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刺梨抗白粉病分子机制的研究 *

徐 强

华中农业大学园艺林学学院,武汉430070

  刺梨(RosaroxburghiiTratt)属蔷薇科蔷薇属

植物,是我国特色的新兴水果之一,其果实肉脆、甜
酸、具浓郁的特殊香味,被誉为水果中的 Vc之王,
其防癌、抑癌和抗衰老等保健作用在国内外引起很

大关注。但在人工栽培过程中,刺梨白粉病(Unc-
inulanecator)发生较普遍,主要危害幼叶、花蕾和

幼果,在温暖湿润的地方或季节危害更为严重。白

粉病是蔷薇科众多经济作物中最严重的病害之一,
在刺梨这种较为野生的果树上探索抗白粉病分子机

制将对一些缺乏抗性资源的蔷薇科果树和花卉作物

的抗白粉病育种具有指导意义。
本研究选用抗、感白粉病刺梨为材料(与贵州大

学合作),从病理学、细胞学、遗传学和基因组学等角

度,开展刺梨抗白粉病分子机制的研究。主要结果

如下:
1.研究了刺梨白粉病年发生规律和白粉菌形态

结构,寄主与白粉菌互作的细胞学特征,以及在白粉

菌接种后刺梨防御相关蛋白的表达情况。研究内容

包括分生孢子梗的荧光观察;分生孢子的长、宽测

量;菌丝的直径与隔膜;子囊孢子的长、宽测量;子囊

果的大小等。刺梨在受到白粉菌侵袭时,在菌丝周

围发现H2O2的迅速累积,在被侵袭部位观察到胼

胝质的积累。刺梨的几丁质酶和葡聚糖酶的表达水

平在白粉菌接种前后差异显著。
刺梨白粉菌生物学特性及其形态结构特征的鉴

定为该菌正确分类提供了依据。
2.克隆了126个抗病基因类似物(resistance

geneanalog,RGA),发现RGA 基因在刺梨基因组

成簇存在,具有快速重组与进化、减数分裂不稳定和

进化模式高度复杂等特点,这些特点的形成与正向

选择压力、平衡选择压力、重复序列的重组、点突变、
以及转座子元件插入等分子事件有关。从刺梨基因

组中,获得96个具有开放读码框架的RGA 基因,其

中34个RGA 来源于抗病亲本,30个来源于感病亲

本,32个来源于它们的F1后代。通过比较发现抗病

亲本和感病亲本序列之间的核苷酸同源性平均值是

54%,稍高于抗病亲本的34个序列内部的同源性

52%。系统进化分析可以把这96个基因明显分为

两大类:一类与nonTIR类型R 基因同源性较高且

含有该类型R 基因的特异结构域,而另一类则含有

TIR类型R 基因的特异结构域。遗传作图把这96
个基因定位到3个连锁群:最大的含有23个标记,
命名为CR1,基因主要来源于抗病亲本和F1代;第2
个连锁群CR2含有12个标记,全部来源于感病亲

本;第3个连锁群CR3有6个标记。对这3个连锁

群中的RGA 基因的位置和进化树的位置进行比较

分析发现:同一个进化枝上的RGA 基因在遗传图

上往往也紧密“捆绑”在一起,这是由于基因的串联

重复(tandemduplication)之后序列分化造成的;另
一种情况是来自明显不同进化枝的RGA 基因在作

图时定位在一块,形成杂合性基因簇(heterogene-
ouscluster),可能起源于RGA 基因簇区域之间的

异位重组(ecotopicrecombination)。从亲本到F1
代,还观察到了RGA 基因片段缺失的现象,与RGA
基因的减数分裂不稳定有关。利用TAIL-PCR策

略,在RGA 基因侧翼分离到了1个转座子类似序

列,Southern杂交分析发现该基因的拷贝数在抗病

亲本中较高,在种内、种间拷贝数有很大的差异,转
座子极有可能参与了抗病新位点的形成。利用已经

发表的蔷薇科RGA 基因,分析了来自刺梨、苹果、
桃、梨、草莓、杏和李等228个RGA 基因,在属间、种
间进行了比较分析,探索了RGA 存在共线性的可

能。进化分析还发现位于第125的组氨酸处于正向

选择,补充了产生抗病新位点的动力。
在植物上首次运用了重叠延伸法目的性克隆

RGA 基因,该方法可以避免兼并引物PCR的偏好
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性。发现的RGA 基因具有减数分裂不稳定性是国

