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基于光脉冲诱导快相与弛豫荧光的光合作用
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摘 要:为了更准确获取反映植物生理状态的荧光动力学曲线,基于光合作用电子传递过程研究了植物

光合作用参数测量技术。采用可变光脉冲技术将植物光合作用过程分段为快相与弛豫过程,并测量激

发光诱导产生的荧光动力学曲线.对激发光带宽与响应时间进行了定量分析;对I-V转换单元与 MFB
滤波器进行了设计与仿真分析,获取快相荧光动力学信息;采用同步脉冲采样积分技术,对微弱弛豫荧

光进行积分,实现了快相与弛豫荧光动力学曲线的完整测量,并结合非线性拟合算法获取光合作用参

数.测试结果表明,系统信噪比达到23.8dB;暗适应与光适应下,本系统所测Fv/Fm 与 Water-PAM 测

量结果的线性相关系数分别达到0.980和0.997.该研究结果为植物光合作用研究及过程参数测量提供

了一种测量手段.
关键词:快相和弛豫荧光;叶绿素荧光动力学;同步采样积分;光合作用参数测量
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Abstract:Thephotosyntheticparameterscanreflectthephysiologicalstateofplants.Inordertoobtaina
moreaccuratefluorescencekineticcurve,atechniqueformeasuringplantphotosyntheticparameters
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basedontheelectrontransferprocesswasproposedinthispaper.Variableexcitationlightpulseswas
employedtodevidetheplantphotosynthesisprocessintotwostages:fastphaseandrelaxationphase,and
correspondingfluorescencecurveswereinducedforeachstage.Theexcitationbandwidthandresponse
timewereanalyzedusingtheTINAsimulationtool.TheI-VconversionandMFBfilterweredesigned
andsimulatedquantitatively.SynchronoussamplingintegraltechniquewasemployedtoimprovetheSNR
ofweakrelaxationphasefluorescence.Asaresult,acompletefluorescencekineticscurvethatconsistof
fastphaseandrelaxationphasewasobtained,from whichtheplantphotosynthesisparameterscanbe
calculatedusingnonlinearfittingalgorithm.ExperimentresultsshowedthatthesystemSNRreached
23.8dB,andthecorrelationcoefficientsof measuredFv/Fm thatobtainedbythissystem were
respectively0.980and0.997fordarkandlightadaptationconditions.
Keywords:Fastphaseandrelaxationfluorescence;Chlorophyllfluorescencekinetics;Synchronous
samplingintegraltechnique;Photosyntheticparametersmeasurement
OCISCodes:300.2530;300.6280;130.6622;160.2540;260.2510

0 Introduction
Chlorophyllfluorescenceisaquickandefficientprobeforplantphotosynthesismeasurement[1].For

thepurposeofstudyingphotosyntheticparameters,severalmodelsandmethodssuchasthePumpand
Probe(P&P)[2](MauzerallD,1972),thePulseAmplitudeModulation(PAM)[3](SchreiberU,1986),the
FastRepetitionRate(FRR)[4-5](FALKOWSKIPG,1995andKolberZS,1998)wereproposedinthelast
tenyears.Inrecentyears,VredenbergW.[6](in2011)andStirbetA.[7](in2014)establishedphotochemical
electrontransferprocessandphotoelectron-chemicalmodel.In2011,TongraT.[8]calculatedandanalyzed
fluorescencekineticsunderdifferentPHconditions,includingthefluorescencekineticsofrelaxation.

Inthestudyofmeasuringmethods,in2006,AnL.[9]measuredfastfluorescenceinducedbystrong
light.In2011,StirbetA.[10]proposedOJIP-testmethodtomeasurethefastphasefluorescence.In2012,
VredenbergW.[11]proposedamethodconsistsofsingleandmultipleturn-overasthesupplementoffast
fluorescencekinetics.In2014,SHIChaoyi[12]establishedaVLPFmeasurementmethodandsystem.In
2015,Fernandez-JaramilloA.[13]designedFGPAarbitrarywaveformgeneratorbasedontheexcitation
lightresearchresults,providingawiderangeofplantphotosynthesismeasuringexcitation.

However,thestudyofphotosynthesisparameter measurementis mainlyconcentratedinthe
photosyntheticmodelandanalysismethods.ExceptforRefs.[12][13],therearefewreportsaboutthe
measurementtechniquesthatanalyzethefastandrelaxationfluorescencesignalcharacteristics,excitation
bandwidthrequirements,andtheSNRenhancementofweakfluorescencekineticscurves.Basedonthe
biofilmenergyflowtheory,anew measurementtechnologyisproposedto measureandverifythe
parametersandfluorescencekineticscurveofphotosynthesisinthispaper.

