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Crossing barriers occur frequently when crossing between commercial Phalaenopsis cultivars with
desirable horticultural traits are attempted. In this study, Phalaenopsis Sunrise Goldmour ‘KHM637, a tetra-
ploid with 2n=4x=76 chromosomes, known to be difficult in hybridization was chosen to examine crossing
barriers and to explore the cut—column pollination method to overcome these barriers. P. Sunrise Goldmour
‘KHM637 was either self-crossed, or used as the pollen or pistillate parent in reciprocal crossings with
three tetraploid cultivars, including P. Brother Irene Irene ‘Feng Fong’, P. Sogo Yukidian ‘V3’, and P. Tai Lin
Red Angel ‘V31’ that do not exhibit breeding barriers. Results showed that both stigma cavity closure and
pollen tube growth did not occur when P. Sunrise Goldmour ‘KHM637’ was used as the pistillate parent. No
offspring was obtained when using P. Sunrise Goldmour ‘KHM637" as either pollen or pistillate parent. To
explore performance of cut—column pollination method, P. Sunrise Goldmour ‘KHM637 was used as the
pistillate parent, after the removal of the upper part of column but with the stigma cavity intact, and then
pollinated with pollinia of these three tetraploid cultivars and one species, P. violacea, respectively. The
results showed that 22.2%—-100.0% capsule sets were achieved from the four combinations, and offsprings
were successfully obtained from three combinations. The authors suggested that the cut—column pollination
method be applicable to other Phalaenopsis cultivars with similar crossing behaviors of P. Sunrise Goldmour
‘KHM637’ for overcoming the crossing barriers, and the applicability of the given method tended to be less
limited to pollen parents without breeding barriers.
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INTRODUCTION

The Orchidaceae is one of the largest families of
flowering plants with about 30,000 species classified into
around 725 genera. The Phalaenopsis is a monopodial
orchid in the Orchidaceae family. The genus
Phalaenopsis comprising over 60 species belongs to the
tribe Vandaeae under subfamily Vandoideae, which con-
tains five subgenera, viz. subgenus Proboscidioides,
subgenus Aphyllae, subgenus Parishianae, subgenus
Polychilos, and subgenus Phalaenopsts (Christenson,
2001). Moth orchid is a common name for the genus
Phalaenopsis. In commercial practice, plants of
Phalaenopsis, Doritis and Doritaenopsis, an interge-
neric hybrid between the former two genera, are collec-
tively named as phalaenopsis orchids. At present, the
Royal Horticultural Society (RHS) committee has decided
to sink Doritis into Phalaenopsis; therefore Doritis and
Doritaenopsts are now considered to be Phalaenopsis
by RHS. Currently, more than 31,000 Phalaenopsis
greges have been registered in RHS of UK (Royal
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Horticultural Society, 2013). Phalaenopsis orchid has
been a favorite consumer product due to its attractive
color, graceful and long-lasting flowers. Nowadays, pot
phalaenopsis has become one of the most important
orchids in the trade.

Through years of research and development of new
cultivars and promotion of the phalaenopsis industry,
the mass production of high quality phalaenopsis orchids
has led Taiwan to be known as “the kingdom of
Phalaenopsis”. Phalaenopsis orchids are mainly
exported to the United States, Japan, European Union,
Korea and China. In 2011, its gross export value reached
$98.5 million USD (Customs Administration, Ministry of
Finance, R.0.C., 2012). In order to increase its competi-
tiveness in facing the challenge from international com-
petition, the industry has to continuously develop excel-
lent new cultivars in addition to mass production of seed-
lings with the highest quality. For developing new culti-
vars through conventional breeding, failures in produc-
ing capsules with fertile seeds are frequently encountered
in intergeneric, inter— and intra—specific crossings of
Phalaenopsis. It is not clear which type of incompatibil-
ity and incongruity may cause the barriers in breeding of
Phalaenopsis and whether these barriers are caused by
genetic or external factors. Until now, there are no com-
plete and detailed studies in addressing these issues.

