ABIO CellMetabolism5
Integrated Mesophyll Cell Metabolic Processes Simulation

In a mesophyll cell of a plant leaf, photosynthesis in chloroplasts captures light energy to fix CO, into
sugars (triose phosphates), releasing O, as a byproduct. The cell must then manage and utilize these
photosynthates through other processes. We describe five interrelated processes — cellular respiration,
starch metabolism, sucrose transport, photorespiration, and the day-night cycle — each involving specific
biomolecules and organelles, and each linked to photosynthesis and to each other in maintaining the
cell’'s metabolic balance.

1. CELLULAR RESPIRATION (MITOCHONDRIA)

During cellular respiration, the carbohydrates produced by photosynthesis are oxidized to generate ATP,
the cell’s usable energy. This process occurs mainly in the mitochondria and provides energy for growth
and metabolism, especially at night when photosynthesis is inactive. It is essentially the reverse of
photosynthesis (glucose + O, — CO, + H,O + energy) and, unlike photosynthesis, it can proceed in the
absence of light (occurring both day and night) .

* Biomolecules: Glucose (or other sugars) as the fuel; oxygen (O,) as the electron acceptor; water,
carbon dioxide (CO,), and ATP as end products. Key intermediates include pyruvate (from glycolysis),
NADH/FADH, (electron carriers), and proton gradients driving ATP synthase.

* Organelles: Cytosol (for glycolysis breaking glucose into pyruvate); mitochondria (site of the
Krebs/Citric Acid cycle and oxidative phosphorylation).

* Function: Convert stored chemical energy in sugars into ATP. Glucose is fully oxidized: CH O, +6 O,
— 6 CO, +6 H,O +ATP energy . This “controlled oxidation” releases energy for cellular work, with CO,

and H,O as byproducts.

* Interrelation: Respiration uses the O, produced by photosynthesis and the glucose supplied either
directly from photosynthesis (in the day) or from starch breakdown (at night). It returns CO, to the
internal leaf airspace, which can be re-fixed by photosynthesis when light is available. The continuous
operation of respiration (day and night) helps prevent excess sugar accumulation. If photosynthesis
produces more sugars than respiration (and other uses) can consume, sugar levels build up and will
eventually feedback-inhibit photosynthesis . Conversely, if respiration outpaces sugar supply, the cell will
deplete its reserves . Thus, respiration works in tandem with photosynthesis, balancing energy
production and consumption.

def cellular_respiration(cell, env, time):

Simulate cellular respiration in the mitochondria.
- cell: dict tracking cell state (e.g., 'sugar' and 'ATP' levels).



- env: dict for environmental conditions (e.g., 02 availability).

- time: current time tick (e.g., hour).

Updates cell['ATP'] by consuming cell['sugar']l (glucose) and 02 to produce
energy.

# Ensure the cell has fields for sugar (glucose pool) and ATP

cell.setdefault('sugar', 0.0)

cell.setdefault('ATP', 0.0)

# Determine oxygen availability from environment (use a default if not
specified)

02_available = env.get('02_level', 1.0) # 1.0 could represent normal 02 level

# Set a base respiration rate (amount of sugar to oxidize per tick)
rate = 1.0 # arbitrary unit of sugar per time tick for demonstration
if 02_available <= 0:

# No oxygen means aerobic respiration cannot proceed

return cell

# If sugar is available, oxidize it to produce ATP
sugar_to_use = min(cell['sugar'], rate)
if sugar_to_use > 0:
# Consume sugar and 02
cell['sugar'] —= sugar_to_use
# Produce C02 as a byproduct (could accumulate in env if stomata closed)
env['C02_internal'] = env.get('C02_internal', 0.0) + sugar_to_use # C02
released in cell/leaf
# Generate ATP from the oxidized sugar. Assume ~30 ATP per sugar unit for
simplicity
ATP_yield = 30 *x sugar_to_use
cell['ATP'] += ATP_yield
# (Optionally track water produced or 02 consumed, though not stored in
cell state)
env['02_used'] = env.get('02_used', 0.0) + sugar_to_use # oxygen molecules
used
else:
# If no free sugar, the cell might mobilize starch (handled in starch
metabolism function)
pass
return cell

Comments on the model: The cellular_respiration function above reduces the cell’s sugar reserve to
generate ATP. It assumes oxygen is available (env['O2_level]) — at night, even though stomata may be
closed, intracellular O, can often still support respiration. CO, released (env['COZ2_internal') will
accumulate if stomata are closed, raising internal CO, concentration until stomata reopen. In a full
simulation, this function would be called every tick; during the day, photosynthesis replenishes



cell['sugar’] as respiration uses it, and at night, starch breakdown (see below) supplies sugar to keep
respiration going.

