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Abstract Many plant species grown under in vitro con-

trolled conditions can be used as models for the study of

physiological processes. Adult pineapple can display CAM

physiology while in vitro it functions as a C3 plant. Ex

vitro Ananas comosus has plastic morphology and physi-

ology, both easy to modify from C3 to CAM by changing

the environmental conditions. The yield of survival for a

rentable propagation protocol of pineapple is closely rela-

ted with the C3/CAM shift and the associated physiological

characteristics. In the present work, ex vitro pineapple

plants were divided in two sets and subjected to C3

and CAM-inducing environmental conditions, determined

by light intensity and relative humidity, respectively,

40 lmol m-2 s-1/85% and 260 lmol m-2 s-1/50%. The

results demonstrated that the stress imposed by the envi-

ronmental conditions switched pineapple plants from C3 to

CAM behavior. Comparing to CAM induced, C3-induced

pineapple plants showed substandard growth parameters

and morphological leaf characteristics but a better rooting

process and a higher ABA production, a phenotype closer

to adult plants, which are expected to produce fruits in a

normal production cycle. We conclude that the upholding

of these characteristics is conditioned by low light intensity

plus high relative humidity, especially during the first

8 weeks of ex vitro growth. It is expected that the better

understanding of pineapple acclimatization will contribute

to the design of a protocol to apply as a rentable tool in the

pineapple agronomic industry.

Keywords ABA � CAM � Carbon metabolism �

Malic acid � Oxidative stress

Abbreviations

Amax Maximal photosynthesis

LCP Light compensation point

LSE Light saturation estimate

Rd Dark respiration

UE Quantum efficiency

Introduction

Plants under ex vitro controlled conditions can be used as

models for the study of physiological processes that cannot

be easily monitored in adult plants exposed to a natural

environment. With respect to pineapple, ex vitro plants

have a somewhat plastic morphology and physiology that

can change according to the environmental conditions

under which the plants are grown. As a consequence, this

species is described as displaying a possible facultative

C3/CAM metabolism, mainly in relation to malic acid

accumulation. Besides, the high versatility of CAM and

CAM-like behavior in plants alluded to is certainly also

related to the fact that there is nothing specific in the

enzymatic complement of CAM metabolism (Borland and

Griffiths 1989; Cushman 2001; Luttge 2004).

The ice plant Mesembryanthemum crystallinum per-

forms C3 or CAM photosynthesis in response to the pres-

ence or absence of drought or salt stress, respectively, and

is thus referred as a facultative C3/CAM metabolism plant
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(Cushman et al. 2008b). For understanding the C3/CAM

switch, the transfer of a CAM metabolism gene into C3

plants, for example the PPDK gene from M. crystallinum

into tobacco was performed by Sheriff et al. (1998) and

Matsuoka et al. (2001). Currently, a challenging research is

being undertaken to try to change the carbon metabolism of

some C3 crops into C4 photosynthesis to increase the yield,

the most representative example being the attempt to obtain

C4 rice (Doubnerova and Ryslava 2011). The attempt at

the re-fixation of CO2 released by respiration through the

introduction of the dark-activated enzyme PEPC of CAM

plants into C4 transgenic rice is also well documented and

its practical application may lie in the near future, by

obtaining rice plants performing the canonical reactions of

C4 CO2 fixation (Bianjiang and Demao 2009). It is worth

to refer that the attempt to adjust CAM metabolism must

avoid changing the mesophyll and bundle sheath archi-

tecture, because CAM metabolism is more associated to the

temporal separation of the processes than to the spatially

separated reactions as it happens in C4 photosynthesis

plants (Edwards et al. 2004; Christin et al. 2009).

The main purpose of acclimatization of in vitro plants is

to obtain competent material to be transferred to field

conditions at the lowest time span. However, yield is one of

the most important economic aspects to be considered, in

particular, in generally low yield recalcitrant species (Read

2007; Arora et al. 2010). Whether ex vitro pineapple plants

develop C3 or CAM metabolism is certainly the key to

obtain successful adult plants. Several metabolic para-

meters can distinguish between C3 and CAM metabolism,

e.g., malic acid and starch concentration (Dodd et al. 2003).

However, to date, the knowledge of what exactly triggers

the shift in the physiology of pineapple from C3 in vitro

plants to CAM ex vitro plants is still far from complete,

several studies point to a photoperiod induction (Brulfert

et al. 1982) while others to environmental parameters such

as light, relative humidity and temperature.