In order to elucidate the basis for the reproductive
barriers between specific crossing combinations for get-
ting new cultivars, the genetic and physiological charac-
teristics of some Phalaenopsis cultivars were examined
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to identify the reproductive barriers between specific
crossing combinations in our previous studies (Chuang
et al., 2008; Hsu et al., 2010). These results indicated
that crossing difficulties in those selected cultivars might
be caused by odd chromosome set and some other factors
of pollen or pistillate parents. The authors also demon-
strated that the cut—column pollination method inno-
vated in this study proved to overcome breeding barriers
in Phalaenopsis Taipei Gold ‘STM’, a triploid with
2n=3x=57 chromosomes, known to have stigma closure
problem after pollination and be difficult in hybridization
(Chuang et al., 2013). P. Sunrise Goldmour ‘KHM637’; a
tetraploid with 2n=4x=76 chromosomes, has also shown
similar hybridization behaviors to P. Taipei Gold ‘STM’
(Chuang et al., 2008). Therefore, this study aimed to
examine the efficacy of cut—column pollination method
for overcoming the breeding barriers of P. Sunrise
Goldmour ‘KHM637’, and to explore the applicable exten-
sibility of the given method.

MATERIALS AND METHODS

Plant material and cultivation conditions

The mature clonal plants of Phalaenopsis Sunrise
Goldmour ‘KHM637 (SG), a tetraploid with 2n=4x=76
chromosomes, known to have stigma closure problem
after pollination and to be difficult in hybridization
(Chuang et al., 2008), P. Brother Irene Irene ‘Feng Fong’
(BID), P. Sogo Yukidian V3’ (V3), P. Tai Lin Red Angel
‘V31' (V31) and P. violacea were purchased or offered
from several professional growers in Taiwan (Table 1)
and grown in a greenhouse at Horticultural Technology
Center, National Chiayi University, Chiayi, Taiwan, R.O.C..
For all experiments, plants were grown in a greenhouse
at a temperature regime of 25/20°C day/night and a natu-
ral photoperiod (23°47'N, 12048'E) with a light intensity
of 300 to 400 umol-m™*s™ during 1000 to 1200 h on the
sunny days

Self- and reciprocal crossings

First, all four cultivars presented in Table 1 were
self—crossed to check their crossing behaviors. Next, the
cultivar of SG with difficulty in hybridization was recip-

rocal-crossed with each of the three normal cultivars,
BII, V3 and V31. The occurrence of stigma cavity closure,
in vivo pollen tube elongation, and capsule set were col-
lected at three days after pollination (DAP), 7 DAP, and
60 DAP, respectively. The fertilities were evaluated by
asymbiotic seed germinating abilities according to the
method recommended by Lin et al. (2008). Two sepa-
rate sets of experiments were conducted for investigat-
ing pollen tube development and fertility, respectively.
Nine flowers randomly selected from three plants were
examined in each self- and reciprocal crossings.

Microscopic observation of pollen tube growth

To monitor pollen tube behavior in different crossing
combinations, columns were harvested evenly from nine
flowers on three plants of each crossing seven days after
pollination, fixed in FAA (formalin: acetic acid: 70% eth-
anol=1:1:18) for 24 h at room temperature, and softened
in 8 N NaOH at 60°C for 1.5h. The samples were then
stained with a 0.1% aniline blue solution (Kho and Baér,
1968) at 4°C for 24 h, quashed onto slides in a drop of
glycerin and observed under a fluorescent microscope
(Zeiss Axioskop2, EM: BP 365 to 390nm). A pollen
grain showing tube length exceeding twice its own diam-
eter was considered germinated.

Examining the efficacy of cut-column pollination
method

The cultivar of SG with difficulty in hybridization,
used as the pistillate parent, was treated with cut—column
pollination method used cultivars of BII, V3 and V31, and
P. violacea as the pollen parents without breeding bar-
riers, for evaluating the efficacy of the given method on
overcoming the breeding barriers of SG. The procedures
of cut—column pollination method used in this study
were conducted as follows. 1. The sepals and petals of
pistillate parent were removed from the base. 2. The
upper part of column was cut off, with the stigma cavity
intact. 3. Pollinia of pollen parent were then placed onto
stigma cavity of pistillate parent. 4. The stigma cavity
was subsequently sealed with paraffin film (Fig. 1). The
occurrence of capsule set was collected at 60 DAP. The
fertility and offspring production were examined by asym-

Table 1. Crossing performance, chromosome number and source of the Phalaenopsis cultivars/species used in this study

