Biological Mechanisms of Postharvest
Ethylene Production and Structural
Mitigation Strategies in Subterranean
Root Cellars

The co-storage of postharvest agricultural commodities presents a highly complex
physiological and thermodynamic challenge. Climacteric fruits, such as apples and tomatoes,

synthesize and emit significant volumes of ethylene gas (O2 Hy ) as a natural byproduct of
their ripening and senescence phases'. When enclosed in unventilated or poorly managed
storage environments, this volatile phytohormone accumulates to phytotoxic levels,
subsequently acting upon non-climacteric stored commodities such as root vegetables. In root
crops like carrots and potatoes, exogenous ethylene triggers profound metabolic shifts,
inducing bitter isocoumarin accumulation, breaking or altering dormancy, and accelerating
cold-induced sweetening”.

To engineer an effective subterranean root cellar—particularly in the specific geotechnical and
climatic context of Berlin, Germany—it is necessary to synthesize an understanding of plant
biochemistry with advanced structural and thermodynamic engineering. The facility must
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maintain a precise microclimate of with relative humidity, while
simultaneously purging metabolic gases’. This exhaustive analysis details the molecular biology
of ethylene synthesis and signal transduction, the biochemical spoilage mechanisms induced in
root vegetables, and the requisite structural, aerodynamic, and geotechnical countermeasures
dictated by European standards (such as DIN 18533 and DIN EN 1997-1) to ensure the
long-term preservation of mixed agricultural harvests.

The Molecular Biology of Ethylene Biosynthesis in
Climacteric Fruits

Ethylene is a simple gaseous unsaturated hydrocarbon that serves as an essential
phytohormone, regulating a myriad of plant developmental processes, from seed germination
and leaf abscission to the response to abiotic stress’. In climacteric fruits, the biological
generation of ethylene is characterized by two distinct regulatory systems'. System 1
represents the basal, autoinhibitory state present in preclimacteric fruit and vegetative tissues,
wherein exogenous ethylene actively suppresses the transcription of endogenous biosynthetic
enzymes'.

As the fruit reaches physiological maturity, a developmental transition shifts the tissue into
System 2, initiating an autocatalytic surge in ethylene production’. During this climacteric
phase, transcription factors such as RIN-MADS (a MADS-box transcription factor that targets
promoter regions) and HB-1 interact directly with the promoters of biosynthetic genes,



triggering an explosion in enzymatic synthesis'®. Once System 2 is engaged, any localized
accumulation of ethylene within a confined storage environment acts as a positive feedback
loop, radically accelerating the ripening and senescence of the surrounding biological matter'.

The Methionine Pathway and the Yang Salvage Cycle

The biochemical synthesis of ethylene is a highly regulated, ATP-dependent pathway that
initiates with the sulfur-containing amino acid methionine'®. Methionine is first converted into
S-adenosyl-L-methionine (SAM) via the enzyme SAM synthetase, a reaction that consumes
one molecule of ATP'®, Because the intracellular pool of free methionine is highly limited and
the rate of ethylene emission during the climacteric peak is immense, the plant cannot rely
solely on the de novo synthesis of this amino acid.

To sustain autocatalytic ethylene production, climacteric fruits utilize a vital recycling
mechanism known as the Methionine Salvage Pathway, or the Yang Cycle'. During the
subsequent enzymatic conversion of SAM, a byproduct known as 5-methylthioadenosine
(MTA) is generated’. Through a series of phloem-specific enzymatic reactions—often involving
5-methylthioribose kinase (MTK1)—MTA is efficiently recycled back into methionine. This
continuous recycling ensures that the essential sulfur group is conserved, allowing the fruit
tissue to maintain extreme rates of ethylene production without exhausting its primary amino
acid reserves'®.

ACC Synthase (ACS): The Rate-Limiting Step

The first committed and historically considered rate-limiting step in ethylene biosynthesis is the
conversion of SAM to 1-aminocyclopropane-1-carboxylic acid (ACC), catalyzed by the enzyme
1-aminocyclopropane-1-carboxylate synthase (ACS; EC 4.4.1.14)°. ACS is a cytosolic enzyme

belonging to the @ -elimination class of pyridoxal-5'-phosphate (PLP)-dependent lyases'.
PLP, the active form of Vitamin Bé, acts as a critical electron sink during the reaction, stabilizing
the conjugate base and countering the excess electron density generated during
deprotonation'.