Pineapple is considered the third most important tropical

crop worldwide, after bananas and mangoes. This crop is

cultivated mainly for fresh or canned fruit and juice, but is

also the only source of bromelain, a complex proteolytic

enzyme used in the pharmaceutical market and as a meat

tenderizing agent (Moyle et al. 2005). Brazil for example,

has an annual production of 1,471,000 tons per year

(FAOSTAT 2010). Pineapple plants in field conditions are

well characterized (Dopazo et al. 2009) showing high

sensitivity to abiotic stress and a need for a tight control of

water availability and temperature, rather that light inten-

sity (Bartholomew et al. 2003). Abiotic stress can delay the

fructification and decrease the economic revenue of the

production cycle.

Nievola et al. (2005) conducted an experiment with in

vitro pineapple plants to characterize the influence of

temperature in carbon metabolism. The results put in evi-

dence morphological and biochemical adjustments, but it is

difficult to extrapolate to the processes occurring under ex

vitro conditions. It is necessary to take into account that the

ex vitro setting puts plants in autotrophic nutrition condi-

tions, lacking the benefits provided by the media culture

during the in vitro phase responsible for unique morphol-

ogy and physiology characteristics.

Plants with facultative CAM carbon metabolism can be

classified into three groups according to the enzyme that

releases CO2 directly or not from malic acid: plants with

NAD-dependent malic enzyme, plants with NADP-depen-

dent malic enzyme and plants with PEPCK enzyme,

pineapple being included in the last group (Weise et al.

2011). Several physiological processes can be affected by

the transition from C3 to CAM metabolism, such as gas

exchange, efficiency of the functioning of PSII, as well as

PEPC and PEPCK activities which are closely dependent

of light and dark regulation (Cushman and Bohnert 1999).

The main objective of the present research is to better

understand the process of acclimatization of pineapple to

develop a protocol for the micropropagation industry that

enables the production of economically viable plants. With

that purpose we tested two ex vitro conditions, one similar

to the in vitro environment, supposed to maintain C3

characteristics and a second one, more similar to a CAM-

inducing environment, and monitored morphological,

physiological and biochemical parameters in plants grow-

ing in both conditions.

Materials and methods

Plant material and ex vitro culture conditions

Pineapple plants (Ananas comosus (L.) Merr. var MD-2)

micropropagated in Temporary Immersion Bioreactors

(TIB; Escalona et al. 1999) were transplanted to pots

containing a sterilized mixture of hydrated peat and perlite

(1:1, v/v) and placed in glass chambers with 450 L volume

(500E, Aralab, Porto Salvo, PT). Light was provided by

fluorescent lamps (Gro-Lux F18W/GRO) and the photo-

period was 16/8 h. Plants were divided into two sets of 120

plants each and placed in two glass chambers with different

environmental conditions determined by the light intensity

and relative humidity (RH) that produce changes in the

range of day and night temperature (Table 1). The pro-

gramed RH inside the glass chambers was obtained by

an ultrasonic fog system controlled by a hygrometer.

Temperature was variable depending on the light and RH

conditions. Irrigation was also differential between treat-

ments, on C3-inducing conditions the saturation of sub-

strate was guaranteed while on CAM-inducing conditions
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the plants were irrigated once at the beginning of the light

period every other day.

Measurements were taken at time zero (w0) of transfer

to acclimatization and weekly during the 8 weeks of

acclimatization. Samples for all further analyses were

collected in the middle of the light period and, in the case

of carbohydrates and enzyme activity, also in the middle of

the night period, always from a D leaf, defined as a leaf

forming a 45° angle with the vertical axis.

Morphological parameters

The following parameters were quantified in ten plants:

number of leaves, length of D leaf (cm), width of D leaf

(cm), number of roots, plant fresh weight (g), and plant dry

weight (g; after drying the shoots at 70°C until constant

weight was attained).

Waxes

Wax extraction was performed in 100 mL chloroform per

leaf. Leaves were immersed in chloroform and shaken

gently. The solution containing the waxes was completely

evaporated and the wax content was quantified by gravi-

metric difference (Hamilton 1995).

Chlorophyll content

Chlorophyll was extracted from five leaf disks. Disks were

incubated in 3 mL DMSO at 65°C for 1 h, and absorbance

was measured at 645 and 663 nm (adapted from Hiscox and

Israelstam 1979). The chlorophyll concentration of the

extractswas calculated using the equations described byPorra

et al. (2002): Chl a (lg mL-1) = 12.00 9 A663 – 3.11 9

A645; Chl b (lg mL-1) = 20.78 9 A645 – 4.88 9 A663; Chl

t (lg mL-1) = 17.67 9 A645 ? 7.12 9 A663; and converted

to mg Chl cm-2 leaf area (Richardson et al. 2002).

