms of fungal abundance
(Figure 11B), Myrothecium, Acremonium, and Mortierella were positively correlated with AN,
but unclassified_Leotiomycetes_sp., Trichosporon, Leucosporidium, and Cutaneotrichosporon
were negatively correlated. Unclassified_Leotiomycetes_sp., Leucosporidium, Solicoccozyma,
and Thelebolus were positively correlated with AP, while Titaea had a negative correlation.
Myrothecium, Acremonium, and Titaea were positively correlated with AK, but unclassi-
fied_Leotiomycetes_sp. and Leucosporidium had negative correlations with AK.

These results showed a correlation between AN, AK, AP, and the microbial community.
The positive correlation between AN, AK, and the microbial community may be caused by
the SC.
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Figure 11. The heatmap of Spearman’s rank correlation. (A,B) The correlation between the richness
of bacterial and fungal genera and environmental factors, where the “r” value is between −1 and
1, r < 0 is a negative correlation, and r > 0 is a positive correlation. Asterisks indicate statistically
significant differences, as determined by Student’s t-test (* p < 0.05, ** p < 0.01). The gradient of color
shifts from blue to red (from low to high abundance).

3.5.5. Predicted Functional Gene Analysis for Microbial Communities

PICRUSt [42] was used to predict functional analyses for bacterial communities of all
samples. A heat map of the 35 KEGG (level-2) pathways with relatively high abundance
levels is shown in Figure 12A. KEGG pathways including replication and repair, nucleotide
metabolism, signaling molecules and interaction, and cancers were significantly higher in
abundance in the CK, while energy metabolism, metabolism of terpenoids and polyketides,
metabolism of cofactors and vitamins, and endocrine system were significantly higher in
abundance in the SC3 (Figures 12A and S6A).

FUNGuild [43] was used to predict functional analyses for fungal communities in all of
the samples. The relative abundance levels of 26 fungal functional guilds (including others),
such as Animal_Pathogen-Soil_Saprotroph, Endophyte-Plant_Pathogen-Wood_Saprotroph,
and Plant_Pathogen-Soil_Saprotroph-Wood_Saprotroph, were detected (Figure 12B). The
“Animal_Pathogen-Soil_Saprotroph” guild had a significantly higher abundance level in the
CK. However, the “Endophyte-Plant_Pathogen-Wood_Saprotroph” and ”Plant_Pathogen-
Soil_Saprotroph-Wood_Saprotroph” guilds had relatively high abundance levels that in-
creased significantly in SC3 (Figure 12B and Figure S6B). The predicted functional gene
analyses for microbial communities from the KEGG (level-2) pathways and guilds were
significantly different in CK compared with SC3.
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Figure 12. Clustering heat map of the functional pathway analyses. (A) The relative abundance of
KEGG (level-2) pathways for bacterial communities of all samples. The KEGG pathways are indicated
by a gradient of color from blue (low abundance) to red (high abundance). The corresponding value
of the heat map is the “Z” value. (B) The relative abundance of predicted fungal functions. The
corresponding value of the heat map is the “Z” value when the relative abundance was normalized.
The gradient of color shifts from blue (low abundance) to red (high abundance). CK1-CK3 represent
the 3 replicates of soil without soil conditioner; SC31-SC33 represent the 3 replicates of soil with
400 kg ha−1 soil conditioner.
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4. Discussion

Fertilizers represent an indispensable factor in current agriculture to sustain soil fertil-
ity and crop productivity. However, the nutrient use efficiency of fertilizers is constantly
low [48]. Fertilizers left in soil due to overuse and runoff can cause a variety of environmen-
tal problems, including the pollution of water bodies and changes in soil quality [49]. The
application of nanotechnology can promote the nutrient use efficiency of crops and decrease
the negative effects of synthetic fertilizers in agriculture. Due to their wide-ranging envi-
ronmental applications, a number of nanomaterials have been used in agriculture [50–52].
As has been reported, the application of SC is a strategy that can be used to increase crop
yields and improve the quality of soil [11,53,54]. In a previous study, it was shown that a
fertilizer synergist could effectively inhibit hydrolysis, reduce loss, and enhance utilization
efficiency [17]. In this study, we generated a nanonetwork-structured SC composed of
attapulgite and polyacrylamide and investigated the effect of the SC on pepper agronomic
traits, soil properties, and the structure of microbial communities. Based on the results,
we assessed and evaluated the effect on the change in microbial communities after nano-
materials were applied to control the loss of nitrogen. To our knowledge, this is the first
report regarding the ability of this nanonetwork-structured SC, composed of attapulgite, to
alter microbial communities. Our study provides an understanding of the mechanism that
allows network-structured nanocomposites to alter microbial structures.

4.1. Material Characteristics of Nanostructured Soil Conditioner and Characteristics of Reducing
Nitrogen Loss

We determined the effect of different amounts of SC on the control of the loss of
nutrients and observed the microstructure of the SC. The amount of SC influenced the
control loss efficiency (Figure 1). In view of the high surface activity and nanoscale effect,
attapulgite rods tended to form several bunches with abundant small pores among the
rods. After the addition of polyacrylamide, a micro/nanonetwork was formed through
bridging and netting effects, probably driven by the existence of hydrogen bonds between
attapulgite and polyacrylamide (Figures 2 and 3A,B). Urea could be loaded into the network
to decrease the level of loss. This result is the same as our previous research regarding
the microstructure of a fertilizer synergist. Our FTIR spectroscopy and XRD analyses
indicated that the H bonds likely played a key role in the formation of the SC network.
The thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the SC
(Figure 3C–F) revealed that SC underwent a three-stage thermal decomposition process.
The difference between the SC and fertilizer synergist is that sodium humate was mixed in
the fertilizer synergist. Sodium humate is an efficient urease inhibitor and can be loaded
into the small pores to form part of the fertilizer synergist. From previous research, it
can be seen that the absence of sodium humate has no effect on the micro/nanonetwork
structure of the SC [17]. These results indicated that the network structure linked by H
bonds between polyacrylamide and attapulgite has a good ability to store nutrients and
control nutrient loss.

4.2. Effect of SC on Soil Physicochemical Properties

Generally, soil conditioners are added to soil to improve its condition in terms of
structure and nutrients with the goal of increasing plant growth. Therefore, we recorded
the growth of pepper and the changes in soil properties. In our study, the growth of the
treated peppers was advanced, and the yield was higher. The application of SC caused no
change in the soil pH. The other soil properties, such as organic matter and available N and
K contents, were increased through the application of SC. In particular, we compared the
soil capacity, porosity, and water retention between the control and SC3 soil. These three
physicochemical traits were also improved (Table 1). As the prevalence of earthworms
is generally associated with good soil, we counted the number of earthworms. In the
SC-improved soil, the abundance of earthworms was higher than that in the CK soil
(Figure S2). As the use of nanotechnology has increased, nanomaterials have contributed
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to agriculture [55]. Attapulgite has many nanoscale channels, giving it unique physical and
chemical properties. It has been widely used as an additive of nanocomposites [56], as the
supporter of active nanomaterials, and to control nitrogen or pesticide loss [2,17,57]. In this
study, the application of SC composed of attapulgite resulted in higher nutrient availability;
better soil capacity, porosity, and water retention; and increased plant yield. These results
were in agreement with previous reports on soil conditioners [58,59].

For better application of SC, further research should be conducted in field conditions.
The results may be different between greenhouse and field due to the different environments
(soil type, pH, location, water, fertilizer, and so on). The stability of SC in controlling
nutrient loss should be researched in various soils.

4.3. Effect of SC on Microbial Community Structure

In this study, microbial abundance and diversity in soil, including bacteria and fungi,
were assessed using high-throughput sequencing. We found that the richness and diversity
of bacteria were significantly higher than those of fungi (Table 2). This implies that bacteria
are dominant colonizers in this soil. The alpha diversity was also shown to differ signifi-
cantly between the CK and SC treatments, both in terms of bacteria and fungi. Meanwhile,
the UPGMA and PCoA results in this study indicated that there were different characteristic
microbial communities between CK and SC3 (Figures 6A, S4A, 8A and S5A).

4.3.1. Effect of SC on Bacterial Microorganisms

Bacterial communities are the most diverse and abundant groups in soil. Pseudomon-
adota, Actinomycetota, Bacteroidota, Gemmatimonadota, and Chloroflexi were the dom-
inant phyla in CK and SC3. The predominant phyla in our study are almost the same
as those in previous studies. In marine ecosystems, Pseudomonadota, Bacteroidota, and
Bacillota are the dominant phyla. In apple orchard soils, Pseudomonadota, Actinomyce-
tota, and Acidobacteria are the main phyla. On seaweed surfaces, Pseudomonadota and
Bacillota are the most abundant phyla. In SC3 soil, the relative abundance levels of Pseu-
domonadota, Actinomycetota, Bacteroidota, and Gemmatimonadota were reduced, but
the abundance levels of Acidobacteriota, Chloroflexi, Bacillota, and Myxococcota were in-
creased (Figure 6A). Pseudomonadota are responsible for the symbiotic nitrogen fixation of
legumes and biodegradation of polycyclic aromatic hydrocarbons [60,61]. Actinomycetota
could be responsible for the decomposition of all sorts of organic substances, the production
of bioactive metabolites, and the biological control of soil environments [62]. Bacteroidota
are well-known degraders of organic matter [63]. Gemmatimonadota seem to be frequently
associated with plants and the rhizosphere and have the capacity for anoxygenic photo-
synthesis [64]. A previous study showed that soil amendment alters the abundance of
phyla. The relative abundance level of Pseudomonadota was increased, but the levels of
Acidobacteria, Actinobacteria, Gemmatimonadetes, and Chloroflexi were reduced [59].
This differs somewhat from our results. At the genus level, the relative abundance levels
of some bacteria, such as Massilia, Sphingomonas, Aeromicrobium, Kribbella, and Gaiellawere,
were higher in SC3. Additionally, the relative abundance levels of Nitrosospira, Luteimonas,
Galbitalea, and Gemmatimonas were lower in SC3 than in CK (Figure 6B). Massilia is abun-
dant in the rhizosphere and can interact with pathogenic fungi by degrading chitin [65,66].
Sphingomonas functions in plant tolerance to abiotic stress and the biodegradation of en-
vironmental contaminants [67,68]. Aeromicrobium has been reported to possess the ability
to degrade organic matter [69]. Kribbella and Gaiella [70,71] may inhibit pathogens. In the
present study, soil improvement reduced the relative abundance of bacterial genera, such
as Gemmatimonas and Nitrosospira [72]. Our results are similar to these reports. We noted
that in our study, Luteimonas was enriched in the CK (Figure 7). Luteimonas was reported as
a denitrifying genus in a wastewater treatment system [73]. These results may have shown
that the soil environments were improved by the SC.
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4.3.2. Effect of SC on Fungal Microorganisms

Soil fungi have many functions, including as biological controllers, ecosystem regu-
lators, and participants in the conversion of organic matter [74]. In our results, Ascomy-
cota, Basidiomycota, and Mortierellomycota were the dominant phyla in CK and SC3
(Figure 8A). These predominant phyla in our results are consistent with the results of a
previous study [75]. The Ascomycota phylum was the most dominant in all of the agricul-
tural soil and plays an ecological role as a decomposer [76]. Basidiomycota can degrade
different components of wood, and they are part of a key process in carbon recycling [77].
The abundance of the Mortierellomycota phylum in SC3 was significantly higher than
that in CK. Mortierellomycota can dissolve mineral phosphorus and secrete oxalic acid to
increase soil nutrient contents [78,79]. In our results, the AP content was lower in SC3 than
in CK. There was a negative correlation between Mortierellomycota and AP. We speculate
that the mineral phosphorus in soil was dissolved by Mortierellomycota, and then, the
available P was absorbed by plants to improve their growth. This needs to be researched in
future work. At the genus level, Mortierella, Thysanorea, Calyptella, Pseudogymnoascus, etc.,
were the dominant genera in the SC. The relative abundance levels of Alternaria, Acremo-
nium, Mortierella, Paraphoma, and Trichoderma were higher in SC3 than in CK (Figure 8B).
Thysanorea belongs to the Ascomycota phylum and may play a key role in decomposition
in soils and increasing nitrogen [80]. Calyptella belongs to the Basidiomycota phylum and
is confirmed to be an ectomycorrhizal mutualist, which protects plants [81]. Mortierella
was shown to be the dominant fungus in fertilizer-treated soils and was affected by the
nutrients in the soil. Pseudogymnoascus decays matter in cool environments. Trichoderma
and Acremonium levels can increase in fertilized soils, and they can be used in biocontrol.
In addition to beneficial fungi, the levels of pathogenic fungi such as Fusarium, Alternaria,
Botryotrichum, and Pseudogymnoascus increased in SC3 (Figure 8B). We speculated that
there was an increase in fungal diversity in the SC-improved soil, including beneficial and
pathogenic fungi. However, the richness and diversity levels of beneficial fungi were higher
than those of pathogenic fungi in the SC3 soil. Therefore, SC improves soil.

