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Key TermsKey Terms

Photop​‐
hos​pho​ryl​‐
ation

SynthesisSynthesis of ATPATP from ADPADP
and and PiPi (inorganic
phosphate) using light energy.light energy.

Transd​‐
ucers

ChangeChange energy from one formone form
into anotheranother

Absorption
Spectrum

A graph that shows how muchhow much
lightlight energy is absorbedabsorbed at
different wavele​ngths.different wavele​ngths.

Action
Spectrum

A graph that shows the rate ofrate of
photos​ynt​hesisphotos​ynt​hesis at differentdifferent
wavele​ngth.wavele​ngth.

Antenna
Complex

An array of proteinprotein and
pigmentpigment molecules in the
thylakoid membranesthylakoid membranes with
chloro​phyll achloro​phyll a at the reaction
centre. It transfers energyenergy
from lightlight of a range of
wavele​ngthswavele​ngths to chloro​phyll a.chloro​phyll a.

Limiting
Factor

A factor that limitslimits the raterate of a
physical processphysical process by being in
short supply.short supply.

Overview of Photos​ynt​hesisOverview of Photos​ynt​hesis

The overall equation for photos​ynt​hesis is:

6CO2 + 6H2) -> C6H12O6 + 6O2

Photos​ynt​hesis involves two stages:

1. Light-​dep​endent stageLight-​dep​endent stage where light energylight energy
is convertedconverted into chemical energychemical energy as the
photolysisphotolysis of water releases protonsreleases protons  and
electronselectrons which produce ATPproduce ATP via photop​‐photop​‐
hos​pho​ryl​ationhos​pho​ryl​ation and reducereduce the co-enzymeco-enzyme
NADP.NADP.

 

Overview of Photos​ynt​hesis (cont)Overview of Photos​ynt​hesis (cont)

2. Light-​ind​epe​ndent stageLight-​ind​epe​ndent stage or Calvin cycleCalvin cycle
where ATP and NADPHATP and NADPH from the light-​dep​‐light-​dep​‐
endent reactionendent reaction reduce carbon dioxidecarbon dioxide to
produce glucose.produce glucose.

Photos​ynt​hesis SummaryPhotos​ynt​hesis Summary

Structure of the leafStructure of the leaf

The leaf is adaptedadapted for gas exchangegas exchange and
photos​ynt​hesisphotos​ynt​hesis  by having a large surfacelarge surface
areaarea allowing the leaf to capture lightcapture light, and
having porespores called stomatastomata through which
gases diffuse.gases diffuse.

Air spacesAir spaces between cells allow for carboncarbon
dioxidedioxide to diffuse to the photos​ynt​hes​isingphotos​ynt​hes​ising
cells.cells.

The highest concen​trationhighest concen​tration of chloro​plastschloro​plasts is
found in the palisade mesophyllpalisade mesophyll on the
leaf's upper surface.upper surface.

The palisade cellpalisade cells are arranged verticallyarranged vertically,
which allows more lightmore light to be absorbed by
chloro​plastschloro​plasts than if they were stacked
horizo​ntallyhorizo​ntally, as lightlight only has to pass
through the cuticlecuticle, epidermal cellsepidermal cells and one
palisade cell wall.palisade cell wall.

 

Leaf structureLeaf structure

Chloro​plasts as transd​ucersChloro​plasts as transd​ucers

The site of photos​ynt​hesisphotos​ynt​hesis  was detected byby
Engelmann in 1887. In his experi​ment, heEngelmann in 1887. In his experi​ment, he
shone a shone a light through a  through a prism to  to separate
the the different wavele​ngths of light, and of light, and
exposed this to  this to a suspension of  of algae with with
evenly distri​buted, motile, , motile, aerobic bacter​‐
ia.**

After a period of time, he noticed that the
bacteria congre​gatedbacteria congre​gated around the algae
exposed to blue and red wavele​ngths.blue and red wavele​ngths.

This was because this algae photos​ynt​‐algae photos​ynt​‐
hesised morehesised more and so produced moreproduced more
oxygenoxygen, attracting the motile bacteria.motile bacteria.

