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Abstract

In vitro flowering protocols were developed for a limited number of early flowering pea (Pisum sativum L.) cultivars.
This work was undertaken to understand the mechanisms regulating in vitro flowering and seed-set across a range of
pea genotypes. Its final goal is to accelerate the generation cycle for faster breeding novel genotypes. We studied the
effects of in vivo and in vitro applications of the antigibberellin Flurprimidol together with radiation of different
spectral compositions on intact plants, plants with the meristem removed, or excised shoot tip explants. Based on our
results, we present a simple and reliable system to reduce generation time in vitro across a range of pea genotypes,
including mid and late flowering types. With this protocol, more than five generations per year can be obtained with

mid to late flowering genotypes and over six generations per year for early to mid flowering genotypes.
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Introduction

In vitro based modified single-seed-descent (SSD)
systems have been proposed as one method to accelerate
generation turnover across a number of species (Franklin
et al. 2000, Ochatt et al. 2002, Asawaphan et al. 2005,
Zhang 2007, Ochatt and Sangwan 2008). The in vitro
SSD technique involves shortening generation time by
culturing immature seeds after forced in vitro flowering.
Current conventional SSD methodologies enable a
maximum of three generations per year to be developed
in pea (Ochatt and Sangwan 2010). Pea cultivars are
usually released after 8 - 10 generations of self-
pollination to achieve an appropriate level of homo-
zygosity (Kasha and Maluszynski 2003). Decreasing the
length of the generation cycle will overcome this
breeding bottleneck and accelerate genetic improvement.
Doubled haploidy is the fastest known route to
homozygosity (Chase 1952), however, considerable
further research is required before this technology will be
available routinely within a pea breeding programme

(Croser et al. 2006, Ochatt et al. 2009). There have been
two in vitro flowering protocols proposed for pea
(Franklin et al. 2000, Ochatt et al. 2002), however, both
protocols were developed for a limited number of early
flowering cultivars. To enable the development of a
widely applicable protocol, we studied /) the effect of
in vivo versus in vitro application of the antigibberellin
Flurprimidol to reduce internode length, 2) the effect of
spectral composition of radiation on in vitro flowering
and seed-set, and 3) the optimization of culture
methodology through comparative in vitro cultures of
intact plants, plants with the meristem removed, or
excised shoot tip explants. Based on our results, we
report herewith an improved protocol that enables in vitro
flowering across a range of pea genotypes, including mid
and late flowering types.

The antigibberellin Flurprimidol is a chemical used in
horticulture to reduce plant height and produce compact
plants. It reduces internode elongation through the
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inhibition of gibberellic acid (GA) biosynthesis
(Rademacher 2000). Flurprimidol has been extensively
used to control plant growth under glasshouse conditions
in a number of species (Hamid and Williams 1997,
Pobudkiewicz and Treder 2006, Burton et al. 2007),
including pea (Ochatt et al. 2002). However, to our
knowledge, Flurprimidol has never been used in any
in vitro flowering protocol by adding it to the medium.
Environmental factors, such as spectral composition
of radiation (Reid et al. 1996, Cerdan and Chory 2003,
Ausin et al. 2005, Nelson et al. 2010), photoperiod length
(Reid et al. 1996, Ceunen and Geuns 2013), growth
temperature (Ausin et al. 2005, Nelson et al. 2010), and
stresses (Wang et al. 2012, Zhou et al. 2012) play a key
role in the regulation of the transition to flowering in
plants. Among these, a mixture of red and far-red
radiation is the most effective in causing flowering long
day plants (Reid and Murfet 1977, Vince-Prue 1981,
Weller et al. 1997, Ausin et al. 2005, Cummings et al.
2007). Runkle and Heins (2001) reported the red/far-red
ratio has no effect on in vivo flowering time of the long
day pea cv. Utrillo. In contrast, Cummings et al. (2007)
reported the high red/far-red ratio delayed pea flowering

Materials and methods

A range of genetically diverse Pisum sativum L.
genotypes with varying flowering times were selected for
this research (Table 1).

For in vivo experiments, the seeds of cv. Kaspa and
line 00P016-1 were sown in a glasshouse at the
University of Western Australia (Perth, Australia; lat.
31°58°49” S; long. 115°49° 77 E) in 1 dm® pots filled
with UWA Plant Bio Mix (Richgro Garden Products,
Perth, Australia). The day/night temperatures were
20/18 °C and natural irradiance. In preliminary experi-
ments, it was observed that cv. Kaspa and line 00P016-1
did not flower under in vitro conditions; this was the
reason why the in vivo approach was taken for these two
genotypes.

