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Abstract Gametophytic selection has potential to
increase the efficiency of breeding for temperature
tolerance. Here, we describe orchid seedlings after
application of low and high temperatures during
gametophytic development. In addition to phenotypic
traits, amplified fragment length polymorphism
(AFLP) markers were used to determine the genetic
variability in seedlings. Two hybrid Phalaenopsis
were cross-pollinated and exposed to 30°C day/25°C
night for 3 days for a warm pollination or 15°C day/
10°C night for 7 days as a cold pollination treatment.
The plants were returned to the greenhouse after
pollination and green capsules were collected after
150 days. Protocorms obtained from these treatments
were evaluated 72 days after initial plating for germi-
nation and size on a thermogradient table ranging from
10 to 30°C. Seedlings were then evaluated 1 year after
initial plating. The mean number of roots per seedling
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(4.2) was greater for plantlets that derived from the
cold pollination treatment compared to those from
warm pollination (3.6). Weight of the seedlings,
number of roots and the average root length were
significantly affected by the interaction between
pollination treatment and germination temperature.
The weight, number of leaves, and average root length
were significantly affected by the interaction between
pollination treatment and incubator/growth chamber.
The results indicated that seedlings derived from
warm pollination were more vigorous under warm
growing conditions and those derived from cold
pollination were more vigorous under cold growing
conditions. Genetic variation among 16 F, seedlings
randomly selected from various temperature treat-
ments was analyzed. A dendrogram based on 651 loci
resulted in three major groups and one subgroup. The
groups and subgroup revealed common selection
pressure during the gametophytic stage. The AFLP
data support genetic differentiation of Phalaenopsis
hybrids pollinated under different temperatures.

Keywords Moth orchid - Certation -
Male gametophytic selection - Thermotolerance -
AFLP

Introduction

Orchids are exotic flowering house plants, second
only to poinsettias in popularity in the U.S.
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(Griesbach 2002). According to the 2007 USDA
floriculture crops survey, the potted orchid industry
was valued at $126 million (USDA 2008). The genus
Phalaenopsis, commonly known as moth orchids,
comprises an estimated 50 to 90% of orchids
marketed as cut flowers or potted plants in the world
(Griesbach 2002; Laws 2004). This genus is native to
tropical and subtropical climates (Christenson 2001).
Greenhouses are required for commercial production
of Phalaenopsis in temperate climates such as
Virginia. For retail production, most Phalaenopsis
species and hybrids require three phases; vegetative
cultivation at high temperatures of 28-32°C, spike
induction at low temperature of 17-25°C, and
finishing at 17-26°C (Blanchard et al. 2005). Green-
house facilities located in warm climates only fulfill
one or two phases of Phalaenopsis growth and
development. Therefore, growers need to heat or cool
greenhouse facilities for Phalaenopsis production.
The energy input in temperate climates contributes to
the high price of orchids. If Phalaenopsis with greater
tolerance for temperature fluctuations is developed,
greenhouse costs involving temperature control can
be reduced.

Gametophytic selection has been used as a tool for
crop improvement (Hormaza and Herrero 1992;
Sacher et al. 1983). Gametophytic selection plays
an important role in angiosperms because pollen
grains exposed to stressful environmental conditions
can compete in a style for effecting fertilization.
Gametophytic selection is expected to be more
effective on male gametophytes than on female
gametophytes (Pfahler 1975). Applying selective
pressure at the gametophytic stage in the plant life
cycle provides an opportunity to benefit from possible
adaptive value of viable recombinants while avoiding
the negative effects of poorly functioning recombi-
nants in angiosperms (Mulcahy 1979). Direct selec-
tion on gametophytes avoids dominance issues of
sporophytes. Selection pressure for temperature has
been applied during the gametophytic generation in
several studies (Chi et al. 1999; Clarke et al. 2004,
Dominguez et al. 2005; Frova et al. 1995; Maison-
neuve et al. 1986; Mandhu et al. 1992; Zamir et al.
1982) and proved successful for increasing the
frequency of temperature tolerant progeny (Hormaza
and Herrero 1996; Ravikumar and Patil 2002).
Therefore, gametophytic selection may be useful for
increasing thermotolerance in a temperature sensitive

@ Springer

crop such as plants native to tropical and subtropical
climates. In addition to gametophytic selection,
selection pressure at the early development stage
might also benefit plants that grow slowly and have a
long life cycle from seed germination to first
flowering, i.e., potted flowering orchids.

