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Abstract: Studies on the morpho-physiology of cryo-derived pineapple plants after acclimatization
have been quite limited. Therefore, in the present study, the morpho-anatomical and physiological
characteristics of cryo-derived Ananas comosus var. comosus ‘MD-2" plants after acclimatization were
investigated. Plants obtained from cryopreserved and non-cryopreserved shoot tips, as well as in vitro
stock cultures (control), showed similar morphological development (viz. plant height, number of
leaves, D leaf length, D leaf width, D leaf area, diameter of stem base, number of roots, plant fresh
weight and plant dry weight) to conventionally micropropagated and non-cryopreserved plants.
The pineapple plantlets developed efficient anatomical leaf structures that allowed them to adapt
to the transition process from in vitro to ex vitro. In all groups of plants, the content of water and
chlorophylls (a, a + b, a/b) decreased during the first 15 days of acclimatization and then remained
constant until the end of the evaluation. The mesophilic succulence index increased to its maximum
value after 15 days, then decreased and remained constant up to 45 days. Although physiological
indicators fluctuated during the 45 days of acclimatization, no differences were observed in any of
the indicators evaluated when plantlets obtained from cryopreserved shoot tips were compared with
controls. The results of the plants from cryopreserved shoot tips show that they switched from C3 to
Crassulacean acid metabolism, which denoted metabolic stability during acclimatization.

Keywords: crassulacean acid metabolism; cryopreservation; metabolic stability; vegetative growth

1. Introduction

The conservation of biological material through cryopreservation is now considered
to be the safest and most cost-effective strategy for the long-term storage of plant genetic
resources [1-4]. In the case of important edible horticultural crops like pineapples (Ananas
comosus var. comosus), which are vegetatively propagated and where crosses between
varieties produce botanical seeds that are highly heterozygous, their seeds are of limited
interest for the conservation of specific gene combinations [5]. The cryopreservation of
shoot tips is the most relevant strategy for the long-term conservation of the pineapple
crop. This is because true-to-type, virus-free plants can be regenerated directly from
cryopreserved shoot tips [2—4]. Once cryopreserved, shoot tips are stored in a state where
cellular divisions and metabolic processes are halted, and theoretically, plant materials can
be preserved without genetic alteration for an indefinite period of time [6].
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Cryopreservation methods have already been developed for pineapple shoot tips [5,7-13].
The vitrification-based cryopreservation method is the most widely applied for cryopreserv-
ing pineapple shoot tips [5,10-13]. In this method, precultured shoot tips are exposed to a
highly concentrated plant vitrification solution (PVS) before being directly immersed in lig-
uid nitrogen (LN) [2,12,13]. To date, the droplet-vitrification technique has been shown to be
the most effective cryopreservation method across diverse genotypes. Droplet-vitrification
uses ultra-fast cooling and warming rates of shoot tips, an important requirement for
successful cryopreservation protocols [14,15]. Souza et al. [10,11] described a successful
droplet-vitrification protocol that was applied to 16 genotypes of Ananas, both wild and cul-
tivated, belonging to four botanical varieties. In this procedure, shoot tips were precultured
for 48 h in preculture medium containing 0.3 M sucrose and then transferred to aluminum
foil in 4-5 pL of plant vitrification solution 2 (PVS2) and treated at 0 °C for 45 min before
being directly submerged in LN. This procedure resulted in shoot tip regrowth ranging
from 44% to 86% across the 16 pineapple genotypes [10].

A. comosus var. comosus ‘MD-2" is a hybrid cultivar of interest to the agricultural indus-
try due to its desirable characteristics, commercial potential and ability to meet the demands
of the global market [16]. In this sense, the Bioplantas Center (www.bioplantas.cu; accessed
on 10 July 2023) in Cuba initiated the development of a technological innovation project
in 2010 to generalize the micropropagation of the ‘MD-2’ pineapple, promote the creation
of donor plant banks in different regions of the country and introduce cryopreservation
protocols into the practice.