2. STARCH SYNTHESIS AND STORAGE (CHLOROPLAST)

Not all sugar produced in the day is immediately used or exported. Plants polymerize excess
photosynthate into starch in the chloroplast stroma during the day, creating an insoluble, osmotically
inert storage molecule. This transitory starch serves as a carbohydrate reserve that can be broken
down at night to release sugars . Thus, starch metabolism buffers the day-night fluctuations in sugar
availability, preventing excess sugars from accumulating in the day and providing fuel for respiration and
export at night.

* Biomolecules: Glucose (in the form of ADP-glucose is the activated building block for starch),
assembled into starch polymers (amylose and amylopectin). Enzymes include ADP-glucose
pyrophosphorylase (initial step), starch synthases and branching enzymes (for synthesis), and starch
phosphorylase, amylases, and debranching enzymes (for nighttime degradation). The breakdown yields
maltose, glucose, or other soluble sugars.

* Organelles: Chloroplast (starch granules form in the chloroplast stroma during the day and are
degraded there at night). The cytosol may also receive some of the breakdown products (exported as
maltose or glucose) for further metabolism.

* Function: Capture excess carbon in an insoluble storage form during periods of high photosynthesis,
and remobilize it when photosynthesis ceases. During the day, a portion of Calvin cycle triose-
phosphate is diverted to starch synthesis in the chloroplast. At night, starch is hydrolyzed to sugars that
maintain metabolism in the absence of photosynthesis .

* Interrelation: This process is directly fed by photosynthesis — starch is formed from intermediates of
the Calvin—Benson cycle in the light . It safeguards the cell from sugar overflow, which could cause
feedback inhibition of photosynthesis or excess osmotic pressure. At night, the starch-derived sugars
support mitochondrial respiration (providing ATP) and also serve as substrates for sucrose synthesis for
export . The timing is tightly regulated so that the starch reserve lasts until dawn, ensuring a continuous
energy supply through the night. If the day is shorter or photosynthesis is less productive, less starch is
accumulated, and the plant may risk running out of reserves before next morning; conversely, long,
bright days lead to more starch storage. The day-night cycle (next section) controls when starch
accumulation vs. breakdown is active.

def starch_synthesis_and_storage(cell, env, time):

Simulate transitory starch metabolism in a chloroplast.

- cell: state with 'sugar' (free sugar pool) and 'starch' storage.

— env: environment with 'light' indicating daytime.

— time: current time tick.

Stores excess sugar as starch during the day, and breaks down starch into sugar
at night.



# Ensure cell has sugar and starch fields
cell.setdefault('sugar', 0.0)
cell.setdefault('starch', 0.0)
if env.get('light', False):
# Daytime: photosynthesis is providing sugar. Store excess sugar as starch.
# Define an arbitrary threshold for how much sugar the cell tries to
maintain before storing
sugar_threshold = 5.0
if cell['sugar'] > sugar_threshold:
# Convert some of the excess sugar into starch
excess = cell['sugar'] - sugar_threshold
cell['starch'] += excess # add to starch reserve
cell['sugar'] = sugar_threshold # maintain baseline sugar, store the
rest
# (In reality, starch synthesis involves enzymes like ADP-glucose
pyrophosphorylase)
else:
# Nighttime: no photosynthesis, starch is mobilized to sugar
if celll'starch'] > 0:
# Determine amount of starch to break down this tick (e.g., aim to use
it up by dawn)
breakdown_rate = 1.0 # how much starch to convert per tick
starch_to_convert = min(cell['starch'], breakdown_rate)
cell['starch']l -= starch_to_convert
cell['sugar'] += starch_to_convert # release sugar from starch
# (In reality, starch breakdown yields maltose/glucose exported to
cytosol for respiration)
return cell

Comments on the model: The starch_synthesis_and_storage function uses the env['light'] flag to decide
whether to store or mobilize carbohydrates. In daylight, any cell['sugar'] above a set threshold is diverted
into cell['starch']. This represents chloroplasts polymerizing excess glucose into starch granules when
photosynthesis rates are high. At night (env['light'] == False), the function simulates starch degradation
by reducing cell['starch'] and adding equivalent amount to cell['sugar']. In a full model, this sugar then
becomes available for respiration and sucrose export during the night. The breakdown rate could be
tuned such that starch reserves deplete by dawn (reflecting real plants, which often consume ~95% of
their starch by dawn under normal conditions). This coordination is typically regulated so that starch
consumption follows an almost linear trajectory overnight, preventing both early exhaustion and leftover
starch . The simple model above just uses a fixed rate for illustration.