Flurprimidol  [2-methyl-1-pyrimidine-5-yl-1-(4-tri-
fluoro-methoxyphenyl) propane-1-ol] (ZTopflor, SePRO
Corporation, Carmel, IN, USA), was used to reduce
internode elongation. In order to identify the most
effective Flurprimidol treatment, a 5 % (m/v) solution

in vivo and inhibited internode extension in long day
genotypes.

To develop a protocol that could be widely adopted, it
was necessary to optimize culture factors considered
important to in vitro flowering and seed initiation and
maturation. The factors identified as critical are the gas
exchange and air humidity in culture vessels (Lentini
et al. 1988, Fujioka et al. 1999, Asawaphan et al. 2005),
explant types (Narasimhulu and Reddy 1984, Franklin
et al. 2000, Ochatt et al. 2000, 2002), culture medium
composition (Franklin et al. 2000, Ochatt et al. 2000,
2002, Asawaphan et al. 2005), and the addition of plant
growth regulators (Narasimhulu and Reddy 1984,
Chengalrayan et al. 1995, Franklin et al. 2000, Ochatt
et al. 2002). We believe the optimization of these factors
would lead to a robust pea in vitro flowering protocol.

The aim of this work was to understand the
mechanisms operating in vitro causing the efficient and
reproducible induction of flowering and seed-set across a
range of pea genotypes. The final goal is to contribute to
the acceleration of generation cycles for faster breeding
of novel genotypes.

was applied as a drench at various amounts (0, 25, 50,
and 75 cm®). Applications were repeated three times at
10-day intervals from the three-leaf stage (Ochatt et al.
2002).

For in vitro experiments, dry seeds were surface-
sterilized by 70 % (v/v) ethanol for 5 min, followed by
sodium hypochlorite (21 g dm™) for 10 min. Then, the
seeds were rinsed three times with sterile deionised water
and imbibed overnight. The coats of the imbibed seeds
were removed and 10 embryos with both cotyledons
intact were cultured in a vessel containing 50 cm’ of B5
(Gamborg et al. 1968) salts and vitamins modified by the
addition of 10 mM NH,CI (Ochatt ef al. 2000). After 7 d,
the shoot apical meristems (1 cm length and comprising
two internodes) of 50 % of the plants randomly selected
were removed using a scalpel. Both the plants with the
meristem removed which developed vie axillary
branching and the excised shoot apical meristems were
then individually cultured in vitro and compared to

Table 1. Pea genotypes used in this study and their main characteristics.

Name Flowering type Plant habit Leaf type Comment

Frisson carly semi-dwarf conventional French cv. (Ochatt et al. 2002)

Excell early/mid semi-dwarf semi-leafless Australian cv.

Bundi early/mid semi-dwarf semi-leafless Australian cv.

Victor mid semi-dwarf conventional French cv. (Ochatt et al. 2002)

Dunwa mid/late tall conventional Australian cv.

Kaspa late semi-dwarf semi-leafless Australian cv. (industry standard)
00P0O16-1 very late tall conventional Ethiopian germplasm accession: landrace
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cultured intact plants. Three explant types, plants with the
meristem removed, excised shoot tips, and intact plants
were cultured into either 150 x 25 mm borosilicate glass
tubes covered with a polypropylene closure
(PhytoTechnology Laboratories, Kansas, USA) and
containing 20 cm’ of a Murashige and Skoog (1962; MS)
medium, or into 150 x 70 mm polycarbonate containers
sealed with a screw cap (Sarstedt Australia Pty Ltd,
Adelaide, Australia) with a 4 mm diameter hole covered
with  breathable membrane (Flora Laboratories,
Melbourne, Australia) with 50 cm® of the MS medium.
The pH of the medium was adjusted to 5.6 prior to
autoclaving at 121 °C for 20 min.

All cultures were incubated at temperature of 24 °C
and irradiance of 145 pmol m™ s™ (cool-white-fluorescent
tubes LIFEMAX TL-D 30W/840, Philips Lighting,
Bangkok, Thailand) unless stated otherwise. Preliminary
experiments included culture of explants at photoperiods
of 12, 16, 20, and 24 h. However, there were no
significant differences among treatments. Thus, a 20-h
photoperiod was chosen for all in vitro experiments in
this study.

To evaluate the effect of Flurprimidol on in vitro
growth and flowering, a range of amounts (0, 5, 10, 15,
20, 30, and 35 cm’) of filter-sterilized 5 % (m/v)
Flurprimidol per dm® of the MS medium were added
immediately after autoclaving.

Results

The pea plants in vivo were smaller after the addition of
Flurprimidol due to reduced internode length
(Fig. 14,B). For example, for the line 00P016-1, we
observed an average reduction in plant height from 77 +
7.0 cm in the control treatment to 13 + 2.8 cm for the
highest Flurprimidol concentration applied. Flurprimidol
also reduced internode length in vitro (Table 2) but it had
no effect on a node number, flowering time, and seed-set
under either in vivo or in vitro conditions.