Molecular marker analysis can be used to validate
gametophytic selection (Chandler et al. 2000;
Fedoroff et al. 1989; Jorgensen 1993). In plant
species where little DNA sequence information is
available, amplified fragment length polymorphism
(AFLP) based markers have prominent advantages,
such as reproducibility, high levels of polymorphism
that can be detected in a single reaction and genome-
wide distribution compared to other DNA based
markers (Vos et al. 1995). AFLP has potential
application for screening DNA markers linked to
genetic traits (Blears et al. 1998). AFLP analysis uses
selective amplification of a subset of restriction
enzyme digested DNA fragments to generate a
unique fingerprint of a particular genome (Mueller
and Wolfenbarger 1999). Despite the advantages and
potential applications of AFLP, published literature
on its application for the analysis of Phalaenopsis
genetic variation in an F; population is scarce.

In this study, the effects of low temperature and
heat stress were evaluated on gametophytic selection,
seed germination and development, as well as
seedling vigor in a hybrid Phalaenopsis population.
AFLP analysis was then used to evaluate genetic
variation in Phalaenopsis derived from male game-
tophytic selection under different temperature
regimes.

Materials and methods
Plant material

Hybrid Phalaenopsis (Taisuco Windian x Sogo
Yukidian) and a pink-flowered unknown hybrid
(Bedford Orchids, Montreal, Canada) were used in
this study. The tag of the unknown hybrid was lost
during shipping; however, its AFLP fingerprint
indicates it is closely related to Phalaenopsis Luchia
Pink (Chang et al. 2009). All plants were maintained
in a greenhouse at 15-20°C with 70% relative
humidity under natural day length until just prior to
flower anthesis.
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Fig. 1 A schematic presentation of pollination and post
pollination treatments. a Pollinations and crosses under two
temperature treatments, warm (30/25°C) and cold (15/10°C)
made between two hybrid Phalaenopsis. Each parent was
cross-pollinated and then exposed to the warm temperature
treatment for 3 days; a second flower on the same inflorescence
was then cross-pollinated and the plants were exposed to the
cold temperature treatment for 7 days in order to produce both
capsules where initial pollen germination and tube growth
occurred under warm and cold treatments. b After the

Pollination and temperature treatment

A schematic presentation of the experimental design is
givenin Fig. 1. Briefly, reciprocal crosses were carried
out by hand as inflorescences matured and flowers
opened. A flower was pollinated and the plants were
placed in a high temperature incubator (30°C day/25°C
night) for 3 d. The plants were removed from the high
temperature incubator and a second flower on the same
plant was pollinated and then the plants were placed in
alow temperature incubator (15°C day/10°C night) for
7 d. The length of time in each chamber was selected
because 3 and 7 days were required under the warm
and cold temperature treatments, respectively, for the
pollinated flower petals to shrivel, the first sign that
cross-pollination was effective. During the pollination
and temperature treatments, 11 h photoperiod
with a photosynthetic photon flux (PPF) of
180 pmol m 2 s~! and 70% relative humidity were
maintained in the growth chambers.

Seed germination

After temperature treatments were completed, plants
were returned to the greenhouse at 15-20°C. Seed
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pollination temperature treatments, plants were placed in the
greenhouse at 15-20°C until pod maturation. ¢ Protocorms
germinated on the temperature gradient table (ranging from 30
to 8°C) were divided in half and transferred to fresh media and
to either a warm incubator (30°C) or a cold incubator (25°C).
Seedlings mature enough to be transferred to a greenhouse
were removed from culture and placed on sphagnum moss.
Seedlings were then transferred to a warm or cold growth
chamber depending on whether grown in a warm or cold
incubator. Growth chambers were set at 10/15°C and 25/30°C