The catalytic mechanism of ACS is initiated when the aldehyde group of the PLP coenzyme

forms a Schiff base (an internal aldimine linkage) with the € -amino group of a highly conserved
lysine residue, specifically Lys278, within the enzyme's active site’. Upon the entry of the
substrate SAM, an imine exchange occurs, transferring the Schiff base from Lys278 to the
amino group of SAM, forming an external aldimine®’. A subsequent deprotonation generates a
quinonoid intermediate"”.

Crucial to this cyclization reaction is a highly conserved tyrosine residue (Tyr152). Molecular
models, crystallography, and site-directed mutagenesis studies on tomato ACS (LeACS2)
demonstrate that the hydroxyl group of Tyr152 plays an essential role in stabilizing the ring
formation". Tyrosine facilitates the nucleophilic attack that cleaves the sulfur-bound carbon,
releasing MTA and closing the three-membered cyclopropane ring of ACC".
Post-translational regulation of ACS is highly sophisticated, determining the lifespan and
activity of the enzyme. ACS enzymes are categorized into three distinct types based on their



C-terminal phosphorylation sites. Type 1 ACS contains both Calcium-Dependent Protein Kinase
(CDPK) and Mitogen-Activated Protein Kinase (MAPK) target sites; phosphorylation by these
kinases significantly boosts enzyme stability and ethylene production’. Type 2 ACS contains
only CDPK sites and is heavily regulated by ETO1-containing E3 ubiquitin ligases, which target
the enzyme for rapid proteasomal degradation via the TOE domain unless phosphorylation
prevents ubiquitination'. Type 3 ACS lacks these C-terminal regulatory sites entirely™.

Furthermore, ACS exhibits dual enzymatic behavior, possessing Cﬂ -8 lyase activity in
addition to its primary function, allowing it to cleave cystine into thiocysteine, ammonia, and
pyruvate?.

ACC Oxidase (ACO): The Final Oxidation

The terminal step of ethylene biosynthesis is catalyzed by 1-aminocyclopropane-1-carboxylate
oxidase (ACO; EC 1.4.3.3), which converts ACC into ethylene, carbon dioxide (002 ), and

hydrogen cyanide (HCN)’. The toxic HCN byproduct is rapidly detoxified by p -cyanoalanine
synthase to prevent cellular damage, but it also acts to continuously activate the ACO enzyme
during reaction turnover?. Accumulating evidence indicates that under specific physiological
conditions, ACO, rather than ACS, becomes the rate-limiting factor in ethylene production’.
Unlike ACS, ACO is a non-heme iron(ll)-dependent oxygenase?®’. The enzyme requires absolute

structural and chemical prerequisites to function: an active site containing a

2+
"2-His-1-carboxylate facial triad" that binds a single ferrous ion (Fe ), molecular oxygen (

2) as an electron acceptor, and ascorbate acting as a two-electron donating co-substrate®.

(HCO*

Furthermore, ACO requires bicarbonate 3 ) or carbon dioxide as a critical activator;
empirical evidence points to specific basic residues, such as Arg175, acting as the necessary
binding site for this bicarbonate activation?®.

The Michaelis-Menten kinetic parameters of ACO suggest that the enzyme exhibits a relatively

low affinity for ACC. In vitro studies on plant ACO reveal an apparent Ko of approximately
-1 731
156 + 8.3 M for ACC, with a Vinaa of 5.4+ 0.08 mmol g—* h on a fresh

matter basis®. The reaction pathway initiates when ACC and ascorbate bind to the active site,

causing the iron center to become five-coordinate?. This allows 0, to bind and activate,
forming a high-valent iron(IV)-oxo species that abstracts an electron from the amine of the
ACC substrate, generating a radical cation”. A structural rearrangement ensues, leading to the
fragmentation of the cyclopropane ring into ethylene and cyanoformic acid, the latter

spontaneously degrading into CO, and cyanide®’. Because ACO fundamentally relies on
ascorbate and molecular oxygen, placing climacteric fruit in ultra-low oxygen (ULO)
environments directly deprives ACO of its requisite electron acceptor, effectively halting the



final biochemical step of ethylene synthesis*.
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Ethylene Perception and the Signal Transduction