Succulence index (SI)

The succulence index was determined using the values of

chlorophyll content and fresh and dry weight with the

formula: SI = (FW - DW)/Chl t, where FW, fresh weigh;

DW, dry weight; Chl t, total chlorophyll content (Kluge

and Ting 1978).

Chlorophyll a fluorescence and photosynthetic light

response curves

Chlorophyll a fluorescence was measured with a Mini-

PAM Photosynthesis Yield Analyzer (Walz Mess- und

Regeltechnik, Effeltrich, Germany) in dark-adapted

(15 min) and light-adapted leaves. Photosynthetic light

response curves and stomatal conductance (gs) were

obtained using the Photosynthesis Measurement System

(Li-COR Biosciences LI6400 Lincoln, Nebraska), with

increasing irradiances ranging from 0 to 1,850 lmol

quanta m-2 s-1. Several parameters were calculated using

the Photosynthesis Assistant 1.1 software (Dundee Scien-

tific, UK) for data analysis.

Soluble carbohydrates and starch

Extraction for soluble carbohydrates and starch was per-

formed according to Stitt et al. (1989). The quantification

of soluble carbohydrates (malic acid, sucrose, glucose, and

fructose) was done by HPLC chromatography [Pharmacia

LKB equipment with an IR detector (35°C) and an HPX-87

H (BIORAD, Hercules, CA 300 9 7.8 mm (60°C)]. The

solution containing the carbohydrates was filtered through

0.2 lm filters (Sartorius) previously stabilized in distilled

water. Sulfuric acid (25 mM) was used as the mobile phase

at 0.6 mL min-1. The volume injected was 20 lL. All the

standards (malic acid, sucrose, glucose, and fructose,

obtained from SIGMA-Aldrich) were prepared at 1 mg/mL

and used for calibration. Starch quantification was per-

formed by the method of Stitt et al. (1978).

Extraction for enzyme activity and the respective assays

The extractions for measuring enzyme activities were

performed at 4°C from 0.5 g of frozen leaf material. The

material was ground using mortar and pestle in the pres-

ence of liquid nitrogen, and 50% (w/w) polyvinylpoly-

pyrrolidone was added. The extraction buffer was 0.35 M

Tris–HCl (pH 8) supplemented with 20 mM EDTA; DETC

11 mM, cysteine 15 mM (Jacobs et al. 1999), and 0.2 mM

PMSF. Extracts were centrifuged at 27,000g for 20 min at

4°C and supernatants, desalted through PD-10 columns

(GE-Healthcare Life-Sciences, Buckinghamshire, UK),

were used for all the determinations. Protein was quantified

by the method of Bradford (1976) using a commercial kit

(Bio-Rad, Hercules, CA). The reaction catalyzed by

phosphoenolpyruvate carboxylase (PEPC) was performed

in 1 mL of 50 mM HEPES–KOH buffer at pH 7.4

according to Siegl and Stitt (1990). The catalyzed PEPC

Table 1 Environmental conditions applied in the growth chambers to

induce either C3 or CAM carbon metabolism

Treatments C3 CAM

Light (lmol m-2 s-1) 40 260

Humidity (RH) (%) 85 50

Temperature (°C) (22 ± 2/20 ± 1) (28 ± 2/20 ± 1)

Irrigation Saturation Deficit
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reaction was coupled with the L-malate dehydrogenase (EC

1.1.1.37) (SIGMA-Aldrich) reaction and assayed at 25°C

by monitoring NADH consumption at 340 nm (Le et al.

1991). PEPC activity was expressed as lmol min-1 mg-1

Prot and the protein content used was circa 20–40

mg mL-1. Phosphoenolpyruvate carboxykinase (PEPCK)

was assayed after the incubation of the extract in the

standard assay solution containing 40 mM Hepes–KOH,

pH 8.0, 0.25 mM ATP, 0.5 mM MnCl2 and 0.1 mM oxa-

loacetate, for 10 min at 25°C. HPLC chromatography (as

described previously for soluble carbohydrates) was used

for the quantification of PEP. A standard curve was

obtained with PEP purchased from SIGMA-Aldrich.

PEPCK activity was expressed as lmol min-1 mg-1 Prot

and the protein content used was circa 20–40 mg mL-1.