. Cultivar/species name Chromosome Source of plant
Description L Reference .
(abbreviation) number materials
Difficult in Phalaenopsis Sunrise In=4x=T6 Chuang et al., I-Hsin Biotechnology
hybridization Goldmour ‘KHM637" (SG) T 2008 Inc.
Igbgﬁgﬁ)lrene Irene ‘Feng = o, _4y_76 Hsu et al., 2010 Star Orchids
‘3o Tai S
Normal in P. Sogo Yukidian V3’ (V3) 2n=4x="76 Hsuet al., 2010 C?)?f)?)?atil(l)gr? d
hybridization P Tai Lin Red Va1
(\',3 % n hedange 2n=4x=76 Hsu et al., 2010 Star Orchids
P, violacea 2n=2x=38 Kao et al., 2001 NCYU*

*NCYU: National Chiayi University.
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Fig. 1. Schematic illustration of the cut—column pollination meth-
od used in this study to overcome breeding barriers in
Phalaenopsis Sunrise Goldmour ‘KHM637’, which had
stigma closure problem after pollination. The sepals and
petals of intact flower (A) of pistillate parent were
removed from the base (B). The upper part of column
was cut off, with the stigma cavity intact (C). Pollinia of
pollen parent were then placed onto stigma cavity of pis-
tillate parent (D). The stigma cavity was subsequently
sealed with paraffin film (E).

biotic seed germinating abilities according to the method
recommended by Lin et al. (2008). Four to nine cross-
ings were evaluated in each of crossing combinations.

RESULTS

Crossing behaviors in self-pollination

In the self-crossings, the three normal cultivars,
Phalaenopsis Brother Irene Irene ‘Feng Fong' (BID), P.
Sogo Yukidian ‘V3’ (V3), and P. Tai Lin Red Angel ‘V31’
(V31), all showed 100% of stigma cavity closure at three
days after pollination (DAP), 100% of in vivo pollen tube
elongation at 7 DAP, and 100% capsule set at 60 DAP,
and finally produced over 900 offsprings (Table 2).
However, the stigma cavity closure and pollen tube elon-
gation did not occur, and none of offspring had been
produced in the self-crossings of P. Sunrise Goldmour
‘KHM637 (SG) with difficulties in hybridization (Table 2).

Crossing behaviors in reciprocal pollination

To further elucidate breeding barriers, the cultivar
with difficulties in hybridization (SG) was reciprocally—
crossed with each of the three normal cultivars (BII, V3
and V31). Both phenomena of stigma cavity closure and
in vivo pollen tube elongation did not occur when SG
was used as the pistillate parent (Table 3). When BII,
V3 and V31 were used as pistillate parents, the phenom-

Table 2. Occurrence of stigma cavity closure, pollen tube elongation, capsule set, and fertility in self-crossings” of three
normal Phalaenopsis cultivars and the cultivar of P. Sunrise Goldmour ‘KHM637” with breeding barriers

Cultivar Stigma cavity In vivo pgllen tube Capsule set Fertile No. of
name” closure (%) elongation (%) %) capsule offsprings
(3 DAP) (7 DAP) (60 DAP) %) pring
SG 0 b* 0b 0b 0b 0
BII 100 a 100 a 100 a 100 a >900
V3 100 a 100 a 100 a 100 a >900
V3l 100 a 100 a 100 a 100 a >900

*'Two separate experiments were conducted to investigate pollen tube development and fertility. Nine flowers were

examined in each self-crossing.

¥ Abbreviations of the cultivar name as shown in Table 1. DAP, days after pollination.

* Mean separation within columns by LSD at 5% level.

Table 3. Occurrence of stigma cavity closure, pollen tube elongation, capsule set, and fertility in reciprocal-crossed
combinations” of three normal Phalaenopsis cultivars and the cultivar of P. Sunrise Goldmour ‘KHM637 with

breeding barriers

Coninai S gl Gt T o
(3 DAP) (7 DAP) (60 DAP) (%)
SGxBII 0 b* 0a 0 0 0
SGxV3 0b 0a 0 0 0
SGxV31 0b 0a 0 0 0
BIIxSG 77.8a 11.1a 0 0 0
V3xSG 77.8a 0a 0 0 0
V31xSG 88.9a 11.1a 0 0 0

“Two separate experiments were conducted to investigate pollen tube development and fertility. Nine flowers were

examined in each reciprocal-crossing.

