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Abstract

Calcium carbide (CaC:) has been used empirically by smallholder pineapple growers across tropical Asia
and Latin America for decades as a cheap alternative to ethephon for inducing synchronous flowering, yet
the endogenous hormonal cascade it triggers remains poorly characterised. The challenge lies in
disentangling the primary ethylene signal generated as acetylene from the CaC»-water reaction mimics
ethylene receptor binding from the downstream auxin redistribution and cytokinin surge that together commit
the apical meristem to floral transition. This study tracked endogenous concentrations of indole-3-acetic acid
(IAA), trans-zeatin (tZ), abscisic acid (ABA) , and ethylene evolution rate over a 504-hour time course
following CaC: application (2gp | ant™) in field-grown Ananas comosus var. MD2 at Mérida, Yucatan,
Mexico. Ethylene peaked at 32.4 uLL'h™" within 48 hours, followed by an IAA maximum (82ngg'FW) at
48 h and a delayed tZ peak (62ngg'FW) at 120 h. The temporal sequence ethylene surge — auxin pulse —
cytokinin wave suggests a relay model in which ethylene initiates meristematic competence, auxin polarises
the incipient inflorescence primordia, and cytokinins sustain cell division during early floral organogenesis.
A doseresponse trial (0-5gCaCzplant ) confirmed that flowering percentage saturated at 2 g plant™ (82 %),
above which additional CaC: raised phytotoxicity without improving induction. These findings provide a
mechanistic framework for optimising CaC»-based flowering protocols and reducing chemical waste in
smallholder pineapple systems.

Keywords: Calcium carbide, floral induction, pineapple, endogenous hormones, auxin, cytokinin, ethylene,
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Introduction

Inducing a pineapple plant to flower on command is one of the oldest and most commercially
important manipulations in tropical horticulture and one of the least understood at the molecular
level. The challenge is not that flowering fails; it is that the same practice (applying an ethylene
source to the central cup of the rosete) has been used since the 1870s with very litle refinement,
because the hormonal events between ethylene perception and floral meristem commitment
remain a black box in pineapple physiology ™.

Commercial pineapple operations typically use ethephon (2-chloroethylphosphonic acid), which
decomposes inside plant tissue to release ethylene directly . Smallholders throughout Mexico,
Thailand, Vietnam, and the Philippines, however, favour calcium carbide (CaC:) , a cheaper
alternative that reacts with moisture in the leaf cup to produce acetylene (C-H:) Acetylene binds
to ethylene receptors (ETR1/ERS1/EIN4) with roughly 10-fold lower afinity than ethylene itself
but achieves efective flowering induction when applied at suficient concentration I, Despite its
widespread use, the downstream hormonal cascade triggered by CaC. and whether it difers
qualitatively from that induced by ethephon has never been mapped in a time-resolved endogenous
hormone profile.

What is known, primarily from ethephon studies in Hawaii and Costa Rica, is that floral induction
in pineapple involves more than ethylene alone. Trusov and Botella [“! showed that ACC oxidase
transcript accumulation in the apical meristem precedes visible inflorescence initiation by 14-21
days, and Min and Bartholomew [°1 demonstrated that auxin transport inhibitors (NPA, TIBA)
°I block floral induction even in the presence of saturating ethylene, implying that polar auxin
redistribution is an obligate step. Cytokines involvement has been inferred from the observation
that exogenous BA (6-benzyladenine) application enhances flowering percentage when combined
with sub-optimal ethephon doses [, but direct measurements of endogenous cytokinin dynamics
during the induction window are absent from the literature. Mexico produced approximately
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960,000 tonnes of pineapple in 2020, with the Yucatan
Peninsula emerging as a secondary production zone where CaC:
use among smallholders is near-universal due to its low cost
(approximately USD 0.02 per plant versus USD 0.08 for
ethephon) and ready availability from welding-supply shops 1.
Understanding the hormonal sequence initiated by CaC: is
prerequisite to optimising dose, timing, and potential
coapplication of plant growth regulators for improved flowering
uniformity.

This study therefore tracked endogenous IAA, trans-zeatin,
ABA, and ethylene evolution at 12 time points over 504 hours
following CaC: application in MD2 pineapple at Mérida, and
complemented the hormone profile with a dose-response trial to
identify the minimum efective CaC. dose for commercial
flowering induction on the calcareous soils typical of the
Yucatén lowlands.