1 Theory
Thesubstanceofphotosynthesisistheelectrontransport.Thekeystepsoflinearelectrontransportof

“Z”diagram[14]arepresentedinFig.1.Followinglightirradiation,theprimarychargeseparationtakes

Fig.1 Photosynthesiselectrontransferreactionsof“Z”diagram
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placeinReactionCenter(RC),producingstrongoxidantP680+andelectron.Theelectrontransfersto
QA,leadingtoarelativelystabledeoxidizerQ-A.Thechargeseparationproducesastablereducingagent
(Ferrdoxin,Fd)andaweakoxidant(P700+)inPSII.TheP680+ withastrongoxidationpotentialcan
triggerthewatertoreleaseanelectron,andQ-Apossessesareductionpotentialtodriveelectrontransmitto
P700+.Inthemechanismofelectrontransport,protongradientthatdrivesATPsynthesisissetupon
bothsidesofthephotosyntheticmembrane.Therearetwosignificanttimenodesinthiselectrontransport
mechanism:QAtoPQtakingabout100-200μs,PQtoPSItakingfromhundredsofmicrosecondstotensof
milliseconds.

Whentriggeredbyartificialmodulationsingle-pulseintenselight,agoodamountofelectronswellbe
hamperedatQA.TheRCisclosedandanyfollowingenergyisunavailableforthephotochemicalreaction.
Mostoftheenergyisdissipatedintheformoffluorescenceandheat,leadingtoariseoffluorescencefrom
thestatic minimumfluorescenceyieldFotothe maximumfluorescenceyieldFm.Thechlorophyll
fluorescenceyieldiscloselyrelatedtotheexcitationenergy,PSIIfunctionalabsorptioncrosssectionσPSII

andredoxstateofQA.Underanintenselightexcitation,thefluorescenceyieldcanbedescribedbyEq.1[14]

F(t)=Fo+(Fm-Fo)(1-exp(-σPSII∫
t

0
Edt))=Fo+Fv(1-exp(-σPSII∫

t

0
Edt)) (1)

WhereFoistheminimumfluorescenceyield;Fmisthemaximumfluorescenceyieldafterthereaction
centeriscompletelyclosed,thedifferenceFv(eq.Fm-Fo)isthemaximumvariablefluorescenceyield;
andσPSIIistheabsorptioncrosssectionforthePSIIfunction.Eisexcitationintensity,whichisaconstant
insingleexcitingcycle.Thetistheexcitationdurationtime.UsingEq.1,thephotochemicalefficiency
yieldFv/Fm,functionalabsorptioncross-sectionσPSIIandotherphotosyntheticparameterscanbeinverted.

Onceexternalexcitationstops,Q-Aisre-oxidizedandthereactioncenteropensagain.Asaresultthe
fluorescenceyieldreduces.Thisphenomenonistherelaxationprocess.Thechlorophyllfluorescenceyield
ofthismechanismisrelatedtotheexcitationenergyandPQreductionstate.Thefluorescenceyieldcanbe
describedbyEq.2[14]

f2(x)=Fo+(Fm-Fo)exp(-x/τQA)=Fo+Fvexp(-x/τQA) (2)
WhereFm,FoandFvrepresentthesamemeaningwiththeabovedescription,τQAisthePQaverage
reductiontime.IfFoandFvaredeterminedbythefastphasefluorescenceprocess,τQAcanbemeasuredby
Eq.2.

2 Systemdesign
Thekineticcurve wasdividedintotwostages:fastphaseandrelaxation.Forthefastphase

fluorescenceexcitationprocess,theexcitationlightpulseintensityisashighasseveral104μmolquanta·
m-2·s-1.Therelaxationexcitationlightiscomposedofaseriesofweaklightpulses,andtheaverage
intensitywasaboutseveralμmolquanta·m-2·s-1.Thelightpulsewithresolutionof10nsisassumedin
relaxationexcitation,whichimpliesthatthebandwidthwasabout35.0MHz.

AmeasurementsystemisshowninFig.2.A3×3LEDsarray(CL-P10WB35R,EVERIGHT)at465nm
wasusedastheexcitationlightsource ,which mayprovideamaximuminstantaneousintensityof

Fig.2 Excitingcircuitofrelaxationphase
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80000μmolquanta·m-2·s-1.TheexcitinglightpassesthroughaglassfilterBG39tocutofflightswith
wavelengthabove650nm.Thefluorescenceat685nmwasdetectedin90degreeinordertoavoidthestray
lightfromtheexcitationlight,andaband-passfilterBP685wasemployedbeforethefluorescencesensor.
Thephotomultipliertube(H6779-1,HAMAMATSU)withacurrentgainofalmost60dBwasemployed
forthedetectionofthefluorescenceat685nm.