4.4. Relationship between Soil Physicochemical Properties and Microbial Community after
Application of SC

It was reported that microbial communities in soil strongly correlate to soil physico-
chemical properties [82]. In our study, the soil physicochemical properties were improved
by the addition of SC (Table 1). The organic matter content was absent from our analysis
because this study mainly focused on the control of the loss of available nutrients. The
pH of soil significantly influences the structure of microbial communities. However, our
SC did not affect the soil pH. The soil properties showed a correlation with the microbial
community (Figures 10 and 11). The compositions of the bacterial genera and fungal genera
in the SC3 samples were both positively correlated with AK, AN, and AP (Figure 11). At the
genus level, bacteria such as Paeniglutamicibacter (Actinomycetota phylum), Blautia (Firmi-
cutes phylum), and Massilia (Pseudomonadota phylum) were significantly correlated with
AK, AN, and AP; fungi such as Leucosporidium (Basidiomycota phylum), Acremonium (As-
comycota phylum), and Myrothecium (Ascomycota phylum) were significantly correlated
with AK and AN. Unclassified_Leotiomycetes_sp. (Ascomycota phylum), Leucosporidium
(Basidiomycota phylum), Solicoccozyma (Basidiomycota phylum), and Thelebolus (Ascomy-
cota phylum) were positively correlated with AP. We proved that SC could control the loss
of nutrients (Figure 1). We speculated that the AP and AK levels were also controlled by
the nanonetwork structure of the SC. The effect of soil carbon on the microbial community
was not determined. In fact, microorganisms play an important role in the soil carbon
cycle. Microbial biomass can increase soil carbon storage. Meanwhile, microorganisms
are commonly associated with soil organic carbon degradation [83,84]. Previous reports
have found that microbial interactions with soil C and N could be affected by many factors.
The factors include litter input, fine roots, soil organic carbon, inorganic N, soil moisture,
temperature, and pH [85,86]. SC can control the loss of nutrients that increase available
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N in soil. The increased N may induce P limitation and potentially affect C cycling. We
speculated that the C:N ratio was changed by the SC in soil. This may be the cause of the
changes in the microbial community. This needs more study in the future.

In our study, SC affected soil fertility by controlling nutrient loss, with the potential
to change the soil microbial quantity. The altered trends in the microbial community in
different fields should be studied in further work.

4.5. Predicted Functional Analysis for Microbial Communities

Compared with the CK, the soil properties and the bacterial community structure
were altered by the administration of SC. Considering that the SC treatment’s performance
may have been affected by functional microorganisms, we analyzed the functional genes of
the microbial communities. Bacterial results were obtained from the PICRUSt analysis. The
number of genes related to cell growth and death, endocrine system, and energy metabolism
in the SC treatment was significantly higher than that in the CK (Figures 12A and S6A).
These functional genes may drive the compositions of bacterial communities; therefore,
bacteria further improve the properties of soil. In previous studies, the composition of the
bacterial community was found to be driven by functional genes rather than taxonomic or
phylogenetic compositions [87,88]. We speculated that these genes promoted the related
bacterial growth and development and then formed the bacterial communities in SC-
treated soil. The FUNGuild analysis showed the difference in fungal functional genes
between SC3 and CK (Figure 12B). The dominant fungal genera in SC3 were Mortierella,
Thysanorea, and Calyptella (Figure 8), which were classified as undefined saprotrophs in
the FUNGuild analysis. Saprotrophic fungi are the main decomposers of litter, woody
debris, and dead roots [89]. However, the functional prediction was inconsistent with
the relative abundance analysis. Compared with CK, the “Endophyte-Plant_Pathogen-
Wood_Saprotroph” and ”Plant_Pathogen-Soil_Saprotroph-Wood_Saprotroph” guilds were
higher in SC3 (Figure S6B). This result may have been caused by the alteration in the fungal
communities. We speculated that the relative abundance and richness of the saprotroph
pathogens did not increase, but the number of the pathogens perhaps increased. The
“Animal_Pathogen-Soil_Saprotroph” guild had a significantly higher abundance in the CK.
This may illustrate that there were more earthworms in the SC-treated soil than in the CK.
However, further studies are required to confirm the relationship between the functional
prediction and fungal communities.

5. Conclusions

In this study, a nanonetwork-structured soil conditioner was constructed, and its
effects on pepper growth, soil properties, and the construction of microbial communities
were evaluated. Our results showed that SC could increase the yield of pepper and change
the microbial community. The microbial abundances and diversity were higher in the
SC treatment than in the CK. These microbes promote plant growth and improve soil
quality. The compositions of bacterial genera and fungal genera in the SC3 samples were
correlated with AK, AN, pH, and AP. Compared with the CK, the community compositions
in SC3 included more metabolism-related bacterial genes. The complex changes in fungal
functional genes need to be studied further. This study provides insight into the correlation
between network-structured soil conditioners and soil, microorganisms, and plants. This
could help us better understand the mechanism by which microorganisms are improved
by network-structured SC.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biology12050668/s1, Figure S1: Photographs of soil conditioner
on pepper; Figure S2: The number of earthworms; Figure S3: The rarefaction curve of samples;
Figure S4: Beta-diversity analysis showing the relatedness of bacterial communities in different
samples; Figure S5: Beta-diversity analysis showing the relatedness of fungal communities in different
samples; Figure S6: Difference analysis via t-test based on the results of functional annotation;
Table S1: Sequencing statistic
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ABSTRACT: In recent years, alkali activation for potassium persulfate
(PS) treatment has been proven a promising method in the advanced
oxidation processes. However, the majority of studies have focused on
water pollution control and remediation processes. There are few reports
on the application of PS to transform organic solid waste into a resource. In
this study, the sugarcane filter cake (SFC) was treated with PS activated by
calcium hydroxide (CH) to convert it into an organic fertilizer (CH-PS/
SFC) with high amounts of fulvic-like acid (FLA). CH-PS/SFC could also
be used to remediate the acid soil and immobilize heavy metals (HMs).
Due to the simple structure and high sucrose content of SFC, the sucrose-
saturated solution was to investigate the CH-PS treatment and the result
was the production of a large amount of (785.7 mg/g) after 2 h. In optimal
conditions, the yield of FLA in CH-PS/SFC could reach 316.8 mg/g, and
the subsequent use as a fertilizer offered a germination index of over 80% and a decrease in the leachability of HMs. In addition, in
the humification the maximum temperature was found to be 80.3 °C and the moisture decreased by 20% during the humification of
SFC. Furthermore, pot experiments showed that CH-PS/SFC could promote Chinese cabbage growth, decrease the yellow leaves
rate, and decrease the absorption of HMs by Chinese cabbage.
KEYWORDS: sugarcane filter cake, potassium persulfate, calcium hydroxide, fulvic-like acid, organic fertilizer

■ INTRODUCTION
Sugarcane is the leading sugar crop, and its cultivation area
accounts for more than 85% of the edulcorate crops area in
China.1 However, the fabrication of 1 t of sucrose could
produce a large number of organic wastes, such as 2.5 t of
bagasse, 800 kg of molasses, and 250 kg of sugarcane filter cake
(SFC).2 Therein, most SFCs are mechanically dewatered and
then landfilled or incinerated, resulting in very low utilization
efficiency of SFCs.3 Actually, SFCs contain sucrose, crude
fiber, sugarcane wax colloid, crude protein, metal salt, and
other substances, showing them as a promising fertilizer
source.4 However, SFCs have the problems of high water
content, long humification time, low fertilizer efficiency, and
foul smell. These problems are key factors restricting the
sustainable development of the sucrose industry. Therefore, it
is important to develop a fast, safe, and high-quality method to
deal with SFC to protect the environment, create a circular
economy, and improve agricultural products’ quality.

Generally, composting means that microbial metabolism can
convert organic matter into stable humus. However, the
composting process is prolonged and sensitive to temperature,
humidity, pH, and other conditions.5 In addition, incomplete
composting in the organic fertilizer could produce harmful
bacteria, which is detrimental to plant growth.6,7 Therefore, it

is sensible to apply advanced oxidation processes (AOPs) to
overcome the problems of traditional composting, such as long
compost time, high running expense, and large occupation of
land. In the AOPs, the free radicals are strong oxidants and
could enhance the composting process (i.e., Le Chatelier’s
principle). At the same time, the macromolecular substances in
the SFC could be rapidly decomposed to produce small
molecular substances8 and most of the harmful bacteria are
eliminated.9,10 Because the composition (carboxylic acid,
amino acids, quinones, and aromatic hydroxyl) and properties
of small molecular substances are similar to those of fulvic acid
(FA), they are named fulvic-like acid (FLA).11 Meanwhile, the
abundant FLA could meet the needs of plants and reduce the
activity of heavy metals (HMs) in SFC.12 Compared with
traditional compost, AOPs have the advantages of short
humification time, simple process, and low cost.13,14 Therefore,
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the application of AOPs for treating SFC has the prospect of
wide application.15

Among AOPs, potassium peroxydisulfate (PS) is inves-
tigated widely because it can produce sulfate radicals (SO4

•−),
which have a high oxidative power and long half-life.16

Typically, PS could be activated by various types of activators,
such as metal ions,9 metal oxides,17 carbon materials,18

ultraviolet irradiation,10 and thermal activation.19 Due to the
complex activated process and high-cost limitations, a kind of
new activated process for PS in SFC is quite necessary.

In this work, PS was activated by calcium hydroxide (CH) to
get PS-CH, and then PS-CH was applied to humify sucrose for
the first time. Due to the high sucrose content of SFC, the
sucrose-saturated solution was used as a model to investigate
the conversion regularity of SFC to FLA fertilizer. This work
had three outstanding highlights: (1) SFC could be humified
by PS-CH rapidly in 2 h to get an FLA organic fertilizer; (2)
PS-CH/SFC could be used to remediate the acidic soil and
immobilize HMs; and (3) PS-CH/SFC could promote the
growth of Chinese cabbage significantly. Therefore, this work

provided a rapid-humification, low-cost (∼30 $/ton), and
high-value way to deal with SFCs.