3. Sucrose TRANSPORT (PHLOEM LOADING)

Photosynthetic mesophyll cells not only meet their own energy needs but also export surplus sugar to
the rest of the plant. Sucrose — a disaccharide of glucose and fructose — is the primary form in which



carbohydrate is translocated through the phloem to reach non-photosynthetic “sink” tissues (such as
roots, developing fruits, or young leaves) . In source leaves, sucrose is synthesized in the cytosol from
Calvin cycle products and then loaded into the phloem. Effective sucrose export prevents sugar
accumulation in the leaf and allows continued high rates of photosynthesis.

» Biomolecules: Triose phosphates (e.g. glyceraldehyde-3-phosphate) from the Calvin cycle are the
starting point. They are combined to form hexose phosphates (fructose-6-phosphate, glucose-6-
phosphate) and then sucrose-6-phosphate, which is dephosphorylated to yield sucrose . Enzymes
include sucrose phosphate synthase (SPS) and sucrose phosphate phosphatase (SPP) for
sucrose synthesis. Once formed, sucrose is exported — transport proteins (like SWEET exporters and
Sucrose-H* symporters) in the cell membrane move sucrose into the phloem apoplast and then into
phloem sieve elements.

* Organelles: Cytosol of mesophyll cell (where sucrose is synthesized from chloroplast-exported triose-
P). The chloroplast indirectly contributes by exporting triose phosphates (via a phosphate translocator).
The phloem (specifically, sieve tubes and companion cells at the leaf vein) is the conduit for long-
distance sucrose transport; loading occurs at the interface of mesophyll and phloem tissue.

* Function: Package and distribute energy-rich carbon in a form that is stable and transportable.
Sucrose is less reactive than glucose and can be moved in high concentrations. By exporting sucrose,
the leaf supplies the rest of the plant with energy and building blocks. It also avoids excess internal
sugar that could create osmotic issues or signal the plant to down-regulate photosynthesis. Sucrose
export is therefore critical for maintaining the source-sink balance.

* Interrelation: Sucrose synthesis is directly fueled by photosynthesis: the triose-P exported from
chloroplasts is used to generate sucrose in the cytosol . A portion of the photosynthetic output is
continually diverted to sucrose (especially in the daytime when light supply is ample). If the plant’s
immediate energy needs are low, more of the carbon is sent to sucrose (and starch) rather than being
respired. The process is also coordinated with starch storage — typically, when sucrose export is limited
(e.g., if sinks are saturated or transporters are inhibited), more starch accumulates in the leaf as a
backup . Efficient sucrose export allows the leaf to keep photosynthesis running at high rates by
preventing end-product inhibition due to sugar buildup . Thus, sucrose transport works hand-in-hand
with starch storage and respiration to manage the distribution of the photosynthates. The energy for
actively loading sucrose into phloem (in many plants) comes from ATP (proton pumps), linking to the
ATP produced by respiration.

def sucrose_transport(cell, env, time):

Simulate sucrose synthesis and export from a mesophyll cell to the phloem.

- cell: state with 'sugar' (pool of glucose/fructose available) and optionally
'sucrose' produced.

— env: environment dict, using 'phloem_sucrose' to accumulate exported sucrose.

— time: current time tick.