For both in vivo and in vitro experiments, an
important seasonal effect was detected. In the glasshouse
under natural irradiance, internode length was reduced by
Flurprimidol more in spring than in autumn. For any
given concentration used, Flurprimidol was less effective
in reducing plant size during the autumn-winter period
(shorter days and lower irradiance) than in the spring-
summer period (longer days and higher irradiance)
(Fig. 14). Similarly, in controlled environment rooms
under low irradiance (110 - 180 pmol m? s Flurprimidol
was less effective in reducing plant size in vitro,
therefore, a higher concentration was re(éluired than under
higher irradiance (550 - 900 pmol m™ s™) to produce
similar effects.

The effectiveness of Flurprimidol on reducing plant
height varied across the genotypes. Flurprimidol had a
greater effect on the tall genotypes compared to the semi-
dwarf genotypes. For example, the Flurprimidol solution
reduced plant height of the tall landrace 00P016-1 by

INDUCTION OF IN VITRO FLOWERING AND SEED-SET

To study the effect of spectral composition of
radiation on in vitro flowering induction, three different
radiation sources were compared: /) Cool-white
fluorescent tubes only (145 pmol m™ s™); 2) Cool-white
fluorescent tubes combined with red radiation from
F30W/GRO  Gro-Lux tubes (Sylvania, Erlangen,
Germany) (120 pmol m™ s7'); and 3) Cool-white
fluorescent plus far-red filtered radiation (Blood Red 789,
LEE filters, Andover, England) (130 pmol m?s™).

In all experiments, the flowering time and node
number of the first flower were recorded. Also, at day 40
of culture, plant length and number of nodes were
measured and then divided to get the average internode
length. In addition, the efficiency of recovery of
immature seeds and embryos was studied. This included
the selection of the embryo developmental stage (number
of days after flowering) for best in vitro germination and
plant development. The immature pods at 16, 18, 20, and
22 d after flowering were opened aseptically and the
embryos removed and directly transferred onto new glass
tubes containing 20 cm’ of the hormone-free MS medium.

The experimental design was completely randomized
and all treatments were repeated at least three times with
a minimum of 10 replicates per treatment per genotype.
Statistical analysis was performed by analysis of variance
(Microsoft Office Excel 2007 software).

Table 2. Effect of 5 % (m/v) Flurprimidol applied at different
amounts into a medium on the internode length of pea cv. Kaspa
grown in vitro from different explants for 40 d. Means + SE,
n = 30; different letters indicate means significantly different at
P <0.05.

Explants F lu};primidol Internode length
[em® dm™) [mm]
Intact plants 0 13.8£0.17a
15 7.1+0.21b
30 6.8 £0.33b
Meristem removed 0 13.6 £0.18a
15 9.2+£0.28b
20 9.1 £0.25b
30 59+0.13¢
35 5.9+0.40c
Shoot tip explants 0 54+03la
5 49+0.15a
10 3.6+ 0.41b
15 3.4£0.23b
20 3.5£0.10b
30 3.5£0.15b

73.6 % compared to the control, whereas the same
Flurprimidol treatment reduced plant height only by
37.9 % in the semi-dwarf cv. Kaspa.
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Fig. 1. Effect of Flurprimidol treatments [5 % (m/v) solution was applied as a drench at various amounts (0, 25, 50, and 75 cm’)]
on pea landrace 00P016-1 grown in a glasshouse in dependence on season. 4 - Internode length in autumn or spring (means + SD;

n=30). B - Plant size and morphology (bars =5 cm).

Flurprimidol reduced in vitro the internode length in
dependence on the used explant type: intact plants were
less affected than the plants with the meristem removed
or excised shoot tip explants (Table 2). Plants with the
meristem removed developed through the proliferation of
a cotyledonary node axillary meristem. No significant
difference was observed on in vitro time to flowering
when comparing the intact plants and the plants with the
meristem removed. Thus, for the plants of cv. Excell
grown in the tubes, the average flowering time was
32 + 2.7 d for the intact plants and 32 + 5.9 d for the
plants with the meristem removed. In contrast, the
excised shoot tip explants cultured in vitro always took
longer to flowering, e.g., the average flowering time of
the excised shoot tip explants of cv. Excell grown in the
tubes was 44 + 5.5 d. It was observed that only the
excised shoot tip explants that produced roots were able
to form flowers.