Cascade

The mechanism by which plant tissues perceive and respond to ethylene is a linear,
de-repressive signal transduction cascade'’. Ethylene perception occurs at the endoplasmic
reticulum (ER) membrane via a family of highly specific receptor proteins, the most extensively
characterized being ETR1 (Ethylene Response 1), alongside ERS1, ETR2, ERS2, and EIN4"".

The ETR1 Receptor and Copper Coordination
The ETR1 receptor functions as a homodimer and contains a highly conserved ethylene-binding
domain (EBD) situated within its three N-terminal transmembrane helices®. The functional

+

capacity to bind ethylene is entirely dependent on a single copper (
within the hydrophobic pocket of the receptor dimer“°. Molecular modeling and site-directed
mutagenesis demonstrate that the copper ion is coordinated by a cysteine residue (Cysé5) and

) cofactor located



a histidine residue (Hisé?) on transmembrane helix Il, alongside a critical aspartate residue
(Asp25) on helix I*°. The etr1-1 mutation, a well-documented genetic variation where Cysé5 is
substituted with tyrosine, completely abolishes the receptor's ability to chelate copper,
rendering the plant dominantly insensitive to ethylene®°.

The De-Repression Mechanism

In the absence of ethylene, the ETR1 receptor is in an active "on" state®. In this conformation,
the receptor actively recruits and stimulates a Raf-like serine/threonine protein kinase called
Constitutive Triple Response 1 (CTR1)"". Active CTR1 continually phosphorylates the
ER-localized transmembrane protein Ethylene Insensitive 2 (EIN2) at specific residues (Ser645
and Ser924)**. This phosphorylation serves as an inhibitory mark, targeting EIN2 for rapid
degradation via the 26S proteasome by the F-box proteins ETP1 and ETP2, thereby completely
silencing the ethylene response®.

When ethylene gas permeates the cellular space and binds to the copper cofactor in the ETR1
receptor, it induces a conformational change that inactivates the receptor®’. Consequently,
CTR1 is deactivated, and EIN2 is no longer phosphorylated*. The stabilization of EIN2 allows an
unknown cytoplasmic protease to cleave its cytosolic C-terminal end domain (CEND)*.

The liberated EIN2-CEND translocates into both the nucleus and specific cytoplasmic foci
known as P-bodies**. In the P-bodies, EIN2-CEND binds to the 3' untranslated regions (3'UTRs)
of the mRNAs encoding the F-box proteins EBF1 and EBF2, effectively repressing their
translation®. Concurrently, in the nucleus, the absence of EBF1 and EBF2 prevents the
continuous proteasomal degradation of the master transcription factors EIN3 and EIL1*. The
rapid accumulation and stabilization of EIN3/EIL1 directly activates the transcription of
hundreds of downstream ethylene-responsive genes, unleashing the vast array of biochemical
changes associated with ripening, senescence, and stress responses*.

Ethylene-Induced Phytotoxicity in Stored Root
Vegetables

If metabolic gases generated by climacteric fruits are not purged from a mixed agricultural root
cellar, exogenous ethylene will readily diffuse into the surrounding non-climacteric root
vegetables. Because root vegetables are metabolically active tissues, the perception of
ethylene via their own ETR1-homologous receptors initiates a cascade of severe biochemical
stress responses that rapidly degrade their organoleptic and commercial qualities®.
Isocoumarin Synthesis and Bitterness in Carrots

Carrots (Daucus carota L.) are exceptionally susceptible to exogenous ethylene exposure,
which triggers the massive accumulation of bitter, phenolic secondary metabolites®. The

primary compound responsible for this bitter off-flavor is a phytoalexin with a
dihydro-isocoumarin skeleton known as 6-methoxymellein (6-MM), structurally defined as