pods were harvested after 150 d. Equal volumes of
seeds were sterilized using a saturated solution of
calcium hypochlorite (17 g 17") containing Tween 20
for 10 min and plated onto sterile petri plates
containing 35 ml Phytamax medium (Sigma Aldrich,
St. Louis, MO) with 5% (v/v) coconut water. Plates
were placed on a temperature gradient table with
temperatures ranging from 10 to 30°C for seed
germination. Multiple plates (4 to 5 per table
position) were arranged from the 30°C at position 1
to the 10°C at position 12. The 12 positions on the
temperature gradient table differed by approximately
2°C increments.

Protocorm and seedling evaluations

Protocorms were counted under a dissecting micro-
scope 72 d after initial plating and plates were rated
according to number and size of protocorms. Proto-
corms were then divided and transferred to fresh
germination media. One of each of the new plates was
placed in a warm incubator set at 30°C or a cooler
incubator set at 25°C. Once the leaves and first roots
developed, plates were evaluated for the number of
protocorms (scored by dividing the plate into grids
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Table 1 List of 16 hybrid

. . Sample no. Phalaenopsis Pollination Germination Incubator
Phalaenopsis seedlings that samples® . temp. (°C) -
were randomly selected for sampres p- p- p-
AFLP analysis, their 1 6AW1-2 High 20 High
pollination, germination, . .
and incubation temperature 2 6AWI-3 High 20 High
by plant number 3 6AW-1 High 20 High

4 6AC-1 High 20 Low
5 6AC-2 High 20 Low
6 6AC-3 High 20 Low
7 6AC-4 High 20 Low
8 6AC-5 High 20 Low
9 TAW1-1 Low 18 High
10 TAW1-3 Low 18 High
* The plant names reflect 11 TAW1-6 Low 18 High
the Petri plate origin of the 12 TAW1-8 Low 18 High
protocorms (6A, 7A or 7C), . .
the incubation temperature 13 7C-W-l H%gh 18 H%gh
[W (warm) and C (cold)] 14 7C-W-3 High 18 High
and a randomly assigned 15 7CW1-1 High 18 High
plant number within the 16 7CW1-2 High 18 High
treatment
using a paper template), leaf number, root number, and AFLP analysis (Table 1). Genomic DNA was

spontaneous clump formation. The second evaluation
was conducted 125 d following re-plating.

When the plantlets had at least one leaf and one
root in culture, they were transferred to sphagnum
moss medium in Phytatray II containers (P5929,
Sigma, St. Louis, MO) and placed in growth cham-
bers with one to ten seedlings per container depend-
ing upon the number of plantlets available. All
seedlings from the warm incubator were placed in the
corresponding warm growth chamber set at 30°C day/
25°C night and seedlings from the cooler incubator
were placed in the cold growth chamber set at 15°C
day/10°C night. Each growth chamber was set at a
14 h photoperiod. Seedlings were fertilized every
other week with an all-purpose plant food (24-8-16).
Watering was done every other day in the warm
growth chamber but only once a week in the cool
growth chamber. One year after initial plating,
seedlings were evaluated for fresh weight, number
of leaves, leaf width, leaf length, leaf area, number of
roots, and root length. Leaf area was estimated using
a non-destructive method (Chen and Lin 2004).