A210MHhighspeedMCUwasemployedtogenerateexcitationpulsesequenceforfastphaseand
relaxationphase.Thefastphasepulsewasasinglepulsewith190μsdurationtime,anditdrovetheCMOS
powertransistorIRF540andtheLEDarraytogenerateasaturatedlightpulse.Bychangingtheexcitation
voltage,excitationlightintensityresolutionoffastphasecanreachof120μmolquanta·m-2·s-1.The
relaxationlightwastriggeredbyasequenceof2μspulsewithaperiodof50μs.Therelaxationlight
intensityresolutioncanreach0.1μmolquanta·m-2·s-1.Inrelaxationexcitation,thedesiredduration
timeofeachlightpulseisonly2μs,thus,itiscriticaltogeneratehightimeresolutionpulsesignal.The
excitingcircuitisdiscussedasfollows.

TheexcitingcircuitofrelaxationwasdesignedbyTINAsoftwareasshowninFig.3.LEDSymbolwas
replacedbyLNG992CFB,butthesimulationparameterswereCL-P10WB35R.Thecurrentthatpassed
throughLED1wascontrolledbyahigh-frequencyNPNtransistor(2N4401,FAIRCHILD)togenerate
lightpulses,andtheNPNtransistorwascontrolledbytheREsignal,whichisapulsesequencewith2μs
durationtimeforeachpulse.ThesimulationofLED1currentandREvoltagepulsewasshowedinFig.4.
Thebandwidthofexcitationsignalmaybecalculatedas:BR=0.35/148.18ns≈2.36MHz.

Fig.3 Excitingcircuitofrelaxationphase Fig.4 Transientsimulationresult
  Thefastphaseandrelaxationfluorescencesignalswereselectedbyamultiplexer(ADG1608,Analog
Device).Abroadbandamplifier(OPA655,TexasInstrument)withlowbiascurrent(Ib=1pA)andlow
voltagenoisewasemployedinI/VconversioncircuitasisshowedinFig.5.

Fig.5 I/Vconversiondesign Fig.6 I/Vbandwidthsimulationresult
  Atwo-orderMFBfiltershowninFig.7wasdesignedtocutdownhighfrequencynoiseafterI-V
conversion.Thesimulationbandwidthofthisfilterwas1.0MHz.Thegainwas-43.5dBat10MHz.
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Fig.7 Two-orderMFBFilter

Fig.8 MFBFiltersimulationresult

  Synchronous pulse integration (IVC102,
TexasInstruments)hastheadvantagesofhigh
gainandlow voltageoutputerror,which may
makethewhitenoises(et.sensornoiseandcircuit
noise)convergetozero accordingthesample
theory[15].Thethreeintegratingcapacitors:10,30
and60pFwereusedbyanycombination.TheVout

isdeterminedbyinputcurrentIIN,integrating
capacitanceCINTandintegraltimeTINTaccordingto
Eq.3

VOut= -1
CINT∫IIN(t)dt (3)

  A16bitsSARA/Ddevice(AD8330,TexasInstruments)withasamplingrateof1.0MSPSwasused
toacquiredigitalfluorescencesignal.TheexcitationlightintensitywasmeasuredbyWater-PAM.The
digitalfluorescencesignalwastransmittedtoMCUorPCforphotosyntheticparameterscalculation.

Afterfastandrelaxationphasefluorescenceandlightintensitywereattained,analysisprocedures
includingbackgroundlightremoval,fluorescencesignalnormalizationandfluorescencekineticscurvewere
neededfortheinversionofthephotosyntheticparameters.Multivariatenonlinearregression[16] was
employedtofitthefluorescencekineticscurveaccordingtoEq.1andEq.2.

3 Resultsanddiscussion
Algaeareidealobjectsforphotosyntheticresearch.Chlorellapyrenoidosaareculturedinlaboratoryat

25℃and200μmolquanta·m-2·s-1illumination.Indarkandlightadaption,thefluorescencekinetic
curvesconsistoffastandrelaxationphasecurvewasobtained,andthenFv/Fm,σPSIIandτQAwereinverted.
TheinvertedFv/FmwerecomparedwiththeFv/Fm measuredbyWater-PAM.
3.1 Fluorescencekineticmeasurementofchlorellapyrenoidosa

AtFirst,inordertoinvestigatetheperformanceofthedesignedsystem,twoexperimentsweresetup.
Chlorellapyrenoidosaatlogarithmicphasewasusedintheexperiments.Theratiooffluorescenceandstray
lightwasevaluated.Twodifferentconcentrationsofchlorophyllweresetformeasurement.Onewasa
blanksampleofdeionizedwater,theotherwaschlorellapyrenoidosainaconcentrationof2.50μg/L.The
excitationlightof2.5×104μmolquanta·m-2·s-1andsystemgainwerethesameforthetwosamples.
ThemeasuredfluorescencekineticscurvesoftwogroupswereshowedinFig.9.