8-hydroxy-6-methoxy-3-methyl-3,4-dihydroisocoumarin ( CiHi204 ).
Under standard subterranean storage conditions, 6-MM levels in healthy carrots remain



negligible*’. However, exogenous ethylene acts as a potent biological elicitor, tricking the carrot
tissue into initiating a comprehensive pathogen-defense response”. The activated ethylene
signal transduction pathway upregulates the phenylpropanoid and polyketide biosynthetic
pathways. Specifically, ethylene exposure significantly increases the enzymatic activity of
phenylalanine ammonia-lyase (PAL), the gateway enzyme responsible for the deamination of
phenylalanine to cinnamic acid, driving phenolic synthesis®.

Downstream in the pathway, ethylene induces the expression of 6-hydroxymellein synthase, a
multifunctional polyketide synthase that constructs the foundational isocoumarin ring
structure®®. Subsequently, the enzyme 6-hydroxymellein-O-methyltransferase catalyzes the
critical methylation step that converts 6-hydroxymellein to the final 6-MM product®®. Empirical

studies show that continuous exposure to an ethylene concentration as low as 1u l/ L (1
ppm) can reliably induce the formation of 6-MM®’. The human palate detects a distinct, highly
unpleasant bitterness when the concentration of 6-MM exceeds a sensory threshold of

approximately 100 mg / kg of fresh weight™®. Furthermore, ethylene concurrently stimulates
the Embden-Meyerhof-Parnas (EMP) glycolytic pathway in carrots, vastly increasing oxygen
uptake and driving the de novo synthesis of other stress-related phenols like isochlorogenic
acid and eugenin”.

Dormancy Alteration and Cold-Induced Sweetening in Potatoes
Potatoes (Solanum tuberosum L.) stored in a multi-use root cellar present a complex, highly
concentration- and time-dependent physiological response to ethylene®. Short, transient
exposures to ethylene rapidly break endodormancy, triggering immediate respiratory spikes
and promoting premature sprouting®. Conversely, long-term or continuous exposure to
ethylene severely inhibits the elongation of those sprouts by suppressing the internal
production of auxin and inhibiting auxin signal transduction pathways*’.

While continuous ethylene might superficially seem advantageous for sprout suppression, its
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presence during standard cold storage conditions ( ) exacerbates a catastrophic
metabolic disorder known as Cold-Induced Sweetening (CIS)®. During cold storage, potatoes
naturally undergo starch hydrolysis as a response to thermal stress, accumulating sucrose.
Ethylene acts synergistically with cold stress to heavily upregulate the activity of acid
invertase®. Invertase rapidly cleaves the non-reducing sucrose into the reducing sugars

t58

glucose and fructose®.

When potatoes heavily loaded with glucose and fructose are eventually subjected to
high-temperature culinary processing (e.g., frying), these reducing sugars react aggressively
with free amino acids, particularly asparagine, via the non-enzymatic Maillard reaction®. This
yields two highly undesirable outcomes: the development of dark, blackish-brown melanoidin
pigments that ruin the visual appearance of the potato, and the synthesis of acrylamide, a
potent neurotoxin and probable human carcinogen®. To mitigate this, processors are often
forced to engage in temperature reconditioning, holding the tubers at elevated temperatures (



14 — 16°C

) for weeks to force the reconversion of reducing sugars back into starch, a

costly and time-consuming energetic burden®.
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Thermodynamics and Geotechnical Engineering of
Subterranean Storage in Berlin

To defend stored produce from ambient weather extremes while avoiding the financial and
energetic burdens of active refrigeration, a root cellar must strictly manipulate geothermal
physics. Building a high-performance root cellar in the specific geological context of Berlin

presents unique challenges. Berlin is situated within the Warsaw-Berlin Urstromtal (a massive
glacial meltwater valley), characterized by thick deposits of highly permeable quaternary sands,
gravels, and localized layers of Geschiebemergel (glacial till/marl)®’. The engineering must
mathematically synthesize soil thermodynamics, extreme dead loads, and rigorous hydrological
defenses.