No significant effect of spectral composition of
radiation was observed on days to flowering, percentage
of flowering plants, and percentage of plants with pods.
White fluorescent tubes were thus used in all other
experiments. In general, there was a higher percentage of
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seed-set in the plants grown in the tubes compared to the
plants grown in the containers (Table 3), despite more
flowers being produced in the containers (Table 4). The
strongest difference between the treatments was observed
for conventional leafed cvs. Frisson and Victor. However,
a lower difference between the treatments was observed

Table 3. Percentage of plantlets that set seeds. Pea plantlets
were grown in vitro from different explants either in tubes (T)
or in containers (C). Means + SE, n = 30.

Genotype Vessel Meristem Shoot tip Intact plants
removed explants

Victor T 96.6+1.04 40.0+£1.06 93.3+1.04
C 66.7+1.18 0.0+0 70.0 + 1.40

Frisson T 90.6+1.66 542£0.75 909+1.15
C 60.0+1.29 66.7+122 57.1+1.64

Excell T 625+191 750+£1.68 55.6+0.98
C 57.1+1.00  30.0£1.09 6.1 +1.31

Bundi T 72.0+137 445%£1.69 20.0+1.55
C 56.5+186 355+1.73  25.0+1.00




INDUCTION OF IN VITRO FLOWERING AND SEED-SET

Table 4. Number of flowers per plantlet of cvs. Frisson and Excell produced in vitro from different explants either in tubes (T) or in
containers (C). A volume of 30 cm® (intact plants and plants with the meristem removed) or 10 cm® (shoot tip explants) of 5 % (m/v)
Flurprimidol was applied per 1 dm® of a medium. Means + SE, n = 30; different letters indicate means significantly different at

P <0.05.
Explant Frisson Excell

T C T C
Meristem removed 1.60£0.11a 2.70 £0.14c 1.25+0.07a 1.73 £0.19bc
Shoot tip explants 1.07 £0.05b 1.60 £ 0.16a 1.07 £ 0.05a 1.30 £ 0.13ab
Intact plants 1.46 £0.11a 2.64£0.22¢ 1.16 £0.07a 1.93 £0.16¢

for semi-leafless cvs. Excell and Bundi. Interestingly, for
intact plants of cvs. Excell and Bundi, the containers
favoured marginally better seed-set than the tubes. The
type of the culture vessel used had no effect on plant
architecture irrespectively of the genotype studied.

In order to shorten the length of the reproductive

Table 5. Number of generations per year and flowering time in
days (in brackets) as affected by pea genotype and
environmental conditions. Means from three repetitions with at
least 10 individuals. Field: Department of Agriculture and Food
of Western Australia, Australia.

Environment Dunwa Frisson Bundi Excell
Field 2.0091) 2.0(75) 2.0(85) 2.0(85)
Glasshouse 3.6(62) 4.1(64) 3.7(56) 3.8(54)
In vitro 52(50) 6.636) 7.031) 7.1@31
Discussion

An optimized in vitro flowering protocol is presented
here using Flurprimidol to control in vitro plant size.
In vitro flowering and seed-set was achieved in diverse
pea genotypes with an average generation cycle length of
approximately 50 d for the early to mid flowering
cultivars. We confirmed our hypothesis that the
antigibberellin Flurprimidol stimulates in vitro flowering
by reducing internode length. However, the addition of
red or far-red radiation did not reduce the flowering time
in vitro in the genotypes studied.

In order to shorten the generation cycle of pea, it is
essential to control plant growth to obtain plants with
reduced vegetative development (Ochatt et al. 2002). In
horticulture, Flurprimidol has been used in vivo to
produce compact plants. This chemical acts by blocking
cytochrome P,so-dependent monooxygenases, catalyzing
the oxidation of ent-kaurene into ent-kaurenoic acid,
thereby inhibiting GA biosynthesis (Rademacher 2000).
In our experiments, Flurprimidol reduced pea plant size
in vivo and in vitro, which is particularly important for
tall genotypes.

Internode length in pea is determined at least by five
major loci: Le, La, Cry, Na, Lm (Reid et al. 1983). GA, is

cycle, immature embryos were removed and cultured in
vitro. Best germination rates were obtained by culturing
immature seeds between 18 - 20 d after flowering. The
length of the generation cycle in vitro was about 50 d for
most of the genotypes studied (Victor: 48 + 1.8 d; Bundi:
49 + 3.6 d; Excell: 50 £ 5.9 d; and Frisson: 54 + 3.4 d).
On the other hand, for the very late flowering landrace
00P016-1, the average generation length in vitro was over
90 d with a very low flowering and seed setting rate
(under 10 %).

