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Abstract We developed an efficient method for inducing
high-frequency in vitro flowering and fruiting in 10 culti-
vars (Cap-1 to -10) of three different species of Capsicum
(C. annuum, C. chinense, and C. frutescens) collected from
diverse geographical regions of India and Mexico. Shoot
tips of in vitro germinated seedlings were cultured on MS
media supplemented with different concentrations of
6-benzylaminopurine (BAP) alone or in combination with
silver nitrate or silver thiosulphate. Low BAP concentra-
tion was a good inducer of flower buds in vitro. Synergism
between silver ions and cytokinin improved flower induc-
tion. Flowering frequency improved significantly when
silver nitrate or silver thiosulphate was supplemented with
optimum BAP. Maximum responses, 7.5 &+ 0.20 (in Cap-
1) to 15.8 £ 0.27 (in Cap-5) flowers, were induced in the
medium containing 0.75 mg 17" BAP and 30 puM silver
thiosulphate within 60 days of culture. Both in vitro hand-
pollination and high sucrose concentration (5.0-6.0 %) in
the medium improved fruit setting. In general, fruits were
very small (mini-fruit) and seedless; however, three culti-
vars (Cap-3, -5, and -6) produced normal fruits with seeds.
On an average, 144 days were required from seed
implantation to fruit ripening. The frequency of meiotic
abnormalities was higher in flowers produced in vitro than
in those produced in vivo, and pollen viability was rela-
tively lower in the in vitro flowers than in the in vivo
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flowers. The present protocol offers a repeatable system for
studying the physiological mechanism of flowering and
fruiting as well as providing the basis for further investi-
gation for rapid in vitro cross-breeding programmes in
Capsicum spp. for commercial hybrid production.
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Introduction

Capsicum (common name: chilli or peppers) is a com-
mercially important crop of the Solanaceae family, which
is cultivated worldwide for vegetables, spices, as a
colouring agent, and for medicinal purposes. It includes 38
species, of which only six are cultivated, the major ones
being C. annuum, C. chinense, and C. frutescens (Ram-
chiary et al. 2014). The Indian germplasm is mainly rep-
resented by C. annuum and C. frutescens with numerous
cultivars (Thul et al. 2009); however a few cultivars of
C. chinense are also cultivated in North-East India (Kehie
et al. 2012). The fruits of C. chinense and C. frutescens are
highly pungent and commonly used as a source of pun-
gency in food, whereas those of C. annuum, usually known
as sweet peppers, are pickled or used in curries. Capsaicin
(8-methyl-N-vanillyl-6-nonenamide) is an alkaloid present
in the fruits of Capsicum, which imparts the chilli its
characteristic hot taste (Das et al. 2015; Kundu et al.
2015a). Numerous genetically diverse Capsicum cultivars
are grown in different agro-climatic areas of India; par-
ticularly, West Bengal has the richest diversity in chilli
(Paul et al. 2013). Since 2009, our laboratory is involved in
specimen collection from different parts of India and
abroad, ex situ conservation, and various other aspects such
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as extraction and quantification of capsaicin, modulation of
pungency, and investigating antioxidant property, and
major bioactive compounds of the different cultivars of
Capsicum (Paul et al. 2013; Das et al. 2015; Kundu et al.
2015a, b).