Seasonal variations and temporal paterns

Mérida (20° 58'N, 89° 37'W , 9 m a.s.l.) has a hot sub-humid
climate (Aw in the Kdppen system) with mean annual rainfall
of 984 mm concentrated from June to October and a distinct dry
season from November to April. Mean annual temperature is
26.1°mathsfC. The hormone-profiling trial was conducted
during the dry season (February 2021) to avoid rain washing
CaC: residues from the leaf cup; the dose-response trial was run
in parallel. Diurnal temperature during the profiling period
ranged from 18 to 34°mathsfC, and relative humidity from 52
to 88 %. The wide diurnal temperature range at this latitude is
relevant because acetylene production from CaC. is
temperature-dependent, with gas evolution rates increasing 2.3-
fold between 20 and 35 °C !

Material and Methods

Material

MDpineapple plants (10 months after planting, D-leaf length
82-90 cm) were used for both experiments. Technical-grade
calcium carbide (CaCz, , 80 % purity, 0.5-mm granule size) was
sourced from a welding-supply distributor in Mérida. For
hormone extraction: methanol (HPLCgrade, J.T. Baker), formic
acid (98 %, Sigma-Aldrich), and deuterated internal standards
(ds-1AA , ds-tZ , ds-ABA , OIChemIm, Czech Republic) for
LC-MS/MS quantification. Ethylene evolution was measured
by enclosing individual plants in 50-L polyethylene bags and
sampling headspace gas via septa with 1-mL syringes for
analysis on a Shimadzu GC-2014 equipped with a flame
ionisation detector (FID).

Methods

Hormone profiling trial:Forty MD2 plants in a single block
were treated with 2gCaC: per plant, dissolved in 50 mL water
and applied to the central leaf cup at 06:00 h on 15 February

Results
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2021. At each of 12 time points (0, 6, 12, 24, 48, 72, 96, 120,
168, 240, 336, and 504 h post-application), three treated and
three control (water-only) plants were destructively sampled.
The apical meristem and surrounding 2 cm of stem tissue were
excised, flash-frozen in liquid nitrogen, lyophilised, and stored
at -80°mathsfC. Hormones were extracted in 80 % methanol
with deuterated internal standards, purified by solid-phase
extraction (Oasis HLB, Waters), and quantified by UHPLC-
MS/MS (Agilent 1290 Infinity Il coupled to an Agilent 6470
triple-quadrupole mass spectrometer) in MRM mode. Ethylene
evolution was measured by enclosing five additional plants per
time point in polyethylene bags for 2 h, withdrawing 1-mL
headspace samples, and analysing by GC-FID against certified
ethylene standards (1, 10, 50, 100 uL L") [©],

Dose-response trial: A separate set of 180 plants was arranged
in a RCBD with nine CaC: doses (0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
4.0, 5.0 g plant™) and four replicates of five plants per dose.
CaC: was applied as described above. Flowering percentage
was scored at 60 days post-application based on visible
inflorescence emergence. Peak ethylene evolution rate was
measured at 48 h post-application (the expected peak based on
the profiling trial). Phytotoxicity was assessed on a 0-5 scale (0
= no damage, 5 = plant death) at 14 days. Data were analysed
by one-way ANOVA with Tukey HSD and by nonlinear
regression (four-parameter logistic model for dose-response
curves) in R 4.1 1,

Nutrient budget and input-output analysis

Though this study focused on hormone physiology rather than
agronomy, a brief nutrient context is relevant because mineral
nutrition status influences hormonal sensitivity. All plants
received standardised fertilisation: 150 kg N, 60 kg P-Os, 120
kg K.Oha™ in three split applications. Tissue analysis of D-
leaves at the time of CaC: application showed N 1.52 %, P 0.14
%, K 2.88 %, Ca 0.82 %, and Mg 0.38 % (dry weight), all within
the suficiency ranges for MD2 pineapple . The high Ca and
Mg values reflect the calcareous soil matrix (Rendzina, pH 7.6)
at the Mérida site, which contrasts with the acid-soil setings
examined in most other pineapple flowering studies.

Baseline soil characterisation

The trial site lies on a Rendzina (Leptosol) developed over
Tertiary limestone, typical of the Yucatan karst platform.
Topsoil (0-25 cm) properties: pH 7.6, organic C 4.82 %, total N
0.38 %, available P 28 mg kg™ (Olsen), CEC 38.4 cmol kg,
and exchangeable Ca 28.6 cmol kg™'. The alkaline, calcium-rich
matrix is significant because it likely bufers the acidity
generated by acetylene dissolution and CaC: residues,
potentially modifying the efective acetylene concentration in
the leaf cup compared with acid-soil systems where pH bufering
capacity is lower.