Significant differences among the studied genotypes
were observed in flowering time and in the estimated
average generation cycle length when comparing the
plants grown under the different growth environments
(Table 5). With the proposed in vitro flowering protocol,
up to seven generations per year can be obtained for the
early/mid flowering cvs. Bundi and Excell; and over five
generations for the mid/late flowering cv. Dunwa.

the native GA controlling internode elongation factor in
pea (Ross et al. 1989). Slender phenotypes (/a, cry) have
long and thin internodes and are not dependent on
endogenous GAs. Dwarf plants (La and/or Cry) acquire a
similar phenotype to slender types when treated with high
concentrations of GA; (Potts ef al. 1985). A major gene
(Le/le) for internode length is mainly responsible for tall
climbing (Le/-) versus dwarf bush (le/le) habit (Potts
et al. 1982). Application of GA; can mask the Le/le gene
difference. Le plants respond equally to GA,y and GA,,
while /e plants respond only weakly to GA,,, the major
biologically active gibberellin found in dwarf peas. These
results suggest that the Le gene controls the production of
a 3P-hydroxylase capable of converting GA,) to GA,
(Ingram et al. 1983).

Gibberellins are a large group of compounds which
share a common gibbane ring structure and which all
have at least some physiological activity (Cleland 1999).
They include both precursors and catabolites and thus,
even if GA, is the main active GA in stem elongation
(Ingram et al. 1986), other GAs are as active or more
active in processes including, among others, tendril and
pod growth in pea (Smith ez al. 1992). Thus, whereas the
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biosynthesis of GA,, takes place in unfolded leaves and
tendrils, its conversion to GA; occurs in the upper stem
(Smith 1992). The paramount role of GAs on leaf
expansion has been proven in cereals (Nelissen et al.
2012) and is also known in pea (Hedden 1999). In this
context, the differential responses observed among the
different tissues tested and also among the conventional
(Frisson and Victor) and semi-leafless (Bundi and Excell)
cultivars might be attributed to a differential endogenous
content of active GAs within the tissues in conjunction
with the antigibberellin effect of the exogenously applied
Flurprimidol.

For long-day plants, a red to far-red ratio close to the
natural level is the most effective for flower induction
(Vince-Prue 1981). Most growth chamber sources of
radiation have high red/far-red ratios (greater than 2)
which can delay flowering and inhibit internode
extension (Whitman ef al. 1998, Runkle and Heins 2001,
Cummings et al. 2007). In our experiments, the addition
of red or far-red radiation did not reduce the flowering
time in vitro in the early, mid or late flowering pea
genotypes. The addition of far-red filtered radiation
probably did not correct the red/far-red ratio sufficiently
to mimic natural irradiance, as it was discussed by
Runkle and Heins (2001) and Cummings et al. (2007).
Also, the irradiance may not have been high enough to
induce fast in vitro flowering in the genotypes studied
(Fujioka et al. 1999). It was then concluded that white
fluorescent tubes were the best radiation sources for the
in vitro flowering protocol presented here.

Growth rates and many of the physiological
characteristics of plants developed in vitro are influenced
by the physical and chemical environment of culture
vessels (Walker et al. 1988, Jackson et al. 1991, Kozai
et al. 1992, Majada et al. 1997). The type of culture
vessel and its closure (use of gas-permeable membranes
or lids) influences the in vitro environment by modifying
the gas composition. When comparing different culture
vessels, we observed a higher percentage of the seed-
setting plants when culturing in the tubes covered with
polypropylene caps compared to the containers sealed
with screw caps covered by a breathable membrane. This
is likely to be associated with better air exchange
(reduced concentration of ethylene and higher CO,
concentration) in glass tubes compared to polycarbonate
containers, as reported by Lentini et al. (1988) and
Jackson et al. (1991). Interestingly, we observed that the
plants grown in the tubes produced a lower number of
flowers compared to the plants grown in the containers,
and that this was true irrespectively of their flowering or

References

Asawaphan, P., Mangkita, W., Kachonpadungkitti, Y.,
Matsuyama, S., Satake, T., Hisajima, S.: Efficient flower
induction from peanut (Arachis hypogaea L.) seedling
in vitro. - Sabrao J. Breed. Genet. 37: 131-140, 2005.

Ausin, 1., Alonso-Blanco, C., Martinez-Zapater, J.M.:

44

leaf type, as a similar trend was observed in the leafy type
cv. Frisson compared to the early/mid flowering
semileafless type cv. Excell. This might be related to the
smaller amount of the culture medium used in the tubes
compared to the containers, which might affect the supply
of nutrients, thus affecting the production of flowers, as
observed previously with other species (Figueira and
Janick 1994, George et al. 2009). Therefore, the tubes
were considered the best culture vessel in the in vitro
flowering protocol proposed in this work, as the reduced
number of flowers per plant produced was also associated
with lesser early pod abortion, maybe due to reduced
competition between flowers.