Transd​ucersTransd​ucers
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Photos​ynt​hetic pigmentsPhotos​ynt​hetic pigments

In flowering plants there are 2 main types of
pigments:

1. Chloro​phyllsChloro​phylls which absorb red and blue-absorb red and blue-
v​iolet regionsv​iolet regions of the spectrum, e.g. chloro​‐chloro​‐
phyll aphyll a and chloro​phyll b.chloro​phyll b.

2. Carote​noidsCarote​noids which absorb light energyabsorb light energy
from the blue-v​iolet regionblue-v​iolet region of the spectrum,
e.g. B-caroteneB-carotene and xantho​phyllsxantho​phylls, and act
as accessory pigments.accessory pigments.

The presence of several pigmentsseveral pigments allows
the plant to absorbabsorb a wider rangewider range of wavele​‐wavele​‐
ngthsngths of lightlight than a single pigment.single pigment.

Absorption and action spectraAbsorption and action spectra

The absorption spectrumabsorption spectrum shows how muchhow much
light energy a particular pigmentpigment absorbs at
different wavele​ngthsdifferent wavele​ngths, for example chloro​‐chloro​‐
phyll aphyll a which absorbs red and blue-v​ioletred and blue-v​iolet
regions of the spectrum.

It does notdoes not indicate whether the particularparticular
wavelengthwavelength is used in photos​ynt​hesis.photos​ynt​hesis.

An action spectrumaction spectrum shows the rate ofrate of
photos​ynt​hesisphotos​ynt​hesis at different wavele​ngthsdifferent wavele​ngths, by
measuringmeasuring the massmass of carboh​ydratecarboh​ydrate
synthe​sisedsynthe​sised by plants.plants.

There is a close correl​ationclose correl​ation between the 2.2.

Absorption and action spectraAbsorption and action spectra

 

Light HarvestingLight Harvesting

The chloro​phyllschloro​phylls and accessory pigmentsaccessory pigments
are found lying in the thylakoid membranesthylakoid membranes,
grouped into structuresstructures called antennaantenna
complexes.complexes.

With the aid of special proteinsspecial proteins associated
with these pigmentspigments, light energylight energy (photons)
is funnelled towards the reaction centrereaction centre at
the base, containing chloro​phyll a.chloro​phyll a.

There are 2 types of reaction centre:

1. Photos​ystem 1Photos​ystem 1 (PS1) chloro​phyll a, with
an absorption peakabsorption peak of 700nm700nm, also called
P700.P700.

2. Photos​ystem 11Photos​ystem 11 (PS11) chloro​phyll a,
with an absorption peakabsorption peak of 680nm680nm also
called P680.P680.

Antenna ComplexAntenna Complex

Identi​fying different photo pigments fromIdenti​fying different photo pigments from
chlorochloro

PigmentsPigments can be extractedextracted by grinding plantgrinding plant
materialmaterial in a suitable solventsolvent, e.g.
propanone, and separated by paperpaper
chroma​tog​raphy.chroma​tog​raphy.

By dividingdividing the distance travelleddistance travelled by the
pigmentpigment by the distance travelleddistance travelled by the
solventsolvent front, the Rf valueRf value can be calcul​‐calcul​‐
ated.ated.

 

Calcul​ating the Rf valueCalcul​ating the Rf value

The light-​dep​endent stage of photos​ynt​‐The light-​dep​endent stage of photos​ynt​‐
hesishesis

Occurs on the thylakoid membranes.thylakoid membranes.

Photop​hos​pho​ryl​ationPhotop​hos​pho​ryl​ation  occurs via 22
pathways:pathways:

1. Non-cyclicNon-cyclic photop​hos​pho​ryl​ation, which
involves bothboth photos​ystems 1 and 11,
generating 2 ATP2 ATP molecules and reducedreduced
NADP.NADP.

Photolysis generates oxygen.oxygen.

The electronselectrons take a linear pathwaylinear pathway which
is referred to as the 'Z scheme'.'Z scheme'.

Non-cyclic photop​hos​pho​ryl​ationNon-cyclic photop​hos​pho​ryl​ation

Non-cyclic photop​hos​pho​ryl​ationNon-cyclic photop​hos​pho​ryl​ation

1. Light energyLight energy (photons) strikes chloro​phyllchloro​phyll
(PS11) exciting its electronselectrons, boosting them
to a higher energy level.higher energy level.