The life cycle of a flowering plant begins with seed
germination followed by vegetative growth, flowering, and
fruiting, and finally terminates with seeds development.
Floral transition is one of the most significant events in the
life cycle of flowering plants, during which the vegetative
shoot apical meristem changes to a floral meristem (Kaur
et al. 2015). Capsicum is a self-pollinated species; how-
ever, natural cross pollination results in the formation of
variants within species or even within cultivars (Kehie
et al. 2012). Plant breeders seek to generate interspecific
crosses between Capsicum spp. for producing elite hybrids
(Kamvorn et al. 2014; Manzur et al. 2015). Flowering in
Capsicum is season-specific; therefore, the conventional
crossing method is not feasible between genotypes flow-
ering in different seasons or plants grown in different
countries because of their extreme asynchrony of flower-
ing. Under these circumstances, biotechnological approa-
ches may overcome these barriers. In vitro flowering and
fruiting has a great potential in breeding programmes for
crop improvement (Sivanesan and Park 2015) and could be
applied for rapid breeding of distant varieties through
synchronisation of flowering (Franklin et al. 2000; Zhang
2007). It is advantageous over conventional breeding in
terms of seasonal independency, completion of more than
one breeding cycle within the same year, and reduced
labour costs and space. In vitro techniques also facilitate
the understanding of the physiology of flowering and
fruiting through reduction of the influence of environ-
mental factors and allow precise control of factors
including plant growth regulators (PGRs), sugars, minerals,
photoperiod, and temperature. To date, only a few reports
are available on the induction of in vitro flowering in C.
annuum. (Bodhipadma and Leung 2003) and C. frutescens
(Tisserat and Galletta 1995; Sharma et al. 2008). However,
all these reports dealt with a single cultivar of Capsicum
and unlike other Solanaceous species, Capsicum is a
recalcitrant genus in terms of in vitro culture (Kothari et al.
2010; Mathé et al. 2015). Therefore, the present study
investigated 10 cultivars belonging to three different spe-
cies of Capsicum (C. annuum, C. chinense, and C. fru-
tescens), which possibly will help us understand the
regulation of this recalcitrant genus. The inductive role of
cytokinin in in vitro flowering has been investigated in
several plant species (Taylor et al. 2005; Murthy et al.
2012), but never in Capsicum. Therefore, we investigated
the role of cytokinin in in vitro flowering in Capsicum spp.
To the best of our knowledge, this is the first comprehen-
sive study on the synergistic effect of cytokinin and silver
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(Ag™) ions on in vitro flowering of any plant species. The
high-frequency in vitro flowering system described in this
study may facilitate rapid breeding of Capsicum; it addi-
tionally offers a repeatable system for studying the physi-
ological mechanism of flowering and fruiting.

Materials and methods

Plant materials, culture media, and culture
conditions

Media preparation and culture conditions

Half-strength MS (Murashige and Skoog 1962) medium
supplemented with 1.5 % (w/v) sucrose and 0.75 % (w/v)
agar—agar was used for seed germination. Full strength MS
medium supplemented with 0.75 % (w/v) agar—agar,
3.0 % sucrose, and different concentrations and combi-
nations of 6-benzylaminopurine (BAP), silver nitrate
(AgNO3), and silver thiosulfate (Ag,03S,) were added
according to the experimental requirement for in vitro
flowering. Silver thiosulfate (STS) was added to the cul-
ture medium as a solution (20 mM), which was prepared
by slowly pouring 20 ml of 100 mM silver nitrate (SN)
solution into 80 ml of 100 mM sodium thiosulfate solu-
tion; and stored at 4 °C for further use up to 15 days. For
in vitro fruit setting, different concentrations of sucrose
were tested along with the respective medium used for
flower induction only without any Ag™ ions. pH of media
was adjusted to 5.6 before adding agar—agar, and the
media were autoclaved at 1.04 kg cm > pressure and
121 °C for 18 min. All cultures were incubated at
22 £ 2 °C under a 16-h light and 8-h dark cycle with a
light intensity of 50 umol m ™2 s~ ' using cool-white flu-
orescent lamps (Philips India Limited) in an environment-
controlled chamber.

Surface sterilisation and in vitro seed germination

Detail of all the 10 cultivars of Capsicum spp. (Cap-1 to -
10) used in the current study including their scientific
name, local name/cultivar, area of collection, and geo-
graphical locations are presented in Table 1. Fresh and
ripened red chillies of the seven Indian cultivars were
collected from markets of different regions of India. Few
seeds were sown inside the poly-house of our college
(RKMVC College, Rahara, Kolkata, India) for studying
in vivo plants and the remaining seeds were used for
in vitro culture. Seeds of the Mexican cultivars were
collected from the Chile Pepper Institute, New Mexico
State University, Mexico. These seeds were surface-
sterilised sequentially in 2.5 % (w/v) systemic fungicide
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Table 1 Detail of the ten cultivars of Capsicum spp. used in this experiment

Code name Scientific name Local name (cultivar) Collection area/source
District, state, countries Geographic location
(latitude and longitude)

Cap-1 Capsicum chinense Bhut Jolokia Dimapur, Nagaland, India 25°48'N, 93°47'E
Cap-2 Capsicum frutescens Dhani Lanka Nadia, West Bengal, India 23°24'N, 88°30'E
Cap-3 Capsicum frutescens Kull Lanka Murshidabad, West Bengal, India 24°08'N, 88°16'E
Cap-4 Capsicum annuum Kalo Lanka Cooch Behar, West Bengal, India 26°22'N, 89°29'E
Cap-5 Capsicum annuum Jhanti Lanka Howrah, West Bengal, India 22°36/N, 87°92'E
Cap-6 Capsicum annuum Bullet Lanka Malda, West Bengal, India 25°00'N, 88°09'E
Cap-7 Capsicum annuum Acchar Lanka Shamshabad, Hyderabad, India 17°15'N, 78°23'E
Cap-8 Capsicum annuum deArbol The Chile Paper Institute, Mexico 32°16'N 106°44'W
Cap-9 Capsicum annuum NuMex Mirasol The Chile Paper Institute, Mexico 32°16'N 106°44'W
Cap-10 Capsicum annuum Serrano The Chile Paper Institute, Mexico 32°16'N 106°44'W

