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Abstract

Natural flowering in pineapple is precocious, lacks synchronization in reproductive phenology and consequently leads to significant
losses due to fruits being harvested out of schedule. Several factors influencing the flower initiation in pineapple have been identified,
including the cultivar, plant size, temperature, nutrients, and water stress. To increase the synchronization, pineapple flowering can be
artificially induced by hormones such as auxin and ethylene. However, despite the artificial induction, the simultaneous full flowering
emergence is still difficult to achieve in the industry. Thus, a greater understanding of factors affecting pineapple flowering before
hormone application may help in enhancing flowering efficiency. This review discusses the initiation and development of pineapple
flowering, as well as the use of exogenous hormones to improve efficacy and provide insight into better pineapple crop management.
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Introduction

Pineapple (4dnanas comosus L. Merr) is one of the important
horticultural crops grown in more than 80 countries. It is perennial
monocotyledonous, native to tropical and subtropical America,
and mainly cultivated for its edible fruits through vegetative
reproduction. It is also used for value added products, mainly
in the forms of fresh, canned fruits and concentrated juice.
Presently, five major groups have been introduced: Cayenne,
Spanish, Queen, Abacaxi, and Maipure, as well as several clones
and hybrids (Joy and Anjana, 2015). Although the morphological
characteristics of each group are quite similar, the physiological
needs typically vary.

The natural induction of flowering (NIF) causes the lack of
synchronization in pineapple flowering. NIF is influenced by
the cultivar, plant size, temperature, nutrients, and water stress
(Bartholomew and Sanewski, 2018). Agronomic practice of
artificially inducing flowering by using hormones may help
in synchronization of the flowering of pineapples. The history
of artificially induced flowering began in 1874 because of the
unintended effects of smoking (Bartholomew, 2014). Later, the
ethylene gas contained in the smoke was found to be the precursor
that initiated this phenomenon (Rodriguez, 1932).

To date, the use of flowering hormones is vital for pineapple
production; however, irregular flowering behavior of pineapples
is still one of the primary concerns among farmers. Complete
flowering uniformity has been reported to be challenging to
achieve, consequently affecting crop production management.
Thus, it is essential to evaluate the current practices among
pineapple producers and determine the best practices to be shared.

Pineapple undergoes three stages in its life cycle: vegetative,
reproductive, and propagative stages. A thorough understanding
of the first two cycles can provide a better insight into its

flowering behavior. The flowering process principally involves
two phases: flowering initiation and flowering development
(Parimalan ef al., 2005). The transition to the reproductive stage
varies in timing due to a variety of internal and external factors.
Therefore, understanding the transition process helps in planning
the exact period in which to artificially induce the flowering.
Several pineapple flowering hormones have been introduced,
and their effectiveness depends on several factors that will be
further explained. This review covers initiation and development
of pineapple flowering, and exogenous hormone application to
enhance its efficacy.

Initiation and development of pineapple flowering

Flowering involves many complex processes generated from
the reprogramming of the identity of the shoot apical meristem
(SAM). This reprogramming is initiated by the flowering stimulus
that activates floral genes (Rainha ez al., 2013). Recent studies
have revealed the association of specific genes during flowering
transition (Li ef al., 2016; Espinosa et al., 2017; Liu et al.,
2018). Moreover, the level of gene expressions varies at different
concentrations of hormone application during flowering transition
(Li et al., 2016; Wang et al., 2017) and flowering development
(Liu and Fan, 2016). The competent state of leaves is also
essential during this transition for generating and transporting the
stimuli to the competent shoot apex (Lyndon, 1990).

The transition to flowering causes changes in the morphological
structure of the SAM. It can be identified through microscopic
observations, and the use of flowering hormones can easily
determine this phenomenon. During the vegetative stage,
the dome apex is flat and surrounded by leaf primordial. The
transition to the reproductive stage subsequently causes an
increase in the apex dimension for a certain period before a
gradual decrease. The first evidence of transition may happen
as early as 2 days after artificially induce the flowering by the
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formation of the corpus. In the subsequent days, a distinct zone
of tunica and corpus can be observed. Then, the bract appears on
the meristem margin, and the bud, which is located on the bract
axil, develops to a flower. It is then followed by formation of the
sepal, petal, stamen, and pistil. This flowering initiation has been
well documented by several studies (Gifford, 1969; Wee and Rao,
1979; Espinosa et al., 2017). Additionally, Wee and Rao (1979)
reported that the transition time varied with different types of
flowering hormone applications.