■ MATERIALS AND METHODS
Materials. SFC was purchased from the Guangxi Sugar Industry

Group Co., Ltd., (Nanning, China). PS, CH, methanol (MeOH,
99.5%), tert-butanol (TBA, 99.5%), histidine (His, 99.8%), sodium
carbonate (Na2CO3, 99.8%), hydrochloric acid (HCl, 37.2%), copper
chloride (CuCl2, 99.8%), cadmium chloride (CdCl2, 99.8%), zinc
chloride (ZnCl2, 99.8%), sodium sulfate (Na2SO4, 99.8%), mono-
sodium phosphate (NaH2PO3, 99.8%), and lead chloride (PbCl2,
99.8%) were analytical reagent grade and provided by Sinopharm
Chemical Reagent Company (Shanghai, China). The deionized water
was used in all of the experiments except for the pot experiment and
was made by an ultrapure water machine (Qclean, China). Cucumber
seeds and Chinese cabbage seeds were purchased from He Xian
Huahe Seed Industry Co., Ltd., (Maanshan, China). Soil and sand
were taken from Songjiang Campus of Donghua University
(Shanghai, China). All of the experiments were performed in
triplicate in the following experiments.

Sucrose and SFC Humifying Experiments. CH (2.0 g) and PS
(2.0 g) were added to 20 g of sucrose-saturated solution orderly and
the resulting solution was stirred (200 rpm) for 2 h at 25 °C to obtain

Figure 1. (A) Effect of CH-PS (2.0 g) with different WCH/WPS on the conversion of sucrose to FLA content for 2 h. (B) Effect of the CH-PS
amount on the conversion of sucrose to the FLA content (WCH/WPS =1:1) for 2 h. (C) Influence of reaction time on the FLA content of CH-PS/
sucrose (WCH/WPS =1:1, 4.0 g). (D) Effect of coexisting ions (0.25 mM/g) on the FLA content of CH-PS/sucrose (WCH/WPS =1:1, 4.0 g) for 2 h.
Significance was accepted if p < 0.05. Different letters (a and b) denote statistical differences across treatments. (E, F) 3D-EEM for FLA in sucrose
and CH-PS/sucrose.
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CH-PS/sucrose. Therein, sucrose (250 g) was added to deionized
water (100 mL) and the resulting solution was stirred (200 rpm) for 2
h at 25 °C. Then, the solution was filtrated to get the sucrose-
saturated solution. Subsequently, 1 mL of methanol (a free radical
quencher) was added to 10 mL of CH-PS/Sucrose for 1 h and the
mixed solution was diluted 10 times. After stirring for 5 min, the
solution was centrifuged at 10,000 rpm for 10 min, and the
supernatant was filtered with a fiber membrane (0.45 μm). After
that, FLA was detected by three-dimensional fluorescence excitation−
emission (3D-EEM) matrix spectroscopy and a UV−vis spectropho-
tometer in the filtrate,8 and the details of 3D-EEM could be found in
S1. Additionally, the influences of the ratio CH to PS, the amount of
CH-PS, time, and coexisting ions for FLA content were investigated.
Meanwhile, the exploration of coexisting ions (0.25 mM/g) was the
same as that of the sucrose humifying experiment, except for the
addition of Na2SO4, NaH2PO3, Na2CO3, CdCl2, and ZnCl2 in the
sucrose-saturated solution.

CH (2.0 g) and PS (2.0 g) were added in 20.0 g of SFC (75.2% of
moisture content) orderly and mixed well. Then, the mixture was
humified in the style of strip compost for 2 h at 25 °C to get CH-PS/
SFC. After that, 100 mL of deionized water was added to CH-PS/
SFC (10.0 g) for stirring (160 rmp, 1 h). Meanwhile, the detection
method of FLA was the same as that of the sucrose humifying
experiment. In addition, organic matter, pH, and moisture of CH-PS/
SFC were also detected and the descriptions of the procedures
followed can be found in the Supporting Information (S2−S4).

Analysis of Maturity of CH-PS/SFC. Deionized water (100.0
mL) was added to CH-PS/SFC (10.0 g) for stirring (160 rmp, 1 h) at
25 °C. After that, the resulting solution was centrifuged at 10,000 rpm
for 10 min, and the supernatant was filtered with a fiber membrane
(0.45 μm). Subsequently, 2 pieces of filter paper (diameter = 8.0 cm)
and 5 mL of the filtrate were placed on the Petri dishes (diameter =
9.0 cm) orderly and 10 cucumber seeds were added evenly on the
surface of the filter paper. Then, the resulting system was placed in an
incubator (dark, 25 °C, SRG-800C, China) for 48 h. After that, the
germination rate and root length were measured. Germination index
(GI) was calculated according to eqs 1 and 2

(1)

(2)

where A1 and A2 were referred to as the average root length and B1
and B2 were germination percentages of cultivated seeds in the
experimental and control groups, respectively.

Pot Experiment. The description of the preparation of the acidic
soil (AS) with a pH of 4.8 can be found in S5. AS (500 g) was put in a
plastic pot (trapezoidal shape, height 8.5 cm, diameter 10.0 cm (top),
and 7.3 cm (bottom)), and then CH-PS/SFC (2.0 g) was spread on
the surface of the AS. Subsequently, four seedlings of Chinese cabbage
(length of 5.0−7.0 cm, diameter of 0.5−1.5 mm) were evenly planted
in the AS. Afterward, all samples were kept in a greenhouse (humidity
of 70%, light for 12 h every day) at 25 °C and HM solution (30 mL, 2
mg/L of Cu(II), Pd(II), and Cd(II), respectively) was sprayed to the
system every 3 days. After 25 days, the height, yellow leaf ratio,
chlorophyll content, length of root, and HM content of Chinese
cabbages were measured and HMs detection is detailed in S6.

Characterizations. The morphology was measured by using a
scanning electron microscope (SEM, FEI, Quanta250), and elemental
analysis was performed by using SEM-energy-dispersive X-ray (SEM-
EDX) (surface scanning, time = 100 s). X-ray photoelectron
spectroscopy (XPS, Hitachi, S-4800, Japan) was performed by using
Al Kα radiation to analyze the chemical states of the elements of the
samples. The structural and composition analyses were conducted on
a TTR-III X-ray diffractometer (XRD, Hitachi, D/max-2550 PC,
Japan) with the diffraction angles of 3−90° and a Fourier transform
infrared spectrometer (FTIR, Thermo Fisher, Nicolet 6700) in the
ranges of 400−4000 cm−1. The thermal stability of CH-PS/SFC was

analyzed by thermal gravimetric analysis (TGA, Clarus, SQ8-
STA8000, Netherlands) in the temperature ranges of 50−800 °C.
The concentrations of FLA in CH-PS/sucrose and CH-PS/SFC were
detected on a UV−vis spectrophotometer (Shimadzu, UV-1900i,
Japan) at 262 nm. The chlorophyll contents in corn leaves were
determined by a chlorophyll meter (YSI, 600CHL). FLA was detected
using 3D-EEM matrix spectroscopy (Hitachi, F-7000, Japan) to
confirm the generation and transformation. The composition of SFC
was verified by gas chromatography−mass spectrometry (GC/MS,
Shimadzu, QP2020, Japan) and is detailed in S7.

■ RESULTS AND DISCUSSION
Effects of CH-PS on Sucrose. The effect of CH-PS with

different mass ratios was investigated to obtain the conversion
regularity of sucrose to FLA. As shown in Figure 1A, the FLA
content did not increase at the addition of PS only compared
with sucrose. With the increase of the CH amount (WPS/WCH
= 4:1), it was found that the FLA content (185.6 mg/g)
improved. It was probably because PS could be activated by
CH according to eqs 3−5,20 which was beneficial for the
production of FLA. As the proportion of CH increased, the
content of FLA increased sequentially and the content of FLA
reached the maximum value of 314.5 mg/g at WPS/WCH = 1:1.
With the increase of CH proportion, the content of FLA began
to decrease, probably because of the mineralization of FLA and
the production of insufficient free radicals.21 Therefore, WPS/
WCH = 1:1 was selected as the optimal ratio in the humifying
process of sucrose. Figure 1B shows that the FLA content
increased gradually with the addition of CH-PS before 6.0 g.
Notably, the growth rate of FLA reached the maximum at 4.0 g
of CH-PS. With the increase of the CH-PS amount (7.0 g), the
content of FLA began to decrease, probably because of the
mineralization of FLA.22 Thus, the optimal amount of CH-PS
was 4.0 g from the viewpoint of CH-PS utilization efficiency
and economy. Meanwhile, the optimal humifying condition for
sucrose was named CH-PS/sucrose (WPS/WCH = 1:1, 20% of
CH-PS, and 2 h).

In addition, it can be seen from Figure 1C that the FLA
content increased significantly before 1 h and reached a
maximum value of 785.7 mg/g at 2 h. After that, the FLA
content decreased slightly, which might be due to the excessive
reaction leading to FLA mineralization. This result was also
consistent with previous studies. As shown in Figure 1D, the
effect of coexisting ions on the FLA content was also
investigated. The FLA content decreased significantly after
the addition of SO4

2−, H2PO4
−, and CO3

2− probably because
the generation of free radicals could be inhibited by SO4

2− and
H2PO4

−, according to eqs 3−520,23 and Le Chatelier’s
principle. In addition, the free radicals could be quenched by
CO3

2−, which was disadvantageous for the generation of
FLA.24 The FLA content decreased significantly in the
existence of Cd2+ and Zn2+, probably because Cd2+ and Zn2+

could be chelated by FLA, which would influence the detection
of FLA.25

Subsequently, the existence of FLA could be confirmed by
3D-EEM, and its characteristic peak positions were located at
Ex/Em = 230−250/370−430 nm.8,26 As shown in Figures 1E,F
the content of FLA increased after CH-PS treatment, and thus
CH-PS was beneficial for the humification of sucrose and the
generation of FLA.

(3)

(4)
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Figure 2. SEM images of (A−C) PS, CH, sucrose, and (D, E) CH-PS/sucrose. (F−J) Distribution maps of C, O, K, S, and Ca in CH-PS/sucrose.

Figure 3. TGA (black) and DTG (blue) curves of (A) sucrose and (B) CH-PS/sucrose. (C) XRD spectra and (D) FTIR spectra of sucrose (a) and
CH-PS/sucrose (b).
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(5)

Mechanism of the Investigation of CH-PS on the
Humification of Sucrose. In order to study the humification
mechanism of sucrose by CH-PS, the morphologies of CH-PS/
sucrose were observed. After the treatment of sucrose by PS

(Figure 2A) and CH (Figure 2B), the particle size decreased
from 500 μm to less than 10 μm, indicating that sucrose
(Figure 2C) could be decomposed into smaller particles by
CH-PS in CH-PS/sucrose (Figure 2D,E). As shown in Figure
2F−J, the elements of C (36.9%), O (48.6%), K (4.2%), S
(2.2%), and Ca (8.1%) were uniformly distributed on the

Figure 4. (A) Full-range XPS spectra of sucrose and CH-PS/sucrose. (B−D) XPS spectra of C 1s, O 1s, and S 2p.