Soil Physics and the Kasuda Equation

The foundational principle of an earth-sheltered cellar is the decoupling of the internal space
from high-frequency, high-amplitude diurnal surface temperature swings. Instead, surface
temperature fluctuations are forced through the surrounding soil matrix, propagating
downward as phase-shifted, highly damped thermal waves’.
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To precisely calculate the required excavation depth to maintain ( )
through the winter and summer, geotechnical engineers utilize the Kasuda Equation’. Derived
from the one-dimensional Fourier heat conduction equation, the subsurface temperature

Tooit (2, 1) is expressed as:

Tt (3:0) = Tovan — Tomy - 0 (~2/Z) - c08 (Bt = toug) = 2/ )

o

Where Tincan is the mean annual surface temperature (approximately 9. in Berlin),

T,

. . z . . .
4P s the annual surface temperature amplitude, ~ is the depth in meters, @ is the thermal

diffusivity of the soil, T is the period of the temperature cycle (365 days), t is the current day

of the year, and Eonist

temperature’.
The exponential term in the equation dictates amplitude attenuation, while the cosine term
dictates the temporal phase lag. To ensure the extreme cold of mid-winter reaches the cellar

is the phase offset corresponding to the minimum surface

exactly during the peak heat of mid-summer, the thermal diffusivity (a ) of Berlin's specific soil

profile must be quantified. Thermal diffusivity is defined as the ratio of thermal conductivity (
A

. . C a = 7

) to volumetric heat capacity ( ") ( PyCp )/

In Berlin's sandy soils, moisture heavily impacts @ . The Johansen method utilizes the

dimensionless Kersten number (~ ¢ ) to interpolate thermal conductivity between dry and fully
saturated states’. As the sandy soil wets from rainfall, its thermal conductivity increases
exponentially faster than its heat capacity’. Consequently, damp sand exhibits maximum

thermal diffusivity (often rising from 0.20 to 0.70 x 10 6m2/8 ), leading to rapid thermal
bridging that defeats the phase-lag effect entirely’. To mitigate this in a Berlin Urstromtal
environment, heavy "umbrella insulation" must be deployed. Specifically, cellular glass (e.g.,
FOAMGLAS or GLAPOR systems)—manufactured by heating crushed recycled glass with
carbon to create hermetically sealed, vapor-tight cells—must be extended horizontally below
the topsoil to artificially lengthen the thermal path, forcing the heat wave to travel laterally
rather than directly down into the roof slab’.

Soil Moisture Thermal Thermal Volumetric
Classification Condition Conductivity Diffusivity a Heat Capacity
A (W/m-K) (10-6m2/s) Cv

(106J/m3-K)



Clean Sand Dry 0.30-0.58 0.20-0.25 1.2-1.6
(Berlin Profile)

Clean Sand Saturated 1.70 - 2.40 0.50-0.70 31-34

Sandy Loam Wet (~21%) 0.70-1.12 0.35-0.45 21-24

Structural Load and Hydrostatic Defenses

The subterranean burial of a concrete structure generates immense, unyielding static forces. A
flat cellar roof buried beneath just 0.91 meters (3 feet) of soil must support a continuous

vertical dead load exceeding 17.2 kPa (360 psf ). Simultaneously, the vertical walls face
massive lateral earth pressures. Because the walls are rigidly propped by the floor slab and roof
diaphragm, they cannot yield or deflect to mobilize active pressure, meaning engineers must

calculate lateral thrust based on the At-Rest Earth Pressure coefficient (K0 ). Using Jaky's

Ky~ 1—sin(¢')

empirical relation (

¢f ~ 300

), Berlin's silty sands (with an internal friction angle
) yield a Ko of approximately 0.50 7. This equates to an Equivalent Fluid Pressure

(EFP) of roughly 60 ps f / ft , necessitating heavily reinforced concrete walls (typically 200
mm to 300 mm thick depending on depth) to prevent shear failure and maintain restrictive
crack widths below 0.2 mm’.