In field observations, the natural flowering commonly occurs 12
to 18 months after planting (MPIB, 2017), and the emergence
can vary from 0 to 100% (Kuan et al., 2005). With a flowering
hormone application, the plant is frequently induced 7 to 15
months after being planted depending on the cultivar, agronomic
practices, and geographic region (Cunha, 2005). Inflorescence
starts to appear approximately 30 to 60 days later.

The time of flowering emergence depends on several factors, such
as the type of hormones used (Wee and Rao, 1979), hormone
concentration (Palupri and Tri, 2018), plant age (Hussain ef al.,
2008), and temperature (Julius et al., 2017). The development
of pineapple flowering is divided into six stages: i) green apex
(begins from induction and prior to emergence of the red apex),
i1) the red apex (central leaves become reddish and shortened),
iii) inflorescence (capitulum continuously swells until it forms a
spherical shape), iv) flower elongation (elongation of principal
leaf axil), v) first flower bloom (flowers open by 10% starting
from the bottom part of inflorescence), and vi) complete flower
bloom (all petals are dry) (Zhang et al., 2016; Julius et al., 2017).

Inflorescence consists of approximately 50 to 200 individual
hermaphrodite flowers, borne spirally in a tubular manner and
capped by a crown (Bartholomew and Sanewski, 2018). However,
the number of flowers depends on the cultivar, fertilization
management (Rodriguez et al., 2018), plant vigor at the time
of artificial induction (Fassinou Hotegni ef al., 2014), hormone
efficiency (Liu et al., 2011b), and night temperature (Friend,
1981). Each flower consists of three sepals, three petals, six
stamens, and a tricarpellate pistil with a hollow, trilobite and trifid
style. A recent study has reported the genes involved in flower
organ development (Wang et al., 2020).

Exogenous hormones in pineapple flowering

Flower initiation in pineapples can be promoted by sufficient
levels of ethylene in plant tissues (Liu et al., 2011a) while in other
plant species such as Arabidopsis, ethylene can delay flowering
(Achard et al., 2007). Increasing ethylene levels has resulted in
an antagonistic behavior toward gibberellin production; thus,
flowering promotion in pineapples can be stimulated (Espinosa
et al., 2017). Biosynthesis of ethylene involves a simple linear
pathway regulated by several internal and external factors (Ma
et al., 2014). It is possible to artificially induce flowering with
an application of an exogenous ethylene hormone as it can be
directly absorbed through the plant tissues.

Another hormone, auxin, is also capable of influencing flowering by
stimulating the ethylene pathway (Wee and Rao, 1979; Bartholomew,
2014). Auxin induces the expressions of RNA that form the labile
enzymes required to synthesize ethylene (Kang et al., 1971;
Burg, 1973). The enzyme also known as 1-aminocyclopropane-1-
carboxylic acid (ACC) synthase profoundly affects the transition
activity from S-Adenosyl methionine to ACC (Yu and Yang, 1979;

Hansen and Grossmann, 2000). The attempt to elucidate the role
of this enzyme on pineapple flowering indicates that the flowering
can be delayed by silencing the gene of this enzyme (Trusov and
Botella, 20006).

Several types of growth regulators are efficient in initiating
pineapple flowering. The most commercially used are ethylene,
2-chloroetilfosfonic acid (ethephon), a-naphthalene acetic acid
(NAA), and calcium carbide (CaC)). A number of factors may
influence the flowering efficiency due to hormone application:
i) type of hormone used, ii) assistance of additional substances
or enhancers, iii) environmental conditions, iv) method of
application, v) plant physiological state and planting materials, vi)
cultivar or hybrid, and vii) nutrient management. Understanding
the factors affecting natural flowering has provided significant
benefits toward enhancing plant sensitivity to hormone induction,
leading to higher flowering efficiency (Poel et al., 2009).

Types of hormones used: According to Py et al. (1987), ethylene
gas is more effective than ethephon in flowering induction
because ethylene can be directly used by the plant, whereas
ethephon should be liberated to form ethylene in plant tissues.
Dass et al. (1975, 1976), Abdul and Yap (1992), and Butrat and
Wangmuang (2004) found that ethephon application was more
effective than NAA and CaC,. However, several studies have also
demonstrated that the NAA (Dass et al., 1976) and CaC, (Raposo
etal.,2019) are comparable to ethephon. Induction by using NAA
in the summer has reportedly failed, and it is not as effective
as in autumn seasons, whereas ethylene is effective under both
conditions (Cooper, 1942). This failure may be attributed to the
differences in light intensity, with summer having higher intensity
than autumn. Leeper et al. (1962) reported that the amount of
NAA destroyed through decarboxylation increased in higher light
intensity. Schonherr et al. (2000) also mentioned that NAA was
sensitive toward light; therefore, the evening application of NAA
is essential to enhance hormone efficiency.