Efficient breeding methods are needed to advance
hybrid populations and to facilitate selection of lines with
desirable combinations of characters (Haddad and
Muehlbauer 1981). The SSD method consists of taking a
single seed from each F, plant and advancing each seed to
the next generation until a desired level of homozygosity
is achieved (F¢ to Fg), thus saving space and time
(Goulden 1939). However, the extent of plant loss from
generation to generation affects the genetic makeup of the
SSD populations (Martin ef al. 1978). We have calculated
that with an attrition rate per generation of 10 % of the
plant population after four generations of SSD (from F, to
Fs) we would end up with only 34 % of the initial
population. This indicates the importance for the breeder
of the robustness and reliability of any tissue culture
system used. In the present study, removing the meristem
and culturing it separately permits the production of a
second cloned plant, which provides a back-up plant in
case of loss. This is particularly important when working
with rare and valuable genotypes in a population such as
the production of recombinant inbred lines (Soller and
Beckmann 1990).

The identification of a system to accelerate generation
turnover by shortening each cycle is crucial in breeding
programmes. In this publication we present a simple and
reliable system to reduce generation time in vitro across a
range of pea genotypes. In this protocol, Flurprimidol
was used to control plant size in vitro, and the plants with
the meristem removed, and the shoot tip explants were
cultured in the glass tubes. More than five generations per
year could be obtained with mid to late flowering
genotypes using this protocol, and over six generations
per year for early to mid flowering genotypes. However,
some late/very late flowering genotypes like cv. Kaspa
and the landrace accession 00P016-1 remain recalcitrant
to this technology.

Environmental regulation of flowering. - Int. J. dev. Biol.
49: 689-705, 2005.

Burton, A.L., Pennisi, S.V., Van lersel, M.W.: Morphology and
postharvest performance of Geogenanthus undatus C. Koch
& Linden ‘Inca’ after application of ancymidol or



flurprimidol. - HortScience 42: 544-549, 2007.

Cerdan, P.D., Chory, J.: Regulation of flowering time by light
quality. - Nature 423: 881-885, 2003.

Ceunen, S., Geuns, J.M.C.: Glucose, sucrose, and steviol
glycoside accumulation in Stevia rebaudiana grown under
different photoperiods. - Biol. Plant. 57: 390-394, 2013.

Chase, S.S.: Production of homozygous diploids of maize from
monoploids. - Agron. J. 44: 263-267, 1952.

Chengalrayan, K., Mhaske, V.B., Hazra, S.: In vitro regulation
of morphogenesis in peanut (4Arachis hypogaea L.). - Plant
Sci. 110: 259-268, 1995.

Cleland, R.E.: Nature, ocurrence and functioning of plant
hormones. - In: Hooykaas, P.J.J., Hall, M.A., Libbenga,
K.R. (ed.): Biochemistry and Molecular Biology of Plant
Hormones. Pp. 3-22. Elsevier, Amsterdam 1999.

Croser, J.S., Lulsdorf, M.M., Davies, P.A., Clarke, H.J.,
Bayliss, K.L., Mallikarjuna, N., Siddique, K.H.M.: Toward
doubled haploid production in the Fabaceae: progress,
constraints, and opportunities. - Crit. Rev. Plant Sci. 25:
139-157, 2006.

Cummings, 1.G., Reid, J.B., Koutoulis, A.: Red to far-red ratio
correction in plant growth chambers — growth responses and
influence of thermal load on garden pea. - Physiol. Plant.
131: 171-179, 2007.

Figueira, A., Janick, J.: Optimizing carbon dioxide and light
levels during in vitro culture of Theobroma cacao. - J. amer.
Soc. hort. Sci. 119: 865-871, 1994.

Franklin, G., Pius, P.K., Ignacimuthu, S.: Factors affecting in
vitro flowering and fruiting of green pea (Pisum sativum
L.). - Euphytica 115: 65-74, 2000.

Fujioka, T., Fujita, M., Miyamoto, Y.: In vitro flowering and
pod setting of non-symbiotically germinated pea. - J. jap.
Soc. hort. Sci. 68: 117-123, 1999.

Gamborg, O.L., Miller, R.A., Ojima, K.: Nutrient requirements
of suspension cultures of soybean root cells. - Exp. Cell
Res. 50: 151-158, 1968.

George, E.F., Hall, M.A., De Klerk, G.J.: The components of
plant tissue culture media II: Organic additions, osmotic and
pH effects. - In: George, E.F., Hall, M.A., De Klerk, G.J.
(ed.): Plant Propagation by Tissue Culture. 3" Ed. Pp. 115-
173. Springer, Berlin 2009.