DuetothecharacteristicofLEDsandglassfilter,tinystraylightwascollectedas“fluorescence”.The
averagestraylightintensityofblanksamplewas154,whiletheFmof2.50μg/Lchlorellapyrenoidosawas
2389.Thus,theratiooffluorescentandstraylightwas23.8dBinfastphase.Similarly,fluorescenceand
straylightratiowas12.3dBinrelaxationphase.Thestraylightintensitycanberemovedasblackground.

Secondly,fluorescencekineticcurvesoftwosampleswiththesamechlorophyllconcentrationof
2.50μg/L wereinvestigated.One wasthenormalgrowthchlorellapyrenoidosa,which meansits
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photosynthesisperformednormally.Anotherwastheextractedchlorophyllsolutionthatthemembraneof
thecellhasbeendestroyedandcannotbeusedforphotosynthesis.Themeasuredfluorescencekinetic
curvesofthetwosamplesweremeasuredandshowedinFig.10.

Fig.9 Fluorescencekineticcurvecomparisonwith
blanksample

Fig.10 Fluorescencekineticcurvesofnormalchlorella
pyrenoidosaandextractedchlorophyll

  Thetwofluorescencekineticcurveswereobviouslydifferent,indicatingthatthemeasurementresults
werecloselyrelatedtotheinternalstateofthesampleitself.TheFv/Fmofnormalchlorellapyrenoidosa
was0.569,whiletheFv/Fmofextractedchlorophyllwaszeroduetodisabilityofphotosynthesis.This
experimentindicatesthatthevarietyoffluorescenceyieldcanreflectthedetailsofplantphotosynthesis.
3.2 Parametersmeasurementunderdifferentnutrientscondition

Aftercultured7daysinlaboratory,fluorescencekineticcurvesof9differentnutritiongroupsofthe
chlorellapyrenoidosaof200μg/Lweremeasuredandthephotosyntheticparameterswereinverted.The
Fv/FmshowninFig.11wascomparedwiththatoftheWater-PAMinstrumentindarkadaptation.The
linearcorrelationcoefficientofthevaluesofFv/Fmcalculatedbytwomethodswas0.980,asshownin
Fig.12.

Fig.11 Fv/FmcomparisonwithWater-PAM Fig.12 Fv/Fmcorrelationanalysisunderdarkadaptation
  ThetrendofFv/Fmofchlorellapyrenoidosaunder118and249μmolquanta·m-2·s-1lightadaption
conditionswasmeasuredandobtainedparametersofphotosynthesisareshowedinFig.13andFig.14.
  Underdifferentconcentrationsofnutrientssalt,thecorrelationanalysisbetweenthetwomethodswas
showedinFig.15.Themeasurementresultsundertwolightadaptionconditionswereinaccordancewith
eachother,andthecorrelationcoefficientsR2were0.998and0.997.
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Fig.13 Fv/Fm measuredbyWater-PAM
underlightadaptation

Fig.14 Fv/Fm measuredbyexperimental
systemunderlightadaptation

Fig.15 Fv/Fmcorrelationanalysisunderlightadaptation

4 Conclusion
Basedonthefluorescencekineticmodelofplantphotosynthesisandthecharacteristicsofexcitation

lightandfluorescence,ameasurementprocessofthefastandrelaxationphasewasestablished.The
bandwidthrequirements,excitationcontrolsignalandfastpulseexcitationcircuitweredesignedand
analyzed.Theopticalsensingsystem,I-V conversion,MFBfilterandsynchronouspulseintegration
technologywerealsoapplied.Thefluorescencekineticcurveoflowconcentrationchlorophyllofchlorella
pyrenoidosawascomparedwiththeblanksampletoverifytheresultoffluorescencekineticscurveinfast
andrelaxation phase;the photosynthetic parameters ofchlorella pyrenoidosa cultivatedin nine
concentrationgroupsofnutrientsaultweremeasuredandinvertedrespectivelyunderdarkandlight
adaptionconditions.Theresultsobtainedbythedesignedsystemwereconsistentwiththosethatmeasured
by Water-PAM.Theresultsofthispaper wouldprovideanew waytodevelopinstrumentsfor
photosyntheticparametersmeasurement.
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