际上的首例报道。

3.研究了植物免疫系统下游相关基因包括

PTO-like蛋白激酶基因和防卫相关基因(defense-
relatedgenes),这些基因以家族的形式存在于基因

组,各成员之间多态性多为单核苷酸(SNP)多态性,
发现1个基因响应于白粉菌侵袭。从刺梨抗病品种

克隆了30个防卫相关基因,9个 PTO-like激酶基

因,21个病程相关蛋白基因(pathogenesis-related
genes),其中12个PR2基因,9个PR5基因。多态

性主要由单核苷酸位点(SNP)构成,包括点突变、小
插入/缺失(InDel)构成。PR5基因平均出现1个

SNP频率为59bp,PR2基因是64bp。基于SNPs,
进一步开发了SNAP标记,共设计了23对引物,最
后17个标记可以在F1群体定位。反向 Northern
表达分析表明,PR2基因在接种后基本上不表达,

PR5基因中的1个在接种后的表达明显增强。
研究发现刺梨基因组中免疫相关基因从上游到

下游即R 基因→STK 基因→PR2基因处于一个共

进化体系。

4.克隆了刺梨显著应答白粉菌侵袭的基因,并
进行了验证。首先构建了富集抗白粉病相关基因的

抑制消减(SSH)文库,反向Northern筛选后挑取表

达量差异显著的克隆测序之后,发现一些是已报道

抗病相关的基因,如 PR10、P450、泛素、STK-like
kinase基因、Cf-9类似基因、LRR 受体类似激酶

等,转录相关基因如 NAC 基因、Histone组蛋白基

因,甚至是转座子基因。但最为显著的一类是与光

呼吸相关的基因如核酮糖-1,5-二磷酸羧化/加氧酶

(Rubisco)、Rubisco激活酶、乙醛酸转氨酶、谷氨酸

转氨酶、甘油醛脱氢酶、铁氧还原蛋白和转运蛋白

等。Real-TimePCR验证和酶活性分析表明3个光

呼吸重要基因Rubisco、Rubisco激活酶、乙醛酸转

氨酶基因的表达明显响应于白粉菌接种,其中乙醛

酸转氨酶基因在白粉菌接种处理中的表达量是对照

的40倍,酶活性检测表明该酶在处理中的活性是对

照的25倍。遗传作图发现这3个基因在刺梨基因

组中聚类在一起。用RACE技术获得了这3个基

因的全长,分别为812、935和1163bp。根据全长

序列设计引物扩增这3个基因的DNA区域,比较

它们在刺梨抗病品种贵农6号,感病品种贵农5号

和贵农1号,白粉病免疫品种无籽刺梨,蔷薇科其他

作物如苹果、桃、梨、月季基因组中的多态性,结果表

明,抗病品种贵农6号和对白粉菌免疫的无籽刺梨

在Rubisco基因位点的序列完全一样。

5.提出了植物抗白粉病的一种新途径———光呼

吸。光呼吸酶基因不仅对白粉菌侵袭有明显的应答

反应,其酶的活性也显著升高;研究还发现这些光呼

吸酶基因的转录显著受抗病信号分子水杨酸的诱

导,且在刺梨抗白粉病过程中水杨酸和另一类抗病

信号分子H2O2有积累现象。刺梨光呼吸途径在抗

白粉病过程中扮演重要角色,是植物抗白粉病的一

种新途径,因此本研究提出刺梨抗白粉病的分子机

制———光呼吸途径。目前正在利用拟南芥野生型和

抗病信号途径突变体开展刺梨光呼吸酶基因介导白

粉病抗性的机理研究。
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Molecularmechanismofpowderymildewresistance
inchestnutrose(RosaroxburghiiTratt)

XUQiang

CollegeofHorticultureandForestry,HuazhongAgriculturalUniversity,Wuhan430070,China

Chestnutrose(RosaroxburghiiTratt),belongingtoRosagenusofRosaceaefamily,isanewprom-
isingfruitcropinChinaduetoitsfruitshavinghighcontentofvitaminCanddisplayinghighlevelsof
superoxidedisomutase(SOD)activity,whichcandelaysenescenceandpreventcancer.However,pow-
derymildewdiseaseiscommonintheproductionarea,especiallywhenlargeareasofchestnutroseare
cultivated.Damagecausedbypowderymildewscanbestuntinganddistortleaves,buds,growingtips,

andfruit,thesymptomsbecomemoreseriousinareaswithhighhumidityandhotweather.Powderymil-
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dewresistancebreedingbecomesoneofthemostimportantgoalsforvariouseconomicalcropswithin
Rosaceaefamily;understandingthemolecularmechanismunderlyingpowderymildewresistanceinarel-
ativewildcropwouldbebeneficialtothemolecularbreedingofdiseaseresistantcultivarsoffruitandor-
namentalcropsinRosaceaefamily.