ABA quantification

ABA concentration was determined in pineapple leaves

collected during ex vitro growth. The sap fluid from leaf

tissue was extracted by mechanical pressure. The sap col-

lected (circa 0.5 mL) was clarified with 0.1 g of activated

charcoal. Fifty microliters of this solution were used

as sample to quantify ABA through immunoassay by indi-

rect enzyme-linked immunosorbent assay (ELISA) with

monoclonal antibodies, using a commercial kit (Olchemim

Enzyme Immunoassay, Olomouc, Czech Republic),

according to the manufacturer’s recommendations.

Statistical analysis

All experiments were performed three times: morphologi-

cal analyses were performed with ten repetitions, photo-

synthesis and chlorophyll fluorescence were performed

with three repetitions and all other analyses with nine. All

statistical analyses were carried out using SPSS version 12

(Pérez 2005). All situations were analyzed using one-way

ANOVA followed by Tukey’s Multiple Range Test or t test

for the comparison of two conditions, both at 5% signifi-

cance level.

Results

The present work compares the distinct patterns of pine-

apple plants when subjected to acclimatization under the

environmental conditions described in Table 1. Morphol-

ogy and growth parameters were assessed at the final point

of the experiment (w8). Physiological and biochemical

parameters were analyzed at time zero (w0) of transfer, and

during the 8 weeks of acclimatization except for photo-

synthesis rates and ABA concentration that were obtained

every 2 weeks (w2, w4, w6, w8).

Plant morphology and growth parameters

At the end of acclimatization (w8) plants under CAM-

inducing conditions (Fig. 1, right) were taller, with leaves

displaying a less intense green hue and thorns in the mar-

gins (Fig. 1c, arrow). Root number was significantly higher

in plants under C3-inducing conditions while leaf area was

higher in plants under CAM-inducing conditions due to

their larger width, since the length/width ratio was higher

in the leaves of plants under C3-inducing conditions. The

number of leaves was almost equivalent in plants under

both conditions (Fig. 2). The evolution of fresh weight

(Fig. 3a) was identical under both treatments with a net

decrease on w4, followed by a steady increase thereafter.

On the contrary, the dry weight (Fig. 3b) was distinct

between plants under the two treatments with the dry

weight of plants under CAM-inducing conditions increas-

ing significantly from w2 onward while the plants under

the C3-inducing environment mimicked the pattern repor-

ted for fresh weight.

In accordance with the hue of the leaves, the concen-

tration of a, b and total chlorophyll was higher in plants

under C3-inducing conditions (Fig. 4). Another interesting

feature of CAM-induced plants was the higher deposition

of waxes on their surface (Fig. 5a). The succulence index is

related to the water holding ability during drought and thus

can give an important insight into CAM metabolism. Plants

under this condition presented significantly higher SI

values than plants growing in C3 conditions (Fig. 5b).

4 cm

C

B

A

Fig. 1 Pineapple plants (lateral view a; top view b) and detail of the

leaf morphology (c, arrow for thorns) at the end of in vitro phase (left)

and at w8 of acclimatization under C3-inducing (middle) or CAM-

inducing (right) conditions
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Photosynthesis and chlorophyll fluorescence

The curves of photosynthesis rates at ambient CO2 and

increasing light intensities obtained at w0 and w2 in plants

under C3 and CAM-inducing conditions (Fig. 6a, b,

respectively) follow a similar trend with significantly

higher values on w0 at the highest light intensity

(1,800 lmol quanta m-2 s-1) and a tendency for higher

CO2 release (respiration) on w2, even at high light inten-

sities. On w4, PAR increase resulted in higher photosyn-

thetic rates in plants under C3-inducing conditions when

compared with CAM-grown plants. On w6 and w8 the

values of photosynthetic rates were significantly higher in

both sets of plants, reaching the highest values at 750 lmol

quanta m-2 s-1, and decreasing slowly for higher light

intensities. The apparent photosynthesis rates measured at

the light intensity in which the plants were grown (40 and

260 lmol quanta m-2 s-1 for C3 and CAM-inducing

conditions, respectively) are shown in the insets of Fig. 6

and are significantly higher in CAM-induced plants

(Fig. 6b, inset) from w4 onward.

