DOI: 10.1007/s10535-012-0254-4 BIOLOGIA PLANTARUM 57 (1): 41-48, 2013

The plant activator BTH promotes Ornithogalum dubium and O. thyrsoides
differentiation and regeneration in vitro
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Abstract

Benzothiadiazole (BTH) is a structural analogue of salicylic acid (SA) which is widely recognized for its role in
elicitation of systemic acquired resistance in a broad range of plant species. Here, BTH was applied to cell cultures of
the bulbous ornamental plants Ornithogalum dubium and O. thyrsoides, showing a strong effect on rates of
differentiation and morphogenesis. Morphogenic cell clusters in liquid Murashige and Skoog (MS) medium containing
I-naphthaleneacetic acid (NAA) and 6-benzylaminopurine (BAP) were used for all treatments. The calluses were
washed thoroughly and activated with increasing concentrations of BTH. Following the induction, calli were grown on
a solid MS medium without growth regulators (MS) or on a comparable media with NAA and BAP (M-206). The calli
treated with BTH displayed a dose dependent increase in formation of meristematic centres followed by enhanced shoot
formation compared to controls. Microscopic analyses revealed increased differentiation to cell organelles and a
strengthening of the cell wall. A stronger response to BTH was observed in MS than in M-206 medium. A similar effect
on calli differentiation was obtained by three weeks darkness followed by light exposure. The dark/light positive effect
on differentiation was further augmented by BTH in a synergistic fashion. It is suggested that BTH enhances the rates
of morphogenesis in Ornithogalum cultures by triggering a plant regulator-like activity.
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Introduction

Ornithogalum is a genus of perennial plants recently  Ornithogalum species including O. dubium and

reclassified in the family Hyacinthaceae (Meerow 2002,
Chase 2004). About 200 species are known, originating
from Africa, Europe, and Asia, some of which produce
long-lasting cut flowers. The most commonly grown
species for the cut flower industry are O. dubium,
O. thyrsoides, O. arabicum, and O. saundersiae whereas
others, such as O. wmbellatum, O. nutans, and
O. pyramidale, are used for gardening (Griesbach et al.
1993, Littlejohn and Blomerus 1997). One of the factors
limiting the commercial production is high sensitivity to
both viral and bacterial pathogens (Byther and
Chastagner 1993, Luria et al. 2002) which is associated
with the vegetative propagation from bulbs. Alterna-
tively, tissue culture techniques for propagation of some
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O. thyrsoides have been successfully applied in the past
(Hussey 1976, Ziv and Lilien-Kipnis 2000, Kariuki and
Kako 2003, Roh et al. 2007, Ozel et al. 2008). Still,
keeping disease-free propagation material and increasing
the propagation rates of desired genotypes are a
continuous challenge in Ornithogalum production (Naik
and Nayak 2005).

Benzo-1,2,3-thiadiazole-7-carbothioic acid S-methyl
ester (BTH), also known as Bion® (Syngenta, Basel,
Switzerland), is known to act as a functional analogue of
salicylic acid (SA) in plants. It was first reported as an
environmentally-friendly crop protectant that imitates SA
in activating the plant's defence system (Friedrich et al.
1996, Louws et al. 2001, Goellner and Conrath 2008).

Abbreviations: BAP - 6-benzylaminopurine; BTH - benzothiadiazole; MS - Murashige and Skoog; MS-206 - MS medium
supplemented with NAA and BAP, NAA - 1-naphthaleneacetic acid; PBS - phosphate buffered saline; SA - salicylic acid.
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Although BTH itself has no anti-microbial properties, it
was convincingly shown to increase the plant resistance
to disease by activating the signal transduction pathway
leading to systemically acquired resistance (Gorlach et al.
1996, Lawton et al. 1996, Gozzo 2003). BTH was found
to be effective against viral, bacterial, and fungal plant
pathogens (Gorlach ef al. 1996, Benhamou and Belanger
1998, Cole 1999). The effect of BTH on plant defence
response has been studied thoroughly in a variety of
crops including: tomato (Amini 2009), cotton (Whan
et al. 2008), cucumber (Liu et al. 2008), potato (Navarrea
and Mayo 2004), mango (Zhu et al. 2008), soybean

Materials and methods

Chemicals were purchased from Sigma-Aldrich
(St. Louis, MI, USA) unless specified. Media used for the
tissue culture were purchased from Duchefa, (Haarlem,
The Netherlands) unless otherwise mentioned.

