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Abstract

Phalaenopsis plantlets, acclimatized under different air temperatures (15+2, 25+2 and 35+2°C) and relative humidity (RH) (60+5, 8045
and 95+5%RH), were transferred directly to in vivo environments for 14 days. The experiment was done at the Plant Physiology and
Biochemistry Lab, National Center for Genetic Engineering and Biotechnology (BIOTEC) in year 2007. Chlorophyll a (Chl,), chlorophyll
b (Chly), total chlorophyll (TC) and total carotenoid (Cy..) contents in plantlets acclimatized under conditions of low air temperature and
low RH were maintained to a higher degree than in those acclimatized under high temperature and high relative humidity by 4.45, 5.79,
4.68 and 4.95 times, respectively. Chl, and TC contents in acclimatized plantlets were positively related to maximum quantum yield of
PSII (F,/E,) (> = 0.61) and photon yield of PSII (®pgy) (r* = 0.82), respectively. F./Fp, @psyy, photochemical quenching (qP) and
transpiration rate (E) in plantlets acclimatized under low temperature and low RH were enriched and were greater than those under high
temperature and high RH treatment, while stomatal conductance (g,) was lower, leading to enhanced net photosynthetic rate (P,) and
growth performances. Low temperature and low RH conditions of in vitro acclimatization should be implemented to produce healthy
Phalaenopsis plantlets, defined by pigment stabilization, chlorophyll a fluorescence regulation, P, and growth characteristics, to enable

their rapid adaptation to in vivo environments.
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Abbreviations: Chl,_chlorophyll a, Chl,_chlorophyll b, TC total chlorophyll, Ci. total carotenoids, E_transpiration rate,
F./F,,_maximum quantum yield of PSII, g, stomatal conductance, MS Murashige and Skoog medium, NPQ_non photochemical
quenching, P, net photosynthetic rate, ®pgy; photon yield of PSII, PPF photosynthetic photon flux, qP_photochemical quenching,

RH_relative humidity.

Introduction

Phalaenopsis, or the moth orchid, is one of the most important
genera of ornamental plants in the world. 75% of the market
share of orchids produced in the year 2000 was a potted
Phalaenopsis orchid, representing seventy-five million US
dollars. Large scale production of Phalaenopsis is carried out in
The Netherlands, Germany, China, Taiwan, The United States
and Japan (Griesbach 2002). Phalaenopsis originates in
temperate regions, which have low temperatures (<25°C). It has
been reported as being sensitive to high temperatures and this is
especially the case with hybrid types (Kano 2001). In the floral
transition stage, low temperatures are necessary for endogenous
cytokinin and gibberellin accumulation, as well as
photosynthetic enhancement, leading to sucrose gathering for
flower bud initiation and stalk elongation (Chou et al. 2000; Su
et al. 2001a; Kataoka et al. 2004; Blanchard and Runkle 2006;
Lee et al. 2007; Chen et al. 2008; Penfield 2008). High
temperature environments strongly affect oxidative stress in
Phalaenopsis orchids, resulting in inhibition of flower
development (Su et al. 2001a; Ali et al. 2005). In the present