DNA extraction and AFLP analysis

Phalaenopsis seedlings (n = 16) derived from four
different treatments were selected randomly for
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extracted from fresh leaves according to the method
of Doyle and Doyle (1990) with some modifications.
Fresh leaf samples (0.5 g) were pulverized in liquid
nitrogen. CTAB extraction buffer [2% CTAB,
100 mM Tris (pH 8.0), 1.4 M NaCl, 20 mM EDTA,
0.2% (v/v) 2-mercaptoethanol and 4% (w/v) polyvi-
nylpyrrolidine (PVP)] was added and incubated at
60°C for 1 h. The samples were extracted with 10 ml
of chloroform: isoamyl alcohol (24:1) and centri-
fuged. DNA was precipitated and washed accord-
ingly. The DNA was dissolved in 100 pl TE buffer
containing 100 pg of RNase and incubated at 37°C
for 1 h. The concentration of DNA was measured
using a NanoDrop (Thermo Fisher Scientific, Wal-
tham, MA) and quality was checked by electropho-
resis on a 0.8% (w/v) agarose gel in TBE buffer.
AFLP analysis was performed according to the
AFLP manual A-2015A (Beckman-Coulter, Fuller-
ton, CA) described by Hayashi et al. (2005). EcoRI
and Msel enzymes were used for DNA digestion.
Adapter ligation, preselective and selective amplifi-
cation were performed according to the above menti-
oned protocol. Selective amplification was carried out
using six EcoRI and Msel primer combinations as
described in Chang et al. (2009). The selective
amplified PCR product was analyzed using a CEQ
8800 Genetic Analysis System (Beckman-Coulter,
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Fullerton, CA). The Frag-4 module of CEQ was used
to size all the fragments using DNA size standard 600
(Beckman-Coulter, Fullerton, CA) as an internal DNA
size standard.

Data analysis

Protocorm and seedling data were analyzed using
SAS general linear models (SAS version 5.1.2600 for
Windows, Cary, NC). Mean comparisons were done
using Ryan-Einot-Gabriel-Welsch Multiple Range
Test. Pollination treatment, germination temperature
and incubator/growth chamber effects and their
interactions were tested for significance at the
P < 0.05 level. All AFLP fragments from CEQ were
scored as present or absent. The binary scores were
manually compared with the electropherograms to re-
confirm presence or absence of peaks. Calculations
for the genetic similarity/dissimilarity between all
samples were performed with the NTSYSpc software
version 2.20 (Rohlf 2005). A phylogenetic tree was
constructed using the unweighted pair group method
of arithmetic means (UPGMA) based on the Dice
index (Nei and Li 1979).

Results

Pod set, seed germination and protocorm
evaluation

Although we attempted nearly 200 cross-pollinations
among different hybrid clones of Phalaenopsis in the
different temperature treatments, we obtained only
one set of capsules from hybridization between two
clones where abundant seed was produced under both
pollination conditions. Capsule set was high under
the warm pollination conditions but low under the
cold pollination conditions. In addition, capsules that
were produced under cold pollination conditions
frequently lacked seeds. Hence all seedlings used in
the present study were derived from the cross
between [‘Taisuco Windian’ x ‘Sogo Yukidian’]
and unknown pink hybrid.

Protocorm development on the thermogradient
table was first evaluated 72 d after initial plating.
The seeds from capsules obtained under warm and
cold pollination conditions had been divided into
equal volumes and placed on medium in petri plates

on the thermogradient table. A comparison of seed
germination by two-way ANOVA (pollination treat-
ment and germination temperature) indicated a
significant (P < 0.05) effect of the pollination treat-
ment, the germination temperature (P < 0.001) and
the interaction between pollination treatment and
germination temperature (P < 0.001). Cold polli-
nated seeds germinated better than warm pollinated
seeds at almost all germination temperatures (results
not shown).

At the second seedling evaluation conducted at
125 d after initial plating, seedling development
varied both within plates and among treatments
(Table 2). Some protocorms had leaves and roots
whereas others had yet to develop either organ. The
main effects of germination temperature (table
position) and incubator were highly significant
(P < 0.01) factors in protocorm mortality. The inter-
actions between pollination treatment and incubation
temperature, as well as germination temperature and
incubation temperature, were significant (P < 0.05
for both interactions). Overall, the warm germination
temperatures tended to have greater rates of mortality
than cooler germination temperatures (more than
40% mortality for the three greatest germination
temperatures compared to 14% for the five lowest
germination temperatures).

Pollination treatment did not significantly affect
the frequencies of protocorms at various develop-
mental stages (protocorms without leaves or roots,
seedlings with leaves, seedlings with leaves and
roots, and clump development). However, germina-
tion temperature significantly affected frequency of
protocorms without leaves or roots (P < 0.01), fre-
quency of seedlings with leaves but no roots
(P <0.05) and percent of seedlings in clumps
(P < 0.01). More than 40% of seedlings germinated
at cooler temperatures (16-22°C) were scored as
protocorms without leaves or roots whereas less than
18% of seedlings germinated at the warmer temper-
atures (24-30°C) fell into this category. Clump
formation was greatest (67 and 42%) at germination
temperatures of 26 and 28°C.