Assistance of additional substances or enhancers: The
effectiveness of hormones can be enhanced by adding substances
such as calcium carbonate (CaCO,) (Dass ef al., 1975), urea
(Dass et al., 1976; Malip, 2011), boron (Malip, 2011), activated
charcoal (Poel et al., 2009), ice cubes or cold treatment (Chang e?
al., 2011), and oil-coated hormones (Onaha et al., 1983). Besides
that, adding these substances has an advantage of reducing the
hormone concentration. Studies on hormone pH, especially
ethephon, have contributed to significant flowering efficiency.
This hormone is stable at acidic conditions of pH below 3.5,
whereas it produces ethylene at higher pH values (Silva and
Caputo, 2012). Since the pH of the pineapple leaf sap is in
the range of 3.5 to 6.5 (Prigge and Gurierrez-Soto, 2014), the
decomposition of ethephon happens once it penetrates through
the leaf. In terms of the absorption rate through the leaf tissues,
ethephon alone is rapidly absorbed compared to ethephon in
alkaline conditions (ethephon mixed with sodium hydroxide);
however, rapid absorption under this particular condition does
not necessarily affect the flowering efficiency (Turnbull ef al.,
1999). Moreover, several studies described in the following
sections have found greater flowering efficiency under alkaline
conditions compared with ethephon alone.

Quick release of ethylene by adding alkaline substances such
as CaCQ,, urea, or a combination of both has resulted in higher
flowering efficiency compared with ethephon alone (Dass et
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al., 1975; Hazarika and Mohan, 1998). The addition of urea has
reportedly been able to promote the penetration of other ionic
substances through cuticular membranes (Wittwer et al., 1967).
Thus, ethylene availability in the plant tissues can be increased. The
recommended rate of urea as an enhancer is 2%, and values higher
than that may reduce hormone efficiency (Malip, 2011). Further
increasing the pH of these combinations to 9 significantly reduces
the ethephon usage to as low as 10 mg L' (Dass et al., 1976). These
authors also found a comparable effect when applying 100 mg
L' ethephon alone and 25 mg L™! ethephon mixed with urea and
CaCO,. Moreover, the estimation of cost by using a combination
of 10 mg L™ ethephon with urea and CaCO, can be reduced by
up to 20% as compared with 100 mg L' ethephon alone. Malip
(2011) also demonstrated that using 0.5% borax (15.2% boron)
could substitute CaCO, because of'its alkaline property.

A study found 0.5% activated charcoal with a 0.5 to 1.0%
CaC, solution to be useful in inducing flowering in pineapples
(Maruthasalam et al., 2010), whereas 5% activated charcoal was
required to supplement the ethephon solution at the commercial
concentration (Poel ez al., 2009). Activated charcoal can absorb
and retain the ethephon on its surface temporarily and then slowly
release the ethylene gas toward the plant for a longer period. The
concept of slow-release hormones has also been reported; the
acetylene gas released by CaC, was prolonged by up to 8 hours
by applying an oil coating (Onaha et al., 1983). Additionally, the
flowering percentage was relatively higher than the uncoated one
in both cool and warm seasons.

The plants treated with 0.5 kg ice crystals alone by one and two
applications have indicated an increase of ethylene levels by 100
%. However, flowering was not stimulated, probably because of
the insufficient ethylene production to meet the initiation need (Lin
et al.,2009). Another study demonstrated that four applications of
ice crystal or cold-water treatment were successful in stimulating
the flowering (Maruthasalam et al., 2010). Later, the combination
of hormones prepared using cold water found a two-fold increase
of flowering efficiency compared with a standard preparation
(Chang et al., 2011).

Environmental conditions: Plant sensitivity toward flowering
can be triggered by environmental factors such as temperature,
humidity, photoperiod, and precipitation. Hormone applications
at high temperatures should be avoided because of the fast-
drying effect, and it is better for them to be performed during
the late evening to reduce the likelihood of flowering failure
(Turnbull et al., 1999). In natural flowering, pineapples grown
at night temperatures of 15, 25 and 30°C were less responsive
than those at 20°C (Friend, 1981). Min and Bartholomew (1997)
also demonstrated that a night temperature of 20 °C significantly
promoted ethylene biosynthesis compared to that of 30 °C. The
flowering rate is also poor when the plant is exposed to the cold
effects (12 °C -8 h/3 °C—16 h) for 3 to 5 days after 6 to 22 days
of hormone application (Julius et al., 2017).