study, air temperature is mentioned as a key factor in
controlling Phalaenopsis plantlet growth and development in
vitro, prior to in vivo transplantation. On a commercial scale,
Phalaenopsis plantlets have been produced by micropro-
pagation through plant tissue culture, which is successfully
implemented in many countries, Japan, Taiwan and China
(Griesbach 2002). There are many reports into developing an
effective protocol of Phalaenopsis micropropagation via
protocorm-like bodies (Islam et al. 1998; Chen et al. 2000; Park
et al. 2000; Tokuhara and Mii 2001; Park et al. 2002; Tokuhara
and Mii 2003; Liu et al. 2006; Shrestha et al. 2007). Normally,
the environments in in vivo are quite different when compared
to in vitro conditions, in terms of relative humidity (RH),
constant temperature, air ventilation, nutrient levels, etc (Kozai
et al. 1997, Chen 2004; Hazarika 2006). In vitro
acclimatization, or hardening, is one of the main processes in
the production of healthy plantlets before their transplantation
to in vivo (Pospisilova et al. 1999a; Hazarika 2003).
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Photoautotrophic ~ acclimatization of plantlets  using
environmental controls has successfully improved the survival
percentage rates in in vivo conditions (Kozai et al. 1997; Xiao
and Kozai 2004). Relative humidity (RH) control of in vitro
acclimatization is a major factor in enhancing the biochemical,
physiological and morphological characters of plantlets when
transplanted to in vivo (Cha-um et al. 2003; Talbott et al. 2003).
There are many techniques for controlling the RH in the culture
vessel of plant tissue culture, such as, saturated salt addition to
the culture chamber and increasing the air ventilation rate (Cui
et al. 2000; Cha-um et al. 2003; Shim et al. 2003). Acclimatized
plantlet adaptation is an important mechanism in the
transplanting process of plant micropropagation, relating to
survival percentage, growth and development (van
Huylenbroeck et al. 1998; van Huylenbroeck et al. 2000;
Kadlecek et al. 2001; Fila et al. 2006). Healthy, acclimatized
plantlets have been identified using physiological
characteristics including chlorophyll content, chlorophyll a
fluorescence parameters, CO, assimilation, net photosynthetic
rate (P,), stomatal conductance (g;) and transpiration rate (E),
which have been demonstrated in many plants such as orchids
(Jeon et al. 2005), Calathea louisae (van Huylenbroeck et al.
2000), tobacco (Pospisilova et al. 1999b; Kadlecek et al. 2001),
Spathiphyllum floribundum (van Huylenbroeck et al. 1998),
strawberry (Borkowska 2001), grapevine (Carvalho and
Amancio 2002a; Fila et al. 2006) and chestnut (Carvalho and
Amancio 2002b). Chlorophyll a fluorescence parameters,
including maximum quantum yield of PSII (F,/F,), photon
yield of PSII (®pgy), photochemical quenching (qP) and non
photochemical quenching (NPQ), are maintained in orchids
grown under ex Vitro acclimatization (Jeon et al. 2006; Jeon et
al. 2006), enriched CO, (Gouk et al. 1999) and low night
temperature (Chen 2008), and also play a role as growth
indicators (Hsu 2007). In addition, those parameters have been
established as effective indices for directing plant
improvements, with many purposes, especially against water
deficit stress (Baker and Rosenqvist 2004; O’Neill et al. 2006;
Rong-hua et al. 2006; Wu et al. 2008). The aim of this
investigation was to acclimatize Phalaenopsis plantlets using
controlled RH and temperature for rapid in vivo adaptation,
using pigment content, chlorophyll a fluorescence, P, and
growth performances as indicators.

Materials and methods
Plant materials and in vitro acclimatization

Phalaenopsis orchid plantlets (2.5+0.5 c¢m in height) provided
by Prayoon Orchid Lab (Prayoon Orchid Ltd., Pathumthani
Thailand) were transferred to sugar-free MS medium
(Murashige and Skoog 1962) (one plantlet per glass vessel),
using vermiculite as supporting material, for 7 days, at 65+5%
relative humidity (RH), 25+2°C ambient temperature and
7045 pmol m? s photosynthetic photon flux (PPF) using
fluorescent lamps with a 16 h d”' photoperiod. Twenty open
capped glass vessels containing orchid plantlets were placed
into an aseptic culture chamber box (Carry Box Model P-850,
size 26x36x19 cm) in which RH conditions were controlled at
95+5% with 1500 ml distilled water, 80+5% by 1500 ml
saturated CaCO; and 60+5% by 1500 ml saturated NaCl
solution. The air exchange rate in the culture chambers was
increased to 5.13+0.3 umol CO, h™" by punching the sides of
the plastic chambers with 32 holes and placing gas permeable

microporous polypropylene film (0.22 pum pore size, Nihon
Millipore Ltd., Japan) over each hole. The chambers were
incubated under conditions of 15+2, 2542 and 35+2°C, 10045
pmol m? s PPF, 65+5% RH and CO,-enrichment (1000+100
pumol mol™) in a Plant Growth Incubator (model FLI-2000
EYELA, Japan) for 30 days.

In vivo adaptation

Thirty-day acclimatized plantlets, were transplanted directly to
4.5 cm x 4.5 cm pots containing peat moss and then incubated
in a glasshouse at 30+2°C ambient temperature, 75+5% RH and
300-400 pmol m™? s PPF light intensity at plant level with 10 h
d' photoperiod, for 14 days. Photosynthetic pigments,
chlorophyll a fluorescence and net photosynthetic rate (P,)
were measured. Fresh weight (FW), dry weight (DW), root
length and leaf area measurements were collected as growth
characters.

