


& 393_ Cycle< &

4 What is the Calvin Cycle?3

e The Calvin Cycle, also called the C3 Cycle, is the dark reaction of
photosynthesis. Tt occurs in all photosynthetic plants in the stroma of

the chloroplast. *
.o Tt does NOT require light directly — it uses ATP & NADPH made

during the liaht-dependent reactions to convert CO, into sugar '
(glucose). ! i : 9 (C:b :

$ Three Stages of the C3 Cycle: 2 ¢

1. Carboxylation — CO0, is added to RuBP (5-carbon molecule)

via the enzyme Rubisco & /Vb !
)

— Forms 2 molecules of 3-PGA (3-phosphoglycerate),
a 3-carbon compound —> hence “C3 Cycle

> 2. Reduction x
— 3-PGA is reduced using ATP & NADPH from light reactions <”
— Converted into G3P (glyceraldehyde-3-phosphate), a 3-carbon sugar
2

23, Regeneration 7\ -
— Some G3P is used to regenerate RuBP using ATP ~_ J Y
— Ensures RuBP is available to keep the cycle going ' Q

% Key Points: 4 R 2

|« Takes place in: the STROMA gt g “Net Product: &7 1
of the chloroplast = ' G3P can be used to form |

« Overall: 3 CO, + 9 ATP + 6 NADPH —

\. G3P + 9 ADP + 8 P+6 NADP"' +3 H,0 :”glucose & oi'her carbs! jgf
- ‘?‘l ________________ .Q‘

| @ > Mnemonic: C >R —>R= Carboxylation > Reduction = Regeneration -

— & e ——— — v




Carboxy|a’cion: The Most Crucial Step

# Why this s’rep? X |
—> First step of carbon fixation ! +ri ,7“0

- _ 5C PO3*"
What happens? @:v
PP 3 RuBP

+(CO,is utilised for carboxylation of RuBP (Rib“lﬁ;ﬂ;fp}mfe)

R CO, (from atmosphere) .

-LC_’O;_ combines with RuBP — forms 2 molecules of 3-PGA
e Catalysed by enzyme: RuBP carboxylase / @@ w

FR_ec;ciic;n: - B = PGAM 9]
Ribulose-1,5-bisphosphate (RuBP) | L‘“‘ _ :c |
"+ CO, — 2 x 3-Phosphoglycerate (3-PGA): }:i 3}Ph¢;sphoglycera’te

- — — —

3-carbon

O (5Cr1c—2x3C) I b

Key Points: ,

* Enzyme: RuBisCO = Ribulose-1,5-bisphosphate carboxylase /oxygenase
e Occurs in: Stroma of the chloroplast g ’

o This is the rate-limiting step — controls rate of Calvin cycle

Remember! 0 what's next? — /

1 CO, +1 RuBP — 2 (3-PGA) 3-PGA goes to Reduction phase

t ion to G3P
* RuBisCO is the most abundant (next page — comversion to G3P)

enzyme on Earth & %
y @ 'I_mpoﬁﬂ.n*.' . . w '\-’.

y ﬁ v Y carboxylation :l ¥
VN = COQ. ‘F‘lxa’,(-\on 4



% Reduction & Regeneration'#
Stage 2: REDUCTION — formation of G3P & glucose\)/

Reduction (per CO,)
e 3-PGA is reduced to G3P (glyceraldehyde-3-phosphate)
« REQUIRES: 2 ATP (phosphorylation) + 2 NADPH (reduction) per CO,

« ATP — ADP + Pi (phosphorylation, energy) #
e NADPH — _NADP+?(provides electrons/H for reduction) Sp
Summary: For EACH CO, molecule: 2 ATP + 2 NADPH are used to make G3P

To make 1 glucose (C¢H1206): ,
e Need 6 CO, molecules — requires 6 turns of the cycle #

« 6 CO, X (2 ATP + 2 NADPH) = 12 ATP + 12 NADPH total for reduction

—> Produces 12 G3P. Only 2 G3P are used to make 1 glucose. The other 10 G3P go to regeneration.