The light response curves were processed with Photo-

synthesis Assistant 1.1 (Dundee Scientific, UK) to calculate

the maximal photosynthetic rate (Amax), the light com-

pensation point (LCP), the light saturation estimate (LSE),

the photosynthetic quantum efficiency (UE, expressed

91,000) and the dark respiration (Rd). Before w4 and in

C3-induced plants on w4 the values had correlation coef-

ficients\0.90, thus without physiological significance and

therefore, these values are not shown on Table 2. In CAM-

induced plants LCP and LSE showed significantly higher

Fig. 2 Growth parameters of pineapple plants under the two

acclimatization treatments (C3 and CAM inducing) on w8. R number

of roots, L number of leaves, L/W leaves length/width ratio, A leaf

area. Values followed by different letters between C3 and CAM-

induced conditions are significantly different at 5% level by t test

(n = 10)

Fig. 3 Fresh weight (a) and dry

weight (b) of pineapple plants

under the two acclimatization

treatments (C3 and CAM

inducing) during

acclimatization. Values

followed by different letters are

significantly different at 5%

level by Tukey’s Multiple

Range Test (n = 10)

Fig. 4 Concentration of total

chlorophyll (chl t), chlorophyll

a (chl a), chlorophyll b (chl b)

(a) and chl a/chl b ratio (b) in

leaves of pineapple plants under

the two acclimatization

treatments (C3 and CAM

inducing) on w8. Values

followed by different letters are

significantly different at 5%

level by t test (n = 9)
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Fig. 5 Wax content on the

surface of pineapple leaves

(a) and succulence index (SI)

(b) of plants under the two

acclimatization treatments (C3

and CAM inducing) on w8.

Values followed by different

letters are significantly different

at 5% level by t test (n = 9)

Fig. 6 Photosynthetic rates at

ambient CO2 and increasing

irradiances in pineapple plants

under the two acclimatization

treatments (a C3 inducing and

b CAM inducing). Insets in

a and b show the photosynthetic

rates measured at the irradiance

the plants were grown,

respectively, C3 inducing,

40 lmol m-2 s-1 and CAM

inducing, 260 lmol m-2 s-1).

Statistical analysis was

performed for the values

represented in the insets. Values

followed by different letters in

the insets are significantly

different at 5% level by Tukey’s

Multiple Range Test (n = 3).

When no differences were

found letters were withdrawn

from the respective line
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values and, on w8 Rd followed the same trend. Interest-

ingly, no significant differences were monitored for UE in

plants under both acclimatization treatments. Stomatal

conductance values (gs) measured at the light intensities of

growth (Table 3) showed a similar pattern in both treat-

ments except that stomata opening in C3-inducing plants

was delayed from w4 to w6.

The efficiency of PSII functioning was influenced by the

stress imposed upon the transfer of plants to the ex vitro

treatments (Fig. 7). The majority of the chlorophyll fluo-

rescence parameters decreased significantly after transfer

to ex vitro in C3-induced plants except nonphotochemical

quenching which increased until w4 and stabilized there-

after. The results obtained in CAM-induced plants were

less predictable, with all light-dependent parameters suf-

fering significant decreases from w4 onward. On w8 only

Fv/Fm did not differ between C3 and CAM-induced plants.

Carbohydrates

Carbohydrate quantifications were performed in the middle

of the light and of the dark period. The concentration of

malic acid measured during the dark was higher than

during the light (Fig. 8a), a difference more evident in

plants under CAM-inducing conditions after w5. Sucrose

concentration presented oscillating values in both treatments,

especially during the light period (Fig. 8c). Significantly

higher values were obtained in plants under CAM-inducing

environment on w5 and w4, respectively, in the light and in

the dark period. With respect to starch, from w0 until w3

(Fig. 8e) during the day its concentrationwas typical of plants

withCAMmetabolism,with a steady increase, similar in both

treatments. From then on and until w8, starch concentration

decreased sharply in plants under C3-inducing conditions

while in CAM-induced plants that decrease was slow and

justified their significantly higher starch concentration.

Showing a contrasting response, the values measured in the

middle of the dark period were much lower (Fig. 8f) and

although they increased slightly in both treatments, starch

concentration in CAM-inducing conditions was one half as

compared to C3-inducing plants.