Ornithogalum dubium Houtt. and O. thyrsoides Jacq.
were used for callus initiation from basal parts of axenic
leaf segments. Initial morphogenic cell clusters of both
plant species were generated from the calli by gently
separating it into roughly 2 mm fragments. The fragments
were placed in 20 cm® of liquid Murashige and Skoo%
(1962; MS) medium supplemented with 0.1 mg dm’
1-naphthaleneacetic acid (NAA), 2 mg dm™ 6-benzyl-
aminopurine (BAP) and 3 % sucrose (M-206) in 120 cm®
Erlenmeyer flasks. The pH of the media was adjusted to
5.6 - 5.7 before autoclaving at 121 °C for 20 min (Cohen
et al. 2004). The nearly homogenous cell clusters
developed were incubated on a rotary shaker at 100 rpm,
25 °C in the dark.

Two weeks old cell clusters were washed and
transferred to liquid MS medium containing BTH
dissolved in double distilled water (DDW) to obtain final
concentrations of: 0 (control), 5, 50, and 100 mg dm"™.
BTH solutions were filtered through 0.22 pm filter
(Millipore, Carrigtwohill, Ireland) prior to use. Flasks
were placed on a rotary shaker at 100 rpm, 25 °C for
additional 48 h in the dark. Following the induction
treatment, calli were sub-cultured in Petri dishes (55 mm
diameter, 12 mm deep) on solid media (6 g dm™ agar)
with 3 % sucrose. Two solid media were used: standard
MS salts, and MS salts supplemented with 0.1 mg dm™
NAA and 2 mg dm™ BAP (M-206) (Cohen ef al. 2004).
A period of darkness followed by irradiance was shown
to induce embryo formation and morphogenesis in sugar
cane (Garcia et al. 2007), lily (Mori et al. 2005), sorghum
(Pola et al. 2007), etc. We found previously that 3 weeks
of darkness followed by 14-h photoperiod induced strong

Results and discussion
Meristematic centers appeared on the BTH pre-treated

O. dubium calli 21 d after the transfer of cell clusters
from liquid to solid MS medium. It took 35 d for the
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(Faessel et al. 2008), red clover (Kusumoto et al. 2007),
wheat (Vechet et al. 2009), peach (Liu et al. 2005),
Zantedeschia (Luzzatto et al. 2007a,b), and others. While
searching for resistance traits in tissue culture of
Ornithogalum spp. (Golan et al. 2010), BTH was found
to enhance micropropagation rates of the plant. Hence, it
was hypothesized that BTH may also affect morpho-
genesis in tissue culture. Two species of ornamental bulb
plants, O. dubium and O. thyrzoides, served to
demonstrate the effects of different BTH concentrations
on carly developmental stages.

morphogenesis of O. dubium calli (unpublished results).
Accordingly, the effect of three weeks of darkness
followed by 14-h photoperiod only was compared to that
of BTH alone and with combined effects of both. All
plates were incubated in a growth chamber at temperature
of 25 + 2 °C and irradiance of 60 pmol m™? s provided
by fluorescent light bulbs. In all treatments, plates were
photographed using a digital camera (PowerShot SX200
1S, Canon, Oita, Japan) and meristematic centers and
shoot initiations developing on each initial callus were
analyzed using the digital images.

Samples of O. dubium calli treated with BTH were
taken from MS or M-206 medium after 24 or 91 d. Tissue
was fixed in 3.5 % glutaraldehyde in phosphate buffered
saline (PBS), rinsed and postfixed in 1 % OsO, in PBS.
After several washes in PBS, the tissue was stained in the
block with uranyl acetate. The samples were then
dehydrated by passing them through ethanol series and
acetone. After dehydration, the samples were embedded
in epoxy resin Agarl00 (Agar Scientific, Cambridge,
UK). Ultrathin sections were cut, mounted on
formvar/carbon grids, contrasted with uranyl acetate and
lead citrate, and examined in a Tecnai G’ Spirit
transmission electron microscope (TEM; FEI Company,
Philips, Eindhoven, The Netherlands). The images were
taken using MegaView III (Olympus, Minster, Germany)
camera and analysed using software SIS (Soft Imaging
System, Miinster, Germany).