e e e e — o e B o E— e e e e e e — e — i — — — — — == —— m= — —— =

Stage 3: REGENERATION — RuBP is regenerated

¢ 10/12 of the G3P molecules are recycled to regenerate RuBP (the CO, clccep’tqr)

e REQUIRES: 3 ATP - phosphorylates RuSP to regenerate 3 RuBP [- ¢ co, enter the cycle (6 turns)
- Total used: 18 ATP + 12 NADPH |~

o RuBP is regenerated so the cycle can continue to fix more €0,)
€0, —> 3-PGA ) - 1 Glucose molecule formed (C¢Hi206) E,%
cose molect asld p

Overall for 1 Glucose: © e
piauction 7 Key idea: Reduction uses ATP + NADPH =

# Note: G3P = key 3-carbon product. Regeneration «— 2ATP + 2NADPH—> G3P 7
Can be exported to make glucose, starch, 3ATP— RUBP'\ j from Light Reactions. Regeneration
sucrose * 6 turns - 1 Glucose *= uses ATP to recycle RuBP. —




The Calvin Cycle (C3 Cycle) ¥
Photosynthesis — Light-Independent Reactions
1. Carboxylation ~—5 0. entorc™

ylat! /—> CO; enters —
(Carbon Fixation) ( 3 x CO, \. 3. Regeneration of RuBP

@ joins with 5 x G3P used to regenerate

Calvin
Cvcle 3 x Ribulose-1,5- - —> 3 x RuBP
Y bisphosphate (RuBP). + 3 ATP

\‘ 5C cycle continues
a("yx (enzyme: RuBisCO) V4 ] ?
o—¢C J

2 x G3P — Glucose ___> —> 6 x 3-phosphoglycerate (3-PGA) ¥

energy fron light rxn
— ATP + NADPH

(glucose is 6C sugar) 6 x 3C molecule .
e g o s 2. Reduction
2 Net Output: " NAP_ g x 3-PGA + 6 ATP + 6 NADPH
ransport fo plant 3. G3P exits cycle NPT on0P
—> Starch €22  —> used for Glucose synthesis ~—>(6 x Triose phosphate (G3P)
stored in roots/tubers TN/ OUT — For | Glucose (6C) w35 3C sugar - high energy
—— . ¥ uses ATP & NADPH —> G3P
* To make 1 glucose: « Six CO, * One Glucose (CeHiz0¢)
the cycle runs 6 times . |« 18 ATP 18 ADP Summary
— uses 6 C0,, 18 ATP, 12 NADPH | [ 19 NADPH <12 NADP* ~ Carbon fixation = Reduction

- ' — Regeneration
+* Key reminder: Calvin Cycle occurs in the stroma of the chloroplast <> -
+ Doesn't need light directly, but uses ATP & NADPH from Light Reactions



* Kranz Anatomy - C4 Plants
* C4 Plants — Key Feature: Kranz Anatomy - |

» Mesophyll cells clustered around bundle-sheath cells in a ring-like
arrangement 22 @~
« Found in: maize, sorghum (typical C4 plants) — warm, high-light environments

» Bundle sheath cells: several layers thick around vascular bundles

- Large number of chloroplasts in bundle sheath cells .

- Thick cell walls — impervious to gaseous exchange

- No intercellular spaces between bundle sheath cells |
Function: Limits gas exchange — reduces photorespiration z_efficiem‘ CO, fixation

Diagram: Leaf Cross-Section — Kranz Anatomy w

Adaxial — = X\ Air Cavit

epidermis /A | } U | L
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\@ ﬁ@; ,, Bundle sheath cells —
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*Ring of bundle sheath cells surrounds the vascular bundle = Kranz armngemen‘r*
arrangement *

?Summary: Kranz anatomy = ring of bundle sheath cells around vascular bundleﬁ?]
p, — isolates CO, fixation = C4 pathway R

— eFFiciénf for ho’f/dry conditions \/

i



#* What is C4 Photosynthesus7

* Adaptation to hot, dry environments — reduces photorespiration
* Found in plants like corn, sugarcane, sorghum — warm climate grasses