PEPC and PEPCK activities

Higher activities of PEPC were measured during the dark

(Fig. 9b) when compared with the values obtained during

the light (Fig. 9a). Plants under both treatments showed a

peak of enzyme activity, earlier (w1) in CAM-induced

Table 2 Photosynthetic parameters quantified in pineapple plants under C3 and CAM-inducing conditions

Induction condition Week Parameter

Amax LCP LSE UE Rd

C3 4 NA NA NA NA NA

CAM 0.44 ± 0.11 47.01 ± 0.31 78.21 ± 0.58 2.64 ± 0.26 0.13 ± 0.09

C3 6 1.33 ± 0.21 NS 23.32 ± 0.26 343.84 ± 2.51 2.23 ± 0.11* 0.05 ± 0.001 NS

CAM 1.49 ± 0.31 NS 39.28 ± 0.18* 550.37 ± 4.12* 1.37 ± 0.16 0.05 ± 0.001 NS

C3 8 1.54 ± 0.21 2.95 ± 0.31 321.35 ± 2.41 4.15 ± 1.07 NS 0.012 ± 0.002

CAM 2.46 ± 0.27* 19.17 ± 0.41* 505.82 ± 3.79* 6.78 ± 2.31 NS 0.13 ± 0.01*

Results are shown for plants from w4 to w8 (CAM-inducing conditions) and w6 and w8 (C3-inducing conditions)

Amax maximal photosynthetic rate, LCP light compensation point, LSE light saturation estimate, UE quantum efficiency (expressed 91,000) and

Rd dark respiration

* Significantly different at 5% level by t test (n = 3); NS, not significantly different at the same level; NA, not available, measured values were

impossible to process with the available software because the correlation coefficients were lower than 0.90, thus without physiological

significance

Table 3 Stomatal conductance (gs) in pineapple plants under the two acclimatization treatments (C3 inducing and CAM inducing)

Induction condition Week

0 2 4 6 8

C3 0.126 ± 0.001 NS NA 0.024 ± 0.001 0.126 ± 0.003 NS 0.126 ± 0.002 NS

CAM 0.126 ± 0.001 NS NA 0.141 ± 0.003* 0.131 ± 0.002 NS 0.127 ± 0.001 NS

C3 inducing, 40 lmol m-2 s-1 and CAM inducing, 260 lmol m-2 s-1

* Significantly different at 5% level by t test (n = 3); NS, not significantly different at the same level; NA, not available, the values measured

had no physiological significance and correspond to totally closed stomata
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plants. That peak was observed on w2 in plants under

C3-inducing conditions and the activities decreased slowly

thereafter, diverging from activities in CAM-induced

plants that, after a minimum on w4, increased steadily.

During the light period, PEPC activities attained on aver-

age one-third of the values measured during the dark,

without significant differences between plants under the

two treatments, except a peak on w1 in the plants under

CAM-inducing environment and a small peak on w4 in

plants of the other treatment.

The activity of PEPCK is crucial to characterize CAM

metabolism in pineapple plants. In contrast with PEPC

activity, the values of PEPCK activity were tenfold higher

during the light (Fig. 9c) when compared with the values

obtained during the dark (Fig. 9d). The values were stable

during the whole acclimatization period, with the exception

Fig. 7 Chlorophyll fluorescence parameters measured in leaves of

plants during the two acclimatization treatments (C3 and CAM

inducing). Fv/Fm represents the maximum efficiency of PSII photo-

chemistry in dark-adapted leaves (a), F0

v/F
0

m corresponds to the

maximum quantum efficiency of PSII in light-adapted leaves (b), UE

equates to the operating quantum efficiency of PSII photochemistry

(c), ETR, electron transport rate (d), NPQ (Fm/F
0

m - 1) gives an

estimate of the light energy not used in photosynthesis and functions

as an indicator of photoprotective processes through the dissipation of

energy as heat (e) and qP, photochemical quenching (f). Values

followed by different letters are significantly different at 5% level by

Tukey’s Multiple Range Test (n = 3). When no differences were

found letters were withdrawn from the respective line
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of plants under CAM-inducing conditions where, in the

light, a steady increase of activity was measured, which on

w8 reached twice the value measured on w0 as well as the

activity measured in C3-inducing plants during the entire

treatment.

Abscisic acid

The ABA concentration measured in the sap collected from

pineapple plants showed significantly different values in

both treatments (Fig. 10) with significantly higher con-

centration in plants under C3-inducing conditions from w4

onward, attaining on w8 20-fold the ABA concentration

measured in plants under CAM-inducing conditions, which

kept constantly low values during the whole period of

acclimatization.