Relative humidity (RH) is related to the drying effect, with
drying being exacerbated under low RH conditions. Dry
conditions may also cause less hormone absorption. Although
Turnbull et al. (1999) demonstrated that low RH caused rapid
hormone absorption in the first 2 h; the ethephon absorption was
significantly lower in the subsequent 22 h compared to under high
RH conditions. Schonherr et al. (2000) also confirmed that foliar
penetration was better under high RH during the night.

The pineapple plant is a quantitative short-day plant that needs
a relatively low photoperiod to accelerate the initiation of the
flowering process. Prolonging the photoperiod to more than 15
h does not suppress the natural flowering (Gowing, 1961). Friend
and Lydon (1979) concluded that an 8 h photoperiod was more
inductive than a photoperiod of 10 to 16 h. Thus, planting regions
that experience significant photoperiod changes require proper
management of the planting schedule.

Exposing the pineapple plant grown in a subtropical drought
period to water supply or the one grown in tropical conditions
to drought stress may stimulate flowering initiation (Carr, 2014;
Cunha, 2005). Therefore, understanding rainfall patterns could
benefit the flowering hormone application by improving the
efficacy of induction. This factor may influence the optimum
growth size of the plant prior to hormone induction. William
(2017) stated that the flowering induction affected by rainfall
was due to stunted plant growth. Meanwhile, OGTR (2008)
also reported that the larger or smaller plant was less susceptible
towards flowering hormone. Besides that, interference of
rainfall following hormone application may wash off or dilute
the hormone, eventually resulting in reduced hormone efficacy.

Method of application: Poel ef al. (2009) reported that the
application of hormones directly to the central plant resulted in
homogeneous flowering compared with spraying them on the
whole plant. These authors added that the actual total amount of
active ingredients that reached the SAM affected the efficiency of
treatment. This result was corroborated by Turnbull ef al. (1999),
whom stated that the accumulation of hormones on basal white
leaves showed higher hormone absorption compared with that on
the green leaves. Additionally, reducing the commercial rate of
ethephon by up to 80 % still exhibited full flowering when such
method was used.

Cunha (2005) stated that two applications of NAA or ethylene
with 2 or 3 days of intervals might promote higher flowering
efficiency, whereas ethephon and CaC, application was repeated
in case of rainfall occurring within 6 h from its first application.
Nevertheless, excessive hormone concentration at 1,000 mg
L' NAA retards flowering initiation (Clark and Kerns, 1942).
Although ethylene biosynthesis is highly stimulated at a high
concentration of NAA, the details of flowering inhibition
mechanism are not well understood (Bartholomew, 2014).
Meanwhile, Pal et al. (2010) stated that the combination of 100
mg L' ethephon with 10 mg L' NAA caused a longer flowering
initiation period and a lower flowering percentage than 50 mg L'
ethephon alone. Several reported studies of pineapple flowering
induced by hormones are presented in Table 1.

Plant physiological state and planting materials: Hormones
should be applied when the plant reaches its maturity or adequate
developmental stages. When the plant leaves are fewer than 10,
the plant do not respond to flowering hormones, and at least 21
leaves are required to induce full flowering (Das and Baruah,
1965). Poel et al. (2009) reported that the susceptibility to the
flowering hormone could be as early as 3 months after planting,
but it significantly resulted in an uneconomical yield. Chan
and Lee (2001) demonstrated that hormone induction with an
economic yield size could be attained as early as 6 months after
planting. However, hormone application is more suitable for
flowering when it is applied close to the natural flowering season
(Wariboko et al., 2013).
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Table 1. Reported flowering hormone application in pineapple from previous studies

Hormone Cultivar/Hybrid Recommendation Remarks Reference
Ethephon Singapore Spanish 200 to 1, 200 mg L™ Quicker and higher flowering emergence than CaC, Wee and Ng (1971)
Maspine 240 mg L' + 2% urea Full flowering emergence within 45 days Malip (2011)
Phuket 100 mg L'+ 1.5% urea  Full flowering emergence within 32 days Butrat and Wangmuang (2004)

i) Tainon 20, Comte
de Paris, Pearl.
ii) Smooth Cayenne

Smooth Cayenne

i) 200 to 400 mg L!
ii) 400 to 600 mg L™!
1,000 mg L™!