Micropropagation involves growing plants in vitro under conditions that restrict gas
exchange, maintain high humidity and low light and use a sucrose-based medium, which
may interfere with photosynthesis [17,18]. In addition, the different steps during cryop-
reservation protocols may impose chemical or physical stresses to the plant tissues which
would cause somaclonal, genetic and epigenetic variations in regenerates in addition to
poor shoot tip regrowth due to reactive oxygen species (ROS) formation [19-21]. Treatments
such as shoot tip excision, preculture, cryoprotection, dehydration, the freeze—thaw cycle
and acclimatization have all been known to impose ROS-induced oxidative stress [21-23].
The overproduction of ROS is highly reactive and toxic and can cause lipid peroxidation,
protein denaturation, alterations in nucleic acids and membrane disruptions that may lead
to programmed cell death [24,25]. Therefore, it is necessary to not only ensure shoot tip
viability after cryopreservation, but also the true-to-type of the regenerants [18-21].

Several research papers have mentioned success in acclimating cryo-derived pineap-
ple plants [10,26-28]. However, there have been only a few studies on assessments of
morpho-anatomical characteristics in cryo-derived pineapple plants during/after acclima-
tization [26,28]. Furthermore, these studies do not describe the metabolic changes in
cryo-derived plants during the transition from the in vitro to the ex vitro environment. It
is known that pineapple plants undergo a shift from C3 to Crassulacean acid metabolism
(CAM) when adapting to ex vitro conditions [29,30]. Therefore, this study investigates
in detail, for the first time, the morpho-anatomical and physiological characteristics of
cryo-derived pineapple plants during acclimatization. The results reported here support
the use of the droplet-vitrification cryopreservation procedure described by Souza et al. [10]
and modified by Villalobos et al. [12] for the establishment of cryopreserved pineapple
gene bank collections.

2. Materials and Methods

Plant material and stock cultures

Tissue-cultured plants of A. comosus var. comosus ‘MD-2" were obtained from the Bio-
plantas Center of the Universidad de Ciego de Avila Maximo Gémez Béez (www.unica.cu;
accessed on 6 July 2023) and used in this study. In vitro stock cultures were propagated and
maintained in active growth on Murashige and Skoog (MS) medium [31] supplemented
with 1.0 mg-L~! thiamine, 0.1 mg-L~! myo-inositol, 0.3 mg-L~! 1-naphthaleneacetic acid
(NAA), 30 g~L_1 sucrose, 2.1 rng~L_1 6-benzylaminopurine (BAP) and 6.5 g~L_1 agar at
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pH 5.7 [32]. Cultures were placed in glass vessels (55 x 95 mm) and incubated in a growth
chamber at 25 £+ 2 °C with a 16 h photoperiod with a photosynthetic flux density of
75 + 3 umol-s~'-m~2. Subculture in fresh culture medium was performed every 45 days.
After 45 days of subculture and before cryopreservation, shoots were preconditioned for
45 days in a liquid MS culture medium containing 100 mg-L~! myoinositol, 1.0 mg-L~!
thiamine and 30 g-L~! sucrose at a pH of 5.7, as defined by Villalobos-Olivera et al. [12].

Shoot tip cryopreservation

To cryopreserve pineapple shoot tips, the droplet-vitrification method was performed
as described by Souza et al. [10], with some modifications according to the studies of
Martinez-Montero et al. [5,9]. Specifically, plant vitrification solution 3 (PVS3; solution
consisting of MS + 50% (w/v) sucrose + 50% (w/v) glycerol) [33] was used instead of PVS2
(solution consisting of MS + 30% (w/v) glycerol, 15% (w/v) ethylene glycol + 15% (w/v)
dimethylsulfoxide + 0.4 M sucrose) [34]. Shoot tips (1 mm length, 1 mm width) with three-
or four-leaf primordia were excised from 45-day-old in vitro stock cultures and incubated
on MS culture medium supplemented with 100 mg-L~! myoinositol, 1.0 mg-L~! thiamine,
10 g-L~! sucrose and 6.5 g-L.~! agar at pH 5.7 for 24 h at 25 + 2 °C under dark conditions.

Pretreatment with glycerol and sucrose: Next, 10 shoot tips with an average fresh
weight of 5 mg were placed in each polypropylene cryovial with a volume of 2.0 mL.
The fresh weight of each shoot tip was estimated using the rule of three, based on the
proportionality of a shoot tip’s weight to the weight of 20 shoot tips measured using an
analytical balance (Sartorius Entris 64-1S, Germany). Immediately thereafter, the cryovials
were filled with liquid MS culture medium containing 2 M glycerol and 0.4 M sucrose for
20 min at 25 £ 2 °C.