(Bavistin®) for 12 min, 5.0 % (v/v) liquid detergent
(Tween-20) for 5 min, and 0.1 % (w/v) mercuric chloride
(HgCl,) for 10 min, and finally rinsed three times (5 min
each) in sterile distilled water to remove traces of HgCl,.
Next, the surface-sterilised seeds were aseptically inoc-
ulated on half-strength MS basal medium and kept in a
dark chamber for germination.

Induction of in vitro flowering

For in vitro flower induction, shoot tips (approximately
1.5-2.5 cm) of the in vitro grown seedlings were cultured
on MS media supplemented with different concentrations
of BAP alone or in combination with SN or STS and
subcultured at 60-day intervals (Table 2). For the matura-
tion of the flower bud up to the blooming stage, the effect
of the aeration system of different types of culture vessels
[25 x 150 mm and 32 x 200 mm culture tubes, 250 ml
conical flask (Borosil®), plugged with ‘cotton-plug’, and
culture bottle (sealed with a plastic cap)] were tested.

In vitro pollination and fruit setting

For in vitro pollination, flowers were hand-pollinated in a
laminar airflow hood using sterile forceps and needles.
Freshly bloomed flowers were pollinated with the anthers
of the flowers bloomed 3—4 days earlier. Self-pollination
(within the same plant), cross-pollination (between dif-
ferent plants of the same species), and reciprocal polli-
nation (between two different species) were performed
artificially. After pollination, the plantlets were observed
for fruit formation. The effect of different concentrations
(2, 3, 4, 5, and 6 %) of sucrose on fruit setting was
tested.

Meiotic study of in vive and in vitro flower buds

Flower buds of appropriate sizes (2.0-3.5 mm) were col-
lected from both in vivo and in vitro plants and fixed in
absolute ethanol and glacial acetic acid (3:1 v/v) for 24 h at
4 °C. After overnight fixation, the buds were either stored
in 70 % ethanol at 4 °C or worked with immediately.
Anthers were smeared in 2.0 % acetocarmine following
Haque and Ghosh (2016a). Nine flower buds from ran-
domly selected three plants of each cultivar and a mini-
mum of 100 pollen mother cells (PMCs) from each flower
bud were observed. Different meiotic stages were observed
under a Leica DM750 microscope at 40x magnification
and photographed using a Leica DFC295 camera.

Pollen viability of in vivo and in vitro flowers

Pollen viability of both in vivo and in vitro plants was
separately measured by staining with 2.0 % acetocarmine
following Haque and Ghosh (2013c). Nine flowers from
three randomly selected plants of each cultivar and a
minimum of 300 pollen grains from each flower were
observed. The percentage of viability was determined by
dividing the number of viable pollens by the total number
of pollens per field of view and multiplying by 100.

Statistical analysis

In the present experimental design, each treatment of flow-
ering and fruiting was repeated three times with 10 explants
per treatment. Flowering and fruiting were observed and
recorded at every 3-day interval. All data were subjected to
one-way analysis of variance (ANOVA) using the SPSS
software for Windows (IBM® SPSS, version 21.0, Chicago,
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0.8 £ 0.10*

0.6 & 0.06
1.8 + 0.09°

4.0 £ 0.13°

Oa

0.5 + 0.12*

0.4 + 0.03®
2.3 + 0.09%

4.0+ 0.11¢

1.1 + 0.03®
3.4 & 0.09°

41 +£0.11¢

1.6 + 0.05%
3.8 + 0.08°

51 +£0.11°

14 +£011° 0

2.1 +0.12°
45 £ 0.18°

0.7 + 0.08%®
1.9 £+ 0.14°

2.7 4+ 0.11%
42 4+ 0.12¢

0.7 +0.13%

0.25
0.50
0.75
1.00
1.50
0.75
0.75
0.75
0.75
0.75
0.75

2.1 £ 0.03°

4.3 £ 08°
45 £ 12¢

3.3 + 0.08°

3.5 £ 0.14°

1.7 £ 0.14°
32 +0.18¢

5.1 £0.12¢¢

5.6 + 14¢
354 11°

7.2 +£0.22¢
6.9 £+ 0.254

6.3 £0.11¢

4.8 +0.12¢

3.6 £ 0.07¢
2.8 4 0.06°

1.9 £ 0.05°
0.8 £ 0.02%®

47 + 0.12%¢

3.4 + 0.07°

5.1 £ 0.14%¢
2.7 £ 0.05

4.1+ 020 3.6 £+ 0.15°
7.7 +0.12°

22 +0.17°

2.8 +0.15¢

1.2 £+ 0.03®
6.8 + 0.12%¢

7.5 + 0.10¢

2.9 + 0.16° 2.4 4+ 06"