2. ElectronsElectrons are acceptedaccepted by an electronelectron
carriercarrier in the thylakoid membrane.thylakoid membrane.
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Non-cyclic photop​hos​pho​ryl​ation (cont)Non-cyclic photop​hos​pho​ryl​ation (cont)

3. The oxidised chloro​phylloxidised chloro​phyll removes
electronselectrons from water, producing protonsprotons and
oxygenoxygen (photo​lysis). This occurs in the
thylakoid space.thylakoid space.

4. As electronselectrons pass from carrier to carriercarrier to carrier,
electron energy is lostenergy is lost, which pumps
protonsprotons from the stromastroma into the thylakoidthylakoid
space.space. As protons flow back through the
stalked particlestalked particle, ADPADP is phosph​ory​latedphosph​ory​lated; 22
ATPATP are made in total.

5. Electrons enter photos​ystem 1photos​ystem 1 where
light excites themlight excites them, boosting them to an even
higher energy level.higher energy level.

6. ElectronsElectrons enter a final electron carrier.final electron carrier.

7. ElectronsElectrons and protons reduce NADPprotons reduce NADP  to
reduced NADPreduced NADP which pass to the CalvinCalvin
CycleCycle with the 2 ATP made.2 ATP made.

ATP production in the chloro​plastATP production in the chloro​plast

Cyclic Phosph​ory​lationCyclic Phosph​ory​lation

Involves only photos​ystem 1photos​ystem 1, producing 11
ATPATP molecule only.

As photolysisphotolysis does not occur, no oxygenno oxygen is
released.released.

ElectronsElectrons take a cyclical pathway.cyclical pathway.

If there is no NADPno NADP available, then electronselectrons
fall back into the electron transport chainelectron transport chain (at
an interm​ediate energy level) and generategenerate
1 ATP.1 ATP.

This cycle continuescycle continues until NADPNADP is
available.available.

 

Cyclic Phosph​ory​lation (cont)Cyclic Phosph​ory​lation (cont)

The ATP producedATP produced can be used in the
Calvin CycleCalvin Cycle, in the stomatal openingstomatal opening
mechanismmechanism, or for other cellular processes.other cellular processes.

ATPATP is produced in the chloro​plastchloro​plast when
protonsprotons are pumpedpumped across the thylakoidthylakoid
membranemembrane using energyenergy from the electronselectrons
and accumulateaccumulate with protonsprotons generated
from photolysis of waterphotolysis of water in the thylakoidthylakoid
spacespace generating an electr​och​emicalelectr​och​emical
(proton) gradient.gradient.

The H+ ionsH+ ions diffuse back into the stromastroma
through stalked particlesstalked particles generating ATP.ATP.

The protons and electrons reduce NADPreduce NADP,
which removes H+ ionsremoves H+ ions from the stromastroma,
further contri​buting to the H+ gradient.H+ gradient.

The movement of protonsmovement of protons is referred to as
chemio​smosis.chemio​smosis.

Cyclic Phosph​ory​lationCyclic Phosph​ory​lation

Calvin Cycle - light indep stage of photos​‐Calvin Cycle - light indep stage of photos​‐
ynt​hesisynt​hesis

This stage occurs in the stroma.stroma.

ATPATP and reduced NADPreduced NADP from the light-​dep​‐light-​dep​‐
endent reactionendent reaction are used to fix carbonfix carbon from
carbon dioxide with the help of the enzyme
RuBisCO.RuBisCO.

The sequence was first worked out by
CalvinCalvin and his team using a radioa​ctiveradioa​ctive
isotopeisotope of carboncarbon (14C) present in
hydrogen carbonate.hydrogen carbonate.

At regular intervalsregular intervals, Calvin removedremoved
samplessamples into hot methanolhot methanol to killkill the
chlorella algaechlorella algae used and to stop all enzymestop all enzyme
reactions.reactions.

 

Calvin Cycle - light indep stage of photos​‐Calvin Cycle - light indep stage of photos​‐
ynt​hesis (cont)ynt​hesis (cont)

He then performed chroma​tog​raphychroma​tog​raphy to
identifyidentify the products.products.

He exposed his chroma​togramchroma​togram to piece of
x-ray filmx-ray film which would detect radiationdetect radiation
emitted from 14C14C used.