Figure 5. (A) Influence of quenching reagents for FLA content in the CH-PS/sucrose system (quenching reagent/PS = 10:1). EPR spectra at
different time intervals using DMPO and TEMP as spin-trapping reagents for (B) SO4

•− and •OH, (C) 1O2, and (D) •O2
−.
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surface of CH-PS/sucrose (Table S1). Moreover, the
percentage of K−S−Ca could reach 14.5%, which was
advantageous for improving fertilizers’ efficiency.

TG-differential thermal analysis (TG-DTA) was also
performed to further investigate the humification mechanism
of sucrose by CH-PS. As shown in Figures 3A and 4B, the first
weight loss regions of sucrose (below 227.9 °C) and CH-PS/
sucrose (below 207.0 °C) were 1.8 and 4.8%, respectively,
because CH-PS/sucrose possessed more hydrophilic groups
(−COOH and −OH) than sucrose, which was consistent with
the FTIR results in Figure 3C. The second weight loss of CH-
PS/sucrose (41.4%) was significantly higher than that of
sucrose (19.8%), illustrating that sucrose was humified to
smaller molecules such as FLA (furan, ketone, and esters) with
a lower thermal stability. This could also be proved by the
results of GC-MS for CH-PS/sucrose (Figure S1). Addition-
ally, the characteristic peak of C−O−C (1064 cm−1) of CH-
PS/sucrose became weaker compared with sucrose, while the
peaks of C�O (1639 cm−1) and −OH (3438 cm−1) became
stronger, likely suggesting that C−O−C was transformed to
−COOH through the oxidation of radicals. In addition, XRD
measurements were applied to analyze the humification
mechanism of sucrose. As shown in Figure 3C, K2SO4 and
CaSO4 were found in CH-PS/sucrose after the humification of
sucrose, indicating that S2O8

2− was transferred to SO4
2− after

the reaction. Thus, SO4
•− could be produced according to eqs

3 and 4.
The XPS spectra were also employed to analyze the

structure change and the humification mechanism of the
sucrose and CH-PS/sucrose. As shown in Figures 4A and S2,
the peaks of K, Ca, and S appeared in the CH-PS/sucrose
spectrum, indicating that CH-PS was mixed with sucrose
evenly. For the C 1s spectrum of CH-PS/sucrose (Figure 4B),
four peaks with binding energies of 283.2, 284.8, 285.4, and
288.5 eV were observed, corresponding to C�C, C−C, C−
O−R, and O�C−OH.27 Thus, the oxygen-containing groups
increased in the CH-PS/sucrose spectrum compared with
sucrose, and sucrose was humified by CH-PS successfully. As
for the O 1s spectrum of CH-PS/sucrose, the peak at 529.7 eV
was the same as PS, which revealed that PS still existed after
the humification of sucrose (Figures 4B and S3). In addition,
the S 2p spectrum of CH-PS/sucrose revealed that the peak at
168.5 eV corresponded to SO4

2−.28 Therefore, this result also
illustrated that S2O8

2− was transferred to SO4
2− after the

reaction.
Identification of Reactive Oxygen Species. The

quenching experiments were adopted to further explore the
mechanism of sucrose humification by CH-PS. Therein,
MeOH, TBA, His, and Na2CO3 were used as free radical
quenchers to remove SO4

•−, •OH, 1O2, and •O2
−,

Figure 6. (A) Digital photograph of SFC and CH-PS/SFC. (B) Changes of temperature with time during the humification process of SFC. (C, D)
FLA content, organic matter content, pH, and moisture in SFC and CH-PS/SFC. (E, F) 3D-EEM for FLA in SFC and CH-PS/SFC. Reaction
conditions: mSFC = 20 g, WPS/WCH = 1:1, mCH‑PS = 4.0 g, and time = 4 h.
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respectively.24 Furthermore, the free radicals of •OH and
SO4

•− could be strongly inhibited by MeOH simultaneously.29

As shown in Figure 5A, the FLA content decreased by 682.7,
560.95, 643.4, and 597.35 mg/g, respectively, with the addition
of MeOH, TBA, His, and Na2CO3. This result proved that the
free radicals (SO4

•−, •OH, and •O2
−) and nonfree radical

(1O2) existed in the humification process of sucrose, which was
also consistent with eqs 3−6.30 In addition, the humification
contribution of radicals could be listed as •OH + SO4

•− ≥ 1O2
≥ •OO2

− ≥ •OH. Figure 5B−D could also demonstrate the
existence of four active substances and these could be detected
at 90 min still. This result was also consistent with XPS spectra
(Figure 4C). Thus, these radicals had a high utilization
efficiency because of the slow production in the CH-PS/
sucrose system.21

(6)

Humification Process and Mechanism of SFC. To
elucidate the practical application of CH-PS, SFC, with a large
amount of sucrose, was chosen as a typical substance. Figure
6A shows that the color of the SFC was changed from dark
green to yellow, probably because of FLA. The maximum
temperature of CH-PS/SFC could reach 80.3 °C at 20 min

(Figure 6B) during the humification process. Thus, the heating
rate was excellent compared to traditional compost.31,32

Furthermore, the moisture of SFC was reduced by 20%,
probably due to the high temperature of SFC humification by
CH-PS (Figure 6C). Also, the pH of SFC was increased
significantly from 8 to 13 after the CH-PS treatment and the
main reason was the addition of CH (Figure 6C). Thus, CH-
PS/SFC could be used to remediate AS. As shown in Figure
6D, the FLA content in SFC was 102.5 mg/g and that of CH-
PS/SFC increased to 316.8 mg/g, which was nearly 3 times
that of SFC. Simultaneously, the content of organic matter
decreased remarkably after the humification of SFC, likely
because of the addition of CH-PS. In addition, the content of
K was increased from 3.5 to 64.0 g/kg and the HM content
was in accordance with the international standard for organic
fertilizers after the humification of SFC (Table S2).33 It was
probably due to the passivation of CH-PS and the chelation of
FLA for HMs. Interestingly, the crude protein and crude fat
contents were decreased dramatically, and the 17 amino acids
and fatty acid content were significantly increased in CH-PS/
SFC (Figures S4 and S5).34 Furthermore, the contents of
phenol and furan were distinctly increased in CH-PS/SFC,
indicating that the crude fiber in SFC could be degraded by

Figure 7. (A) Digital photographs of the germination test of cucumber seeds. (B, C) Germination rate and GI of cucumber seeds. (a) Deionized
water, (b) CH-PS/SFC filtrate, and (c) CH-PS/SFC filtrate diluted 10 times.

Table 1. Comparison of GI and Germination Rate of Different Samples Made from Different Raw Materials and Methods

s.no. plant raw material method times GI (%) germination rate (%) refs

1 wheat wheat straw compost 50 days 92 98 31
2 corn peanut shells compost 7 days 29 90 32
3 Chinese cabbage bagasse compost 90 days 25 37
4 pakchoi food waste hydrothermal/ compost 34 days 91 38
5 radish food waste compost 15 days 94 39
6 cucumber SFC AOPs 2 h 85 83 this work
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CH-PS (Figures S5 and S6 and Table S3).35 At the same time,
Figure 6E,F illustrates that FLA was successfully fabricated by
CH-PS. These results elucidated that the humification process
of SFC by CH-PS was rapid and high temperature, which
could produce an organic fertilizer with nutrient-rich (FLA),
nonhazardous (immobilization HMs), and high pH.

Maturity Test of CH-PS/SFC. The toxicity and maturity of
CH-PS/SFC were evaluated by the GI of cucumber seeds. As
shown in Figure 7, the germination rate of cucumber seeds was
nearly 100% and the GI was over 80%, indicating complete
humification of SFC and CH-PS/SFC could act as a rich-FLA
organic fertilizer.36 Compared with the previous studies (Table
1), it could be found that the humification time of SFC was the
shortest.

Pot Experiments. Due to the high pH value of CH-PS/
SFC organic fertilizer (a large number of FLA and nutritious
elements), CH-PS/SFC could be taken as a kind of AS and
HM remediation agent. As shown in Figure 8A−C, the height,
length of root, and chlorophyll content increased markedly and
the yellow leaf rate of Chinese cabbage decreased significantly
at the existence of CH-PS/SFC compared with AS and AS/
HMs alone. Additionally, the pH of AS improved from 5.5 to
7.0 after adding CH-PS/SFC (Figure S7). Thus, CH-PS/SFC
could not only remediate AS but also reduce the HM toxicity
for Chinese cabbage. Furthermore, the total amounts of Cu,

Pb, and Cd were decreased distinctly in Chinese cabbage at the
existence of CH-PS/SFC compared with AS and AS/HMs
alone and that of HMs decreased gradually with the increase of
the CH-PS/SFC amount (Figure 8D). Therefore, CH-PS/SFC
could inhibit the uptake of HMs by Chinese cabbage and
promote the growth of Chinese cabbage (Figure 8E).

In this work, SFC was treated with CH-PS to convert it into
a fertilizer with high amounts of FLA, AS remediation, and
HM immobilization. The sucrose-saturated solution was a
model to investigate first. The sucrose was humified quickly by
CH-PS to produce a large amount of FLA for 2 h. After 2 h,
SFC was also humified to produce an organic fertilizer with
abundant FLA. In addition, the maximum temperature could
reach 80.3 °C and the water was removed by about 20% during
the humification of SFC. Furthermore, pot experiments
showed that CH-PS/SFC could promote the growth of
Chinese cabbage in height, length of root, and chlorophyll
content and decrease the yellow leaves rate. Moreover, the HM
content reduced significantly in Chinese cabbage and the pH
value of AS improved apparently after the treatment of CH-
PS/SFC. Therefore, this work provides a rapid-humification,
low-cost (30 $/t), and high-value way to deal with SFC.

Figure 8. (A) Schematic diagram of the pot experiment system. (B, C) Height, length of root, chlorophyll content, and yellow leaf rate of Chinese
cabbage with different treatments. (D) Total amounts of Cu, Pb, and Cd in the Chinese cabbage with different treatments. (E) Digital photographs
of Chinese cabbage. (a) AS (pH = 4.8), (b) AS + CH-PS/SFC (1.0 g), (c) AS + CH-PS/SFC (2.0 g), (d) AS/HMs, (e) AS/HMs + CH-PS/SFC
(1.0 g), and (f) AS/HMs + CH-PS/SFC (2.0 g).
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A B S T R A C T   

Coffee, as the second most common beverage in the world, produced 60% of spent coffee grounds 
(SCG) with per ton of coffee beans processed. SCG is a typical lignocellulosic-rich organic waste 
and mainly disposed via composting or incineration. In this study, a rapid humification approach 
was proposed for the recycling of SCG using heat/base co-activated persulfate (heat/KOH/PS) 
advanced oxidation process. The yields of humic-like acid (HLA) and fulvic-like acid (FLA) 
reached 45 (3.96%) and 192 mg/g (19.2%) under the optimal humification conditions of 1% PS 
and 4% KOH at 100 ℃ in 1 h. The typical active groups of -OH and -COOH in FA standard were 
observed with higher amounts in the product compared to SCG, which may be related to 
occurrence of hydroxylation, carboxylation and Maillard reactions during humification. Radicals 
of •OH and SO4

•- were identified in heat/KOH/PS system and made significant contribution to 
SCG humification. A slow-release nano FLA fertilizer (SNFF) was prepared by mixing treated SCG 
with attapulgite and showed good slow-release behaviors of HLA and FLA. In pot experiments 
with acid soil, SNFF increased the average root length of chickweeds by 233% compared with 
blank. Meanwhile, SNFF also contributed to increased abundance and richness of soil microbial 
community as well as a pH rise from 5 to 6.7, which was conducive to acid soil amendment. The 
earthworm test indicated positive ecological safety of SNFF. Overall, this study highlights an 
efficient humification method for the recycling of organic biowaste such as SCG in green 
agriculture.   