Converts some of the cell's sugar into sucrose and exports it (removing from
cell to phloem).



cell.setdefault('sugar', 0.0)

cell.setdefault('sucrose', 0.0)

env.setdefault('phloem_sucrose', 0.0)

# Determine how much sugar can be converted to sucrose this tick

# (Assume rate depends on sugar availability and maybe time of day if needed)

conversion_rate = 2.0 # amount of sugar that can be converted to sucrose per
tick

if cell['sugar'] <= 0:

return cell # no sugar to convert

# Convert sugar to sucrose (for simplicity, treat 1 unit sugar —> 1 unit
sucrose)

sugar_for_sucrose = min(cell['sugar'], conversion_rate)

cell['sugar'] —-= sugar_for_sucrose

cell['sucrose'] += sugar_for_sucrose # sucrose synthesized in cytosol

# Export the sucrose to phloem (remove from cell storage and add to env phloem)

env['phloem_sucrose'] += cell['sucrose']

cell['sucrose'] = 0.0 # assume immediate export each tick after synthesis

# (In reality, some sucrose might temporarily accumulate in the cell or
vacuole)

return cell

Comments on the model: In sucrose_transport, we simulate that a portion of the available cell['sugar’] is
converted to sucrose each tick (via SPS/SPP pathway) and then immediately exported out of the cell.
We track the exported sucrose in env['phloem_sucrose'] to represent sucrose loading into the phloem.
In reality, sucrose export can be passive or active: many plants load sucrose into phloem using an active
sucrose-H* symporter in companion cells . Here we simplify by directly transferring it. This process
would predominantly occur in the daytime when sugars are being produced, but it can continue into the
early night using sugars from starch breakdown. Indeed, at night, starch-derived glucose can be
converted to sucrose and exported to sinks , ensuring that growth in other organs isn’t halted. The code
above does not explicitly depend on env['light], meaning sucrose export can happen whenever sugar is
available (day or night). One could refine it by, for example, reducing conversion_rate at night or when
cell['sugar’] is low, to reflect that export might slow if supply is limited or if the plant prioritizes its own
respiration first.

4. PHOTORESPIRATION (CHLOROPLAST—PEROXISOME—MITOCHONDRIA INTERACTION)

Photorespiration is a secondary pathway that occurs when the enzyme RuBisCO — which normally
fixes CO, in the Calvin cycle — instead binds O, (a situation favored by high O /low CO, conditions).
Photorespiration is considered a metabolic salvage process: O, fixation produces 2-phosphoglycolate, a
toxic two-carbon molecule that the plant must recycle. The salvage pathway spans three organelles:
chloroplasts, peroxisomes, and mitochondria, and ultimately converts 2-phosphoglycolate into 3-
phosphoglycerate (which re-enters the Calvin cycle) with the release of CO, and NH_ . This process
“rescues” some carbon but is energy-expensive and leads to loss of about 25% of the carbon fixed by
the light reactions, making it a wasteful side-reaction of photosynthesis .



* Biomolecules: Ribulose-1,5-bisphosphate (RuBP) and O, are the substrates for the RuBisCO
oxygenase reaction, yielding one molecule of 3-phosphoglycerate (3-PGA) and one molecule of 2-
phosphoglycolate. Key intermediates: glycolate (exported from chloroplast), glyoxylate, glycine and
serine (amino acids in mitochondria/peroxisome), and byproducts CO, and ammonia (NH,) from
mitochondrial glycine decarboxylation. Enzymes: RuBisCO (with oxygenase activity), glycolate
oxidase (in peroxisome, converts glycolate to glyoxylate, producing H,O, broken down by catalase),
glutamate:glyoxylate aminotransferase (peroxisome, producing glycine), glycine decarboxylase
complex (mitochondrion, converts 2 glycine to serine + CO, + NH,), and serine:glyoxylate
aminotransferase (peroxisome, converting serine back to hydroxypyruvate/glycerate). Finally, glycerate
is transported back to the chloroplast and phosphorylated to 3-PGA.

* Organelles: Chloroplast (where RuBisCO oxygenation occurs and 2-phosphoglycolate is
dephosphorylated to glycolate), peroxisome (processes glycolate to glycine, producing H,0, and then
converting to serine), and mitochondrion (combines two glycine into serine, releasing CO, and NH,) .
The pathway shuttles metabolites between these organelles through membrane transporters.

* Function: Salvage carbon from the unwanted oxygenation reaction of photosynthesis.
Photorespiration is light-dependent (it starts with RuBisCO acting in the light) and is essentially a CO,-
recycling mechanism that prevents the accumulation of toxic glycolate. However, it reduces
photosynthetic efficiency by wasting energy and carbon: about 25% of carbon fixed by the Calvin
cycle can be re-released as CO, via photorespiration in C, plants , and the process uses ATP and
NADPH (e.g., to convert hydroxypyruvate to glycerate) and incurs the cost of reassimilating NH, .