@ Primary CO, Acceptor (Mesophyll Cells): Y

— Phosphoenolpyruvate (PEP) is the primary CO, acceptor
— PEP is a 3-carbon molecule (3C) “pA() 3-carbon

@ Mesophyll Cells:

— Located in the outer mesophyll cells of the leaf
— Contain enzyme: PEP carboxylase (PEPcase)

— Mesophyll cells LACK (RuBisCO
— PEPcase fixes CO; to PEP —> forms 4-carbon compound: Oxaloacetate (0AA) —>
— OAA is converted into — Malic acid OR Aspartic acid »

v Aspartic acid (4C)
(® Transport to Bundle Sheath Cells: g

— The 4-carbon compounds (malic acud/asparhc acid) are transported
— move via plasmodesmata into bundle sheath cells —

@) Inside Bundle Sheath Cells: @ | MESoPYL CELL |

+ PEP (3€) + €O
— 4-carbon acids are broken down — release CO, + 3-carbon molecule - (PEPcuse)-rOA; (4¢)

— Released CO, is now concentrated inside bundle sheath (co.}

Mali c/Aspamc acid (4C)
(® Calvin Cycle (C3 Pathway) begins: OIO/

BUNDLE SHEATH CELL
— CO; enters the Calvin cycle (C3 pathway) L | B e
— (O, is fixed by RuBlsCO to a 5C RuBP —> makes sugars (G3P) | - CO, released
— Produces glucose & other carbohydrates s pep |~ Calvin Cycle

2| (RuBisCO
(&) Regeneration: (regen)
— The 3-carbon molecule (from breakdown) is transported back to mesophyll cells
—> converted back into PEP using ATP — N\

— PEP is regenerated to continue the cycle "= A Y7

Summary: C4 Cycle . _ e J
Mesophyll (PEPcase) —> fixes CO; to 4C compounds -> transported -> transported
Bund|e Sheath (RuBisCO) —> Calvin cycle — 3C back to PEP

. T - e mm EE mm = mm e o e e e e e e e = = == = = =

1‘_‘ Key Advantage: Concentrates CO, around RuBisCO > less photorespiration — . efficient in hot/dry climates! lJ Dﬁ



C4 Pathway —

Hatch & Slack Pathway

i I T il

Also called the Hatch-Slack Pathway « Adaptation fo hot, dry environments « Reduces photorespiration

Atmospheric CO,

\\/COZ enters Phosphoenol - pyruvate (PEP) + 3C

—~+ HCO3™
(from CO, + H,0, via

carbonic anhydrase)
<—> Phosphoenol -pyruvate Fixation
Enzyme: PEP Carboxylase (PEPcase)

—> C4 acid formed: Oxaloacetate (OAA) « 4C
&1 Converted to: Malate / Aspartate « 4C

..... o
<

Cell wall
—> Plasma membrane

¢ —

Cell wall 2
Mesophyll Cell ©
(Leaf surface /

exposed to air)
\ P

C3 acid Transport <—”

Pyruvate (3C)
transported back
via Plasmodesmata

via Plasmodesmata Plas}:\:c;desmafa
(channels)

C3 acid Regeneration

Pyruvate + ATP + Pi —> PEP
Enzyme: PPDK (Pyruvate, Pi dikinase)
— regenerates PEP using ATP

KEY POINTS:

Z

= (Bundle Sheath Cell

(Surrounds vascular bundle — low 0,)

C4 acid Decarboxylation

Malate / OAA — CO, + C3 acid
\L (Pyruvate « 3C)

CO, released inside bundle
sheath cell

C4 acid Transport®™ L
' i

Fixation by Calvin cycle

CO, + RuBP — 3-PGA —> (ATP/NADPH)
st &> (p/naopH) —> G3P / Sugar
Calvin cycle

—> Glucose / Sucrose produced

o C4 pathway separates CO, fixation (Mesophyll) from Calvin cycle (Bundle Sheath)

e PEPcase has high affinity

for CO, = efficient at low CO; / hot conditions

e Minimizes photorespiration by concentrating CO, around Rubisco

* Example plants: Maize, Sugarcane, Sorghum

. % Advantage: Works better in heat & dry climates vs C3 pathway *