1. Introduction 

Coffee is the second most popular beverage in the world, with an estimated global consumption of 10 million tons in 2020 and a 

Abbreviations: 3D-EEM, three dimensional-excitation emission matrix; AOP, advanced oxidation process; ASO,, aminosilicone oil; ATP, atta-
pulgite; BET, Brunauer-Emmett-Teller; DMPO, 5,5-Dimethyl-1-pyrroline-N-oxide; EPR, electron paramagnetic resonance; EtOH, ethanol anhydrous; 
FA, fulvic acid; FLA, fulvic-like acid; FRI, fluorescence regional integration; HLA, humic-like acid; NMR, nuclear magnetic resonance; PS, K2S2O8; 
SCG, spent coffee grounds; SEM, scanning electron microscope; SHA, soluble humic acid; SNFF, slow-release nano fulvic-like acid fertilizer; TBA, 
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production of approximately 6.5 million tons spent coffee grounds (SCG) (Murthy and Naidu, 2012). SCG is a typical biowaste with the 
main components of hemicellulose (30–40%), lignin (25–33%), cellulose (8.6–13.3%), oil (10–20%), and proteins (6.7–13.6%) 
(Stylianou et al., 2018). Currently, it is usually treated by direct landfill or incineration, causing wide environmental concerns and a 
waste of resource (Das et al., 2022a; 2022b). Recent research regarding the valorization of SCG mainly includes the extraction of food 
ingredients, plant nutrients, bioenergy, and using as environmental pollution remediation or photothermal materials after modifi-
cation (Chen et al., 2023; Gebreeyessus, 2022; Hsieh et al., 2023). Considering the relatively high contents of organic matter (90.5%) 
and nitrogen (1–2.5%) in SCG, some attempts have been made for its utilization as a biofertilizer/soil amendment directly or after 
composting (Gebreeyessus, 2022). Therein, its direct application in agriculture is not recommended because it may inhibit seed 
germination and crop growth due to the ecotoxicity of caffeine, tannins, and polyphenols in SCG (Ciesielczuk et al., 2018; Hardgrove 
and Livesley, 2016; Mussatto et al., 2011). Comparatively, composting has been found effective in realizing humification as well as 
detoxification of SCG (Yamane et al., 2014), with derived products showing plant growth-promoting effects (Horgan et al., 2023). 
However, its application was hindered because of the slow decomposition rate of the recalcitrant lignocellulosic components in SCG 
(Bhatia et al., 2020). Consequently, it is crucial to develop rapid humification technology for the conversion of such lignocellulosic 
biowastes (e.g. SCG) into biofertilizer. 

Abiotic humification technology has become a new frontier in the management and recycling of lignocellulosic biowastes, mainly 
including acid/base hydrothermal treatment and catalytic oxidation (Huang et al., 2022; Shao et al., 2023; Wei et al., 2022). The main 
humification mechanism of the former has been proposed to be a two-step top-down pathway: 1) hydrolysis and dehydration of 
organic macromolecules into reactive monomeric substances (e.g. furan derivatives, organic acids and phenolic monomers) as a 
function of heat and acid/base catalysis; 2) these reactive monomeric substances, as important precursors, polymerizate to form 
humic-like acid (HLA)/fulvic-like acid (FLA) through auto-polycondensation and recombination (Fukuchi et al., 2010). As for the 
latter, radicals (e.g. •OH, SO•−

4 ) produced by the catalytic oxidation played key roles in the humification process (Jeong et al., 2018; 
Yang et al., 2023). Specifically, radicals converted the macromolecules into reactive radical intermediates as bricks to build up HLA 
and/or FLA via radical-initiated polymerization reactions (Hunkeler, 1991; Waggoner et al., 2015). Though the above two approaches 
were effective in humification, their practical applications were challenged by drawbacks such as the rigid reaction conditions, long 
duration, and incorporation of expensive catalysts. 

Inspired by this, we developed a novel approach to accelerate the humification of SCG based on synergistic heat/base co-activated 
persulfate (heat/KOH/PS) advanced oxidation process (AOP) (Checa-Fernández et al., 2021; Sonawane et al., 2022). This approach 
integrated heat/base and radicals in one system to compensate the above drawbacks of individual methods. That is, heat/base could 
not only catalyze the hydrolysis of macromolecules, but also activate PS to produce radicals (e.g. •OH and SO•−

4 ). The existing studies 
on PS-based AOP are regarding its application in the degradation of micropollutants (Lee et al., 2020), while those in biowaste hu-
mification are scarce. Those radicals were reported with extremely high reactivity towards a wide range of organic components 
(kinetic rates varied in 107-109 M− 1s− 1) (Wojnarovits and Takacs, 2019) and could induce a series of oxidation and polymerization 
reactions (Buback et al., 2023), thus may boost the humification process under relatively mild reaction conditions, overcoming the 
above-mentioned drawbacks in traditional catalytic oxidation and hydrothermal processes. The objectives of this study include (1) 
optimization of humification conditions, (2) characterization and quantification of produced HLA and FLA, (3) identification of 
radicals and related humification mechanism, (4) fabrication of slow-release nano FLA fertilizer (SNFF) using treated SCG (TSCG), and 
(5) evaluation of SNFF’s release performance, plant promotion effects, and eco-safety (Fig. 1). Overall, this work highlights an 
innovative and efficient artificial humification technology for the recycling of SCG as a high-quality organic fertilizer, and remaining K 
in the product would also function as an important nutrient, which may overcome the above-mentioned drawbacks in traditional 
catalytic oxidation and hydrothermal processes, with the product being a potential organic-inorganic complex fertilizer. 

Fig. 1. Scheme of SNFF synthesis, characterization, and fertilization evaluation.  
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2. Materials and methods 

2.1. Reagents and materials 

All chemicals used were of analytical grade without further purification. KOH (purity≥95%), K2S2O8 (PS, purity≥99.5%), hy-
drochloric acid (36.0–38.0%), Anhydrous ethanol (EtOH, C2H6O, 99.5%), tert-butanol (TBA, C4H10O, ≥99%) were purchased from 
Sinopharm Chemical Reagent Company (Shanghai, China). Standard fulvic acid (FA) was provided from International Humic Acid 
Association (Florida, USA). ATP, xanthan gum (XG) and aminosilicone oil (ASO) were provided by Fufeng Biotechnology Co., Ltd 
(Inner Mongolia, China). SCG was obtained from a Starbucks’ store in Shanghai. Chickweed seeds were purchased from Shanghai 
Vegetable Seed Company. Adult earthworms (Eisenia fetida) were provided by Ruizhou Fishing Tackle Co., Ltd (Jiangsu province, 
China). Acid soil was collected from a typical acid soil district of Guigang in Guangxi Province (China). Deionized water was used 
throughout the work except for pot experiments. 

2.2. Experimental section 

2.2.1. Humification of SCG 
Before humification, SCG was ground to 100-mesh and washed with deionized water for several times until dissolved organic 

carbon in elution was below detection (0.3 mg C/L). Afterwards, the SCG was dried in an oven at 60 ℃ to a constant weight. Deionized 
water (2 mL) was added to the dried SCG (1 g) to obtain SCG mud with moisture of 66.7%. Then both PS and KOH were evenly added 
with dosages of 0–0.15 g to SCG mud and the mixture was heated (50–125 ℃, 0–1.5 h) to achieve humification (Fig. 1). 

2.2.2. Extraction and quantitative analyses of HLA and FLA in the TSCG 
After the characterization of HLA and FLA in the TSCG via three dimensional-excitation emission matrix (3D-EEM) fluorescence 

spectrum, their amounts were quantified through the fluorescence regional integration (FRI) (Xiao et al., 2022). The TSCG was mixed 
with deionized water at a weight ratio of 1:10 and the mixture (pH around 10.5) was shaken (300 rpm) for 20 mins at room tem-
perature (Said-Pullicino et al., 2007). The insoluble non-humic substances (sediment 1) in the resulting system were separated from 
soluble humic acid (SHA, a mixture of HLA and FLA) through centrifugation (12,000 rpm) for 15 min, which referred to product. 
Subsequently, the pH of SHA supernatant was adjusted to pH 1 ± 0.1 using 6 M hydrochloric acid, and the insoluble substance (HLA, 
sediment 2) was obtained after centrifugation (12,000 rpm, 15 min) followed by standing overnight. The FLA in the supernatant was 
extracted using resins of Supelite DAX-8 and IR120: firstly absorbed to an acidified hydrophobic resin Supelite DAX-8, then desorbed 
with 0.1 M NaOH, and finally protonated using a IR120 hydrogen form exchange resin. The TSCG and sediments (1 and 2) were dried 
to constant weights at 60 ℃. The HLA and FLA contents were quantified according to Eqs. (1)–(4).  

WSHA=WTSCG-W1-W2                                                                                                                                                                 (1)  

WFLA=WSHA-WHLA                                                                                                                                                                    (2)  

HLA%=(WHLA/WTSCG)×100%                                                                                                                                                    (3)  

FLA%=(WFLA/WTSCG) ×100%                                                                                                                                                    (4) 

Where WTSCG, WSHA, and WFLA referred to the dry weights of TSCG, SHA, and FLA, respectively. Besides, W1 and W2 were the 
weights of sediment 1 and K2SO4 stoichiometrically quantified based on complete consumption of PS. 

2.2.3. Radical identification 
•OH and SO4

•- produced during the process were determined on an electron paramagnetic resonance (EPR) spectrometer using 5,5- 
Dimethyl-1-pyrroline-N-oxide (DMPO) as the spin-trapping agent. Additionally, quenching experiments were carried out by adding 
0.3 mol EtOH and TBA (around 100 times of PS and KOH dosages) to 1 g SCG before PS and KOH to obtain the contributions of those 
radicals (Gao et al., 2022). 

2.2.4. Fabrication of SNFF and release behavior 
The TSCG (1 g) as-prepared under the optimum condition (0.03 g PS, 0.12 g KOH, 1 h, 100 ℃) was mixed with ATP (1 g) and XG 

(0.08 g) and the mixture was granulated to get spheric fertilizer with size of approximately 3 mm. Then, the fertilizer particles were 
soaked in ASO (25 mL) for 5 min to get SNFF after air-drying. 

The as-prepared SNFF (2 g) or SCG (1 g, equal amount to that in SNFF) was placed in 1 L deionized water (adjusted to initial pHs of 
3 and 7). After different intervals, 5 mL solution was sampled to determine the HLA and FLA contents in the system as well as pH. 

The SHA content was monitored using UV–vis spectrophotometry at 267 nm (the maximum absorbing wavelength). As the solu-
bility of SHA was closely related to pH, the product solution at different pHs (3, 4, 5, 6, 7, 8 and 9) was filtered, quantified through 
weight method, and diluted to get the standard curves. Similarly, the FLA content was measured based on its standard curve at 241 nm 
(the maximum absorbing wavelength). A standard curve of FLA was consistently used with a pH range of 3–9 because of its pH- 
independent solubility. 