¥ Abbreviations of the cultivar name as shown in Table 1. DAP, days after pollination.

*Mean separation within columns by LSD at 5% level.
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ena of stigma cavity closure were observed at 3 DAP and
reached 77.8%, 77.8% and 88.9%, respectively, and in
v2vo pollen tube elongation were partially observed at 7
DAP and reached 11.1%, 0% and 11.1%, respectively
(Table 3). No offspring was obtained when using SG as
either pollen or pistillate parent (Table 3).

Efficacy of cut-column pollination method

To explore performance of cut—column pollination
method, the cultivar of SG with difficulty in hybridization
was used as the pistillate parent, after the removal of the
upper part of column but with the stigma cavity intact,
and then pollinated with pollinia of three cultivars, BII,
V3 and V31, and one species, P. violacea, respectively.
The results showed that capsule sets collected at 60 DAP
reached 22.2%, 77.8%, 100.0% and 75.0%, for these four

combinations used pollinia of BII, V3, V31 and P. viola-
cea, respectively (Table 4). Capsule sets were achieved
by cut—column pollination method in these four combi-
nations (Fig. 2A, left). In contrast, the flower of SG with-
out conducting procedures of cut—column pollination
method wilted after pollination (Fig. 2A, right). Both
the capsule fertility and offspring production were then
examined using aseptic seed germination when mature
capsule (Fig. 2B) was successfully obtained. The results
showed that 55.6%-77.8% of fertile capsule formations
were achieved except the combination of using pollinia
from BII, and offsprings were successfully obtained from
other three of these four combinations (Table 4). Some
of these hybrid seedlings have been cultivated into
healthy flowering plants (Fig. 2) for further selection and
breeding.

Table 4. Effects of cut-column pollination method on capsule set, fertility, and offspring production in
Phalaenopsis Sunrise Goldmour ‘KHM637’, the cultivar with stigma closure problem controlled
by pistillate parent itself, used as the pistillate parent

Combination” No. of Capsule set % Fertile capsule No. of
($xdH crossing (60 DAP) (%) offsprings
SGxBII 9 222 ¢ 0b 0
SGxV3 9 77.8b 778 a 83
SGxV31 9 100.0 a 55.6 a 45

SGXP violacea 4 75.0b 75.0a 149

* Abbreviations of the cultivar name as shown in Table 1. DAP, days after pollination.
¥ Mean separation within columns by LSD at 5% level.

Fig. 2. The performance of using cut—column pollination method to overcome breeding barriers
in Phalaenopsis Sunrise Goldmour ‘KHM637’, which had stigma closure problem after
pollination. The capsule was set following cut—column pollination method (A, left). The
flower wilted at 16 days after pollination without cut—column (A, right). Mature capsule
was successfully obtained (B). Seeds germinated under aseptic culture (C). The potted
hybrid seedlings were obtained (D). The flower of a hybrid derived from crossing the cut—
column, pistillate parent P. Sunrise Goldmour ‘KHM637’ with the pollen parent P violacea
(E). Scale bars, 1 cm.
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DISCUSSION

Breeding barriers in producing hybrids by interge-
neric, inter— and intraspecific hybridization in
Phalaenopsis have been observed. However, the causes
and mechanisms of such breeding barriers have not been
thoroughly studied. Approaches to elucidate the basis
of reproductive barriers between specific crossing com-
binations in Phalaenopsis have been conducted by our
research team (Chuang et al., 2008; Chuang et al., 2013;
Hsu et al., 2010). Six cultivars which are known to be
difficult in hybridization, including Doritaenopsis Ever
Spring Prince ‘#1° (ESP), D. Queen Beer ‘KHM 159
(QB), D. Taida Salu ‘KHM 101’ (TS), P. Brother Girl ‘B’
(BG), P. Taipei Gold ‘STM’ (TG), and P. Sunrise
Goldamour ‘KHM637’ (SG), and three cultivars with nor-
mal behaviors in crossing, including P. Brother Irene
Irene ‘Feng Fong’ (BII), P. Sogo Yukidian ‘V3’ (V3), and
P. Tai Lin Red Angel ‘V31' (V31), were investigated for
the mechanisms underlying the crossing barriers.