Experiment design

Phalaenopsis plantlets were acclimatized under different air
temperatures at 152, 25+2 and 35+2°C in the Plant Growth
Incubator and relative humidity (RH) at 60+5, 805 and
95+5%RH using saturated salt solution, subsequently
transferred to in vivo environments for 14 days. The experiment
was arranged as 3x3 factorials in a completely randomized
design (CRD) with four replicates and four plantlets per
replicate.

Measurement of physiological and morphological
characteristics

Chlorophyll a (Chl,), chlorophyll b (Chly,) and total chlorophyll
(TC) concentrations were analyzed following the methods of
Shabala et al. (1998) and total carotenoids (C,..) were assayed
according to Lichtenthaler (1987) method. One hundred
milligrams of leaf material was collected. The leaf samples
were placed in 25 ml glass vials, along with 10 ml 95.5%
acetone, and blended using a homogenizer. The glass vials were
sealed with parafilm to prevent evaporation and then stored at
4°C for 48 h. The Chl, and Chl, concentrations were measured
using a UV-visible spectrophotometer (model DR/4000,
HACH, USA) at 662 nm and 644 nm wavelengths. The Cy..
concentration was also measured by spectrophotometer at 470
nm. A solution of 95.5% acetone was used as a blank.
Chlorophyll a fluorescence emission from the adaxial surface
on the leaf was monitored using a fluorescence monitoring
system (model FMS 2; Hansatech Instruments Ltd., UK) in the
pulse amplitude modulation mode, as previously described by
Loggini et al. (1999). A leaf under dark conditions was initially
exposed to a modulated measuring beam of far-red light.
Original (Fy) and maximum (F,) fluorescence yields were
measured under weak modulated red light (<0.5umol m? s™)
with 1.6 sec pulses of saturating light (>6.8 umol m™ s™' PAR)
and autocalculated using FMS software for Windows®. The
variable fluorescence yield (F,) was calculated by the equation
of F,—Fy. The ratio of variable to maximum fluorescence
(F\/F,) was calculated as maximum quantum yield of PSII
photochemistry. The photon yield of PSII (®pgyy) in the light
was calculated by ®pgy; = (F,'-F)/F,," after 45 sec illumination,
when steady state was achieved. In addition, photochemical
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Table 1. Chlorophyll a (Chl,), chlorophyll b (Chl,), total chlorophyll (TC) and total carotenoids (Cy..) of Phalaenopsis acclimatized in-
vitro under different temperatures and relative humidity for 30 days and subsequently transferred to in vivo for 14 days. Errors of mean

are represented by £SD.

Temp. RH Chl, Chl, TC Cyio
(°C) (%) (ng g’ FW) (ng g’ FW) (ng g FW) (ng g' FW)
60£5 829.5£13. 6ab 223.142.8ab 1052.6+16.3a 266.2+4.3a
1542 80+5 309.3+18.3cd 112.1+1.3ab 421.442.0bc 103.0£1.4bc
9545 241.0+4.2d 65.612.0ab 306.6+2.2bc 74.8+1.4c
60£5 861.5t8.4a 276.243.9a 1137.7£12.2a 274.243 4a
2542 80+5 558.2+12.6bc 164.9+6.6ab 723.1£19.2ab 184.9+4.5ab
9545 349.5+8.69cd 105.5+1.3ab 455.0+9.9bc 117.842.4bc
60£5 451.044.0cd 147.5£14.7ab 598.5£5.5bc 130.7+1.8bc
35+£2 8045 262.7+£2.9d 77.6+1.7ab 340.3£17.5bc 64.4+2.5¢
9545 186.4+3.83d 38.5£5.9b 224.9+4.2¢ 53.8+8.2¢
Significant level
Temp sk Kk sk
RH kok k3k sksk
Temp x RH *ok Hok ok

Different letters in each column show significant difference at p < 0.01 (**) by Turkey’s Honestly Significant different test (Turkey’s HSD).