Treatment with PVS3 vitrification solution: The cryovials containing the shoot tips
were poured onto the surface of 9 cm diameter Petri dishes, which had filter paper moist-
ened with 5 mL of PVS3 solution precooled to 0 °C. The Petri dishes were placed on the
surface of an ice bath to dehydrate the shoot tips for 60 min. Individual shoot tips were
then placed on aluminum foil strips (7 mm x 20 mm x 50 pm) in droplets of 5 uL. PVS3,
with five shoot tips per slide.

Immersion in LN: After the end of the PVS3 dehydration time, the aluminum foil
strips containing the shoot tips were plunged in LN. After LN exposure for a few seconds,
the foils with shoot tips were transferred into 2 mL cryovials filled with LN and maintained
in LN for 10 h.

Thawing: the aluminum foil strips with shoot tips were warmed quickly by inverting
the aluminum foil strips into unloading solution (MS culture medium + 1 M sucrose) at
25 + 2 °C for 5 min.

In vitro recovery after cryopreservation: Shoot tips were placed in 55 x 95 mm glass
vessels with solid MS culture medium containing 1.0 mg-L~! NAA, 1.0 mg-L~! BAP,
10 g-L~! sucrose and 6.5 g-1.~! agar at pH 5.7 and cultured for 7 weeks at 25 + 2 °C in
darkness. They were then grown in the same conditions as the in vitro stock cultures.

Acclimatization conditions

Plants with a height greater than 5 cm, 5 to 8 functional leaves and a fresh weight
greater than 4.5 g were considered as optimal to be transferred to the ex vitro phase. Plants
were dipped in the preventive fungicide Previcur Energy® (Bayer Cropscience) at a con-
centration of 1 mL-L~! for 5 min. To determine the effectiveness of acclimatization in
pineapple plants from cryopreserved apices, two different conditions were established.
The first condition consisted of plastic trays with four 0.5 cm & drainage holes, containing
90 cm? of red ferric soil and filter cake (1:1). The second condition involved black polyethy-
lene bags with a substrate volume of 400 cm®. Both conditions were performed according
to Pino et al. [35]. The substrate mixture consisted of typical red ferralitic soil and filter
cake (from sugarcane) (1:1) (v/v), which had been previously sieved. Table 1 shows the
chemical properties of the substrate used in the acclimatization phase.
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Table 1. Chemical properties of the substrate used for ex vitro acclimatization.
CaO Kzo P205 oM EC pH
Components
mg-L-1 % mS-cm~1
Soil + filter cake 211.32 108.86 1107.9 314 1.07 7.10

Abbreviations: CaO, calcium oxide; K, O, potassium oxide; P,Os, phosphorus pentoxide; OM, organic matter; EC,
electrical conductivity.

Irrigation was performed daily using microsprinklers twice a day, at 9:00 a.m. and
2:00 p.m., for 10 min. The microsprinklers used were from an atomizer located at a height
of 1.80 m above the ground, a feature that allows water to reach the plants in the form of a
mist to maintain moisture and temperature [35].

During the first 45 days, the plants were cultivated in a greenhouse with a ceiling
that allowed the passage of 25% of sunlight, environmental conditions of 80 + 3% of
relative humidity and 26.5 °C (using a digital thermo-hygrometer TECPEL®, model DTM-
303, Spain), with natural light and photoperiod and a photosynthetic flux density of
250 4 30 umol-m~2-s~! (using a digital Lux/Light Meter, model FT-710 Faithfull, China)
and atmospheric conditions with a CO, concentration between 375 and 400 pmol-mol !
according to Pino et al. [30].

During this stage, the experimental treatments were established as follows: control
plants that were micropropagated in a conventional manner (Microp), plants derived from
shoot tips that were cryoprotected but not cryopreserved (non-cryopreserved) and plants
derived from cryopreserved shoot tips (Cryo).

Morpho-anatomical and physiological assessments

After 45 days of acclimatization, the morpho-anatomical and physiological indicators
of 50 plants from non-cryopreserved, cryopreserved and micropropagated plants were
determined. Plant height (cm), number of leaves, length and width of leaf D (cm) (the leaf
of the best physiological characteristics), leaf area D (cm?), diameter of stem base of the
plant (cm), number of roots and plant fresh weight and dry weight (g) were evaluated.