* Interrelation: Photorespiration directly competes with the Calvin cycle of photosynthesis because both
use RuBP and RuBisCO. It is triggered under conditions of low internal CO, and high O,, such as
when stomata are partially or fully closed on a bright day (to conserve water) or when temperature is
high (CO, becomes less soluble than O,). When stomata close and CO, is depleted, the O, generated by
light reactions builds up and RuBisCO increasingly catalyzes oxygenation . The CO, released by
photorespiration can somewhat mitigate carbon starvation in the chloroplast by being refixed if stomata
remain closed, but often this CO, simply dissipates or accumulates until it can diffuse out.
Photorespiration also interacts with mitochondrial respiration: both produce CO, in the light, and the NH,
from photorespiration must be reassimilated via the photorespiratory nitrogen cycle, which consumes
ATP/reducing power usually supplied by photochemical energy or respiration. In summary,
photorespiration is an outcome of the photosynthesis environment — it ramps up when photosynthesis is
carbon-limited — and while it reduces net carbon gain, it may also play protective roles (preventing over-
reduction of the photosynthetic electron chain when CO, is limiting, and interacting with nitrogen
metabolism). Any change in the day-night cycle or stomatal behavior (next section) that affects internal
CO,/0, will modulate the rate of photorespiration.

def photorespiration(cell, env, time):
Simulate photorespiration in a mesophyll cell.
- cell: state (could track RuBP or a counter for photorespiratory events).
- env: environment with 'light' and 'stomata_open' (which affects C02 levels).
— time: current time tick.



If light is present but C02 is low (e.g., stomata closed), simulate the
occurrence of photorespiration.
cell.setdefault('photorespiration_count', 0)
# Photorespiration only occurs in the light (requires RuBisCO active and 02
presence)
if not env.get('light', False):
return cell
# Determine C02 availability: if stomata are closed, C02 can't enter, likely
triggering photorespiration
C02_available = env.get('C02_level', 1.0) # 1.0 = sufficient C02, low value =
C02 limited
if env.get('stomata_open', True):
# If stomata are open, assume ample C02 (photorespiration minimal)
return cell
# If we reach here: light is on, but stomata are closed —> low C02, high 02 in
leaf —> photorespiration
# Simulate the photorespiratory event:
cell['photorespiration_count'] += 1 # count this event (could represent
RuBisCO oxygenation occurrences)
# Wastes some of the sugar (or RuBP) without net gain, and releases (02
internally
wasted_carbon = 1.0 # units of carbon (RuBP) wasted in this tick due to
oxygenation
# Remove that carbon from the sugar pool (as it will not become triose-P for
sugar)
if cell.get('sugar', @) > 0:
cell['sugar'] —= min(cell['sugar'], wasted_carbon)
# Generate C02 as a result of the glycolate pathway (release C02 in
mitochondrion)
env['C02_internal'l = env.get('C02_internal', 0.0) + 0.5 # e.g., release 0.5
units C02
# (Also produce ammonia NH3, which would need to be reassimilated, not modeled
here)
# Photorespiration also costs energy (ATP/NADPH), which could be reflected by
draining cell['ATP'] slightly.
cell['ATP'] = max(0.0, cell.get('ATP', 0.0) - 1.0) # consume some ATP in the
salvage process
return cell

Comments on the model: The photorespiration function is triggered only when env['light'] is true
(daytime or high light) and the stomata are closed (env['stomata_open'] == False), which implies the
internal CO, has likely dropped. In that scenario, we increment a cell['photorespiration_count’] to track
that a photorespiratory event occurred. We then simulate the consequences: some amount of carbon
that would have gone into sugars is now wasted (we subtract a small amount from cell['sugar'] to
indicate loss of carbon fixation potential), and we release a bit of CO, into the internal environment



(env['CO2_internal'l). We also optionally decrease cell['ATP'] to model the energy cost of processing
glycolate (the actual costs include ATP and NADPH consumption ). The specific values (e.g., 1.0 unit
wasted carbon, 0.5 CO, released) are chosen arbitrarily for demonstration. In reality, for each 2 O,
molecules oxygenated (two photorespiration cycles processing two 2-phosphoglycolates), one CO, and
one NH, are released in mitochondria , and ATP/NADPH are consumed in converting the salvaged
carbon back to 3-PGA. In a full simulation, this function would reduce the net sugar output of
photosynthesis — one could integrate it such that if photorespiration happens, the photosynthesis
function produces less sugar or even call this function from within a photosynthesis routine when CO, is
limiting. Here we keep it separate for clarity. The wasteful nature of photorespiration is captured by the
wasted_carbon removal and energy penalty. Over time, if many ticks have stomata closed under light,
photorespiration_count will accumulate, indicating stress (the plant losing carbon). Opening stomata (or
transitioning to night) would stop further photorespiration events.