Goulden, C.H.: Problems in ]E)lant selection. - Burnett, R.C.
(ed.): Proceedings of the 7" International Genetic Congress.
Pp. 132-133, Cambridge University Press, Cambridge 1939.

Haddad, N.I., Muehlbauer, F.J.: Comparison of random bulk
population and single-seed-descent methods for lentil
breeding. - Euphytica 30: 643-651, 1981.

Hamid, M.M., Williams, R.R.: Effect of different types and
concentrations of plant growth retardants on Sturt's desert
pea (Swainsona formosa). - Scientia Hort. 71: 79-85, 1997.

Hedden, P.: Recent advances in gibberellin biosynthesis. - J.
exp. Bot. 50: 553-563, 1999.

Ingram, T.J., Reid, J.B., MacMillan, J.: The quantitative
relationship between gibberellin A; and internode
elongation in Pisum sativum L. - Planta 168: 414-420, 1986.

Ingram, T.J., Reid, J.B., Potts, W.C., Murfet, C.: Internode
length in Pisum. IV. The effect of the Le gene on gibberellin
metabolism. - Physiol. Plant. 59: 607-616, 1983.

Jackson, M.B., Abbot, A.J., Belcher, A.R., Hall, K.C., Butler,
R., Cameron, J.: Ventilation in plant tissue cultures and
effects of poor aeration on ethylene and carbon dioxide
accumulation, oxygen depletion and explant development. -
Ann. Bot. 67: 229-237, 1991.

Kasha, K.J., Maluszynski, M.: Production of doubled haploids
in crop plants. An introduction. - In: Maluszynski, M.,

INDUCTION OF IN VITRO FLOWERING AND SEED-SET

Kasha, K.J., Forster, B.P., Szarejko, 1. (ed.): Doubled
Haploid Production in Crop Plants. A Manual. Pp. 1-4.
Kluwer Academic Publishers, Dordrecht 2003.

Kozai, T., Fujiwara, K., Hayashi, M., Aitken-Christie, J.: The in
vitro environment and its control in micropropagation. - In:
Kurata, K. and Kozai, T. (ed.): Transplant Production
Systems. Pp. 247-282. Kluwer Academic Publishers,
Dordrecht 1992.

Lentini, Z., Mussell, H., Mutschler, M.A., Earle, E.D.: Ethylene
generation and reversal of ethylene effects during
development in vitro of rapid-cycling Brassica campestris
L. - Plant Sci. 54: 75-81, 1988.

Majada, J.P., Fal, M.A., Sanchez-Tames, R.: The effect of
ventilation rate on proliferation and hyperhydricity of
Dianthus caryophyllus L. - In Vitro cell. dev. Biol. Plant 33:
62-69, 1997.

Martin, R.J., Wilcox, J.R., Laviolette, F.A.: Variability in
soybean progenies developed by single seed descent at two
plant populations. - Crop Sci. 18: 359-362, 1978.

Murashige, T., Skoog, F.: A revised medium for rapid growth
and bioassays with tobacco tissue cultures. - Physiol. Plant.
15: 473-497, 1962.

Narasimhulu, S.B., Reddy, G.M.: In vitro flowering and pod
formation from cotyledons of groundnut (Arachis hypogaea
L.). - Theor. appl. Genet. 69: 87-89, 1984.

Nelissen, H., Rymen, B., Jikumaru, Y., Demuynck, K., Van
Lijsebettens, M., Kamiya, Y., Inze, D., Beemster, G.T.S.: A
local maximum in gibberellin levels regulates maize leaf
growth by spatial control of cell division. - Curr. Biol. 22:
1183-1187,2012.

Nelson, M.N., Berger, J.D., Erskine, W.: Flowering time control
in annual legumes: prospects in a changing global climate. -
CAB Rev. (Perspect. agr. vet. Sci. Nutr. natur. Resour.) 5:
49-62, 2010.

Ochatt, S., Pech, C., Grewal, R., Conreux, C., Lulsdorf, M.,
Jacas, L.: Abiotic stress enhances androgenesis from
isolated microspores of some legume species (Fabaceae). -
J. Plant Physiol. 166: 1314-1328, 2009.

Ochatt, S.J., Pontecaille, C., Rancillac, M.: The growth
regulators used for bud regeneration and shoot rooting
affect the competence for flowering and seed set in
regenerated plants of protein peas. - In Vitro cell. dev. Biol.
Plant 36: 188-193, 2000.

Ochatt, S.J., Sangwan, R.S.: In vitro shortening of generation
time in Arabidopsis thaliana. - Plant Cell Tissue Organ
Cult. 93: 133-137, 2008.