Table 2. Maximum quantum yield of PSII (F,/F,,), photon yield of PSII (®pgy;), photochemical quenching (qP), stomatal conductance (g)
and transpiration rate (E) of Phalaenopsis acclimatized in-vitro under different temperatures and relative humidity for 30 days and

subsequently transferred to in vivo for 14 days. Errors of mean are represented by +SD.

Temp' RH Fv/Fm (DPSII qP Es E
(°O) (%) (mol H,0 m?s™) (mmol m?sh
6015 0.771£0.016 0.441+0.006 0.333+0.016 15.55+1.79abe 3.12+0.85b
15+2 80+5 0.747£0.018 0.423+0.116 0.324£0.014 18.20£2.08ab 2.7540.23bc
9545 0.731£0.018 0.375+0.073 0.310+0.011 21.60+4.85a 2.61+0.32bc
605 0.768+0.018 0.465+0.030 0.391+0.013 11.06£2.93¢ 5.25+0.28a
25+£2 80+5 0.776£0.021 0.439£0.066 0.359£0.012 12.90£0.46bc 2.01£0.06cd
9545 0.770+0.017 0.390+0.103 0.244+0.017 13.40+1.85bc 1.80+0.43cd
6015 0.765£0.006 0.404£0.063 0.356£0.011 12.30£2.31bc 2.8240.25bc
35+2 8015 0.741+0.053 0.365+0.041 0.314+0.093 15.76+2.83abc 1.89+0.08cd
95+5 0.708+0.085 0.357+0.033 0.249+0.010 18.45+3.29ab 1.32+0.06d
Significant level
Temp NS NS NS % %
RH NS NS NS ™ ™
Temp x RH NS NS NS x -

Different letters in each column show significant difference at p < 0.01 (**) by Turkey’s Honestly Significant different test (Turkey’s HSD). ™ represents

non-significant difference in statistical analysis.

quenching (qP) was calculated as described by Maxwell and
Johnson (2000). The net-photosynthetic rate (P,), transpiration
rate (E; mmol m™” s™') and stomatal conductance (g;; mol H,O
m? s') of Phalaenopsis plantlets were measured in dark
conditions using an Infra-red Gas Analyzer (IRGA; model LI
6400, LI-COR® Inc, USA). The E and g, were measured
continuously by monitoring the H,O content of the air entering,
and also existing in, the IRGA headspace chamber. The flow-
rate of air in the sample line was adjusted to 500 pmol s. The
micro-chamber temperature was set at 25°C (Cha-um et al.
2007). Fresh weight, dry weight, root length, number of roots
and leaf area of Phalaenopsis plantlets were measured.
Phalaenopsis plantlets were dried at 110°C in a hot-air oven for
4 days and then incubated in desiccators before measurement of
dry weight. The leaf area of plantlets was measured using a leaf
area meter DT-scan. The mean values obtained were compared
by Turkey’s Honestly Significant Difference test (Turkey’s
HSD) and analyzed using SPSS software.

The correlations between physiological and morphological
parameters were evaluated using Pearson’s correlation
coefficients.

Results and discussion

Phalaenopsis plantlets were acclimatized under different air
temperatures at 1512 (low Temp), 25+2 (medium Temp) and
3542°C (high Temp) in the Plant Growth Incubator and relative
humidity (RH) at 60+5 (low RH), 80+5 (medium RH) and
95+5%RH (high RH) using saturated salt solution and then
directly transferred to in vivo environments for 14 days. In vivo
adaptation, photosynthetic pigments, including chlorophyll a
(Chl,), chlorophyll b (Chly), total chlorophyll and total
carotenoids (Cy..) of plantlets acclimatized under low Temp
and low RH were maintained at higher levels when compared
to plantlets acclimatized under high Temp and high RH
treatments for 4.45, 5.79, 4.68 and 4.95 folds, respectively
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Table 3. Fresh weight (FW), dry weight (DW), root length (RL) and leaf area (LA) of Phalaenopsis acclimatized in-vitro under different
temperatures and relative humidity for 30 days and subsequently transferred to in vivo for 14 days. Errors of mean are represented by
1SD.