For anatomical analysis, the procedures were performed as specified by Ebel et al. [36].
For leaf D, sections were made in the middle part to perform the anatomical analysis. The
sections were fixed in 70% alcohol, formaldehyde and acetic acid (90:5:5) for 12 h and then
freehand cross sections of 15-25 pum thickness were made with a razor blade. These were
stained with safranin for 3 min and then with toluidine blue for 5 min. Visualization was
performed using an inverted biological microscope (model NIB-100, China) in conjunction
with a digital camera (model HDCE-50B, China).

For the physiological indicators, the mesophilic succulence index (MSI) was deter-
mined using the ratio between the aquifer and the photosynthetic tissue of the plants
according to Rodriguez-Escriba et al. [29]. This assessment was performed on days 0, 15,
30 and 45 of acclimatization using the following equation: MSI = WC [Cfls (a + b)] — 1.

Chlorophyll contents (Cfls) a, b, a + b and a/b ratio were determined on slices from the
central area of leaf D (diameter of 0.78 cm), as suggested by Rodriguez-Escriba et al. [29].
The water content (WC) of the slices was determined by the difference between the fresh
weight and the dry weight of the samples after 72 h of drying in an oven at 60 °C.

Gas exchange rate: Fifty plants, both non-cryopreserved and cryopreserved, were
sampled, and transpiration rate and CO; assimilation were determined at 12:00 p.m. and
12:00 a.m. as described by Rodriguez-Escriba et al. [29]. To determine water use efficiency,
CO; assimilation was divided by transpiration rate.

Organic acid: Fifty samples of 1 g were taken from the center of the largest plant
leaves of cryopreserved and non-cryopreserved plants at 12:00 p.m. and 12:00 a.m. of each
experimental treatment. For these samples, 10 mL of 50% (v/v) ethanol was added and
incubated in a thermal bath at 90 °C for 20 min. Then, the liquid phase was separated
from the solid phase and acid-base evaluation was performed using 0.79 g-L~! NaOH
and 1 mg-L~! phenolphthalein as indicators, as described by Rodriguez-Escriba et al. [29].
Organic acid content was expressed in pmol H*-g~! leaf fresh weight.
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Statistical analysis

For data analysis, IBM SPSS version 22 was used. First, data from each treatment
in each experiment were shown to meet the assumptions of normal distribution and
homogeneity of variances; second, the Kolmogorov-Smirnov and Levene tests were both
used with p < 0.05. Parametric tests were performed (one-way ANOVA and bifactorial). In
addition, Tukey’s HSD test with p < 0.05 was performed for the ANOVA, which showed
significant differences. First, for this analysis, data were transformed in percentages
according to the function y’ = 2 arcsine (y/100)"/>.

3. Results

In general, the regeneration of shoot tips after cryoprotection treatment and cryop-
reservation exceeded 98%. Furthermore, all of the ‘"MD-2’ pineapple plantlets developed
from shoot tips in three variants (i.e., plants regenerated from cryopreserved shoot tips,
conventionally micropropagated plants and non-cryopreserved plants) were successfully
rooted in vitro and survived the acclimatization process.

3.1. Morphological Variables

Table 2 shows a morphological comparison of the ‘MD-2" pineapple plants regenerated
from micropropagation or cryopreservation via droplet-vitrification (before or after LN
immersion) and acclimatized (45 days) under different conditions (plastic trays or black
polyethylene bags). Firstly, it is noteworthy that all measured variables, including plant
height, number of leaves, leaf dimensions (length, width, area), stem base diameter, number
of roots and fresh and dry weights of plants, were comparable between cryopreserved and
non-cryopreserved plants, as well as in vitro stock cultures. Secondly, the plants acclima-
tized in black polyethylene bags exhibited the highest results in terms of morphological
variables, except for leaf length and stem base diameter, where no statistical differences
were observed. Therefore, for the subsequent research, the acclimatization process using
black polyethylene bags was selected.

Table 2. Morphological comparison of ‘MD-2"pineapple plants regenerated from micropropagation
or cryopreservation via droplet-vitrification before or after liquid nitrogen (LN) immersion, and
acclimatized (45 days) in black polyethylene bags or plastic trays.