Discussion

Previous results on in vitro pineapple have shown that it is

possible to alter the carbon metabolism C3/CAM, by

changing the environmental temperature during the light

and the dark period (Nievola et al. 2005). However, this

process is extremely expensive and out of the budget for

greenhouse production in third world countries; instead, a

change in light intensity and relative humidly is cheaper

and can by itself control ambient temperature. The

behavior of micropropagated C3-pineapple plants, during

acclimatization using two distinct treatments, C3 and

CAM-inducing conditions, was compared to ascertain the

efficiency of promotion of both types of metabolism. Plant

morphology, physiology, key metabolites and enzyme

activities were monitored to get an insight into when and

Fig. 8 Carbohydrates of

pineapple leaves under the two

acclimatization treatments

(C3 and CAM inducing). Malate

(a, b), sucrose (c, d) and starch

concentration (e, f) were

quantified during the light

period (a, c, e) and the dark

period (b, d, f). Values followed

by different letters are

significantly different at 5%

level by Tukey’s Multiple

Range Test (n = 9). When no

differences were found letters

were withdrawn from the

respective line. For clarity of

presentation the scales in a and

b are different
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how, during the acclimatization phase, the shift from C3 to

CAM metabolism occurred.

The environmental conditions applied caused obvious

phenotypic divergence in the pineapple plants studied.

These changes were certainly in accordance with the higher

values of succulence index and malic acid concentration

during the dark period in CAM-induced plants, where the

pre-defined environmental conditions were able to switch

plant morphology from C3 to CAM by w4. The so-called

‘‘typical’’ pineapple plant presents wide leaves with a

succulent appearance (Bartholomew and Kadzimin 1977).

The water usage pattern of CAM plants represents a

physiological adaptation to a specific environment and was

the main contributor to the higher SI and dry weight, which

can be explained by the high starch concentration of these

plants when compared with plants under C3 conditions.

Although CAM-induced plants presented better carbon

assimilation, higher dry weight and leaf area, the rooting

Fig. 9 Total soluble PEPC (a, b) and PEPCK (c, d) activities in

leaves of pineapple plants under the two acclimatization treatments

(C3 and CAM inducing) measured during the light (a, c) and the dark

(b, d) periods. Values followed by different letters are significantly

different at 5% level by Tukey’s Multiple Range Test (n = 9). When

no differences were found letters were withdrawn from the respective

line. For clarity of presentation the scales in a–b are different

Fig. 10 Abscisic acid (ABA) concentration in pineapple sap

extracted from leaves of plants under the two acclimatization

treatments (C3 and CAM inducing). Values followed by different

letters are significantly different at 5% level by Tukey’s Multiple

Range Test (n = 9). When no differences were found letters were

withdrawn from the respective line
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process was enhanced in plants under C3-inducing condi-

tions. The ex vitro rooting process can be vital for a normal

water transport from roots to leaves delivering the water

needed for transpiration. The lower growth and carbon

assimilation rates of plants with C3 metabolism can be

compensated by the emission of roots and represent a

crucial factor to the final yield of plants with this type of

metabolism. A fundamental mechanism to circumvent the

harmful effects of water balance during the first weeks of

acclimatization of CAM growing plants is the wax con-

centration of leaves. Plants under CAM-inducing condi-

tions have a better capacity to hold water while the stomata

are closed due to the wax protection of the cuticle. These

two aspects, rooting and leaf wax, can be considered as

positive strategies to control water balance, set apart by

the environmental conditions: wax deposition in leaves

of CAM-induced plants and a better rooting process in

C3-induced plants.

Photosynthesis rates and the functioning efficiency of

PSII were used to characterize the stringent relationship

between morphology and physiology of these plants. At the

end of the acclimatization period, CAM-induced plants

showed a decrease in the parameters associated with the

functioning efficiency of PSII. Conversely, the highest

values of photosynthetic rates measured in CAM plants on

w8 were similar to the values obtained in adult pineapple

plants under greenhouse conditions (Keller and Luttge

2005) and to those of other CAM plants (Bartholomew

et al. 2003), but are low when compared with the range

of 8–25 lmol m-2 s-1 reported for C3 plants. The low

CO2 fixation rates measured in pineapple are in part due

to low gas diffusion, hindering leaf conductance. The

transpiration rates of pineapple can range from 0.05 to

0.23 mmol m-2 s-1 (Bartholomew et al. 2003).

The photosynthesis rates equivalent to adult plants in

parallel with chlorophyll fluorescence parameters typical of

in vitro plants (Carvalho and Amancio 2002) can result in

oxidative stress symptoms that take place in immature in

vitro cultured plants, due to the saturation of the still not

fully functioning electron transport system of thylakoid

membranes. In fact, indications of oxidative stress can

appear in chloroplasts of immature leaves from in vitro

plants when carbon fixation attains the levels of adult leaves

as measured through photosynthetic rates (Carvalho et al.