The plates were arranged in a randomized blocks
design and analyzed at 24, 42, 72, and 120 d after the
induction. Experiments were repeated twice with similar
trends. One-way ANOVA using by PRISM 3.02 software
(GraphPad, San Diego, CA) was used for statistical
analysis. Where ANOVA yielded significant (P < 0.05)
differences, post hoc analysis was performed using
Tukey-Kramer multiple comparisons test.

same process to occur in the non-treated control. Shoot
regeneration was visible within 63 d in the BTH
treatment, a week earlier than in the control. The number



of shoots in the 50 mg dm> BTH treatment at 72 and
120 d post BTH application was considerably higher than
in the control (P < 0.001; Table 1, Fig. 14). The effect of
BTH on differentiation was also studied in M-206
medium (the common medium for O. dubium micro-
propagation; Cohen et al. 2005). Significant increase in
number of shoots was observed at 50 mg dm> BTH
(Table 1, Fig. 1B) while 100 mg dm™ BTH was less
effective.

To further test the effect of BTH on differentiation,

SHOOT FORMATION
MS MEDIUM

M-206 MEDIUM

ROOT FORMATION
MS MEDIUM

M-206 MEDIUM

5 [mg dm-3]

BTH PROMOTES PLANTLET REGENERATION

the same set of experiments were conducted in
O. thyrisoides. Here, meristematic centers appeared 5 d
after BTH treatment and transfer of the calli to solid
medium, i.e., 9 d before their emergence in the control
treatment. Shoot regeneration in the BTH treated and
control calli appeared after 35 and 41 d, respectively.
After 72 d, the number of shoots in the calli treated with
50 mg dm™ BTH was more than double in comparison
with control (P < 0.001). Here again, BTH was found to
induce differentiation and appearance of meristematic

50 [mg dm-3]

Fig. 1. Effect of increasing concentration of BTH on the regeneration of Ornithogalum dubium. Calli were treated with 0 (control),
5, and 50 mg dm™ BTH for 2 d in the dark. Following treatment, the calli were transfered to MS or M-206 medium. Shoot and root

formation was observed after 120 d.

Table 1. Effect of BTH on the development of meristematic centers and shoot regeneration of O. dubium calli on MS and M-206
medium. Means + SE, n =100, ** and *** - significantly different at P <0.01 and 0.001, respectively.

BTH MS M-206
[mg dm? ] number of centers [callus’l] number of shoots [callus’l] number of centers [callus’l] number of shoots [callus’l]
24d 42d 724d 120d 24d 42d 72d 120d
0 0.5140.63  3.78+0.29  1.96%0.22 4.95£0.40 0.02£0.01  0.76+0.07  0.15%0.06 1.7840.30
5 0.5740.12 2724031  1.26%0.19 5.06+0.61  0.06+0.02  1.84+0.28™" 0.64+0.14°  3.8610.63
50 2.8340.32"" 9.4140.54™" 5.66£0.50™" 13.94+1.20""" 0.53+0.11""" 4.6240.40 " 1.44+0.22™" 11.46+1.17""
100 0.77£0.16  6.2240.63™" 4.3610.50™" 18.47+1.50"" 0.06+0.02  0.44+0.08  0.23+0.12 6.48+1.92"
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Table 2. Effect of BTH on the development of meristematic centers and shoot regeneration of O. thyrosides calli on MS and M-206
media. Means = SE, n = 100, *, *** - significantly different at P < 0.05 and 0.001, respectively.

BTH MS M-206
[mg dm™] number of centers [callus'] number of shoots [callus'] number of centers [callus'] number of shoots [callus™]
24d #d 72d 120d 244 4d 72d 120d
0 0.2140.05  0.96+0.12  1.50+0.14  2.49+0.21  0.02+0.04  1.03%0.18  1.06£0.11  2.91+0.29
5 0.30£0.16  1.37+0.16  1.4940.14  3.51+0.32  0.20+0.04  1.9840.19" 1.30+0.13  4.39+0.43™"
50 0.2740.05  1.36+0.15  2.4240.19™ 4.14+0.33"" 0.09+0.03  1.75£0.12°  2.06+0.16™" 5.03+0.33™""
100 0.8440.14™" 2.0140.24™" 2.98+0.37"" 5.65+0.52" 0.23+0.06™ 1.7240.17°  2.10£0.22™" 4.47+0.37""
0 [mg dm-3] 5 [mg dm-3] 50 [mg dm-3]
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Fig. 2. Electron micrographs of developing Ornithogalum dubium calli cells grown on MS medium or M-206 medium and treated
with increasing BTH concentrations under 14-h photoperiod. O. dubium calli treated with 0, 5, and 50 mg dm™ BTH and transferred
to MS medium for 24 d (4, B, and C; scale bar = 5 um) or 91 d (D, E, and F; scale bar =2 pm). O. dubium calli treated with the
same BTH concentrations and transferred to M-206 medium for 24 d (G, H, and [; scale bar =5 um) or 91 d (J, K, and L; scale bar =
2 um). A - amyloplast, C - chloroplast, CW - cell wall, ER - endoplasmatic reticulum, Lv - large vesicle, Pl - proplastid,