Plastic Trays Black Polyethylene Bags
Variables : - Average SE
Microp  Non-Cryo Cryo Microp  Non-Cryo Cryo

Plant height (cm) 10.48 b 10.52b 1053b  1198a 11.97 a 1199 a 11.24 +0.04
Number of leaves 8.26b 8.24Db 8.21b 920 a 923 a 921a 8.65 +0.04
D leaf length (cm) 9.11a 9.16 a 9.16 a 9.14 a 9.13 a 9.12a 9.14 +0.05
D leaf width (cm) 1.55b 142D 1.54b 1.60 a 1.63 a 1.62a 1.56 +0.08
D leaf area (cm?) 6.88b 6.82b 6.75b 7.02a 701 a 7.03 a 6.94 +0.07
Diameter of stem base (cm) 1.32a 1.29 a 1.28 a 1.36 a 1.35a 1.36 a 1.32 +0.04
Number of roots 10.88 b 11.02b 1096b  1224a 12.17 a 12.31a 11.59 +0.14
Plant fresh weight (g) 10.48 b 10.52b 1046b  10.66 a 10.62 a 10.66 a 10.48 +0.06
Plant dry weight (g) 1.83b 1.82b 1.80 b 1.86a 1.86a 1.86a 1.83 +0.03

Abbreviations: SE: standard error of the mean. Microp: plants that were micropropagated in a conventional
manner. Non-cryo: plants derived from shoot tips that were cryoprotected but not cryopreserved. Cryo: plants
derived from cryopreserved shoot tips. Values labeled with the same letters in each column were not significantly
different at p < 0.05 using Tukey’s mean separation test. Each data point represents the mean for n = 50.

3.2. Morpho-Anatomical Characteristics

Figure 1 shows that no visual differences were observed between different treatments
after acclimatization. After 45 days of ex vitro acclimatization, the pineapple plants in
all three groups had similar root and leaf systems (Figure 1A,D,G) and displayed func-
tional leaves and roots (Figure 1A—C). The leaves were thick and erect, with a distinct
adaxial epidermis, aquifer parenchyma, chlorophyll parenchyma, abaxial epidermis and
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scales (Figure 1B,E,H). Extra axillary fibers and vascular rods were also clearly visible
(Figure 1C,EI).

Figure 1. Morpho-anatomical characteristics of pineapple plants of ‘MD-2" micropropagated control (A—C),
regenerated from cryoprotected (D-F) and cryoprotected and cryopreserved (G-I) 45 days after
acclimatization. (A,D,G) Plants after 45 days of acclimatization, (B,E,H) leaf D of plants at the
end of the acclimatization period and (C,FI) cross section of leaves D of plants at the end of the
acclimatization period. hl: in vitro leaves, h2: ex vitro leaves, epad: adaxial epidermis, pac: aquifer
parenchyma, fe: extraaxillary fibers, av: vascular bar, pcl: chlorophyll parenchyma, epab: abaxial
epidermis, esc: scales. The bar represents the 1 cm dimension for (A,D,G,B,E,H) and the 100 um
dimension for (C,F,I).

3.3. Physiological Indicators

Although the variations in physiological indicators (Table 3) occurred along the
45 days of acclimatization, no differences were observed in any indicator evaluated when
comparing plantlets recovered from cryopreserved shoot tips with the controls (micro-
propagated and non-cryopreserved), without LN exposure. Water content, chlorophyll a,
chlorophylls a + b and a/b ratio decreased in the first 15 days and then started to increase
after 30 days and reached their maximum value after 45 days. The chlorophyll b increased
after 15 days and remained constant until the end of the assessment. The mesophilic
succulence index reached its maximum value on day 15, and then decreased and remained
constant until the end of the assessment.



Horticulturae 2023, 9, 841 7 of 14

Table 3. Ex vitro acclimatization effects on D leaf water content, chlorophyll a, chlorophyll b, chlorophyll a + b, chlorophyll a/b ratio and mesophilic succulence
index of pineapple plantlets.