The incubation temperature significantly affected
the frequencies of protocorms without leaves or roots,
seedlings with both leaves and roots, and protocorms
or seedlings in clumps (P < 0.01 for all three
parameters). Development of protocorms was more
advanced for seedlings incubated at 30°C compared
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Table 2 Three-way ANOVA for mortality, leaf and root development and spontaneous clumping of protocorms for seedlings
measured 125 days after initial plating

Source of df Mortality % of protocorms % of seedlings % of seedlings % of protocorms/
variation % dead without leaves with leaves with leaves seedlings in clumps
or roots but no roots and roots
MS MS MS MS MS
Pollination trt (P) 1 0.00009 0.026 0.11 0.00084 0.004
Germination temp (T) 7 0.12%%* 0.13%* 0.000023* 0.019 0.18%%*
Incubator (I) 1 0.29%* 1.98%%* 0.0018 0.46%* 0.86**
PxT 5 0.039 0.033 0.020 0.039 0.038
Tx1 7 0.065%* 0.12%%* 0.082 0.0046 0.015
P xI 1 0.097%* 0.0011 0.017 0.0074 0.025
PxTxI 4 0.027 0.026 0.041 0.038 0.05
Error 16 0.27 0.025 0.037 0.049 0.036
Total 42

* indicates significance at P < 0.05; ** indicates significance at P < 0.01

Treatments measured include: P = warm and cold pollination treatments, T = germination temperature (including all 8 temperature
increments), I = warm and cold incubators, P x T = the interaction between pollination treatment and table position,
T x I = interaction between the germination temperature and the incubators effects, P x I = the interaction between pollination
treatments and incubator and P x T x I = the interaction between pollination treatment, incubator and germination temperature.
df = degrees of freedom, MS = mean squares

Table 3 Mean comparison of the mortality of Phalaenopsis seedlings, and the percentages of leaf and root development from

protocorms as well as spontaneous clump formation measured 125 d after initial plating in response to incubator temperature

Incubator N*  Mortality  Protocorms without  Seedlings with leaves  Seedlings with leaves  Protocorms/seedlings
(%) leaves or roots (%)  but no roots (%) and roots (%) in clumps (%)

Cold (25°C) 22 31a S51a 26 a 3b 16 b

Warm (30°C) 21 15b 6b 25a 24 a 45 a

? N = the number of plates where protocorms were compared

® Mean separation within columns at P < 0.05 using Ryan-Einot-Gabriel-Welsch Multiple Range Test

Contaminated plates were discarded and not included in data analysis

to 25°C (Table 3). Only 3% of seedlings had both
leaves and roots in the cooler incubator at 125 days
after plating compared to 24% for the warm incuba-
tor. A greater percentage (45% compared to 16%) of
protocorm forming “clumps” was produced in the
warm incubator (30°C).

Final seedling evaluation

After the seedlings had grown for 1 year, six
different measurements were taken as they were
transferred from the growth chamber to the green-
house. The only remaining significant main effect
of pollination treatment at this stage was on the
mean number of roots. Cold pollination derived
seedlings had significantly more roots than warm
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pollination derived seedlings (4.2 and 3.6 roots per
seedling, respectively). As might be expected,
incubator was a significant source of variation for
five of six traits (only leaf width was not signif-
icant) with greater growth in the warmer incubator
(data not shown). In addition, five of six interac-
tions between pollination temperature and incuba-
tion temperature were significant (mean weight of
seedlings, mean number of leaves, mean leaf length,
mean root number and mean root length). For nine
of ten comparisons of these five traits, warm-
pollination-derived seedlings outperformed cold-
pollination seedlings in the warm incubator and
conversely, cold-pollination-derived seedlings out-
performed warm-pollination-derived seedlings in the
cooler incubator (Table 4).
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Table 4 Means £ SE for six traits that exhibited significant interaction effects between pollination temperature and incubation
temperature in the ANOVA for comparison of Phalaenopsis seedlings for growth parameters measured 1 year after initial plating