However, the most catastrophic failure mode in subterranean architecture involves
groundwater. Under the Eurocode 7 (DIN EN 1997-1) standard, structural designs must be
strictly verified against the UPL (Uplift) limit state”". If the local water table in Berlin's low-lying
areas rises, the effective unit weight of the soil shifts to its submerged weight, and full
hydrostatic pressure acts vertically upward against the floor slab’. The upward buoyant force

(calculated as internal basement area X head of water X 9.81kN/m3 ) must be
counteracted by the favored dead weight of the concrete structure, to which a strict safety
factor of 0.9 must be applied’. If buoyancy exceeds this factored gravity, the entire cellar will
float, heaving violently out of the ground and fracturing the foundations.

To prevent this, the surrounding sub-grade must include a rigorous perimeter drainage system
utilizing perforated pipes wrapped in geotextile filter fabric, adhering strictly to the DIN 4095
standard (Planning, design and installation of drainage systems protecting structures against
water in the ground)’. This drainage intercepts subsurface seepage and routes it to daylight
down-slope, ensuring hydrostatic head pressure never accumulates against the walls.

Hydrological Defenses and DIN 18533 Waterproofing



Standards

Even in the absence of bulk hydrostatic pressure, capillary moisture must be absolutely
excluded. The exterior envelope of the cellar must be sealed according to the rigorous German
standard DIN 18533 (Waterproofing of components in contact with the ground)®. DIN 18533
categorizes external hydrological threats into distinct Water Exposure Classes (W-E) that
dictate precise material specifications®.

For a cellar in well-drained Berlin sand equipped with functional DIN 4095 drainage, the vertical
exterior walls operate under Class W1.1-E (soil moisture and non-accumulating seepage water
in highly permeable soils) or W1.2-E (less permeable soils with drainage)®. Under these classes,
the concrete must be coated with a highly elastic Polymer-Modified Bitumen Coating
(PMBC)*% According to DIN 18533-3, the waterproofing applicator must verify that a minimum

din ) of 3.0 mm

dry film thickness ( is achieved across the walls to bridge structural

< 0. .
micro-cracks (Crack Class R1-E, — 0.2 mm width changes)®.

Because PMBC is an emulsion containing water that evaporates during curing, an allowance
must be made for shrinkage and substrate unevenness; thus, an application of approximately

4.0 mm o 4.3 mm

t wet film thickness is strictly required to satisfy the standard

d,=d, +d,

(calculated as , Where dy accounts for substrate fluctuations and dy for
application variables)®'.

For the earth-covered roof slab (Class W3-E: non-pressing water on earth-covered ceilings),
precipitation percolates through the topsoil and rests directly on the structure. Therefore, the

PMBC must be reinforced with an embedded glass mesh fabric inlay, requiring a minimum dry

5.5 mm

film thickness of 4.0 mm (approximately wet film thickness)®. To protect the
bitumen from mechanical damage and biological degradation, it must be overlaid with a rigid
dimpled drainage board and a dedicated root-resistant elastomeric membrane (e.g., EPDM
rubber) prior to backfilling, guaranteeing that the highly aggressive root systems of surface
flora cannot breach the waterproofing envelope’.

DIN 18533 Exposure Class Hydrological Condition Required Waterproofing
Strategy & PMBC
Specification

W1.1-E/ W1.2-E Soil moisture and Two-layer PMBC. Minimum
non-accumulating seepage 3.0 mm

water in permeable soils (or Drty.FiIm: o
with drainage). Minimum Wet Film:

~40 — 4.3 mm



W2.1-E

W3-E

W4-E

Moderate pressing water

(water column <3m ).

Non-pressing water on
earth-covered ceilings/roof
slabs.

Splash water at the wall
base and vertical capillary
rise.