D Leaf Water Content Chlorophyll a Chlorophyll b Chlorophyll (a + b) Mesophilic SUCULENCE
Evaluation (¢ H,O cm-2) (ug Chlorophylls cm—2 (ug Chlorophylls cm—2 (ug Chlorophylls cm—2 Chlorophylls a/b Index
Time G of D Leaf) of D Leaf) of D Leaf) (g H,O mg~1 Chlorophylls)
(Days) . Non- . Non- . Non- . Non- . Non- . Non-
Microp Cryo Cryo Microp Cryo Cryo Microp Cryo Cryo Microp Cryo Cryo Microp Cryo Cryo Microp Cryo Cryo
0 0.053 b 0.052Db 0.052Db 3097 b 30.38Db 30.92b 16.23 b 16.38 b 16.15b 47.27 ¢ 4712 ¢ 4721 c 1.89a 1.87a 190 a 0.88 ¢ 090 ¢ 0.89¢
15 0.045c 0.044 c 0.044 c 20.77 ¢ 21.02¢ 2098c 19.14ab 1927ab 19.12ab  39.91b 39.78 b 39.88 b 1.08b 1.07b 1.06 b 1.88a 1.89a 187a
30 0.048b 0.049Db 0.047 b 21.14c 21.12¢ 21.19¢ 20.18Db 19.88b 19.95b 40.99b 40.20b 40.52b 1.09b 1.10Db 1.08b 1.54Db 1.52b 1.53b
45 0.081a 0.080 a 0.080 a 3347 a 33.56 a 33.54a 2427 a 2414 a 24.19a 58.05a 58.02a 5798 a 1.88a 1.89a 1.87 a 144b 142b 142b
SE +0.012 +0.12 +0.15 +0.78 +0.02 +0.032

Abbreviations: SE: standard error of the mean. Microp: plants that were micropropagated in a conventional manner. Non-cryo: plants derived from shoot tips that were cryoprotected
but not cryopreserved. Values labeled with the same letters in each column were not significantly different at p < 0.05 using Tukey’s mean separation test. Each data point represents the
mean for n = 50.
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3.4. Gas Exchange Rate and Organic Acid Levels

The gas exchange values found here confirm the natural expression of CAM metabolism
in the plants of the three groups (Table 4). The gas exchange rate and organic acid lev-
els were similar in plants from micropropagated, non-cryopreserved and cryopreserved
shoot tips, and there was no difference between treatments. The highest gas exchange
rate occurred at 12:00 a.m., while values were below the average at 12:00 p.m. The high-
est concentration of organic acids was also found at 12:00 a.m. (about 52 pmol H* g~!
fresh weight).

Table 4. Evaluation of gas exchange rate and organic acid levels in leaf D of ex vitro acclimatized
pineapple plants after 45 days.

Indicator Microp Non-Cryo Cryo
12:00 12:00 12:00 12:00 12:00 12:00 SE
am. p-m. am. p-m. am. p-m.
D leaf transpiration rate 1.97 a 0.02b 1.96 a 0.03b 1.95a 0.04b +0.01
(umol H)Om™=s™+)
D leaf stomatal conductance 0.10b 58.22a 0.26b 58.57 a 0.25b 58.56 a +0.25
(umol Ho O m™4s™%)
D leaf CO, assimilation 8.26a 0.01b 820a 0.07b 821a 0.06 b +0.06
(umol CO, m™<s™ %)
D leaf CO, assimilation percentage (%) 99.87 a 0.12b 99.15a 0.84b 99.27 a 0.72b +0.71
D leaf water use efficiency
(4mol CO pmol-1 HO) 419a 0.14b 418a 0.13b 420a 0.15b +0.01
D leaf organic acid levels 5258 a 6.22b 5246 a 6.34b 5247 a 6.33b +0.12

(umol H* g~ fresh weight)

Abbreviations: SE: standard error of the mean. Microp: plants that were micropropagated in a conventional man-
ner. Non-cryo: plants derived from shoot tips that were cryoprotected but not cryopreserved Cryo: plants derived
from cryopreserved shoot tips. Values labeled with different letters within each column differed significantly at
p < 0.05 according to Tukey’s mean separation test. Each data point represents the mean for n = 50.

4. Discussion

In this study, we report for the first time in Cuba the successful processes of in vitro
propagation, cryopreservation and acclimatization of certified ‘"MD2” pineapples. This
procedure provides an important tool to support in vitro gene banks and the long-term con-
servation of pineapple genetic resources. The availability of a cryopreservation method for
pineapples may also facilitate the use of cryotherapy methods to eradicate viruses [37—40].