Cool seasons need higher concentration than
warm seasons. Different cultivars have different
requirements

Higher flowering emergence than 750, 500
and 200 mg L™

Higher flowering emergence than 100 mg L™!
ethephon, 10 mg L™ planofix, and

Flowering emergence more than 90%

Full flowering emergence and comparable

Full flowering emergence by cold water than 50%
flowering emergence by 25 °C water

Full flowering emergence within 49 days by two
applications at 48 h intervals

More than 90% of flowering emergence

Flowering emergence up to 70% within 60 days on
10 months old plant, while less than 50% on 8 and 9

Almost 80% of flowering emergence within 40 days
by two applications while less than 50% by single

Liu et al. (2010)

Rojas and Solidum (1990)
Hazarika and Mohan (1998)
Dass et al. (1976)

Pal et al. (2015)

Liet al (2016)

Chang et al. (2011)
Maruthasalam et al. (2010)
Raposo et al. (2019)

Wariboko et al. (2013)

Butrat and Wangmuang (2004)

Flowering emergence more than 95% within 60

Pal et al. (2015)
Dass et al. (1976)

days, and comparable to 100 mg L' ethephon

Kew 25mg L'+ 2 % urea +
0.04 % CaCO,
1 g per plant CaC,
Kew 10to25mg L'+
2 % urea + CaCO, within 40 days
(adjusted to pH 9.0)
Kew 50 mg L™ Reduce flowering duration
Perola 200 mg L'
to 800 mg L'
CaC, Tainon 17 1 % dilution
Tainon 17 1 % dilution
Perola 0.5 % dilution
Smooth Cayenne 1 to 2 g per plant
months old plant
Phuket 1 g per plant
application
NAA Kew 10mgL™! Maximum flowering
Kew 222 mg L!
Phuket 0.5 mg per plant

Flowering emergence up to 90% within 38 days.

Butrat and Wangmuang (2004)

The selection of good planting material may help increase
flowering efficiency. Generally, pineapple plants propagate
through their sucker, slip, or crown. However, these planting
materials result in different periods of the crop cycle. Reinhardt
et al. (2018) mentioned that the vegetative stage of the suckers
is relatively shorter than those of the slips and crowns. These are
also associated to planting size, with the sucker being normally
larger (300 g to 500 g) than the slip (intermediate) and crown
(<200 g). Therefore, the use of suckers and slips seems to achieve
higher flowering efficiency because the plant is ready for the
induction at the standard period.

Cultivar/Hybrid: The determination of hormone concentration
is imperative for the flowering sensitivity of the planted cultivar.
Smooth Cayenne and some of the spineless hybrids, such as
MD-2, are less susceptible to flowering compared to Queen
and Spanish groups (Bartholomew, 2014; Liu ef al., 2018). A
molecular study revealed that the sensitivity was associated with
the ethylene signal transduction (Liu ef al., 2018). Bartholomew
added that the environmental stresses were crucial for stimulation
of flowering on less susceptible cultivar. Moreover, Reinhardt et
al. (2002) suggested that a high concentration of the hormone
was needed to enhance flowering stimulation on such cultivars.

Nutrient management: Igbal ef al. (2013) concluded that
several nutrient adjustments are capable of influencing ethylene
biosynthesis. However, for the pineapple plant, an emphasis of
the effect of carbohydrate or carbon (C) and nitrogen (N) on

flowering sensitivity has been extensively addressed. Oliveira et
al. (2015) reported that lower hormone efficiency was caused by
N application. N is closely related to vigorous vegetative growth;
consequently, a vigorous growth may reduce flowering efficiency
(Cunha et al., 2003; OGTR, 2008; Suwanti et al., 2017). The
manipulation of C : N dynamic can be achieved by controlling the
N source application (Lin ez al., 2015). Valleser (2018) observed
that the natural flowering on MD-2 occurred at a C:N ratio above
50, and no flowering occurred at ratio below 40. Thus, the use of
flowering hormones is more efficient when the plant experiences
N stress or no fertilizer application within 30 to 45 days before
the hormone application (Suwanti et al., 2017).

Lack of flowering uniformity has become a significant concern in
the pineapple industry as it can lead to significant financial loss.
Several studies have been conducted to tackle this issue. One of
the most important studies is on hormone application. Although
flowering hormones can successfully stimulate flower initiation,
simultaneous and full flowering emergence is still difficult to
obtain. Therefore, to ensure that the flowering in response to
hormones can be enhanced, an integrated study of flowering
efficiency factors, as highlighted in this paper, is believed to help
improve the flowering efficiency.
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