Pollination Incubation N* Wt. of seedlings  No. of Leaf length  No. of Root length
(2) leaves (cm) roots (cm)

Cold (15°C day/10°C night) Cold (25°C) 83 05+£04 22+08 12+£06 3716 1.7+08

Warm (30°C day/25°C night)  Cold (25°C) 36 04 £04 19+£05 10=£03 28+ 14 16+12

Cold (15°C day/10°C night) Warm (30°C) 129 1.0 £ 0.8 24+06 2109 45+£18 22+£12

Warm (30°C day/25°C night) ~Warm (30°C) 43 1.4+ 1.1 27+07 26+£1.1 43+17 28+£15

N* = the number of seedlings in each treatment

Protocorms were transferred to incubators set at 25 or 30°C

AFLP analysis

A total of 651 loci ranging in size from 100 to 350 bp
was detected using six primer combinations, of which
387 loci (59.4%) were polymorphic. The number of
polymorphic fragments for each primer combination
ranged from 53 (E-CAG/M-CGT) to 81 (E-CAT/M-
CCG). The average number of polymorphic loci
detected was 64.5 per primer combination. Percent-
ages of polymorphic loci among primer combinations
ranged from 53.7% (E-CAT/M-CGC) to 64.6%
(E-CAG/M-CGT). Seedlings derived from germina-
tion at 20°C, warm-pollination, and warm-incubation
revealed 25.5% of polymorphism. The greatest
polymorphism (35.9%) in different temperature
treatments was found for seedlings derived from
germination at 18°C, warm-pollination, and
warm-incubation.

Genetic similarities among the 16 Phalaenopsis
siblings derived from four combinations of germina-
tion, pollination, and incubation temperature condi-
tions were estimated. Similarity values among
individual samples ranged from 0.825 to 0.946 on
the Dice index. Two Phalaenopsis seedlings (13 and
14) derived from the same condition (germination at
18°C and warm-pollination-derived seedlings in the
warm incubator) were the most closely related,
whereas two of Phalaenopsis seedlings (7 and 16)
derived from different germination and incubation
temperature treatments were the most distantly
related. Relationships among 16 Phalaenopsis seed-
lings (Fig. 2) indicated three major groups (Group I,
Group II, and Group III), representing three different
temperature sets. Group I includes all seedlings
derived from germination at 20°C, warm pollination
and warm incubation treatments. Group II includes

almost all seedlings derived from germination at
20°C, warm pollination and cold incubation treat-
ments. All seedlings from germination at 18°C, cold
pollination and warm incubation conditions were
placed in Group III. One subgroup in Group III was
distinguished for two individual seedlings (13 and 14)
from germination at 18°C, warm pollination and
warm incubation conditions.

Discussion

The significant interaction effects in the ANOVA of
growth traits of Phalaenopsis seedlings measured
1 year after initial plating indicated that exposure of
male gametophytes of Phalaenopsis to different
temperature regimes during pollination influenced
seedling thermotolerance. It is known that in Pha-
laenopsis, ovules do not develop prior to pollination
but rather their differentiation is induced by pollina-
tion; within 2 days after pollination, cell proliferation
is initiated along the placental ridges marking the first
visible stage of the future female gametophytes
(Zhang and O’Neill 1993). Within 14 d, the placental
protuberances further enlarge and vascular bundles
only begin to differentiate from a single epidermal
layer of the placenta (Zhang and O’Neill 1993). In
our study, although these cells may have been
affected by the temperature treatments the timing
and short duration of the treatments (warm temper-
ature treatment was applied for 3 d and the cold
treatment for 7 d), would be expected to influence
male rather than female gametophyte development
(Hormaza and Herrero 1996).