Two-layer PMBC with glass
mesh reinforcement.
Minimum Dry Film:

4.0 mm . Wet:

~ b.D mm

Two-layer PMBC with glass
mesh reinforcement.
Minimum Dry Film:

4.0 mm Wet:

~ H.Dh mm

PMBC bridging the plaster
transition. Minimum Dry

Film; 5:0 ™M

~ 4.0 mm

. Wet:

Psychrometrics, Aerodynamics, and Ethylene Purging
Systems

Even with superior thermal and hydrological envelopes, internal environmental parameters

must be actively managed. Root vegetables demand a relative humidity (RH) between

and 95%

80%

to prevent the desiccation, wilting, and shriveling of stored tissues’. Operating at

this extreme boundary places the atmospheric condition perilously close to the dew point.
Condensation Control and the Magnus-Tetens Equation

The psychrometric relationship between ambient dry-bulb temperature, relative humidity, and
the point of condensation is determined by the Magnus-Tetens formulation’. To calculate the

dew point (Td ):

_ 17.625-T
r-y — —f-vad s

T, =

If the cellar is successfully maintained at

243.04+T
243.04-y

17.625—

+111(

RH
100

)

4°C

and 907% RH, the Magnus-Tetens equations



(o]
yield a dew point of approximately 2.5°C 7. If localized thermal bridging through the concrete

drops any interior surface temperature to 5°C or below—a highly likely scenario during
deep winter—atmospheric water vapor will spontaneously condense’. In psychrometric
enthalpy calculations, the total heat removed from the air incorporates both the sensible heat
of the dry air and the latent heat of vaporization of the moisture, making condensation a highly
energetic physical process®.

Condensation dripping vertically onto root crops promotes devastating bacterial soft rot and
rapid fungal proliferation’. Therefore, flat ceilings are structurally and psychrometrically
unviable. Subterranean architecture universally dictates the use of vaulted or arched ceilings.
The steep pitch ensures that condensed droplets do not exceed their surface tension threshold
to drip vertically; instead, they adhere to the concrete via capillary action and safely shed
laterally down the arch profile, descending the vertical walls and draining harmlessly into a
gravel floor’.

Aerodynamics: Buoyancy-Driven Stack Ventilation

To safely flush the continuous emission of metabolic ethylene and CO; from stored apples
and tomatoes, the cellar must rely on passive buoyancy-driven stack effect ventilation. While
mechanical ventilation achieves 30-60 Air Changes per Hour (ACH), a passive root cellar must
guarantee a minimum of 2 ACH to safely flush ethylene’.

The stack effect operates based on the density differential between the internal conditioned air
and the external ambient air’. The Neutral Pressure Level (NPL) forms a specific horizontal plane
within the cellar where internal and external absolute pressures equalize’. Below the NPL,
negative pressure draws cold, dense ambient air through a lower intake pipe. Above the NPL,
positive pressure forces the warmer, lighter internal air containing accumulated ethylene and

CO,

out through an elevated exhaust pipe positioned at the apex of the ceiling vault’.

o Q. m?/s, .. :
The volumetric airflow rate ( ¥ , in ) driven by thermal buoyancy is modeled by the
standard ASHRAE thermal force equation incorporating Bernoulli's principle for incompressible
flow:

Qsz-A-\/2g-AH'%

0.60

Where Ca is the discharge coefficient, which drops from approximately for

0.35

unobstructed sharp-edged PVC pipes down to if heavy louvered vents are utilized to

deter pests’. *" is the cross-sectional free area of the ventilation pipe, 9 is the acceleration

due to gravity, AH is the vertical stack height differential between intake and exhaust, and

T; o

and are the absolute indoor and outdoor temperatures in Kelvin’.



To increase the volumetric removal of ethylene without cutting larger diameter penetrations

through the DIN 18533 waterproofing membrane, engineers artificially increase AH by
extending the exterior exhaust stack higher above the surface grade’. Because airflow is

directly proportional to the square root of the height differential ( v AH ), this exponentially
1ul/L

increases the draft force, ensuring that ethylene concentrations remain below the
threshold that triggers 6-methoxymellein synthesis in carrots’.

Active Ethylene Mitigation Strategies

In mixed storage scenarios where passive stack ventilation is insufficient to drop the ethylene
concentration during the System 2 climacteric peak of large apple harvests, active chemical
and biological interventions are mandatory to preserve root crops.