Temp. RH FW DW RL LA

0 (%) (2 (mg) (cm) (cm?)
60+5 1.88+0.44ab 17614.18a 4.9+0.4a 15.61£3.89ab

15+2 8015 1.56£0.40ab 146+2.21ab 3.4£0.8abc 12.360.53b
95+5 0.94+0.04b 128+1.69b 2.7+0.1c 12.03+0.76b
6015 2.19+0.27a 138+1.69b 3.9£0.9abc 22.69£1.15a

25+2 80+5 1.87+0.36ab 122+13.16b 3.0£0.1bc 16.12+1.88ab
9515 1.2040.12ab 118+1.73b 2.6+0.9¢c 13.9943.08b
60+5 1.99£0.26ab 18612.02a 4.6£0.5ab 16.94+2.15ab

3542 805 1.70+0.07ab 164+25.5ab 3.6+0.2abc 16.50+2.05ab
955 1.44+0.19ab 151£8.31ab 2.7+0.2¢ 14.85+2.63b

Significant level

Temp NS * NS NS

RH kk kk kk kk

Temp x RH NS NS NS NS

Different letters in each column show significant difference at p < 0.01 (**) by Turkey’s Honestly Significant different test (Turkey’s HSD). ™ represents

non-significant difference in statistical analysis.
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Fig 1. Relationship between chlorophyll a (Chl,) content and
maximum quantum yield of PSII (F,/F,) of Phalaenopsis
acclimatized in-vitro under different temperatures and relative
humidity for 30 days and subsequently transferred to in vivo for
14 days. Error bars represent +SE.

(Table 1). The photosynthetic pigment contents of acclimatized
plantlets decreased significantly after transplantation to in vivo
environments, depending on Temp, RH and their interactions.
Chl, content of plantlets acclimatized under 60+5% RH
combined with 1522, 2542 and 35+2°C Temp were enriched to
a greater degree than those acclimatized under 95+5% RH by
3.44, 2.47 and 2.42 times, respectively. Similar patterns were
found in the responses of Chl,, TC and C,.. to in vivo
conditions (Table 1). The photosynthetic pigments of in vitro
acclimatized Phalaenopsis plantlets grown under low
temperature and low RH were maintained after their transfer to
in vivo for 14 days, leading to high F,/F,, ®psyy, qP and P,. A
nature of Phalaenopsis orchid is a temperate plant species,
which is grow well in the low temperature (<25°C) (Kano
2001). These findings are similar to those of a previous study
into Doritaenopsis orchids (New Candy), which found that the

Total chlorophyll content (ng g FW)

Fig 2. Relationship between total chlorophyll content and
photon yield of PSII (®pg) of Phalaenopsis acclimatized in-
vitro under different temperatures and relative humidity for 30
days and subsequently transferred to in vivo for 14 days. Error
bars represent +SE.

photosynthetic pigments, Chl,, Chl,, TC and C,,., of in vivo
acclimatized plantlets were maintained under high RH (90%)
and optimum temperature (20-25°C) (Jeon et al. 2006).
Concentration of Chl, and TC in acclimatized plantlets was
positively related to maximum quantum yield of PSII (F,/F,,)
(Fig. 1; r* = 0.61) and photon yield of PSII (Fig. 2; ®pgy) (> =
0.82), respectively. Chlorophyll a fluorescence parameters i.e.
F,/F, ®ps and photochemical quenching (qP) in acclimatized
plantlets were unchanged (Table 2).

The transpiration rate (E) of acclimatized plantlets was
reduced, related to high RH and high Temp, while stomatal
conductance (g;) increased (Table 2). Efficacy of ®pgy in
acclimatized plantlets was positively correlated with net
photosynthetic rate (P,) (Fig. 3; r* = 0.42). P, in plantlets
acclimatized under low RH was higher than that in plantlets
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Fig 3. Relationship between photon yield of PSII (®pgyy) and net
photosynthetic rate (P,) of Phalaenopsis acclimatized in-vitro
under different temperatures and relative humidity for 30 days
and subsequently transferred to in vivo for 14 days. Error bars
represent +SE.