Three kinetic models were used to illustrate the release mechanism of FLA from SRNFF including First-order, Ritger-Peppas, and 
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Parabolic diffusion according to Eqs. (5)–(7) (Liu et al., 2021):  

ln(1-RRt)=-kt                                                                                                                                                                            (5)  

RRt=ktn                                                                                                                                                                                   (6) 

RRt

t
= kt0.5 + b (7) 

where RRt (%) referred to the RR of the FLA at time t, k was the kinetic constant related to structural and geometric characteristics 
of release system, b was a constant, and n was release exponent of the release mechanism: Fickian diffusion (n < 0.43) and non-Fickian 
or anomalous diffusion (0.43 <n < 1.0). 

2.2.5. Pot experiment 
Considering the alkaline property of SNFF, its remediation ability on soil acidification was investigated via pot experiment 

(Fig. S1). Acid soil (pH 5, 300 g) with humidity of 30% was placed in a pot (height of 8.5 cm, bottom width and length of 7 cm, top 
width and length of 10 cm). Then five chickweed seeds were planted evenly in the soil with depth of approximately 1 cm. The SCG 
(0.75 g), ATP (0.75 g), or SNFF (1.5 g, containing 0.75 g TSCG and 0.75 g ATP) was spread evenly to the soil surface. Afterwards, the 
pots were kept in an incubator (25 ◦C) at humidity of 60%. Tap water (20 mL) was sprayed evenly to the soil every two days. soil pH 
was measured on day 1, 7, 14, and 21. After harvest in 21 d, plant (wet weight, dry weight, plant height, chlorophyll content, root 

Fig. 2. 3D-EEM fluorescence spectra of SCG treated by KOH/PS under different conditions: (a-d) synergistic effect of KOH and PS, (e-t) effect of 
temperature, dosage, and reaction time. Conditions: SCG = 1 g, DI water volume= 2 mL, PS or KOH dosage= 0–5%, heating temper-
ature= 50–125 ◦C, and reaction time= 0–2 h. 
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length, survival rate) and soil parameters (total N, total P, total K, available N, available P, available K, organic matter, bacterial 
communities) were measured according to standard procedures reported previously (Wang et al., 2022a). 

In addition, the biosafety of SNFF on earthworms was explored (Hoeffner et al., 2019). Acid soil (pH 5, 200 g) was placed in plastic 
containers with five earthworms each. The experimental set was same with the pot experiment. The lengths and weights of earthworms 
were recorded at different intervals. 

2.3. Characterizations 

The compositional changes of SCG during the humification process were preliminarily analyzed through 3D-EEM fluorescence 
spectrum measurement on a fluorescence spectrophotometer (F-7000, Hitachi High-Technologies Co., Japan) after filtered through a 
0.45-μm membrane. The functional groups and element components of the freeze-dried product were compared with standard FA on 
X-ray photoelectron spectroscopy (XPS, ESCALAB 250, Thermo-VG Scientific Co., USA), Fourier transform infrared spectrometer 
(FTIR, NEXUS-670, Nicolet Co., USA) and solid-state 13C nuclear magnetic resonance (NMR, Bruker-400, Bruker Co., Germany. A 
scanning electron microscope (SEM, S4800, Hitachi High-Technologies Co., Japan) with an accelerating voltage of 0.5–30 kV was used 
to observe the morphologies of the TSCG and SNFF. The crystal structure of samples was analyzed using an X-ray diffraction (XRD, D/ 
max-2550VB/PC, Rigaku Co., Japan). Brunauer-Emmett-Teller (BET) specific surface areas were determined by physisorption of N2 
using an automatic surface area and a pore analyzer (Tristar II 3020 M, Micromeritics, USA). The pore volume and size distribution 
were measured through the Barrett-Joyner-Halenda method. An EPR spectrometer (Magnettech MS5000, Germany) was employed to 
identify radicals. The soil microbial community was characterized through 16 S rDNA high-throughput sequencing technology. 

2.4. Statistical analysis 

All experiments were performed in triplicates with data presented as mean ± standard deviation. All statistical analyses were done 
with one-way analysis of variance (ANOVA) and Duncan’s multiple range test using SPSS package version 9.2 (2010, SAS Institute 
Cary, NC). 

3. Results and discussion 

3.1. Humification of SCG by heat/KOH/PS treatment 

3.1.1. Optimization of heat/KOH/PS treatment condition 
3D-EEM was applied to analyze the composition changes of SCG with treatment under different conditions (Fig. 2). Fluorescence 

spectra included five regions: I (EM＜330 nm, EX＜250 nm) and II (EM=330–380 nm, EX＜250 nm) corresponded to small aromatic 
proteins, III (EM＞380 nm, EX＜250 nm) and V (EM＞380 nm, EX＞250 nm) were attributed to FLA and HLA, IV (EM＜380 nm, EX＞ 
250 nm) referred to soluble microbial product (Chen et al., 2003). Additionally, FRI approach was used to quantify EEM results 
(Table S1) based on the fluorescence intensity and percent fluorescence response in each region (Chen et al., 2003). Fig. 2a showed that 
no significant fluorescence of SCG was found. After treatment with PS or KOH alone (Fig. 2b and 2c), the fluorescence appeared in 
regions III and V especially with KOH, implying the generation of HLA/FLA likely via oxidation and alkaline hydrolysis effect (Boczkaj 
and Fernandes, 2017). Notably, the fluorescence further moved towards regions III (FLA) and V (HLA) after the simultaneous addition 
of PS and KOH (Fig. 2d). Specifically, the sum of PIII and PV of KOH/PS-treated SCG (0.7355) was higher compared with PS (0.6691) 
and KOH (0.6509) alone, proving their synergistic effect on the SCG humification (Shao et al., 2023). 

The combination of heating and KOH/PS showed further promotion effect on the degree of SCG humification (Shao et al., 2023). 
With the increase of temperature, the fluorescence intensities (Fig. 2d-h) and percent fluorescence responses of regions III and V 
(Table S1) increased initially from 22 to 100 ℃, and then decreased from 100 to 125 ℃, achieving the optimal temperature of 100 ℃. 
This was probably because of the decomposition of generated HLA/FLA at higher temperature (Cai et al., 2022; Cao et al., 2023; Yang 
et al., 2019). The humification was probably induced by the coactivation of KOH and heat on PS according to Eqs. (8–10). 

2S2O8
2− + 2OH− ⟶heat 3SO4

2− + SO4
⋅− + O2

⋅− + 2H+ (8)  

SO4
· − + OH− ⟶heat SO4

2− + ·OH (9)  

S2O8
2− ⟶heat 2SO4

· − (10) 

In order to maximize the degree of SCG humification, the dosages of PS and KOH and reaction time were optimized at 100 ℃. With 
the increase of PS dosage from 0.5% to 5%, the fluorescence intensities (Fig. 2g, i-l) of regions III and V also showed a trend of first 
increase followed by decrease, achieving the maximum at 1%. As for KOH, the fluorescence intensities (Fig. 2j, m-p) of regions III and V 
rised with the dosage from 1% to 4% while remained almost unchanged with further increasing to 5%. Considering the high cost of 
KOH, 4% was chosen as the suitable dosage. Besides, with the increase of reaction time, the fluorescence intensities (Fig. 2j, q-t) of 
regions III and V continuously increased in the first 1 h and then stayed unchanged in the next hour. Overall, the optimum humification 
conditions were selected at 100 ℃ for 1 h and dosages of 1% PS/4% KOH, showing the PIII and PIV of 0.2929 and 0.4748 respectively 
(Table S1). Additionally, weight method was used to precisely quantify HLA, FLA and SHA (HLA+FLA) in the TSCG under optimal 
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condition, obtaining their yields of 45 (3.96%), 192 (19.20%), and 237 mg/g (23.26%) respectively. Notably, the yield of FLA in this 
work was much higher than the reported results (less than 12.7%) via hydrothermal treatment of organic wastes (Cai et al., 2022; 
Wang et al., 2023a). The much higher yields and reaction efficiency in this work compared with reported artificial humification studies 
confirmed the application value of this humification technology (Wei et al., 2022). 

Fig. 3. (A) 13C NMR and (B) FTIR spectra of SCG, product and standard FA. (C) XPS spectra of C1s for SCG and product. Humification conditions: 
SCG = 1 g, DI water volume= 2 mL, PS dosage= 1%, KOH dosage= 4%, heating temperature= 100 ◦C, and reaction time= 1 h. 
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3.1.2. Characterization of HLA/FLA 
As shown in Fig. 3 A, compared with the 13C NMR spectrum of SCG, the percentage of aliphatic C in 0–50 ppm was slightly lower in 

product, along with a higher percentage of aromatic C in 110–160 ppm, which may evidence the occurrence of aromatization reaction 
during humification. The oxygenated aliphatic C (60–100 ppm) in 60–100 ppm appeared much weaker in product compared to SCG, 
accompanied by higher peak intensities in carboxyl C (160–185 ppm) (Xiaoli et al., 2008), indicating that carboxylation may be 
involved relevant to radical oxidation (Zhang et al., 2023). Besides, typical peaks of aromatic C (110–160 ppm) and carboxyl C 
(160–185 ppm) are also appeared in the spectrum of FA standard, suggesting the formation of FLA. 

FTIR characterization results were presented in Fig. 3B. The peaks in the region of 1650–1500 cm− 1, representing valence oscil-
lations of -C––C- aromatic structure, were enhanced in product compared with SCG. Meanwhile, the typical band at around 2923 cm− 1 

in the spectrum of SCG, assigned to the valence vibrations of aliphatic C-H group, was almost disappeared in product. These differences 
possibly indicated increased aromaticity during humification (Karabaev et al., 2012). The peak at 1745 cm− 1 (aldehyde C––O 
stretching) observed in SCG’s spectrum was weakened in the product, while the peak at 1670 cm− 1 (carboxyl C––O stretching) was 
stronger in the product, reflecting the occurrence of carboxylation. The appearance of the peak at 617 cm− 1 (amido NH2) in product 
may be related to a previously proposed humification route of Millard reaction considering the presence of sugar and protein in SCG 
(Stylianou et al., 2018; Zhang et al., 2019). A significant increase in the phenolic hydroxyl group (1410 cm− 1) in the product indicates 
the formation of quinone. To be noted, peaks of active groups including aliphatic/phenolic -OH and -COOH were consistently observed 
in the product and FA standard, proving the successful synthesis of FLA (Crespilho et al., 2005). 

XPS spectra in Fig. 3C showed that the C1s peaks of SCG can be deconvolved into peaks at 284.8, 287.8, 289.08, 292.68 and 
295.48 eV, corresponding to C-C, C-O, C––O, Π-Π * and C-H (Zhu et al., 2017), respectively. In comparison, a new peak at 286.38 eV 
referring to O-C––O emerged in the spectrum of product, confirming the aforementioned carboxylation during humification. 

In general, the above characterization results proved the presence of typical FA active groups such as -COOH and -OH in the product 
and the possible occurrence of hydroxylation, carboxylation and Maillard reactions, all of which evidenced the humification of SCG. 