1.6 + 0.13°

1.3 £ 0.09%
47 +0.18°

6.2 + 0.12°

7.8 £ 19° 6.1 + 11¢

9.4 4 0.28°
10.3 £ 0.31°f

49 +0.15¢

7.9 £ 0.14°

15
30
45

74+ 0.11°F

6.0 + 0.13%

834+ 0.18° 58 +0.11%° 9.1 + 020 9.6 + 178 7.5 + 14°
8.3 4+ 0.18°F

5.8 +0.18°

54 +015¢ 8.1 +0.14F

8.0 & 0.15%
8.6 &+ 0.17°

9.0+ 21 72+ 12%

12.4 + 0.27¢

5.5 + 0.09%
7.2 4+ 0.14"

9.4 + 0.09°
8.1 +0.23¢
8.8 + 0.19f

9.2 + 0.22°

6.2 + 0.19°

8.7 + 0.12%

7.1 £ 0.16°

112 +£031F 814+ 18F 844 15¢

92 4+ 0.17
115+ 0.15 ¢

5.8 4+ 0.19°F

15
30
45

11.8 £ 0.26'

104 £ 0218 92 +0.16" 83 % 0.14°F
9.7 + 19 8.9 + 0.18"

8.4 + 15

15.8 £ 0.27

8.1 4 0.168
7.7 £ 0.13¢

7.5 + 0.20%
7.2 +0.18%

7.5 £+ 13% 8.4 + 0.14° 10.3 £ 0.21"

14.1 £ 0.23"

12.3 £ 0.212"

Each value represents the mean =+ standard error, n = 30. Mean followed by the same letters in each column are not significantly different at P < 0.05 according to Tukey’s multiple range tests

BAP 6-benzylaminopurine, SN silver nitrate, STS silver thiosulphate

IL). After conducting ANOVA, the means were further
separated using Tukey’s test at P < 0.05.

Results

The seeds of all 10 cultivars were germinated aseptically.
However, the days required for germination (5-14 days) as
well as the percentage of germination (42.2-93.3 %) var-
ied for different cultivars. After germination, the seedlings
were transferred to MS basal medium without any PGR
and grown up to 4.5-5.0 cm with 3—4 nodes.

Effect of PGR (BAP) on flower bud induction

Depending on the cultivars, the first flower bud was
induced within 17-31 days of culture. Three cultivars—
Cap-4, -5, and -10—exhibited early flower bud induction
(within 17-23 days) and produced higher number of
flowers than the other cultivars—Cap-1, -2, -3, -6, -7, -8,
and -9—that took longer time (24-31 days) for flower bud
induction. In the control (PGR-free) medium, very few
flower buds were induced in only four (Cap-2, -4, -5, and -
8) of the 10 cultivars. However, low BAP concentration
stimulated in vitro flower bud induction. Depending on the
cultivars, an optimum response was observed with
0.75-1.0 mg 1-! BAP (Table 2). Of the 10 cultivars, the
highest number (7.2 £ 0.22) of flower buds were induced
in Cap-5 on MS medium containing 0.75 mg1~' BAP
alone. Higher BAP concentration (above the optimum) had
a negative effect and the number of flower buds decreased
in all the 10 cultivars (Table 2). Flower buds were initially
induced in shoots without roots (Fig. la—c, e, i-1); how-
ever, gradually these shoots developed roots and flowered
continuously (Fig. 1d, f, g).

Effect of SN and STS on flower bud induction

Both SN and STS at low concentrations in combination
with optimum BAP enhanced the rate of in vitro flower
bud induction; however, STS was more effective than SN.
Depending on the cultivars, the best response was observed
in the medium containing 30—45 uM STS and an optimum
BAP concentration (Table 2). Maximum 7.5 £ 0.20 (Cap-
1) to 15.8 &+ 0.27 (Cap-5) number of flowers were induced
within 60 days of culture on MS medium containing
0.75 mg 1~' BAP and 30 uM STS.