We found that cryopreservation using droplet-vitrification did not negatively affect the
morphological characteristics of ‘"MD-2’ pineapple plants, as they were comparable to those
of non-cryopreserved plants and in vitro stock cultures (Table 2). Similar results of morpho-
logical characterization were also observed in the preliminary research of our group in two
other pineapple cultivars ‘Red Spanish Florencia’ and ‘Hybrid 54’ (Smooth Cayenne/Red
Spanish) after shoot tip cryopreservation and 45 days of acclimatization [27]. Similar
morphological indicators were also observed in potatoes [2], shallots [41], apples [42],
artichokes [43] and grapevines [44] between the cryopreserved plants and the control.

During the first few days after transplanting micropropagated plants under acclimati-
zation conditions, relatively slow plant growth across all treatments was observed. This is
likely due to the altered growth conditions and the shift in photosynthetic capacity [45],
which is a common phenomenon observed in many plant species, including pineap-
ple [30,35]. According to Villalobos et al. [18] and Gonzalez et al. [46], pineapple plants
grown in vitro develop a leaf system with autotrophic morphological structures during the
initial days of ex vitro acclimatization. This helps plants to restore their photosynthetic
machinery, allowing them to adapt to the low relative humidity conditions of ex vitro
environments [29].
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Previous studies by Hu et al. [47], Souza et al. [10] and Villalobos-Olivera et al. [12]
described in vitro pineapple plants regenerated from shoot tip cryopreservation, but the
adaptation of in vitro to ex vitro acclimatization conditions was not addressed. The success
of in vitro propagation systems depends on effective acclimatization and this step is also
critical for the establishment of seedlings under field conditions [48-50].

The acclimatization of pineapple plants in black polyethylene bags (size 400 cm?)
produced the best morphological results when compared to the use of plastic trays (size
90 cm3), which is a novel finding (Table 2). The size of containers used for acclimatization
presents a challenge in balancing optimal growing conditions and economic profitability
in large-scale propagation [51]. While a reduced container size can provide significant
economic benefits by lowering maintenance costs per unit of area, it can also negatively
impact root development and photosynthetic activity, thereby affecting plantlet growth [52].
Furthermore, several studies have shown that small container size can restrict root growth
and nutrient uptake, leading to reduced carbohydrate accumulation in leaves and an
imbalanced source/sink ratio, which in turn can result in reduced shoot growth [53,54].
Kim et al. [55] demonstrated that the biggest-sized container was favorable for plant growth,
as it showed higher plant height, leaf number, leaf area, fresh weight and dry weight for
the growth of tissue-culture-propagated apple rootstock plants. Therefore, further studies
on acclimatization based on industry requirements are needed.

The characteristics of morpho-anatomical development (Figure 1) correspond to those
described by Pino et al. [35] and Gonzalez et al. [46] during 45 days of ex vitro acclimati-
zation of micropropagated pineapple plants. This reflects the adaptation process of leaf
cells to the different environmental conditions, in which pineapple plantlets developed
more functional leaf structures to adapt them to the transition process from in vitro to ex
vitro [50,56].

Pineapple leaves formed in vitro have a short, club-shaped stem which narrow and
strongly curved leaves grow around [30]. These leaves serve as a source of carbonaceous
substances to meet metabolic needs and maintain plant adaptation during transitional
stress in the first week under ex vitro conditions [30,45,46]. The newly developed leaves
that adapted to ex vitro conditions (Figure 1B,E,H) exhibited a growth pattern with a
more vertical orientation and increased width, which is indicative of greater metabolic
efficiency and physiological adaptation to the specific environmental conditions [44]. These
leaves exhibited a perfectly defined anatomical structure (Figure 1C,El), similar to that
previously observed by Villalobos-Olivera et al. [28] and Gonzalez et al. [46] in acclimatized
pineapple plants from in vitro systems. These leaves exhibited the aquifer parenchyma, a
specialized structure of plants with CAM metabolism that allows for higher efficiency in
water use [36,57,58].