Usingthepowderymildewresistantandsusceptiblegenotypesasmaterials,phytopathological,cyto-
logical,genetics,andgenomicsresearcheswerecarriedouttounderstandthemechanisminvolvedinpow-
derymildewresistanceinchestnutrose.Themainresultsareasfollowing:

1.Theannuallife-cycleofpowderymildewfungiandtheshapesoffungiindifferentstages,the
host-microbeinteraction,andtheexpressionofdefense-relatedenzymesuponpowderymildewinfection
werestudied.Theexperimentsincludedtheobservationordeterminationofconidiophores,conidia,asco-
spore,hyphaeandascocarps.Moreover,H2O2wereobservedaccumulatingneararoundthehyphaeattac-
kingsites,andthecallosewasdetectedbyfluorescenceanalysis.Chitinaseandglucanaseweresignifi-
cantlyrespondedtotheinnoculationofpowderymildew.

Thebiologicalhabitsandmorphologicalcharacterizationofpowderymildewfungiinchestnutrose
studiedhereinprovidedevidenceforthecorrectclassificationofthisfungus.

2.Onehundredandtwentysixresistancegeneanalogs(RGAs)wereclonedfromchestnutrosege-
nome.TheRGAgenes,clusteredinthegenome,arerapidlyevolved,meioticallyinstable,andevolutionar-
ilycomplex.Thereasonsforthesecharacteristicsandthegenerationofnewresistancespecificitycould
bethepositiveselection,balancingselection,recombination,pointmutation,andeventransposableele-
ments.Fromchestnutrose,96resistancegeneaanalogues(RGAs)wereclonedandcharacterized,of
which34werederivedfromresistantparent,30fromsusceptibleparent,32fromF1progeny.Compari-
sonrevealedthatthenucleotidesimilaritybetweentheresistantandsusceptibleparentisaveragedat
54%,higherthanthatwithinresistantparent.Phylogeneticanalysisdividedthese96genesintotwo
groups;onegroupshowedhighhomologywithnon-TIRresistancegenes,theotherishighlyhomolo-
goustoTIRresistancegene.Geneticmappingdividedthese96genesinto3linkagegroups:thebiggest
groupcontained23genes,designatedasCR1;thesecondonecontained12genes,allwerefromsuscepti-
bleparent;thelastgroupCR3contained6genes.Comparingthepositionsofgeneticmapwithphyloge-
netictree,theRGAgenefromaphylogeneticcladetendedtoclusteringeneticmap,whichwascausedby
tandemduplicationanddiversification.TheothercaseisRGAgenesfromdifferentcladesclusteredto-
getherinthegeneticmapandformedheterogeneouscluster,thismightcausedbyecotopicrecombina-
tion.FromtheparentstoF1progeny,deletionofRGAgene’sfragmentwasobserved,whichmayrelated
withmeioticinstability.UsingTAIL-PCRstrategy,aretrotransposon-likegeneflankingRGAgenewas
isolated,Southernanalysisrevealedthatthecopynumberofretrotransposon-likegeneisrelativelarge
withgreatdifferenceamongdifferentmaterials.BasedonthepublishedRosaceaeRGAgenesfromchest-
nutrose,apple,peach,pear,strawberry,apricotandplum,werecomparativelyanalyzedongenusandspe-
cieslevel.ThesyntenyofRGAgenebetweendifferentgenuswerediscussed,andthe125Hsitewasi-
dentifiedtobeunderpositiveselectionbyevolutionarypredictionanalysis.

ThisisthefirstreportofusingoverlapextensionstrategyfortargetisolationofRGAgenesin
plants;thismethodcanovercometheproblemofbiasamplificationofdegeneratePCR.Alsothisisthe
firstreportofmeioticinstabilityforRGAgene.