This identifiedidentified products containing 14C14C in
the orderorder they were producedproduced: first was
hydrogen carbonatehydrogen carbonate ions, then glycerate 3-glycerate 3-
phos​phatephos​phate (GP), triose phosphatetriose phosphate (TP),
ribulose bispho​sphateribulose bispho​sphate (RuBP) and finally
glucose.glucose.

Calvin's lollipop apparatusCalvin's lollipop apparatus

Calvin CycleCalvin Cycle
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Stages in the Calvin CycleStages in the Calvin Cycle

1. CO2CO2 diffuses into leaf via stomatastomata,
dissolving in the waterwater surrou​nding palisadepalisade
mesophyllmesophyll cells before diffusing intodiffusing into the
cells.cells.

2. CO2CO2 combines with the 5 carbon5 carbon
compound ribulose bispho​sphateribulose bispho​sphate (RuBP)
using the enzyme RuBisCORuBisCO to form an
unstable 6Cunstable 6C compound.

3. Unstable 6CUnstable 6C compound immedi​ately
breaks downbreaks down into 2 molecules2 molecules of glycerateglycerate
3-phos​phate3-phos​phate (GP).

4. Using one ATP moleculeone ATP molecule from the lightlight
reactionreaction, GP is reducedreduced to triose phosphatetriose phosphate
(TP) using hydrogen atomshydrogen atoms from reducedreduced
HADP.HADP.

5. Triose phosphateTriose phosphate molecules combinecombine in
pairspairs to form hexose sugars.hexose sugars.

6. 55 out of every 6 triose phosphateevery 6 triose phosphate
molecules producedproduced are used to regenerateregenerate
RuBPRuBP (via the interm​ediate ribulose
phosphate) using ATPATP from the light-​dep​‐light-​dep​‐
endent reactionendent reaction to supply energy andenergy and
phosphate.phosphate. This allows the cyclecycle to
continue.continue.

Stages in the Calvin CycleStages in the Calvin Cycle

1. CO2CO2 diffuses into leaf via stomatastomata,
dissolving in the waterwater surrou​nding palisadepalisade
mesophyllmesophyll cells before diffusing intodiffusing into the
cells.cells.

2. CO2CO2 combines with the 5 carbon5 carbon
compound ribulose bispho​sphateribulose bispho​sphate (RuBP)
using the enzyme RuBisCORuBisCO to form an
unstable 6Cunstable 6C compound.

3. Unstable 6CUnstable 6C compound immedi​ately
breaks downbreaks down into 2 molecules2 molecules of glycerateglycerate
3-phos​phate3-phos​phate (GP).

4. Using one ATP moleculeone ATP molecule from the lightlight
reactionreaction, GP is reducedreduced to triose phosphatetriose phosphate
(TP) using hydrogen atomshydrogen atoms from reducedreduced
HADP.HADP.

5. Triose phosphateTriose phosphate molecules combinecombine in
pairspairs to form hexose sugars.hexose sugars.

 

Stages in the Calvin Cycle (cont)Stages in the Calvin Cycle (cont)

6. 55 out of every 6 triose phosphateevery 6 triose phosphate
molecules producedproduced are used to regenerateregenerate
RuBPRuBP (via the interm​ediate ribulose
phosphate) using ATPATP from the light-​dep​‐light-​dep​‐
endent reactionendent reaction to supply energy andenergy and
phosphate.phosphate. This allows the cyclecycle to
continue.continue.

Product SynthesisProduct Synthesis

Plants must produceproduce all the carboh​ydr​ates,carboh​ydr​ates,
fats and proteinsfats and proteins they need from the
productsproducts of the Calvin Cycle.Calvin Cycle.

Fructose phosphateFructose phosphate formed from the 22
moleculesmolecules of triose phosphatetriose phosphate can be
converted to glucoseglucose, or combinedcombined with
glucoseglucose to produce sucrose.sucrose.

SucroseSucrose is then transl​ocatedtransl​ocated in the phloemphloem
to the growing regionsgrowing regions of the plant.

Some a glucoseglucose is stored as starchstored as starch , BB
glucoseglucose forms cellulosecellulose in cell walls.cell walls.

Fatty acidsFatty acids can be formedformed from glycerate 3-glycerate 3-
phos​phatephos​phate, and glycerolglycerol from triosetriose
phosphatephosphate, the building blocks of trigly​cer​‐trigly​cer​‐
ides.ides.