Hypothetically, selective pressures during pollen
germination and tube growth should have been
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Fig. 2 Genetic similarity
analysis of 16 Phalaenopsis
seedlings derived from the
same cross but pollinated
and cultivated at different
temperature conditions.
Dendrogram was generated
from the AFLP data based
on the Dice coefficient (Nei
and Li 1979) of genetic
similarities using UPGMA
analysis. The seedling
numbers as described in
Table 1. Pollination,
germination and incubation
treatments occur beside
each seedling

10 Group
1}

T T
075 081 088

054 100

Coefficient of genetic similarity

applied through the entire 85 d between pollination
and fertilization in Phalaenopsis (Zhang and O’Neill
1993). However, treatment for this period was not
realistically feasible. The temperature treatments
selected in our study were too extreme and would
have caused the reproductive tissues to fail. Thus, the
treatment durations were applied for a 3 to 7 d period
in 198 crosses that we attempted. Only two pollina-
tions were done at a time on a single plant and care
was taken emulating natural pollination progression
so that spontaneous abortion would be less likely to
occur. Less extreme temperatures might have been
used, but selective pressures may not have been
strong enough to ensure the progeny would demon-
strate any alternation in allele frequency favoring
thermotolerance (Hormaza and Herrero 1996). Due to
the lag between pollination and the maturation of the
ovules, pollen tube growth is arrested and the sperm
and vegetative cell are not active. Gametophytic
selection for thermotolerance is thought to be most
effective while pollen is active during microspore
development or pollen germination and tube growth
(Frova et al. 1995; Hormaza and Herrero 1996). Male
gametophytic selection in our study most likely
occurred through the death of pollen that were not
resistant to the temperatures applied during the
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pollination treatments. Although the temperature
treatments were applied only during the initial stages
of pollen germination, due to the extreme nature of
the selective pressure, male gametophytic selection
may have been successful in producing progeny with
the ability to outperform in a selected environment.

Seedling development at 125 d after initial plat-
ing indicated that germination temperature and
incubation temperatures influenced leaf develop-
ment, root development and mortality. However,
seedling characteristics measured at this time may
not necessarily be indicative of the future capability
of the progeny. Phalaenopsis species and hybrids
are categorized by the American Orchid Society as
warm growing orchids, so it is not surprising that
colder germination temperatures produced fewer
seedlings. Growth was also slower in the cool
incubator for both warm and cold pollination
derived seedlings. However, the two incubators
where protocorms were transferred after initial
germination only differed by 5°C, i.e., 25°C for
cooler incubation and 30°C for warmer incubation.
This temperature difference was enough to signifi-
cantly improve leaf and root production of proto-
corms at the higher temperature (greater seedling
weight, more and longer leaves and roots).
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Warm-pollination-derived seedlings at the two
coldest germination temperatures, 16 and 18°C,
germinated poorly and developed slowly. However,
they exhibited a low rate of mortality whereas cold-
pollination-derived seeds had greater germination.
The improved germination of cold-pollination-
derived seeds is supported by Johannsson and
Stephenson (1998a). They found that Cucurbita
pollen developed at 20°C (low temperature) produced
more seeds than pollen developed at 30°C (high
temperature) indicating that temperature affected
pollen performance. In addition, sporophytic provi-
sioning of pollen and seeds has been a favored
explanation in another study (Johannsson and Ste-
phenson 1998b) where progeny derived from one
pollination treatment consistently outgrew another in
post pollination environmental conditions. Sporo-
phytes grown under cooler conditions may provide
more resources to developing pollen, thus allowing
for paternal provisioning to affect the future progeny
(Delph et al. 1997). However, pollen used in our
study was produced under the same conditions. Any
effect of paternal provisioning during pollen devel-
opment would be irrelevant, because pollen used in
both the high and low temperature treatments would
have had the same resources allocated from the
sporophyte.

Another explanation for the improved germination
of cold-pollination-derived seeds is a possible link
between cold tolerance and germination. Thermotol-
erance is a complex trait and is regulated at all levels
of plant organization including components on the
cellular and subcellular level that are difficult to
detect (Ottaviano and Sari Gorla 1993). Many genes
that are active in pollen mediate basic metabolic
activities such as those involved with energy pro-
duction and starch synthesis (Ottaviano and Mulcahy
1989). Due to the overlap between sporophytic and
gametophytic transcriptomes, it is likely that genes
conferring adaptability to low temperatures could
also improve germination through enhanced cellular
or sub-cellular activity.