5 W
1
g Wr ah ab ab
< o ok
* S 2
: &= b
.'5 =
% r &
g
z d
B 10 - £
i m
0.0

Resivehumidiy () 6015 gua5 9545 SIS 8045 9SS 605 goas 95iS
4

5
- J
Temperature (*C) 151 254 ¥4

Fig 4. Net photosynthetic rate (P,) of Phalaenopsis
acclimatized in-vitro under different temperatures and relative
humidity for 30 days and subsequently transferred to in vivo for
14 days. Different letters in each bar show significant
difference at p < 0.01 (**) by DMRT. Error bars represent +SE.

acclimatized under high RH (Fig. 4). Reduction of P, in
acclimatized plantlets was positively related to plant dry weight
(Fig. 5; r* = 0.39). The RH treatment strongly affected fresh
weight (FW), root length and leaf area. Those parameters were
maintained in plantlets acclimatized under low RH, while the
factor of temperature treatment did not have an effect (Table 3).
On the other hand, plant dry weight was affected by both
factors of Temp and RH. Physiological adaptation, including
relative water content, F,/F,, and CO, assimilation of in vivo
acclimatized plantlets has been investigated as an indicator for
the rapid acclimatization of Doritaenopsis orchids, leading to
the improvement of survival percentage rates and overall
growth promotion (Jeon et al. 2006). In contrast, orchid

Phant dry weight ()

plantlets acclimatized under extreme temperature (15 or 35°C)
and low RH (50%) conditions showed symptoms of wilting,
chlorophyll degradation and growth reduction (Jeon et al.
2006). Chlorophyll a fluorescence parameters i.e. water
oxidation, quantum efficiency, electron transport and non-
photochemical quenching have been widely used as indices for
the adaptation of plants to different environments (Su et al.
2001; Lin and Hsu 2004; Hsu 2007). For example, low
temperature (25°C) and 70% RH are two environmental factors
for storage of bare root Phalaenopsis using chlorophyll a
fluorescence as an indicator (Su et al. 2001). In addition, the
F,/F, of Phalaenopsis seedlings grown under extreme
temperatures (11°C or 37°C), decreased significantly when
compared to seedlings under incubation at 25°C (Hsu 2007). In
the present study, the pigment contents, chlorophyll
fluorescence and P, of plantlets acclimatized in vitro in low RH
and low air temperature environments, effectively identified
healthy plantlets prior to their quick adaptation to in vivo
environments. The production of healthy plantlets, micropropa-
gated using in vitro environmental controls such as increased
light intensity, enriched CO, and reduced sugar in the culture
medium has been investigated widely (Lin and Hsu 2004; Ali et
al. 2005a; Jeon et al. 2005; Ali et al. 2006; Yoon et al. 2008). In
Phalaenopsis, 25/20°C day/night temperature has been reported
as the optimum temperature for plant growth and development,
especially in the flowering stage (Su et al. 2001a; Kataoka et al.
2004; Blanchard and Runkle 2006; Lee et al. 2007; Chen et al.
2008). High temperature incubation of Phalaenopsis produces
oxidative damage, resulting in biochemical, physiological and
morphological changes (Chou et al. 2000; Su et al. 2001b;
Wang et al. 2002; Ali et al. 2005b; Ichihashi et al. 2008). In
addition, the relative humidity in vivo is quite low when
compared to in vitro environments (Kozai et al. 1997, Chen
2005). Low RH for acclimatizing plantlets is an effective way
to harden the plantlets to both physiological and morphological
changes before transplantation to in vivo (Cha-um et al. 2003),
leading to quick adaptation and high survival percentage rates.

04
0.3 |
¥ = 0,00852- 0.010x+ 0.129
r’=0.39
0.2
(]
g 1
i
i ]
0.1
0 1 1 L
0 1 2 ] 4

Net photosynthetic rate (umol m™ s)

Fig. 5 Relationship between net photosynthetic rate (P,) and
plant dry weight (DW) of Phalaenopsis acclimatized in-vitro
under different temperatures and relative humidity for 30 days
and subsequently transferred to in vivo for 14 days. Error bars
represent +SE.
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Conclusion

Plantlets of Phalaenopsis orchids, acclimatized in vitro under
low temperature (15-25°C) with low relative humidity
(60£5%RH) were well adapted to in vivo conditions as
identified by their high levels of photosynthetic pigments
(chlorophyll a, chlorophyll b, total chlorophyll and total
carotenoids), net photosynthetic rate, stomatal conductance and
low transpiration rate, leading to enhanced growth. The
acclimatization stage of Phalaenopsis orchid plantlets should be
successfully implemented as low air temperature (15-25°C) and
low relative humidity (60£5%RH). The basic knowledge of in
vitro acclimatization of Phalaenopsis plantlets, prior to their
quick adaption to in vivo environments, should be further
applied to large scale orchid production.
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