ProteinsProteins can be formedformed from glycerate 3-glycerate 3-
phos​phatephos​phate, but the amino groupamino group requires
nitrogennitrogen from nitrate ions.nitrate ions.

Other compounds, e.g. chloro​phyllchloro​phyll , require
additional ions e.g. Mg2+Mg2+, and the middlemiddle
lamellalamella of cell wallscell walls needs Ca2+.Ca2+.

A lack of nitrogenlack of nitrogen results in stunted growthstunted growth
in plants, as plants cannot synthesisecannot synthesise
proteinsproteins due to lack of nitrogenlack of nitrogen, whereas a
lack of magnesiumlack of magnesium causes chlorosischlorosis, the
yellowingyellowing of the leaves, as chloro​phyllchloro​phyll
cannot be synthe​sised.synthe​sised.

This can be shown experi​men​tallyexperi​men​tally by
placing plants in soilsplants in soils with different nutrientdifferent nutrient
contents and observing growth.observing growth.

 

Limiting factors in photos​ynt​hesisLimiting factors in photos​ynt​hesis

The rate of photos​ynt​hesisrate of photos​ynt​hesis is controlledcontrolled by
a number of factorsnumber of factors including the concen​‐concen​‐
tration of CO2tration of CO2, light intensitylight intensity, and temper​‐temper​‐
ature.ature.

The limiting factorlimiting factor is the one which is in
shortest supplyshortest supply which controlscontrols the rate-l​‐rate-l​‐
imiting stepimiting step, and therefore an increaseincrease in it
increasesincreases the rate of photos​ynt​hesis.rate of photos​ynt​hesis.

Limiting Factors TableLimiting Factors Table

FactorFactor Explan​ationExplan​ation

Carbon
Dioxide

At low concen​tra​tionslow concen​tra​tions, CO2CO2
concen​trationconcen​tration is limiting, but
above 0.5%above 0.5%, the rate plateausrate plateaus,
showing that something else
must be limiting. Above 1%Above 1% the
stomata closestomata close, preventing the
uptakeuptake of carbon dioxide.carbon dioxide.

Light
intensity

As light intensity increaseslight intensity increases the
rate of photos​ynt​hesis increasesrate of photos​ynt​hesis increases
up to about 10,000 lux (SI unit if
illumi​nance) when sone other
factor becomes limiting. At veryvery
high light intens​itieshigh light intens​ities the rate
decreasesdecreases as chloro​plast
pigments become bleached.bleached.
Different plants have evolved to
be most efficientmost efficient at light intens​‐light intens​‐
itiesities found in their enviro​nmentenviro​nment,
e.g. sun and shade plants.sun and shade plants.
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Limiting Factors Table (cont)Limiting Factors Table (cont)

Temper​
ature

Temper​ature increasesTemper​ature increases the
kinetic energykinetic energy of the reactantsreactants
and enzymesenzymes involved in photos​‐photos​‐
ynt​hesis.ynt​hesis. Unlike other factors, a
plateauplateau is not reached as
enzymes, e.g. RuBisCORuBisCO, begin to
denaturedenature so the rate of photos​‐rate of photos​‐
ynt​hesis decreasesynt​hesis decreases above the
optimum temper​ature.optimum temper​ature. This will
be higherhigher in species adapted toadapted to
hothot, drydry enviro​nments.

Limiting Factor GraphsLimiting Factor Graphs

 

Measuring the rate of photos​ynt​hesisMeasuring the rate of photos​ynt​hesis

Aquatic plantsAquatic plants are a good subject to use
when invest​igatinginvest​igating how differentdifferent factors
affect photos​ynt​hesis.photos​ynt​hesis.

Temper​atureTemper​ature and CO2CO2 concen​tration are
more easilymore easily controlled than with terres​trialterres​trial
plantsplants, by using a water bathwater bath and contro​llingcontro​lling
hydrogen carbonatehydrogen carbonate concen​tra​tion.

It is also easy to collecteasy to collect and accuratelyaccurately
measuremeasure the oxygenoxygen produced in a capillarycapillary
tube.tube.

The volumevolume of the bubblebubble collected is
calculatedcalculated by the formula:

Volume = pi r2 x length of bubbleVolume = pi r2 x length of bubble

Where pi = 3.14 and r = radius or
diameter/2
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