Ochatt, S.J., Sangwan, R.S.: In vitro flowering and seed set:
acceleration of generation cycles. - In: Davey, M.R.,
Anthony, P. (ed.): Plant Cell Culture: Essential Methods.
Pp. 97-110. John Wiley & Sons, Chichester 2010.

Ochatt, S.J., Sangwan, R.S., Marget, P., Ndong, Y.A,
Rancillac, M., Perney, P.: New approaches towards the
shortening of generation cycles for faster breeding of
protein legumes. - Plant Breed. 121: 436-440, 2002.

Pobudkiewicz, A., Treder, J.: Effects of flurprimidol and
daminozide on growth and flowering of oriental lily ‘Mona
Lisa’. - Scientia Hortic. 110: 328-333, 2006.

Potts, W.C., Reid, J.B., Murfet, C.: Internode length in Pisum. 1.
The effect of the Le/le gene difference on endogenous
gibberellin-like substances. - Physiol. Plant. 55: 323-328,
1982.

Potts, W.C., Reid, J.B., Murfet, I.C.: Internode length in Pisum.
Gibberellins and the slender phenotype. - Physiol. Plant. 63:
357-364, 1985.

Rademacher, W.: Growth retardants: effects on gibberellin

45



F.M. RIBALTA et al.

biosynthesis and other metabolic pathways. - Annu. Rev.
Plant Physiol. Plant mol. Biol. 51: 501-531, 2000.

Reid, J.B., Murfet, 1.C.: Flowering in Pisum: the effect of light
quality on the genotype If e Sn Hr. - J. exp. Bot. 28: 1357-
1364, 1977.

Reid, J.B., Murfet, 1.C., Potts, W.C.: Internode length in Pisum.
Additional information on the relationship and action of loci
Le, La, Cry, Na and Lm. - J. exp. Bot. 34: 349-364, 1983.

Reid, J.B., Murfet, 1.C., Singer, S.R., Weller, J.L., Taylor, S.A.:
Physiological-genetics of flowering in Pisum. - Semin. Cell
Dev. Biol. 7: 455-463, 1996.

Ross, J.J., Reid, J.B., Gaskin, P., MacMillan, J.: Internode
length in Pisum. Estimation of GA levels in genotypes Le,
le and le”. - Physiol. Plant. 76: 173-176, 1989.

Runkle, E.S., Heins, R.D.: Specific functions of red, far red, and
blue light in flowering and stem extension of long-day
plants. - J. amer. Soc. hort. Sci. 126: 275-282, 2001.

Smith, V.A.: Gibberellin A, biosynthesis in Pisum sativum L.
II. Biological and biochemical consequences of the le
mutation. - Plant Physiol. 99: 372-377, 1992.

Smith, V.A., Knatt, C.J., Gaskin, P., Reid, J.B.: The distribution
of gibberellins in vegetative tissues of Pisum sativum L. L.
Biological and biochemical consequences of the e
mutation. - Plant Physiol. 99: 368-371, 1992.

Soller, M., Beckmann, J.S.: Marker-based mapping of
quantitative trait loci using replicated progenies. - Theor.

46

appl. Genet. 80: 205-208, 1990.

Vince-Prue, D.: Dayligth and photoperiodism. - In: Smith, H.
ed.: Plants and the Daylight Spectrum. Pp. 223-242.
Academic Press, London 1981.

Walker, P.N., Heuser, C.W., Heinemann, P.H.: Micropro-
pagation: studies of gaseous environments. - Acta hort. 230:
145-151, 1988.

Wang, W.Y., Xu, J., Liu, XJ., Yu, Y., Ge, Q.: Cadmium
induces early flowering in Arabidopsis. - Biol. Plant. 56:
117-120, 2012.

Weller, J.L., Reid, J.B., Taylor, S.A., Murfet, C.: The genetic
control of flowering in pea. - Trends Plant Sci. 2: 412-418,
1997.

Whitman, C.M., Heins, R.D., Cameron, A.C., Carlson, W.H.:
Lamp type and irradiance level for daylight extensions
influence flowering of Campanula carpatica 'Blue clips',
Coreopsis grandiflora 'Early Sunrise', and Coreopsis
verticillata "Moonbeam' -J. amer. Soc. hort. Sci. 123: 802-
807, 1998.

Zhang, T.: In vitro flowering of Perilla frutescens. - In Vitro
cell. dev. Biol. Plant 43: 91-94, 2007.

Zhou, B., Li, N., Zhang, Z., Huang, X., Chen, H., Hu, Z., Pang,
X., Liu, W., Lu, Y.: Hydrogen peroxide and nitric oxide
promote reproductive growth in Litchi chinensis. - Biol.
Plant. 56: 321-329, 2012.