The chromosome numbers analyzed by root tip
squash showed that the five of selected cultivars with
difficulties in hybridization are triploids with 2n=3x=57
chromosomes, while SG and the other three normal cul-
tivars are tetraploids with 2n=4x=76 chromosomes
(Chuang et al., 2008; Hsu et al., 2010). These results
suggested that the triploidy of these five selected culti-
vars might have contributed to their crossing difficulties.

The crossing results showed that the closure of
stigma cavities occurred in TS and BG, while such stigma
closure was never observed when ESP or QB was used
as the pollen parent in crosses (Hsu et al., 2010). Neither
closure of the stigma cavities nor elongation of pollen
tubes occurred when TG or SG was self—crossed, or was
used as the pistillate parent during intraspecfic crossing
(Chuang et al., 2008). These results suggested that cross-
ing difficulties in those selected cultivars might be caused
by odd chromosome sets and some other factors of pol-
len or pistillate parents.

Stigma closure problem of P. Sunrise Goldmour
‘KHM637’ not limited to specific crossing combina-
tions

P. Sunrise Goldmour ‘KHM637’ (SG) is known to have
stigma closure problem after pollination and be difficult
in hybridization (Chuang et al., 2008). After pollination
a series of physiological and morphological changes, such
as pollen tube growth and fertilization to the seed set
may develop. Usually the stigma cavity of Phalaenopsis
flower would close 48 hours after pollination (Goh et al.,
1982; O'Neill et al., 1993; Zhang and O’Neill, 1993). Use
of fluorescence to monitor pollen tube behavior in the
style and ovary provided a rapid and correct interpreta-
tion in studying self- and cross—incompatibility.
Therefore, the phenomena of stigma cavity closure and
pollen tube behavior in the column could be easily
observed for evaluating the pollination process of each
crossing combination.

In the self-crossings, as expected the three normal

cultivars, BII, V3 and V31, all showed stigma cavity clo-
sure and pollen tube elongation, and finally produced off-
springs (Table 2). However, the stigma cavity closure and
pollen tube elongation did not occur, and none of off-
spring had been produced in the self-crossings of SG
(Table 2).

To further elucidate breeding barriers, SG was recip-
rocally—crossed with each of the three normal cultivars
(BII, V3 and V31). Both phenomena of stigma cavity clo-
sure and 77 vivo pollen tube elongation did not occur
when SG was used as the pistillate parent (Table 3).
The failure to produce any offspring in self— and recipro-
cal crossings of SG might be caused by some uncertain
maternal parent factors in itself and not limited to spe-
cific crossing combinations, since stigma cavity closure
and pollen tube elongation did not occur when it was
used as a pistillate parent, no matter what pollen parents
used (Tables 2 and 3; Fig. 2A, right).

Stigma closure problem not the only reason
accountable for failure to produce offspring in
crossing of P. Sunrise Goldmour ‘KHM637’

Several methods including the stigma cavity sealing
with paraffin film, applying different quantity of pollinia,
and auxins treatments have been conducted by us to
attempt to overcome breeding barriers in P. Sunrise
Goldmour ‘KHM637" (SG) and P. Taipei Gold ‘STM’ (TG)
(Chuang et al., 2008). However, in vivo pollen tube
elongation did not occur by sealing stigma cavity with
paraffin film when SG or TG was self-crossed, or was
used as the pistillate parent and pollinated with pollonia
of V3 (Chuang et al., 2008). Obviously the effect of
stigma closure problem after pollination could not be
corrected simply by sealing.

The postpollination development in orchid flowers is
precisely and completely triggered by pollination. This
postpollination developmental syndrome includes the
induction and coordination of ovary and ovule develop-
ment in preparation for fertilization. The development
of the ovary as well as other aspects of the postpollination
syndrome has an absolute requirement for the participa-
tory action of auxin (Zhang and O’Neill, 1993). It has
long been proposed that the causative agent in the post-
pollination response is auxin deposited on the stigma
with the pollinia (Burg and Dijkman, 1967). Indeed, there
are a number of reports indicated that auxin is a natural
component of orchid pollen (Arditti, 1979; Stead, 1992).