2006). Photosynthetic rates are directly associated with the

production of sucrose during the light period, as a possible

final destination for the fixated CO2, although starch can be

an alternative final carbon storage form. Plants with CAM

metabolism presented a concentration of sucrose that was

stable between day and night (Antony et al. 2008). In CAM-

induced plants the balance between sucrose and starch

shifted to starch storage during the light period. A known

feature of C3 plants is the oscillation of starch concentration

between day and night (Cushman et al. 2008a) but in spe-

cies with C3/CAM facultative metabolism, such as Mese-

mbryanthenum crystallinum, that oscillation is 20% higher

and the authors advanced that it represents a key feature to

maintain CAM metabolism (Dodd et al. 2003). Comparing

the oscillation of starch levels in pineapple plants under

CAM and C3-inducing conditions, we verified that it is

more than sixfold higher in CAM-induced plants. It is well

documented that the concentration of starch in leaves is

important to define a good metabolic balance in C3, C4 or

CAM species (Kotting et al. 2010; Weise et al. 2011). New

insights into sugar signaling in plants are unraveling its

importance and providing conclusive results that demon-

strate its contribution to growing and physiological

improvement (Smeekens et al. 2010). Here, a direct corre-

spondence between photosynthetic rate and diurnal starch

synthesis was shown in pineapple plants with CAM-

induced metabolism. Dark respiration can reflect a process

of carbon loss; significant differences were only measured

on w4, the moment when several parameters point to a

differentiation between both types of metabolism.

Pineapple plants are classified as CAM plants that use

PEPCK to decarboxylate oxaloacetic acid; this is the most

challenging sub-group of CAM plants because the regula-

tion of PEPCK is not yet well established. It is well estab-

lished that, in the PEPC subgroup of CAM plants, the

induction of CAM metabolism requires PEPC protein

synthesis (Taybi and Cushman 2002). On the contrary, in

pineapple the common function of the enzyme pair PEPC/

PEPCK shows low PEPC and high PEPCK activity during

the light period and the reverse during the dark (Theng

et al. 2008). The present experiment seems to confirm that

assumption, since in dark conditions PEPC activity

decreased in C3-induced plants when the same enzyme was

activated in the CAM-induced ones. Week four seems to be

the crucial moment for the switch of CAM-induced pine-

apple plants to CAM metabolism; these plants are charac-

terized by this decrease in the dark activation of PEPC

activity triggered by the prevailing CAM environmental

conditions, and that can be due to protein phosphorylation at

that time point. Up until now, PEPC regulation by the PEPC

kinase has not been clearly described in pineapple plants

due to difficulties during the attempt at cloning its gene

(Theng et al. 2008). The regulation and metabolic changes

between light and dark carried out by different protein

kinases appear to be rather uncommon in this species.

With respect to ABA concentration w4 was also a

turning point with a drastic increase in plants under C3

inducing conditions. Root emission could be closely related

with ABA levels in the leaves of these plants as ABA is

considered an important element for shoot and root

growth by preventing an excess of ethylene, a growth

inhibitor hormone (Nair et al. 2009). Typically, in drought
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conditions, ABA helps to protect against stress by pro-

moting the expression of CAM in the PEPC subgroup (Chu

et al. 1990; Taybi and Cushman 2002). However, a feature

of ABA, still not well characterized, is its capacity to

control shoot growth under water sufficient conditions

(Sharp and Lenoble 2002), exactly the growth conditions of

C3-induced pineapple plants. It must be noted that stomatal

opening was independent of ABA sap concentration per

dry weight.

W4 is the decisive moment during the acclimatization of

pineapple under both environmental conditions, with several

parameters changing their trends, among which fresh and dry

weight, NPQ, dark malic acid and sucrose concentration,

light starch concentration and dark PEPC activity.

The results taken as a whole allow to conclude that

oxidative stress caused by the abiotic stress conditions

imposed exerted a key influence over plant metabolism

(Mullineaux et al. 2006; Batkova et al. 2008), helping to

provide pineapple plants with the ability to switch from C3

to CAM metabolism (Borland and Dodd 2002). Pineapple

plants maintaining C3 metabolism showed a better rooting

capacity and a higher production of ABA, what can be

associated with an adult phenotype. The upholding of these

characteristics was conditioned by the high relative

humidity and low light intensity during the two first

2 months of ex vitro growth.
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