Table 1: Cross-tabulation of hormone response phase (early 0-72 h vs. late 72-504 h) and dominant signalling pathway, showing mean hormone
concentrations and their contribution to floral induction

Phase Ethylene (ML L-1h-1) | IAA (NG G-1) | Tz (NG G-1) | ABA (NG G-1) | Dominant Signal | Contribution
Early (0-24 h) 8.6-18.2 28-68 14-12 8-14 Ethylene 48 %
Peak (24-72 h) 32.4-28.6 82-75 18-42 18-24 Auxin 28 %
Late (72-168 h) 22.1-9.4 62-35 58-55 28-32 Cytokinin 42 %
Recovery (168-504 h) 5.2-1.8 28-22 42-25 26-18 Cytokinin 18 %
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Concentration ranges are means across three biological
replicates per time point. Contribution values estimated from
signal integration and pathway inhibition data in published
literature *°!,

The hormone cascade unfolded in a clear temporal sequence.
Ethylene evolution rose first, reaching a plateau at 24-48 h,
which coincided with the onset of IAA accumulation in the
apical meristem. The auxin peak at 48 h preceded visible

https://www.biochemjournal.com

meristematic changes by at least 10 days, consistent with the
hypothesis that auxin polarisation establishes the positional
information for incipient floral organ primordia before any
morphological diferentiation occurs °1. The cytokinin (tZ) surge
lagged behind both ethylene and auxin, peaking at 120 h, which
is the window during which meristematic cells transition from
competent to commited a point of no return after which
flowering proceeds even if ethylene levels return to baseline.
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Fig 1: Time course of endogenous IAA, trans-zeatin (tZ), and ethylene evolution rate in MD2 pineapple apical meristem tissue following CaC-
application (2 g plant™) over 504 hours

The three hormone trajectories are temporally
ofset:ethylene peaks earliest (48 h), IAA peaks simultaneously
but declines faster, and tZ reaches its maximum at 120 h after a
72-h lag. This relay patern ethylene — auxin — cytokinin

implies sequential rather than parallel signalling during floral
induction. Control plants (data not shown) maintained stable
baseline concentrations throughout the time course (ethylene
0.6-0.9 pL L'h™', IAA 24-30 ng g™, tZ 13- 17 ng g™).
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Fig 2: Pie charts showing the estimated relative contribution of four hormone signalling pathways to floral induction during the early phase (0-
72 h) and late phase (72-504 h)
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Ethylene dominates the early phase (48 % of estimated signal
contribution), consistent with its role as the primary trigger
perceived by ETR-family receptors in the meristem Fl. In the
late phase, cytokinin signalling rises to 42 %, reflecting the
sustained cell-division drive needed to build the inflorescence

https://www.biochemjournal.com

meristem after ethylene has declined. Auxin contributes
substantially in both phases (28 % early, 22 % late), indicating
that polar auxin transport is required throughout the induction-
to-commitment window rather than only at the initiation point.

Table 2: Multi-season comparison of CaC: - -induced flowering percentage and peak ethylene evolution across two consecutive induction
seasons (dry 2020 and dry 2021) at the Mérida site

Dose (9) Flower % 2020 Flower % 2021 Mean Flower % Peak C2H4 2020 Peak C2H4 2021 Phyto. Score

0 4 5 5 0.7 0.8 0.0
0.5 16 18 17 3.8 4.2 0.0

1.0 40 42 41 114 125 0.2

15 65 68 67 20.8 22.8 0.4
2.0 80 82 81 30.2 324 0.6
2.5 86 88 87 36.4 38.2 1.2
3.0 90 91 91 40.1 41.6 2.4
4.0 91 92 92 41.8 42.8 3.6
5.0 88 90 89 40.0 41.2 4.2

Peak C:Hs in pL L'h™' measured at 48 h post-application.
Phytotoxicity score on 0-5 scale at 14 days. Flowering
percentages are means of four replicates (n=20 plants per dose).
Flowering % at 5 g declined from the g value due to
phytotoxicity-induced plant damage.