5. DAY-NIGHT CycLE (ENVIRONMENTAL TRANSITIONS)

Plants experience a daily cycle of light and dark, which affects internal physiology profoundly. The day-
night cycle controls environmental parameters such as light availability and atmospheric gas exchange
(via stomatal opening and closing). In our mesophyll cell model, we simulate these oscillating conditions
to drive the other processes at appropriate times. During the day (light period), light intensity is high and
stomata open to allow CO, in for photosynthesis (at the cost of water loss via transpiration). During the
night (dark period), light-driven photosynthesis ceases, and stomata generally close to conserve water,
limiting gas exchange. Many plants show a characteristic stomatal rhythm: stomata open in the morning,
may partially close at midday if it's hot/dry, open again in late afternoon, and close by evening . Our
simulation will simplify this to a binary cycle of day (light on, stomata open) and night (light off, stomata
closed). These environmental switches orchestrate the timing of photosynthesis and the associated
metabolic flows described above.

» Biomolecules: (Not a metabolic pathway per se, but key signaling molecules and conditions change.)
Light (photons) as the energy source for photosynthesis; CO, and O, levels in the leaf airspaces; water
vapor (transpiration) and possibly hormones like ABA (abscisic acid) that increase in drought at midday
to force stomata closure. The day-night cycle also ties into circadian clock genes and metabolites (e.g.,
dawn accumulation of sugars, nighttime accumulation of certain transcripts), but those details are
beyond this scope.

* Organelles: The whole cell and leaf are affected. Chloroplasts respond to light (initiating
photosynthetic electron transport in day, shutting down in dark). Guard cells (in the leaf epidermis, not
the mesophyll cell itself) are crucial as they control stomatal aperture in response to light signals and
internal CO, levels. Mitochondria adjust from a state of net O, consumption (day and night) to possibly
low-O, conditions in night if stomata fully closed. Peroxisomes and mitochondria see increased flux in
photorespiration during high-light with low CO, (often midday).

* Function: Coordinate all other processes with the external light/dark cycle. In the light phase, enable
photosynthesis (light on) and gas exchange (stomata open) — this triggers sugar production, starch
storage, and sucrose export. In the dark phase, halt light-dependent sugar production, close stomata to
retain water, and switch the metabolism to consumption mode — stored starch is degraded to sugars,
and mitochondria become the sole source of ATP (via respiration). The day-night cycle function in our



model will modify env conditions each tick, such as toggling env['light'] and env['stomata_open'], and
could also adjust factors like temperature or humidity if needed.

* Interrelation: This cycle essentially provides the time cues for the other four processes.
Photosynthesis (not explicitly coded here but assumed) occurs only when env['light'] is true (daytime).
The starch synthesis function uses env['light’] to decide whether to store or mobilize starch. The
sucrose transport is most active in day when sugars are abundant, though it continues at night using
starch-derived sugar. Respiration happens at all times, but the balance of sugar supply vs. demand
shifts: at day, some respiratory CO, might be immediately re-fixed by chloroplasts; at night, CO,
accumulates internally as stomata are closed. If the night is long or starch reserves run low, respiration
may become substrate-limited by dawn. Photorespiration is directly affected by the day-night cycle: it
requires light (so it’s inactive at night) and is exacerbated by conditions often encountered during the
day (bright light causing high O, production and, if stomata close due to water stress, low CO,). If the
environment transitions to darkness, photorespiration ceases immediately (no RuBisCO activity in dark).
Moreover, the opening and closing of stomata modulate internal CO, levels: extended closure (e.g., at
night or midday drought) will cause CO, depletion that limits photosynthesis . When stomata reopen
(morning or after a midday respite), CO, rushes in, allowing photosynthesis to resume and
photorespiration to drop. The day-night cycle therefore drives a dynamic equilibrium: day processes
build up energy stores and biomass, while night processes draw on reserves, all synchronized with the
24-hour rhythm.

def day_night_cycle(cell, env, time):

Update environmental conditions to simulate day-night transitions.

cell: the cell state (not directly modified here, but could track circadian
info).