Spontaneous proliferation of plantlets from a single
protocorm or clump was observed in seedlings 125 d
after initial plating. The number of plantlets from a
single seed ranged from 2 to 15. This phenomenon has
been reported in orchid biology (Arditti 1992; Baty-
gina 1998; Batygina and Andronova 2000; Batygina
and Shevtsova 1985; Shevtsova et al. 1986; Singh and

Thimmappaiah 1982). Protocorms are rarely observed
in nature (Tatarenko and Vakhrameeva 1998),
whereas many protocorms may be obtained under in
vitro culture conditions (Batygina and Shevtsova
1985; Shevtsova et al. 1986). Seeds in this study
were germinated asymbiotically on a nutrient medium
containing coconut water. Coconut water is liquid
endosperm obtained from immature coconuts (Hart-
mann et al. 1997). Nine cytokinins present in coconut
water, including isoprenoid and aromatic cytokinins,
play an important role to promote cell division in
callus tissue (Ge et al. 2004, 2006). The polyol myo-
inositol, a constituent of coconut water has been
reported to increase callus induction in Phalaenopsis
PLB (Ishii et al. 1998). Therefore, we suspect that
coconut water in the medium may have affected the
proliferation of protocorms. However, this hypothesis
needs to be confirmed.

The present study represents the first known use of
AFLP markers to define genetic differentiation in
gametophytic selection in Phalaenopsis. We initially
attempted to identify markers associated with the
temperature tolerance trait using pools of individuals
from each pollination treatment; however, this was
unsuccessful (results not shown). Therefore, we
randomly sampled individual plants representing
each treatment. The AFLP data revealed relatively
low polymorphism among different germination,
pollination, and incubation temperature treatments.
The similarity coefficient obtained from the AFLP
analysis indicated that the amount of genetic diversity
was low among the siblings within our gametically
selected population. Chen et al. (1999) observed low
genetic differences (11.6%) between intergenic
hybrid clones of Vandaceous orchids. Our Phalaen-
opsis F; hybrids under various temperature treat-
ments exhibited 13.9 to 24.3% polymorphism, much
higher than Vandaceous hybrid clones. The differ-
ence in polymorphism may be due to innate differ-
ences between the genera. Commercial Phalaenopsis
have been developed through extensive interspecific
hybridization that would generate polymorphism in
segregating progenies (Chang et al. 2009).

The dendrogram shows clustering of Phalaenopsis
hybrids pollinated under different temperature treat-
ments. Only a few studies have been done on
temperature-based selection of populations using
AFLP analysis. Kelly et al. (2003) found clear
genetic difference between Betula pendula samples
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acclimated under different climatic conditions. In
Lolium, Skgt et al. (2002) identified markers that
were associated with low temperature tolerance.
Their cluster analyses showed that populations from
cold regions distinguished clearly from the other
populations. The results of this study indicate that
genetic differentiation may have occurred within
populations in response to selection pressure. How-
ever, the clustering of individuals would be better
served by a greater population size.

In conclusion, the use of gametophytic selection as
a tool in breeding Phalaenopsis for thermotolerance
was evaluated. Poor pod set of Phalaenopsis at cool
temperatures limited our comparisons to only a single
family. Despite this limitation, there were indications
that gametophytic selection for thermotolerance
affected subsequent seedling performance. It may be
possible to exploit this selection to develop hybrids
more tolerant of temperature extremes. However, the
study would need to be continued through subsequent
development of the seedlings through flowering while
growing under different temperature regimes. Further
research on marker analysis for seedlings derived
from gametophytic selection would improve the
ability to select for thermotolerance in Phalaenopsis.
Functional genomics tools such as expressed sequence
tag (EST) analysis, gene expression analysis using
microarray or proteome comparisons would help
identify thermotolerance genes and understand their
function under stress conditions.
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