3.Thedownstreamcomponentsofplantimmunitysysteminchestnutrose,includingthePTO-like
proteinkinaseanddefense-relatedgenes,wereinvestigated.Theimmunityrelatedgenesmostlyexistin
thegenomeasgenefamily.Amongthemembers,singlenucleotidepolymorphisms(SNPs)aremore
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prevalentthanothersequencepolymorphisms.Severalmembersareobviouslyrespondedtothepowdery
mildewattack.Fromtheresistantcultivar,30defense-relatedgenes(DRgenes)werecloned,including9
PTO-likekinasegenes,21pathogenesis-relatedgenes(12PR2genesand9PR5genes).Thepolymor-
phismofgenefamilywasmainlycomposedofsinglenucleotidepolymorphisms(SNPs).Theaverage
frequencyforPR5genewasoneSNPper59bp,64bpforPR2genes.BasedontheSNPs,SNAPmarkers
weredeveloped,23primerpairsweredesignedand17markerswerefinallymappedinF1population.Re-
verseNorthernrevealedthatallPR2geneswerenotinducedsignificantlyafterinnoculation,whileone
PR5gene’sexpressionwassignificantlyenhanced.

Theimmunityrelatedgenesinchestnutrosegenomefromupstreamtodownstream,i.e.Rgene→
STKgene→PR2gene,werepredictedtobeinvolvedinaco-evolutionsystem.

4.Highlyexpressedgenesactivatedbypowderymildewpathogenattackwereclonedandcharacter-
ized.Suppressionsubtractionhybridization(SSH)librarywhichenrichedpowderymildewresponded
geneswasconstructed,andreverseNortherntechnologywasusedtoscreentheclonesfromthelibrary.
Sequencingthedifferentiallyexpressedclonesrevealedmanygeneshighlyhomologoustoresistance-re-
latedgenesreportedpreviously,suchasPR10、P450、STK-likekinasegene,Cf-9-like,LRRreceptor-like
genes,transcriptionfactorNACgene,andeventhetransposonelements.Themostnoticeablegenesap-
pearedinthelibraryisphotorespiratory-relatedgenes,suchasribulosebisphosphatecarboxylase(Rubi-
sco),Rubiscoactivase,glyoxylateaminotransferase,glutaminesynthetase,glyceraldehydedehydrogen-
ase,ferredoxin,transportprotein,etc.Real-TimePCRwereusedtoverifythethreemostimportantpho-
torespiratorygenes,whichrevealedthatexpressionlevelsofRubiscoactivase,glyoxylateaminotrans-
feraseweresignificantlyenhancedafterinnoculation.Theenzymaticactivitiesofthesethreephotorespir-
atorygeneswerealsoverifiedtobeenhancedsignificantlyafterinnoculationbyspectrophotometricanal-
ysis.Forexample,thetranscriptionlevelofaminotransferasegeneinpowderymildewinfectedmaterial
wasashighas40foldsofthatincontrolmaterial,andtheenzymaticactivityofaminotransferaseintrea-
tedmaterialwas25foldshigherthanthatincontrolmaterial.Geneticmappingshowedthatthethree
photorespiratorygenesexistinthechesnutrosegenomeasgenecluster.ThefulllengthcDNAofthese
threegeneswerefurtherobtainedbyRACEstrategy.Moreover,theDNAregionsofthesegenesamong
thegenomesofchestnutrosewithdifferentgenotypesandrosaceaefruitcropswerecompared.Interest-
ingly,thesequenceofChrRBCsinGuinongNo.6,whichishighlyresistanttopowderymildew,isidenti-
calwiththatinWuziCili,agenotypeimmunetopowderymildew.

5.Anewmechanismforpowderymildewdiseaseresistanceinplants,i.e.photorespiration,waspro-
posed.Photorespiratorygenesarenotonlyhighlyrespondedtopowderymildewpathogenattackwith
thetranscriptionandtheenzymeactiviteshighlyinduced;butalso,wefoundthatthetranscriptionsof
photorespiratorygenesaresignificantlyinducedbyresistancesignalsalycilicacid,andthesalycilicacid
withanothersignalperoxidewasaccumulatedsignificantlyinthepowderymildewinfectedsamples.Al-
together,photorespiratorygenemaybeakindofnewresistancegene;thereforephotorespirationmaybe
anewmechanismforplanttodefenseagainstpathogenattackwereproposed.Wearenowcarringouta
furtherresearchonArabidopsistoverifythenewfunctionofphotorespiratorygenesfromchestnutrose,andto
investigatethemolecularmechanismofphotorespiratorygenefunctionedinpowderymildewresistance.

Keywords Rosaroxburghii;powderymildew;defense-relatedgenes;photo-respiratory;resistance
geneanalogues
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