— env: environment dict with at least 'light' and 'stomata_open'.

- time: current time tick (assume each tick is one hour for a 24h cycle).

This function toggles 'light' and 'stomata_open' based on time of day.

# Determine phase of a 24-hour cycle (assuming time=@ at midnight for example)

hour = time % 24 # wrap around every 24 ticks

# Simple model: day from 6 to 18 (6 AM to 6 PM), night from 18 to 6.

if 6 <= hour < 18:

env['light'] = True # Sunlight present

env['stomata_open'] = True # Stomata open during the day
else:

env['light'] = False # No sunlight

env['stomata_open'] = False # Stomata closed at night
# We can also simulate intermediate behavior (optional):
# e.g., at noon (hour ~12) perhaps env['C02_level'l is high (photosynthesis
drawing down C02),
# or at midday if we wanted to simulate partial closure:
# if hour == 12: env['stomata_open'] = False (simulate midday stomatal closure
in extreme heat)



# For simplicity, we omit that detail here.
# Return env (not strictly necessary as dict is modified in place)

return env

Comments on the model: The day_night_cycle function uses the time tick (treated as hours on a 24-
hour clock) to set environmental conditions. In this example, we assume day starts at tick 6 and ends at
tick 18 (12 hours of daylight). When env['light'] is set to True, the other processes (photosynthesis, etc.)
will act accordingly. We also tie stomatal behavior to light: stomata open during the day and close at
night, a common pattern for C_ plants . This means during the night, env['CO2_level’] inside the leaf will
rise as respiration adds CO, in a closed system, and env['O2_level'] might drop as O, is used (we did
not explicitly simulate these gas concentrations except in passing). In the day, with stomata_open, we
can assume external CO, is ample (we set env['CO2_level'] implicitly high by the open stomata flag) and
O, produced can diffuse out. The code could be extended to adjust actual CO,/O, numeric levels or to
include a gradual light increase in morning and decrease in evening, but the binary switch is a
simplification.

By running this day_night_cycle each tick before the other processes, the simulation ensures the
environment is set appropriately. For example, at tick 6, light becomes True and triggers photosynthesis
to start producing sugar; starch synthesis starts storing sugar; sucrose transport begins exporting;
respiration continues (now with new sugar supply); photorespiration might occur if at some tick stomata
are closed while light is True (not in this simple schedule unless we implement midday closure). At tick
18, light goes False, so photosynthesis stops; stomata close (no fresh CO, coming in); immediately,
starch breakdown kicks in to supply sugar; respiration uses that sugar and produces CO, that
accumulates; sucrose can still be exported from the night-time sugar pool. Such a cycle would repeat
daily.

Finally, it's worth noting that plants have an internal circadian clock that anticipates these changes —
many reactions don’t simply turn on/off instantly but are gradually regulated. For instance, as evening
approaches, the plant may start tuning down photosynthesis and activating starch degradation enzymes
in preparation for night. Our model abstracts these as immediate changes for simplicity.

In summary, these five processes form an integrated network within a mesophyll cell:
* Photosynthesis (previously defined) captures energy and carbon in the day.

* Respiration runs continuously to provide energy, using the products of photosynthesis and returning
CO,.

« Starch metabolism balances carbon flow between day and night, storing sugars produced in excess
and releasing them when needed .

» Sucrose transport exports excess sugars to the rest of the plant, which prevents sugar overload and
supports growth elsewhere .



* Photorespiration acts as a photo-protective salvage pathway when conditions aren’t optimal for
carbon fixation, at an energetic cost .

* Day-night environmental cycling drives the shifts in all these processes, coordinating them with the
external light cycle .

Each function above updates a shared cell state (and in some cases env state), illustrating how the
mesophyll cell’s internal state evolves over time in response to both metabolic and environmental
changes. By calling these functions iteratively over time ticks (e.g., in a loop for several days worth of
hours), one could simulate the diel (24h) rhythms of leaf metabolism — seeing starch accumulate by day
and deplete by night, sucrose flow to the phloem, ATP production fluctuating with respiration, and
photorespiration spiking when simulated conditions cause stomatal closure under illumination. This
integrative model demonstrates the interplay of key processes that sustain the plant’s energy balance
and growth.
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