Effect of aeration system of the culture vessel
on maturation of flower buds

The aeration system of the culture vessel significantly
affected the growth and development of the flower buds to
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Fig. 1 In vitro flowering in different cultivars of Capsicum. a;, aj, h Immature flower buds of Cap-5 cultured on air-tight jam bottle, all
and a3 Successive development of the Cap-4 flower bud up to buds dropped before blooming. i Flower of Cap-1. j Flowers of Cap-
blooming. b Flower bud of Cap-6. ¢ Flower of Cap-10. d Flowers of 7. k Flower of Cap-2. 1 Flower of Cap-8. (Color figure online)
Cap-5. e Flowers of Cap-9. f Flower of Cap-3. g Flowers of Cap-4.
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attain the blooming stage. When the plants were cultured in
airtight culture bottles capped with plastic caps, whitish
callus-like structures were observed on the dorsal surface
of the leaves as well as on the entire surfaces of the young
flower buds (Fig. 1h). Most of the buds dropped during
their young stage; however, this problem was overcome
and all the buds reached the blooming stage when the
plants were cultured in well-aerated culture vessels (culture
tubes or conical flasks plugged with cotton plugs). On an
average, from the day of bud induction, 19-24 days were
required for flower blooming (Fig. la;—a3), and these
in vitro bloomed flowers sustained for 4-5 days. In general,
flowers bloomed one-by-one in a continuous manner and
maximum four flowers bloomed at a time in Cap-5
(Fig. 1d). These in vitro-bloomed flowers presented normal
morphological characteristics; they were normal in size
with white, whitish-violet, or violet petals (Fig. la—g, i-1),
which were similar to the in vivo-bloomed flowers.

Effect of hand-pollination and sucrose concentration
on fruit development

In vitro hand pollinations improved the percentage of fruit set
and were successful in 8 of the 10 cultivars. Most of the
in vitro-developed fruits were too small (3-5 mm) and
seedless; these fruits were called ‘mini-fruits’ (Fig. 2a, b).
High concentrations of sucrose (5-6 % w/v) led to an increase
in the fruit-setting percentage (Fig. 3). Of the 10 cultivars,
two (Cap-1 and -9) failed to develop fruits, five (Cap- 2, -4, -7,
-8, and -10) produced mini-fruits only, and three (Cap-3, -5,
and -6) produced both mini-fruits as well as comparatively
large normal fruits with seeds (Fig. 2c—f). However, in the
current study, these three cultivars (Cap-3, -5, and -6) even
failed to produce normal fruits when pollinated with different
species (i.e. reciprocal pollinations). Hence, normal fruits
were produced through self- and/or cross-pollinations only.
From the day of pollination, approximately 58—65 days were
required for the fruits to reach the ripening stage. The deep-
green mature fruits required 11-17 days to turn completely
red (Fig. 2c¢;—c3). A maximum of 6.6 £ 0.32 fruits developed
in Cap-3 on MS medium supplemented with 5.0 % (w/v)
sucrose, of which 3.5 & 0.36 were mini-fruits and the
remaining 3.1 £ 0.28 were normal fruits (Fig. 3). Flowers
were continuously induced even after fruit setting (Figs. 1g,
3b). On an average, the total time required from in vitro seed
implantation to fruit ripening was 144 days (Fig. 4). The
in vitro fruits were relatively smaller than the fruits of the
poly-house grown plants and contained none or just a few
seeds (Fig. 2f). Unfortunately, none of the in vitro-produced
seeds germinated; nonetheless, this protocol serves as an
initial step towards the in vitro production of hybrid seeds.
Research to manipulate this protocol for viable seed pro-
duction is ongoing.

@ Springer

Meiotic status of in vivo and in vitro flowers

Light microscopic investigations revealed that all the mei-
otic events of in vitro flowers were normal and similar to
those of the in vivo flowers. Different normal stages along
with few abnormalities were observed during meiosis
(Fig. Sa—w). Perfect chromosome pairing with 12 bivalents
was observed at the diakinesis stage of prophase-I (Fig. 5b).
Cytokinesis was of the simultaneous type, that is, no cell
plates appeared after the completion of meiosis-I. Various
types of meiotic abnormalities were observed in both
in vitro and in vivo plants. Comparative results of the total
meiotic abnormalities of the in vitro and in vivo flowers are
summarised in a graphical figure (Fig. 6a). However,
overall results show that the abnormality percentage was
slightly higher in the in vitro flowers than in the in vivo
flowers. Occasionally, few bivalent or univalent chromo-
some(s) failed to attain the equatorial plane during meta-
phase-I (Fig. 5i-1). Other abnormalities such as ‘univalent
laggards’, ‘bivalent laggards’, ‘sticky bridge, ‘late separa-
tion’, ‘early separation’, ‘dicentric bridge’, and ‘acentric
fragment’ were observed during meiosis-I (Fig. Sm-v) and
meiosis-II (Fig. Sw).