Fig. 4. (A) EPR spectra of •OH and SO4
•- during the treatment of SCG by heat/KOH/PS. (B) 3D-EEM spectra of heat/KOH/PS-treated SCG with 

addition of different quenchers. Conditions: SCG = 1 g, DI water volume= 2 mL, PS dosage= 1%, KOH dosage= 4%, heating temperature= 100 ◦C, 
reaction time= 1 h, DMPO= 1 mmol, TBA dosage= 0.3 mol, EtOH dosage= 0.3 mol. 
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3.1.3. Role of radicals in humification 
Radicals such as •OH and SO4

•- have been reported involved in either degradation or polymerization of organics (Jeong et al., 2018; 
Zhang et al., 2023; Zhang et al., 2020). EPR and quenching experiments were conducted to investigate the role of radicals in the 
humification of SCG by heat/KOH/PS. Fig. 4 A showed that peaks of •OH and SO4

•- appeared in EPR spectra of the humification system 
after 1 h, likely because of PS decomposition via heat/base activation (Ma et al., 2017). In quenching experiments, TBA was applied to 
quench •OH (k•OH/EtOH = (3.8–7.6) × 108 M− 1 s− 1), and EtOH as quenchers of both •OH and SO4

•- (k•OH/EtOH = 1.6 × 107 M− 1 s− 1, 
kSO4•-/EtOH = 1.9 × 109 M− 1 s− 1) (Wang et al., 2023b). 3D-EEMs of these quenchers were also presented to exclude their influence 
(Fig. S2). As shown in Fig. 4B, the addition of TBA and EtOH decreased the florescence intensities of EEM peaks in regions III and V, 
suggesting a lower humification degree of SCG and the significant role of these radicals. The radical-involved humification here may be 
related to reported radical-induced polymerization in polymer synthesis (Hunkeler, 1991). The occurrence of humification in the 
quenching systems indicated the possible contribution of heat/base catalyzed hydrolysis (Wang et al., 2023a). 

Fig. 5. SEM images of (A) SCG, (B) TSCG, (C) ATP, and (D) SNFF. (E) FTIR and (F) XRD spectra of ATP, TSCG and SNFF. Humification conditions: 
SCG = 1 g, DI water volume= 2 mL, PS dosage= 1%, KOH dosage= 4%, heating temperature= 100 ◦C, and reaction time= 1 h. 
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Fig. 6. Cumulative released concentration and release ratio of FLA and SHA from TSCG and SNFF at (A, C) pH 7 and (B, D) pH 3. Inserts in (A) and 
(B) refer to pH variation during slow-release at pH 7 and 3, respectively. SEM images of SNFF surface after release at (E) pH 7 and (F) pH 3. (G) N2 
adsorption-desorption isotherms and (H) pore size distributions of SNFF before and after release. Conditions: [SNFF]0 = 2 g/L, [SCG]0 = 1 g/L, 
initial pH= 3 or 7, ambient temperature= 22 ± 1 ◦C. Error bars refer to the standard deviations from triplicate experiments. 

Y. Zhu et al.                                                                                                                                                                                                            



Environmental Technology & Innovation 32 (2023) 103393

10

3.2. Characterization and slow-release behavior of SNFF 

3.2.1. SNFF characterization 
In order to improve the application convenience and HLA/FLA utilization efficiency, TSCG was well mixed with XG and ATP to 

fabricate SNFF with size of approximately 3–5 mm. Fig. 5A and 5B showed that both SCG and TSCG exhibited rough morphologies. As 
shown in Fig. 5C, ATP showed a nanonetworks morphology formed by crosslinking of micro-nano rods, favoring the loading of HLA/ 
FLA. Comparatively, a great many of organic substances were found evenly on ATP rods surface and micro-nano pores in Fig. 5D, 
suggesting the successful loading of HLA/FLA. Such nanonetworks structure of SNFF was beneficial to the slow release of HLA/FLA. 

Fig. 5E illustrated that the FTIR characteristic peaks of TSCG (1660 and 1740 for C––O, 2923 cm− 1 for C-H) and ATP (988 for 
Si− O− Si, 3617 and 3555 cm− 1 for O-H) could be found in the spectrum of SNFF (Xiang et al., 2018), indicating the loading of TSCG in 
ATP. Besides, the peak intensity at 988 cm− 1 for Si− O− Si in SNFF became stronger compared with ATP alone. The C-O peak at 
1260 cm− 1 of SNFF red-shifted compared with TSCG. These results likely implied the existence of hydrogen bonds between Si− O− Si of 
ATP and C-O of HLA/FLA (Cai et al., 2022), facilitating the slow-release of SNFF. Besides, rare new peak was found in the spectrum of 
SNFF compared with ATP and TSCG, probably suggesting the dominant physical interaction between ATP and TSCG. 

Fig. 5 F demonstrated that the characteristic peaks of K2SO4 appeared in the XRD spectrum of TSCG based on standard atlas in 
JADE, illustrating that K2SO4 was the dominant crystal component. The generation of K2SO4 was probably resulted from the reactions 
between PS and KOH (Eqs. 8, 9 and 10). The peaks of Mg5(SiAl8) O20, SiO2 and K2SO4 appeared in spectrum of SNFF, also proving the 
adsorption of TSCG on ATP. Noteworthily, the peaks at 41◦ and 42.5◦ of K2SO4 in SNFF right- and left-shifted respectively compared 
with TSCG, probably owing to the variation of K2SO4 crystal orientation by ATP. The peak at 55◦ in SNFF red-shifted compared with 
ATP, likely owing to the intercalation of HLA/FLA or K2SO4 into ATP crystal layers, conducive to the slow-release of SNFF. 

Fig. 7. Plots of different kinetic models for FLA release from product at (a) pH 7 and (b) 3, SNFF at (c) pH 3 and (d) 7.  
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3.2.2. Slow-release behavior of SNFF 
Since the alkalinity of TSCG may contribute to improving the pH of acidic soil, the FLA/HLA release performance of SNFF was 

explored in aqueous solution at pH 3 in comparison with 7. The respective loading amounts of SHA and FLA in SNFF were measured to 
be 118.5 and 96 mg/g. The standard curves of SHA and FLA at different pHs were used to obtain their cumulative release concen-
trations (RCs) (Fig. S3). The release ratio (RR) was obtained based on Eq. (11). Fig. 6A and 6C showed that, at pH 7, both SHA and FLA 
in SNFF exhibited slower release than those in TSCG especially within the initial 40 h and reached equilibrium in 88 h. The maximum 
cumulative RCs of SHA and FLA were achieved to be 204 (RR=86%) and 176 mg/L (RR=91%), respectively. Fig. 6B and 6D illustrated 
a similar but slower release trend at pH 3 with RCs of 160 mg SHA/L and 135 mg FLA/L in 112 h, reflecting the pH dependence 
property of their release. The kinetics fitting results indicated that FLA release corresponded best to the Ritger-Peppas release model 
(R2 >0.97) (Fig. 7), indicated that the slow-release mechanism was non-Fickian or anomalous diffusion (Dai et al., 2015).  

RR(%) = (RC×V)/(M1×M2)×100%                                                                                                                                            (11) 

Where V was the volume of deionized water, M1 was the loading amount of FLA/ SHA for 1 g SNFF, and M2 was the dose of SNFF. 
In addition, the pH of the aqueous solution raised with the release of FLA/HLA, finally reaching 8.5 and 4.3 respectively, implying 

the application value of SNFF in acidic soil amendment. After release, both BET surface areas and pore volumes of SNFF increased 
respectively at pH 7 and 3 (Fig. 6G and 6H), which was consistent with the SEM images (Fig. 6E and 6F). 

3.3. The potential agricultural effect of SNFF 

As shown in Fig. 8A, the growth of chickweed with different treatments in pot experiment followed an order of 
SNFF>ATP>SCG>Blank. The promotion effect of raw SCG and ATP on chickweed’ growth may be related to their positive soil 
amendment effects and/or nutrients carrier performance reported previously (Gebreeyessus, 2022; Kwon et al., 2022; Pagliarini et al., 
2023). According to Fig. 8B-G, the addition of SNFF showed significant promotion on indexes of dry weight, plant height, root length, 
and survival rate. Specifically, the average root length of all the chickweeds in one pot with SNFF (6 cm) increased by 233% compared 
with the blank (1.8 cm), which was consistent with the widely reported root promotion of HLA/FLA (Olaetxea et al., 2015). Overall, 
the greater significant promotion of SNFF than SCG and ATP proved that the fertilization effect of SCG was improved after humifi-
cation treatment and ATP could be used as an ideal carrier for the product (Lee et al., 2019). Besides, SNFF could significantly improve 
the soil pH from 5 to 6.7 compared with blank, ATP and SCG (Fig. 8H), demonstrating its function in acidic soil remediation, which was 
similarly observed in previous studies using biochar as acidic soil amendment (Das and Ghosh, 2022a; 2022b). 

The soil bacterial structure variation of the pot experiment was analyzed using 16 S rRNA high-throughput sequencing. As shown in  
Table 1, compared with the blank, SNFF group showed higher Ace, Chao 1 and Sobs, revealing that SNFF could effectively improve the 
bacterial richness. Similarly, the increase of Shannon and decrease of Simpson in SNFF-treated soil reflected that SNFF may contribute 
to enhanced bacterial diversity. Fig. 8I (detailed in Fig. S4) showed that the relative abundances of plant growth-promoting bacteria 
(PGPB) including Bacillus, Sinomonas, Sphingomonas, and Massilia in SNFF-treated soil consistently increased from 6.52, 1.41, 5.71, and 
1.65–7.84%, 2.51%, 11.13%, and 7.66% respectively (Alves et al., 2022). Therein, Massilia was reported capable of quinone respi-
ration (Holochová et al., 2020), and the stimulation of quinone respiratory bacteria by humic acid has been observed previously (Wang 
et al., 2022b). Meanwhile, after SNFF treatment, the relative abundances of Acidobacteriales and Ralstonia decreased from 2.99 and 
1.22–1.55% and 0.14%, respectively. Therein, Acidobacteriales was usually abundant in acidic soil, and the Ralstonia could suppress 
soil nitrogen metabolism (Malkan et al., 2009; Wang et al., 2021). These results indicated that SNFF addition was favorable to soil 
bacterial structure. Besides, the results of soil physicochemical indexes (Table S2) reflected the increase of total and available N/P/K 
and organic matter in soil with the addition of SNFF. To be noted, the organic matter content increased from 5.81 to 13 g/kg due to 
SNFF addition, suggesting its unignorable potential in soil carbon sequestration, which was consistent with the reported superior soil 
carbon sequestration performance of diverse biomass-derived biochar (Das et al., 2023; 2022a). 

Conclusively, SNFF exhibited excellent growth promotion and soil improvement effect. Therein, the soil amendment mechanism 
may be attributed to the slow-release of OH- and soil carbon supplement by SNFF. Plant-growth promotion was probably ascribed to 
the simultaneous slow-release and possible synergistic effects of HLA/FLA and K+. Besides, soil improvement may also be positively 

Fig. 8. (A) Photographs, (B) wet weight, (C) dry weight, (D) plant height, (E) I chlorophyll content, (F) root length, and (G) survival rate of 
chickweeds with different treatments. (H) Soil pH variation curve during cultivation. (I) Bacterial communities at genus level in soil of blank and 
SNFF groups after harvest. Blank, SCG, ATP, and SNFF represent groups containing 300 g acid soil alone, 300 g soil+ 0.75 g ATP, 300 g soil+ 0.75 g 
SCG, and 300 g soil+ 1.5 g SNFF, respectively. A total of 5 seeds were added to each pot and triplicates were conducted for each group. Error bars 
represent the standard deviations. Different letters refer to significant differences at p < 0.05. 