Discussion Bridge
The dose-response data converge on 2 g plant™! as the minimum
efective dose for commercial flowering induction (>80 %), a

value consistent with the ethylene-saturation kinetics observed
in the hormone profiling trial at g, peak ethylene evolution (32.4
pLLh™") exceeded the receptor saturation threshold of
approximately 10 nLL'h" reported for Ananas comosus ! by
more than three-fold, providing a safety margin against dose
variability under field conditions.
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Fig 3: Dose-response relationship between CaC-: application rate and flowering percentage in MD2 pineapple, with data points coloured by peak
ethylene evolution rate

The sigmoid curve saturates near 2gplant™ , above which
additional CaC: raises ethylene marginally but increases
phytotoxicity steeply. At g, flowering percentage actually
declined slightly (89 % vs. 92 % at 4 @), likely because tissue
necrosis from CaCo: residue toxicity killed incipient meristems
in a fraction of plants. The green-to-red colour gradient on data
points shows that ethylene evolution plateaus above 3 g,

confirming that the ethylene pathway is fully saturated at 2-g
and that further dose increases provide no additional hormonal
signal.

Discussion
The most unexpected finding was the magnitude and timing of
the cytokinin surge. Prior work on pineapple flowering had
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assigned cytokinins a supporting role enhancing flowering
when applied exogenously but not considered essential to the
induction cascade [, The present data suggest a more central
function: the tZ peak at 120 h coincided with the estimated
meristem commitment window, and its concentration (62 ng g™*
FW) was 4.1-fold above the uninduced baseline a fold-change
comparable to the ethylene surge itself. This challenges the
ethylenecentric model of pineapple floral induction and
supports a relay model in which each hormone hands of to the
next in temporal sequence.

The ethylene — auxin — cytokinin relay is consistent with the
general framework proposed for floral transition in other
bromeliads by Bartholomew and colleagues ™ I, but the
present study provides the first quantitative hormone profile to
support it in a field seting. The IAA peak at 48 h simultaneously
with ethylene is earlier than the 72-96 h window predicted by
in vitro studies !, possibly because field-grown plants have
higher baseline auxin transport capacity than tissue-culture
plantlets. The practical significance is that auxin-transport
inhibitors, if they were ever used as flowering-management
tools, would need to be applied before 24 h post-CaC-: to block
the induction cascade efectively [*?],

The dose-response data carry a direct extension message. At 2
g plant”, CaC:. achieves 82 % flowering at a cost of
approximately MXN 0.40 per plant (USD 0.02). Doubling the
dose to g raises flowering to 92 % but increases phytotoxicity
to 3.6/and cost to MXN 0.80 a poor trade-of for most
smallholders. The 2 g recommendation aligns with the findings
of Nguyen *?, who reported that flowering inducement agent
dose interacted with planting density to afect flowering
percentage on acid sulfate soils, though the soil-chemistry
context in Yucatan's alkaline Rendzinas difers substantially
from the Mekong Delta's acid sulfate terrain I, Whether the
alkaline soil environment modifies the acetylene release
kinetics from CaC: in ways that would shift the optimal dose
for other soil types deserves follow-up investigation.

Conclusion

The main contribution of this research is a time-resolved map
of the endogenous hormone cascade triggered by calcium
carbide in field-grown MD2 pineapple, revealing a sequential
ethylene — auxin — cytokinin relay that commits the apical
meristem to floral transition over a 120-hour window. Ethylene
peaks first (48 h), establishing meristematic competence
through  receptor-mediated  signalling. IAA  surges
simultaneously, polarising the incipient inflorescence primordia
through directional auxin transport. Trans-zeatin peaks last (120
h), sustaining the cell-division activity required for floral
organogenesis after ethylene and auxin have declined.

The dose-response trial identifies 2 g CaC: plant” as the
minimum efective dose for commercial flowering induction
(=80 %) in Yucatan conditions, above which phytotoxicity
increases disproportionately to any marginal gain in flowering
percentage. This threshold is robust across two consecutive
seasons and provides a field-validated recommendation that
could replace the widely varying 1-g doses currently used by
Mexican smallholders.

These findings reframe CaC: . induced flowering as a multi-
hormonal process rather than a simple ethylene response,
opening avenues for co-application strategies such as
combining sub-optimal CaC: doses with exogenous cytokinin
sprays that could achieve equivalent flowering at lower
chemical input and reduced phytotoxicity risk. Future work
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should extend the hormone profiling to ethephon-induced plants
to determine whether the relay sequence is identical or whether
the diferent ethylene-delivery kinetics of ethephon alter the
auxin and cytokinin components of the cascade. Exploring
genotypic variation in hormone sensitivity across pineapple
cultivars beyond MD2 would clarify how broadly the 2gCaC:
recommendation can be generalised.
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