Pollen viability of in vivo and in vitro flowers

Acetocarmine staining revealed a very good contrast
between viable and non-viable pollen grains (Fig. 7a, b).
The viability percentages varied widely among different
cultivars (Fig. 6b). However, the overall results showed
that pollen viability of in vitro flowers was significantly
lower than that of in vivo flowers of the same cultivars
(Fig. 6b).

Discussion
In vitro flowering

Capsicum is a recalcitrant plant in terms of in vitro cell,
tissue, and organ culture (Kothari et al. 2010; Mathé et al.
2015). Because of its high genotypic dependence and
recalcitrant nature, the in vitro growth of Capsicum is
comparatively slower than that of other Solanaceous
members (Ochoa-Alejo and Ramirez-Malagon 2001; Kehie
et al. 2012). In vitro flowering is presumably the most
elusive and most fascinating of all in vitro plant develop-
mental processes (da Silva et al. 2014). The first aim of the
present study was to establish a general protocol for high-
frequency in vitro flowering of ten cultivars of Capsicum.
In vitro flowering is crucial in selective hybridisation,
particularly in using pollen from rare stocks, and may be
the first step towards the possibility of recombining genetic



Plant Cell Tiss Organ Cult (2016) 127:161-173

167

Fig. 2 In vitro fruiting in different cultivars of Capsicum. a In vitro
plant of Cap-4 bearing young (violet) as well as ripen (red) mini-
fruits. b Ripen mini-fruit bearing plant of Cap-10. ¢q, ¢, and c3
Successive in vitro development of Cap-5 fruit up to ripening. d In

material via in vitro fertilisation in nonhybridisable lines
(Murthy et al. 2012). Flowering is a complex process that is
regulated by a combination of genetic and environmental
factors, including PGRs, carbohydrates, light, and pH of
the culture medium (Murthy et al. 2012). Flowering under
in vitro conditions can decrease the influence of environ-
mental factors and allow the precise control of factors, such
as temperature, light, and pH, and application of PGRs,
sucrose, STS, and SN to understand their individual role in
flowering and fruiting.

Our experimental design completely differs from that
followed in previous studies on in vitro flowering of

vitro developed mature green fruit of Cap-6. e In vitro plant of Cap-3
bears two ripen fruits. f Longitudinal section of the in vitro developed
fruit of Cap-3 containing seed. (Color figure online)

Capsicum. Bodhipadma and Leung (2003) reported the
enhancing role of auxin (o-naphthaleneacetic acid) in the
in vitro flowering of C. annuum; however, they observed
only 3.8 flowers per plant. The in vitro flowering protocol
was further improved by Sharma et al. (2008) to achieve
maximum 7.0 flowers per plant using SN in C. frutescens.
Presently, we have successfully induced maximum 15.8
flowers per plant, which is much higher than those reported
in the previous studies. In the current study, we examined
the influence of BAP on flower induction in Capsicum; and
BAP proved beneficial. When all other parameters were
maintained at the optimal levels, the change in the BAP
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Fig. 3 Effect of different sucrose concentrations on in vitro fruiting of eight cultivars of Capsicum

concentration affected the in vitro flowering of Capsicum;
concentrations higher or lower than the optimal concen-
tration had a negative effect. Similarly, the role of BAP in
in vitro flower inductions was previously reported in sev-
eral plant studies, including those on Momordica, Kni-
phofia, Perilla, Ipomoea, and Bacopa (Wang et al. 2001;
Taylor et al. 2005; Zhang 2007; Haque and Ghosh
2013b, c) and even another Solanaceous plant, Withania
(Sivanesan and Park 2015).

In bamboo, flowers could be induced only in the absence
of roots, when the shoots were cultured on a medium
containing BAP (Joshi and Nadgauda 1997), whereas, in
Perilla, shoots without roots did not produce flowers
(Zhang 2007). However, present findings in Capsicum spp.
revealed that the flower buds were induced in both shoots
without roots and rooted shoots.