In light of this association between auxin and post-
pollination response in orchids, the authors have also
examined the effects of quantity of pollinia and auxin on
the stigma cavity closure and in vivo pollen tube elon-
gation in crossing combinations of using SG or TG as the
pistillate parent and V3 as the pollen parent (Chuang et
al., 2008). However, both phenomena of stigma cavity
closure and i v7vo pollen tube elongation did not occur
even when four pollinia were used in each pollination.
The authors found that exogenous application of 2.9 mM
indole-3-acetic acid (IAA) or naphthalene acetic acid
(NAA) to the stigmatic surface of SG and TG results in
occurrence of stigma cavity closure, however, not in n
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vvo pollen tube elongation, capsule set, and offspring
production. These results indicated that stigma closure
problem might not be the only reason accountable for
failure to produce offspring in crossing of P. Sunrise
Goldmour ‘KHM637".

Applicability of the cut-column pollination method
less limited to pollen parents

Sexual barriers preventing intra— or interspecific
hybridization have been distinguished into pre- and
post—fertilization barriers. The nature of the barrier
determines the method to be used to overcome the spe-
cific barrier. A range of techniques such as pollen heat-
ing, electrical stimulation, chemical treatment, bud polli-
nation, mentor pollination, style grafting, cut—style and
placental pollination have been developed to overcome
pre—fertilization barriers for diverse crops (Janson, 1993;
Janson et al., 1993; Magdalita et al., 1998; Ronald and
Ascher, 1975; Shen and Liao, 1976; Van Tuyl et al., 1988;
Van Tuyl et al., 1991; Vervaeke et al., 2004; Visser,
1983).

The authors have developed a technique for over-
coming breeding barriers in Phalaenopsis and named the
technique as “cut—column pollination method” (Chuang
et al., 2013), since the technique was modified from the
cut-style pollination using in lily (Janson et al., 1993;
Van Tuyl et al., 1991) and a distinguishing feature of the
Orchidaceae is the gynostemium or column, which is the
fusion of the style, stigma, and stamens.

The authors have also demonstrated that this cut—
column pollination method proved to overcome breeding
barriers in P. Taipei Gold ‘STM’ (TG), known to have
stigma closure problem after pollination and be difficult
in hybridization (Chuang et al., 2013). P. Sunrise
Goldmour ‘KHM637 (SG) has shown similar hybridiza-
tion behavior to TG (Chuang et al., 2008). In this study,
the authors aimed to examine the efficacy of cut—column
pollination method for overcoming the breeding barriers
of SG, and to explore the applicable extensibility of the
given method.

The cultivar of SG, used as the pistillate parent, was
treated with cut—column pollination method and then
pollinated with pollinia of three cultivars, BII, V3 and
V31, and one species, P. violacea, respectively. The
results showed that capsule sets were all achieved by
cut—column pollination method in these four combina-
tions, and both the capsule fertility and offspring pro-
duction were mostly obtained except the combination of
using pollinia from BII (Table 4). The similar situation
was also found in combinations which cultivar of TG,
used as the pistillate parent, was treated with cut—col-
umn pollination method and then pollinated with pollinia
of three cultivars, BII, V3 and V31, and two species, P.
violacea and P. fasciata, respectively (Chuang et al.,
2013). These results suggested that the failure to pro-
duce any offspring in combination of SG and BII, and of
TG and BII might be caused by similar uncertain interac-
tion between partners of each combination.

In a comparison of the cut—style technique using in
lily (Janson et al., 1993; Van Tuyl et al., 1991), it was

shown that some pre—fertilization barriers in
Phalaenopsis could be circumvented by using the cut—
column pollination method. If the sterility was caused
due to existence of pre—fertilization barriers in upper part
of column, fertility might be restored by the cut—column
pollination method. In this way pollinia bypassed column
barriers which could inhibit pollen tube growth, without
incidence of stigma cavity closure.

In conclusion, the cut—column pollination method
might be applicable to other Phalaenopsis cultivars with
similar crossing behaviors of P. Sunrise Goldmour
‘KHM637 and P. Taipei Gold ‘STM’ for overcoming the
crossing barriers, and the applicability of the given
method tends to be less limited to pollen parents with-
out breeding barriers.
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