In the first phase of ex vitro acclimatization, pineapple plants switch from a C3
metabolism to a CAM metabolism to adapt to the increased temperature and light inten-
sity [30,58-60]. The decrease in water content, chlorophyll a, chlorophylls a + b and a/b
ratio in the first 15 days and the increase after 15 days could be related to the expression of
the CAM metabolism (Table 3). The decrease in the water content of the leaves could be
related to the loss of water vapor due to the inability of the stomata to function [29,58]. The
increase in water content after 30 days could be related to further stomatal regulation [61].
This regulation aims to prevent water loss in the form of water vapor during respiration [29].
In addition, the plants of all groups develop aquifer tissue to store water.

The decrease in chlorophyll a in the first 15 days in plants might be related to tissue
degradation during transition stress in the first week under ex vitro conditions due to
increased temperature and light intensity [29]. Chlorophylls are sensitive indicators of the
metabolic state of plants, and the decrease in their content reflects physiological distur-
bances or situations of biotic or abiotic stress [13]. Chlorophyll b increased consistently until
the end of the evaluation. Working on the seedlings of four tropical woody species (Bignon-
iaceae) under stress conditions (low light intensity), Kitajima and Hogan [62] observed
that while the chlorophyll a content decreased, the chlorophyll b content increased. This
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result is due to an adaptive response of the plant, in which chlorophyll b captures photons
and transfers them to chlorophyll a to compensate for its function [63]. These observations
could explain the decrease in chlorophyll a and increase in chlorophyll b in pineapple plants
from cryopreserved shoot tips and controls (micropropagated and non-cryopreserved),
as well as the results of Villalobos et al. [18]. Moreover, the fact that the chlorophyll a/b
ratio remained at values above 1 can be understood as a typical photosynthetic plasticity
response [29].

As for the mesophilic succulence index, the results found here are in agreement with
those reported by Rodriguez-Escriba et al. [29] in pineapple plants under water stress
situations. These authors reported that the increase in mesophilic succulence index was due
to higher metabolic functionality. This increase was related to a decrease in chlorophylls
and water content during the first 15 days under water stress conditions. The increase in the
index indicates a better relationship between the hydric tissue and photosynthesis [64,65].
The plants in this study have values greater than one after 15 days of acclimatization,
indicating the expression of CAM metabolism.

Gas exchange performed by plants under the three conditions after 45 days of acclima-
tization is characteristic of higher photosynthetic efficiency (Table 4). Pineapple plants
exhibit C3 metabolism under optimal growth conditions and show CAM metabolism as
an adaptation mechanism to biotic and abiotic stresses [66,67]. The CAM plants perform
gas exchange at night [60,64,68]. The studied plants perform transpiration, stomatal con-
ductance, CO; assimilation and water use efficiency at night time (12:00 a.m.), which is
characteristic of CAM metabolism.

The highest concentration of organic acids was also found at night time (12:00 a.m.).
This increase in organic acids during the night could be related to the accumulation of CO,
in the form of malic acid in the vacuole [29], and during the day, malic acid is decarboxylated
by phosphoenolpyruvate carboxylase (PEPC) [65]. According to Wang et al. [69] and Males
and Griffiths [64], stomatal opening in CAM is related to increased relative humidity and
decreased transpiration gradient in response to partial pressure of water vapor in the
growing environment. Plants with these metabolic traits are more efficient in water use
because they open their stomata at night and at cooler times of the day [70-72].

Overall, acclimatization is a complex process that involves the coordination of multiple
physiological and biochemical responses to environmental stressors, including oxidative
stress [73]. Changes in gene expression and cellular signaling pathways are important
mechanisms through which plants acclimatize to environmental stresses, including oxida-
tive stress. These mechanisms enable plants to adapt and maintain their development, even
under stressful conditions [74,75].

5. Conclusions

The findings of the study have several potential implications for the cultivation of
‘MD-2’ pineapple plants. Firstly, the successful cryopreservation of ‘MD-2” pineapple shoots
using the droplet-vitrification method ensures the long-term conservation of pineapple
germplasm, which may be useful for future propagation and breeding programs. Sec-
ondly, the morpho-anatomical and physiological characteristics of cryopreserved ‘MD-2’
pineapple plants were comparable to those of non-cryopreserved plants, indicating that
cryopreservation does not negatively impact the growth and development of the plants,
thus suggesting that this method may be ready for implementation in pineapple gene bank
collections. Finally, we observed that the acclimatization of ‘MD-2’ pineapple plants in
black polyethylene bags produced the best plant development, suggesting that this method
could be used to improve plant propagation efficiency in commercial nurseries.
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