Ethylene, a potential stimulant of flower senescence
(Beyer 1976), is synthesised by plants during certain stages

@ Springer

of development and in response to abiotic and biotic
stresses (Bakshi et al. 2015). Our results revealed that the
leaves and young flower buds dropped when the plants
were cultured in airtight containers; however, this problem
was resolved when they were cultured in well-ventilated
culture vessels plugged with cotton plugs. The ethylene
level in the airtight culture vessels might inhibit the growth
and development of the young flower buds of Capsicum
and may stimulate their senescence. Similar findings were
observed during studies on in vitro flowering and seed-set
in C. annuum and different pea genotypes, where accu-
mulated ethylene was considered to hinder the growth and
development of immature floral buds (Bodhipadma and
Leung 2003; Ribalta et al. 2014). The ventilation system
may help in releasing the accumulated ethylene from the
culture vessels and circuitously preventing bud abscission.
On the other hand, AgjL ions are well-known as effective,
specific, non-competitive inhibitors of ethylene action
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(Beyer 1976) and are involved in flower induction
responses (Bais et al. 2000; Sharma et al. 2008). The
enhancing effect of STS and SN on in vitro flowering was
previously reported in chicory and Capsicum (Bais et al.
2000; Bodhipadma and Leung 2003; Sharma et al. 2008).
In plant tissue culture, Ag™ ions have been widely used
either as nitrate (i.e. SN) or as the more mobile thiosulphate
(i.e. STS) (Wiirschum et al. 2015). According to our
findings, STS is more effective than SN in enhancing
in vitro flower bud induction and maturation. SN is not too
mobile within the plant, whereas STS is a more translo-
catable form of the ethylene action inhibitor (Aloni et al.
1995; Hoyer 1998); therefore, STS may be more efficient
than SN. The inhibitory effect of STS on flower and fruit
abscission has been previously documented in glasshouse-
grown C. annuum plants (Aloni et al. 1995; Hoyer 1998).
Our findings revealed that the stimulating effect of BAP on
flower induction was further improved by supplementing
SN and STS in the culture medium. From the present
findings, we can assume that in vitro flower bud induction
and maturation was regulated by the synergistic effect of
cytokinin and Ag™ ions. The effect of cytokinin on in vitro

flowering has been studied by many researchers (Wang
et al. 2001; Taylor et al. 2005; Zhang 2007; Haque and
Ghosh 2013b, c). Similarly, the effect of Ag+ ions on
in vitro flowering has been reported by few studies (Bais
et al. 2000; Bodhipadma and Leung 2003; Sharma et al.
2008); however, their synergistic effects, which are bene-
ficial for Capsicum and may be effective in different plant
species, have never been studied.

In vitro fruiting

The second aim of the present study was to standardise a
protocol for in vitro fruit setting for different cultivars of
Capsicum. Although Capsicum is primarily a self-polli-
nating plant, the in vitro condition may inhibit self-pol-
lination, which demands artificial hand-pollination for
fertilisation and further development of seeds. In vitro
fruiting and formation of viable seeds could occur without
hand pollination in Centaurium (Todorovic¢ et al. 2006),
Lens (Sarker et al. 2012), pea (Ribalta et al. 2014),
Scrophularia (Jeong and Sivanesan 2015), and other
Solanaceous members including Lycopersicon (Sheeja and
Mandal 2003), Withania (Sivanandan et al. 2015;
Sivanesan and Park 2015), and even C. fruitescens (Tis-
serat and Galletta 1995). In contrast, in vitro fruiting in
Ipomoea (Haque and Ghosh 2013b) and C. annuum
(Bodhipadma and Leung 2003) was possible only fol-
lowing hand pollination. The majority of the non-polli-
nated flowers of Capsicum dropped but did not develop
into fruits. According to the previous reports, in vitro
fruiting was observed only following hand pollination in
C. annuum (Bodhipadma and Leung 2003) and without
any hand pollination in C. fruitescens (Tisserat and Gal-
letta 1995). Unfortunately, artificial reciprocal pollination
did not result in seed-bearing normal fruits. A similar
approach was adopted by Sim et al. (2007) in Dendrobium
orchid; however, they also failed to develop fruits in this
plant.

Ethylene plays a vital role in initiating and accelerating
ripening-related processes (Kumar et al. 2009); therefore,
we had withdrawn the ethylene inhibitor (i.e. Ag' ions)
from the fruit development medium to accelerate fruit
ripening.

In vitro breeding is required for overcoming a cross
between distantly related species so as to include maximum
natural genetic variation in the breeding lines (De Jeu
2000). The present study is the first attempt in in vitro
reciprocal pollination between two different species of
Capsicum, some of which developed into ripe mini-fruits;
however, the resulting fruits were seedless. Hence, addi-
tional studies are required for the establishment of effective
protocols for the production of viable seeds as a result of
in vitro reciprocal pollination; if successful, this system
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Fig. 5 Acetocarmine stained normal (a-h) and abnormal (i-w)
meiotic stages of in vitro flower buds of different Capsicum spp.
a Diplotene stage. b Diakinesis showing 12 bivalent chromosomes. ¢,
d Metaphase- 1. e Anaphase-I showing two set of chromosomes are
moving towards the opposite poles. f Telophase-I showing two set of
chromosomes are reached on two opposite poles. g Metaphase-II.
h Telophase-II. i-1 Metaphase-I with one bivalent don’t reach on the

will be highly beneficial for the breeder. Because in vitro
flowering occurs throughout the year, and on an average
144 days are required from seed sowing to fruit ripening
(Fig. 4), at least two breeding cycles are completed within