Table 1 
Richness and diversity estimators of the microbial communities in soil of blank and SNFF groups.  

Group Ace Chao 1 Shannon Simpson Coverage Sobs 

Blank 1005 ± 80b 1005 ± 16b 5.9 ± 0.22b 0.007 ± 0.0a 1.0 ± 0.0 1005 ± 11b 
SNFF 1329.1 ± 30a 1306.4 ± 11a 6.3 ± 0.08a 0.004 ± 0.0b 1.0 ± 0.0 1297 ± 20a 

Note: the standard deviations were derived from triplicate tests. Different letters in the same column represent significant differences at p < 0.05. 
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correlated to the plant-growth promoting effect. 
Besides, according to the growth of earthworms in soil with different treatments (Table S3), the increase of earthworms’ length and 

weight within 14 d followed the same order with the growth of chickweed in Fig. 8A. Specifically, earthworms’ length and weight were 
increased by 3 cm and 0.43 g due to SNFF addition, indicating the soil biosafety of SNFF. 

4. Conclusion 

In this study, heat/base co-activated PS AOP was used in the humification of SCG to produce TSCG within 1 h. The contents of HLA 
and FLA in TSCG reached 45 (3.96%) and 192 mg/g (19.2%), respectively. EPR and quenching experiment results revealed the 
generation and contribution of •OH and SO4

•- to humification as well as heat/base catalyzed hydrolysis. Structural and component 
characterization results evidenced the increase of active groups -COOH and -OH in the structure of TSCG and the possible occurrence of 
hydroxylation, carboxylation and Maillard reaction during humification. SNFF was prepared by mixing TSCG with ATP and showed 
good slow-release behavior of HLA/FLA especially at pH 3. The pot experiment results in acid soil confirmed that SNFF exhibited 
significant plant promotion and soil amendment effects. The earthworm test indicated SNFF’s positive soil ecological security. This 
study provides an efficient route for artificial humification of lignocellulosic-rich organic wastes induced by PS-based AOP, which may 
be of significance in the management and recovery of organic biowastes. In future, the related humification and fertilization mech-
anism should be further explored. 
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国 家 知 识 产 权 局

 
200101 纸件申请，回函请寄：100088 北京市海淀区蓟门桥西土城路 6 号  国家知识产权局专利局受理处收
2022.10 电子申请，应当通过专利业务办理系统以电子文件形式提交相关文件。除另有规定外，以纸件等其他形式提交的

文件视为未提交。

310013
浙江省杭州市西湖区竞舟路 1 号筑品金座 501 室 杭州天勤知识产权

代理有限公司

韩聪(0571-87755913)

发文日：

2023 年 10 月 27 日

申请号：202311409297.2 发文序号：2023102702003610  

专 利 申 请 受 理 通 知 书

根据专利法第 28 条及其实施细则第 38 条、第 39 条的规定，申请人提出的专利申请已由国家知识产权局

受理。现将确定的申请号、申请日等信息通知如下：

申请号：2023114092972

申请日：2023 年 10 月 27 日

申请人：青岛农业大学

发明人：李杨,吴雪颖,刘永新,孙庆杰,姬娜

发明创造名称：一株戊糖片球菌 LWQ1 及其应用

经核实，国家知识产权局确认收到文件如下：

权利要求书 1 份 1 页,权利要求项数 ： 10 项

说明书 1 份 17 页

说明书附图 1 份 8 页

说明书摘要 1 份 1 页

专利代理委托书 1 份 2 页

遗传资源来源披露登记表 1 份 1 页

生物材料存活证明 1 份 2 页

生物材料保藏证明 1 份 2 页

S26 标准序核苷酸或氨基酸序列表 1 份 2 页

发明专利请求书 1 份 5 页

实质审查请求书 文件份数：1 份

申请方案卷号：23127F1728

  

提示：

    1.申请人收到专利申请受理通知书之后，认为其记载的内容与申请人所提交的相应内容不一致时，可以向国家知识产权局

请求更正。

    2.申请人收到专利申请受理通知书之后，再向国家知识产权局办理各种手续时，均应当准确、清晰地写明申请号。

审 查 员：自动受理 审查部门：初审及流程管理部

联系电话：010-62356655



国 家 知 识 产 权 局

 
200101 纸件申请，回函请寄：100088 北京市海淀区蓟门桥西土城路 6 号  国家知识产权局专利局受理处收
2022.10 电子申请，应当通过专利业务办理系统以电子文件形式提交相关文件。除另有规定外，以纸件等其他形式提交的

文件视为未提交。

310013
浙江省杭州市西湖区竞舟路 1 号筑品金座 501 室 杭州天勤知识产权

代理有限公司

韩聪(0571-87755913)

发文日：

2023 年 10 月 27 日

申请号：202311409402.2 发文序号：2023102702015860  

专 利 申 请 受 理 通 知 书

根据专利法第 28 条及其实施细则第 38 条、第 39 条的规定，申请人提出的专利申请已由国家知识产权局

受理。现将确定的申请号、申请日等信息通知如下：

申请号：2023114094022

申请日：2023 年 10 月 27 日

申请人：青岛农业大学

发明人：李杨,吴雪颖,刘永新,孙庆杰,杨洁

发明创造名称：一株植物乳杆菌 LWQ17 及其应用

经核实，国家知识产权局确认收到文件如下：

权利要求书 1 份 2 页,权利要求项数 ： 10 项

说明书 1 份 16 页

说明书附图 1 份 6 页

说明书摘要 1 份 1 页

专利代理委托书 1 份 2 页

遗传资源来源披露登记表 1 份 1 页

生物材料存活证明 1 份 2 页

生物材料保藏证明 1 份 2 页

S26 标准序核苷酸或氨基酸序列表 1 份 2 页

发明专利请求书 1 份 5 页

实质审查请求书 文件份数：1 份

申请方案卷号：23127F1730

  

提示：

    1.申请人收到专利申请受理通知书之后，认为其记载的内容与申请人所提交的相应内容不一致时，可以向国家知识产权局

请求更正。

    2.申请人收到专利申请受理通知书之后，再向国家知识产权局办理各种手续时，均应当准确、清晰地写明申请号。

审 查 员：自动受理 审查部门：初审及流程管理部

联系电话：010-62356655



国 家 知 识 产 权 局

 
200101 纸件申请，回函请寄：100088 北京市海淀区蓟门桥西土城路 6 号  国家知识产权局专利局受理处收
2022.10 电子申请，应当通过专利业务办理系统以电子文件形式提交相关文件。除另有规定外，以纸件等其他形式提交的

文件视为未提交。

100040
北京市石景山区石景山路 23 号 22 号楼七层 716 室 北京大田律师事

务所

姜义民(18600039757)

发文日：

2023 年 05 月 06 日

申请号：202310499446.2 发文序号：2023050600392730  

专 利 申 请 受 理 通 知 书

根据专利法第 28 条及其实施细则第 38 条、第 39 条的规定，申请人提出的专利申请已由国家知识产权局

受理。现将确定的申请号、申请日等信息通知如下：

申请号：2023104994462

申请日：2023 年 05 月 06 日

申请人：中国科学院微生物研究所

发明人：赵盼,仲乃琴,汪志琴,曹晶晶

发明创造名称：植物抗性诱导制剂及其应用

经核实，国家知识产权局确认收到文件如下：

权利要求书 1 份 1 页,权利要求项数 ： 4 项

说明书 1 份 10 页

说明书摘要 1 份 1 页

专利代理委托书 1 份 2 页

发明专利请求书 1 份 5 页

实质审查请求书 文件份数：1 份

申请方案卷号：IMCAS20230046

  

提示：

    1.申请人收到专利申请受理通知书之后，认为其记载的内容与申请人所提交的相应内容不一致时，可以向国家知识产权局

请求更正。

    2.申请人收到专利申请受理通知书之后，再向国家知识产权局办理各种手续时，均应当准确、清晰地写明申请号。

审 查 员：王善雯 审查部门：初审及流程管理部

联系电话：010-62356655



国 家 知 识 产 权 局

 
200101 纸件申请，回函请寄：100088 北京市海淀区蓟门桥西土城路 6 号  国家知识产权局专利局受理处收
2022.10 电子申请，应当通过专利业务办理系统以电子文件形式提交相关文件。除另有规定外，以纸件等其他形式提交的

文件视为未提交。

100040
北京市石景山区石景山路 23 号 22 号楼七层 716 室 北京大田律师事

务所

姜义民(18600039757)

发文日：

2023 年 09 月 11 日

申请号：202311160441.3 发文序号：2023091100621870  

专 利 申 请 受 理 通 知 书

根据专利法第 28 条及其实施细则第 38 条、第 39 条的规定，申请人提出的专利申请已由国家知识产权局

受理。现将确定的申请号、申请日等信息通知如下：

申请号：2023111604413

申请日：2023 年 09 月 08 日

申请人：中国科学院微生物研究所

发明人：仲乃琴,曹晶晶,汪志琴,赵盼

发明创造名称：磷酸根盐在制备促疮痂链霉菌生长的菌剂中的应用

经核实，国家知识产权局确认收到文件如下：

权利要求书 1 份 2 页,权利要求项数 ： 9 项

说明书 1 份 14 页

说明书附图 1 份 3 页

说明书摘要 1 份 1 页

专利代理委托书 1 份 2 页

发明专利请求书 1 份 5 页

申请方案卷号：IMCAS20230126

  

提示：

    1.申请人收到专利申请受理通知书之后，认为其记载的内容与申请人所提交的相应内容不一致时，可以向国家知识产权局

请求更正。

    2.申请人收到专利申请受理通知书之后，再向国家知识产权局办理各种手续时，均应当准确、清晰地写明申请号。

审 查 员：刘承骏 审查部门：初审及流程管理部

联系电话：010-62356655
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证书号第5767334号

  发明专利证书

发 明 名 称：一种微生物菌剂、制备方法及其应用

发 明 人：汲恩民;仲乃琴;钞亚鹏;宋双伟;赵盼;刘宁;郝长虹

赵广明;吴建强

专 利 号：ZL 2018 1 0113513.1

专 利 申 请 日：2018年02月05日

专 利 权 人：呼伦贝尔恒屹农牧业股份有限公司

地 址：021000 内蒙古自治区呼伦贝尔市陈巴尔虎旗宝日希勒镇

奋斗居委

授 权 公 告 日：2023年03月07日 授 权 公 告 号：CN 110117554 B

国家知识产权局依照中华人民共和国专利法进行审查，决定授予专利权，颁发发明专利证书

并在专利登记簿上予以登记。专利权自授权公告之日起生效。专利权期限为二十年，自申请日起

算。

专利证书记载专利权登记时的法律状况。专利权的转移、质押、无效、终止、恢复和专利权

人的姓名或名称、国籍、地址变更等事项记载在专利登记簿上。

局长

申长雨

                                                           2023年03月07日

*2018101135131*
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专利权人应当依照专利法及其实施细则规定缴纳年费。本专利的年费应当在每年02月05日前缴纳。

未按照规定缴纳年费的，专利权自应当缴纳年费期满之日起终止。

 

申请日时本专利记载的申请人、发明人信息如下：

申请人：

呼伦贝尔恒屹农牧业股份有限公司

发明人：

汲恩民;仲乃琴;钞亚鹏;宋双伟;赵盼;刘宁;郝长虹;赵广明;吴建强














