Chemical Scrubbing: Potassium Permanganate (K MnO, )

One primary postharvest method involves the deployment of potassium permanganate (

KMnOy ) impregnated onto highly porous activated alumina beads?®. Potassium
permanganate is a powerful oxidizing agent that chemically degrades ethylene into carbon
dioxide and water”. The beads undergo a visible colorimetric change from purple to brown as
the compound is exhausted, allowing for visual monitoring™.

49/100 g _ KMnO,
90%

(o]
remove of atmospheric ethylene within 3 hours in a closed system at 20°C %,
However, there is a fundamental thermodynamic limitation when utilizing this technology in a

root cellar. Because root cellars must operate at 80 — 95% RH, competitive adsorption
occurs”. The highly concentrated water vapor dominates the specific surface area of the

alumina carrier, physically blocking ethylene molecules from accessing the KMnOy active
sites, which significantly diminishes the scrubber's reactivity (efficiency drops to approximately

157% of its dry-air capacity
Receptor Inhibition: 1-Methylcyclopropene (1-MCP)

Consequently, a more direct molecular intervention at the receptor level is widely utilized prior
to storage: the application of 1-methylcyclopropene (1-MCP)*. Commercially recognized as a
revolutionary advancement in postharvest technology and approved for use within the
European Union under Directive 91/414/EEC, 1-MCP is a synthetic cyclic alkene that acts as a
potent, irreversible competitive inhibitor of ethylene perception®.

Trials demonstrate that alumina beads impregnated with can

)93.

1-MCP possesses a vastly higher affinity for the plant's ETR1 receptors than ethylene itself®. By
permeating the tissue as a gas, 1-MCP binds directly to the copper cofactor (Cysé5, Hisé9,
Asp25) inside the transmembrane EBD of the ETR1 receptor®. This binding locks the receptor in
its "on" state”. As established previously, this ensures that the CTR1 kinase remains



continuously active, EIN2 remains phosphorylated and targeted for proteasomal destruction,
and the downstream EIN3/EIL1 transcription factors remain completely suppressed®’.

Because 1-MCP binds irreversibly, the plant tissue remains insensitive to ethylene until the cells
transcribe and translate entirely new receptor proteins®’. By exposing both the climacteric
apples (to halt autocatalytic System 2 production) and the non-climacteric root vegetables (to
prevent the perception of any ambient ethylene) to 1-MCP prior to cellar placement, the risk of
ethylene-induced phytotoxicity is effectively neutralized at the molecular level, outperforming
even advanced Dynamic Controlled Atmosphere (DCA) storage techniques in suppressing
aroma volatiles and respiration”.

Conclusion

The successful co-storage of climacteric fruits and non-climacteric root vegetables demands a
rigorous synthesis of plant molecular biology and subterranean structural engineering. A failure
to purge ethylene—synthesized via the methionine cycle and the specific enzymatic actions of
PLP-dependent ACS and iron-dependent ACO—inevitably leads to receptor-mediated
phytotoxicity in root crops. This manifests biochemically as bitter 6-methoxymellein
accumulation in carrots and cold-induced sweetening in potatoes, the latter leading to
catastrophic Maillard browning and acrylamide formation upon processing.
To counteract these biological realities, the construction of an earth-sheltered root cellar in the
highly permeable sandy soils of Berlin requires exact calculation of soil thermal diffusivity via

o
the Kasuda equation to guarantee an unbroken 0-4°C thermal baseline, aided by
pressure-resistant cellular glass insulation. To protect this delicate microclimate, the structure
must be engineered to withstand immense At-Rest Earth Pressures and hydrostatic uplift
forces in accordance with Eurocode 7 (DIN EN 1997-1). Furthermore, the implementation of DIN
18533-compliant PMBC waterproofing, combined with a precise aerodynamic stack-ventilation
design utilizing vaulted ceilings and calculated discharge coefficients, ensures that humidity
remains optimally high without inducing destructive condensation. By coupling these advanced

geotechnical defenses with physiological inhibitors like 1-MCP or KMnO, scrubbers, the
long-term, high-quality preservation of mixed agricultural harvests can be mathematically,
structurally, and biologically assured.
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