@ Springer

equatorial plane. m, n Anaphase-I with one bivalent laggard. o,
p Anaphase-I with two univalent laggards. q Anaphase-1 with early
separation. r Anaphase-I with late separation. s Telophase-I with
dicentric bridge and acentric chromosome. t, u Telophase-I with
sticky bridge. v Telophase-I with multi-polarity. w Anaphase-1I with
three laggard chromosomes

the same calendar year, which shortens the time required
for conventional breeding (by at least 1 year), reduces the
labour costs, and optimises the space required for con-
ventional breeding.
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The growth and development of fruits require high
energy, which results in a significant drop in nutrients in
the culture medium. Therefore, supplying sufficient carbon
sources is necessary for the proper in vitro growth and
development of fruits. Sucrose is the most favoured carbon
source for flower induction and fruit setting in Solanaceous
members (Sivanandan et al. 2015). Our results showed that
the fruit setting percentage of Capsicum was improved
with increasing sucrose concentration (Fig. 3). Similar

findings were also noted in Centaurium, Ipomoea, and
Withania where higher concentrations of sucrose were
required for the development of fruit and seeds (Todorovi¢
et al. 2006; Haque and Ghosh 2013b; Sivanandan et al.
2015). However, our experimental results revealed that
with the same treatment, two cultivars failed to produce
fruits, whereas five cultivars produced only mini-fruits, and
rest of the three cultivars produced both mini-fruits as well
as normal fruits with seeds. This may be due to the
recalcitrant nature of this genus. We had previously suc-
cessfully developed a protocol for in vitro completion of
the sexual life cycle and production of next-generation
(regenerants-1) plants of Ipomoea quamoclit (Haque and
Ghosh 2013b); however, during the present study, we were
unsuccessful in developing viable seeds of Capsicum.
Further research to overcome this problem is in progress.

Meiotic status and pollen viability of in vivo
and in vitro flowers

This is the first report describing the meiotic behaviour of
in vitro flowers in not only Capsicum but also any plant
species. Meiosis is the principal event of sexual repro-
duction, which controls the gene flow from one generation
to the next. Changes in chromosome number and structure
are the most frequently observed chromosomal abnormal-
ities in tissue culture-regenerated plants (Tomiczak et al.
2015). These chromosomal changes also affect the meiotic
behaviour, resulting in pollen sterility and ultimately
affecting the fertility of the regenerated plants. Although
the meiotic behaviour of in vitro flowers has not been
studied in any plant until now, the meiotic study of the
tissue culture-derived ex vitro plants has been reported in
Aloe, Drimiopsis and Ledebouria (Haque and Ghosh
2013a; 2016b, c) where meiotic abnormalities are com-
paratively lower and pollen viability was higher in ex vitro
plants than in in vivo plants. In the present study, we found
increasing percentage of meiotic abnormalities in in vitro
flowers, which led to a decrease in pollen viability, com-
pared with in vivo plants. These findings are conflicting
with those reported for Momordica and Bacopa (Wang
et al. 2001; Haque and Ghosh 2013c), where pollen via-
bility of both in vivo and in vitro flowers did not differ
significantly. On the basis of the findings of previous and
present studies, we can assume that the increase in meiotic
abnormalities in in vitro flowers is mainly caused by the
in vitro environment. However, the viability of in vitro
pollen found in our study is sufficient for successful in vitro
fertilisation for developing fruits. Furthermore, this in vitro
system has provided an opportunity to cytologists to study
the meiotic behaviour throughout the year without
depending on the flowering season.
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Conclusion

We have successfully developed an efficient protocol for
the high-frequency in vitro flowering and fruiting of Cap-
sicum. A single protocol applicable to different cultivars
and species obviously has some impact, particularly when
Capsicum is disreputed for its recalcitrant nature towards
in vitro culture. Results indicated that BAP is the key factor
in flower induction, while Ag* ions increase the flowering
percentage and promote normal development of floral
buds. In addition, artificial hand pollination and supple-
mentation of high concentration of sucrose facilitated fruit
setting and ripening. Thus, the protocol described in this
study offers a repeatable system for studying the physio-
logical mechanism of flowering and fruiting.
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