Pg - plastoglobulus, S - starch grain, Pp - spherosome.

centers and shoots in the initiative calli (Table 2). The
effect of BTH on differentiation of O. thyrsoides calli
grown on M-206 medium was also examined (Table 2).
While the effect of BTH application on differentiation
was clearly visible for both Ornithogalum species and in
both media, differences were observed in the develop-
ment of the calli. The overall development of O. dubium
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on MS medium was significantly better than on M-206
(Fig. 14,B) while O. thyrsoides development was similar
on the two media (Table 2). O. dubium responded to the
highest dose of BTH used here (100 mg dm™) more on
MS than on M-206 medium. In O. thyrsoides,
100 mg dm® BTH mostly enhanced differentiation
regardless of the medium. It is hence apparent that



different species, with probably different content of
endogenous phytohormones, showed different responses
to application of growth regulators in the medium.
Indeed, the early application of NAA and BAP to the
initial cell culture of O. dubium, prior to the transfer to
the solid medium, was sufficient to initiate diffe-
rentiation. In O. thyrsoides, the presence of growth
regulators in the solid medium did not affect calli
development or its response to BTH. In practice, to
optimize calli differentiation and regeneration using
BTH, each plant system needs to be analyzed
individually to establish a protocol for BTH application.

Dose-dependent relationships were observed, using
TEM, between the differentiation to cell organelles and
BTH concentration in calli grown on MS medium.
Higher BTH concentrations induced the formation of
amyloplasts, chloroplasts, and starch grains. O. dubium
calli treated with 5 mg dm™ BTH revealed plastids
containing plastoglobuli. 50 mg dm™ BTH induced fully
developed amyloplasts with starch grains after 24 d,
while at the same time point, calli in the control treatment
were still at an early stage of differentiation (Fig. 24-C).
After 91 d, calli treated with 50 mg dm™ BTH revealed
fully mature chloroplasts with an internal network of
grana and thylakoids, while the control calli had diffe-
rentiated into an early stage of proplastids (Fig. 2D-F).
The microscopic observation of O. thyrsoides on MS
medium revealed similar trend, specifically accumulation
of starch grains and prominent cell wall appositions that
appeared mainly in the 50 mg dm™ BTH-induced calli
(data not shown).

Accumulation of starch in calli prior to shoot
initiation is well known phenomenon. It was shown, e.g.,
in tobacco callus culture (Thorpe and Murashige 1968),
where accumulation of starch was well organized and
cells that accumulated high starch content differentiated
into meristemoids and shoot primordia. During outgrowth
of the primordia into shoots, starch was completely
utilized (Thorpe and Meier 1972). Thus, it is suggested
that also here the early accumulation of starch and
formation of starch grains in the 5 and 50 mg dm™ BTH
treated calli can promoted chloroplast development and
formation of shoots.

Micrographs of O. dubium grown on M-206 medium
(Fig. 2G-L) revealed similar trends to those observed on
MS medium (Fig 24-F). An enhanced differentiation at
the plant-cell level was demonstrated for the BTH-
induced calli. After 91 d, the control calli revealed clear
plastids containing plastoglubuli and starch while the
BTH induced tissue revealed fully developed chloroplasts
with thylakoids and large starch grains (Fig 2J-L). The
results also support earlier observations on the effect of
BTH on thickening and probably strengthening of the cell
wall shown previously in several systems including
wheat (Gorlach et al. 1996) and tomato (Benhamou and
Belanger 1998). While these reactions are certainly
related to the enhanced resistance to plant pathogens
achieved by the application of BTH, they also point to
hormone-like activity of BTH.

BTH PROMOTES PLANTLET REGENERATION

The effect of BTH was further examined on root
establishment in the O. dubium calli, showing an
enhanced formation of roots at 50 mg dm~ BTH (Table 3,
Fig. 1C,D). The root development was more prominent
on MS medium (Fig. 1C) than on M-206 medium
(Fig. 1D). Similar to the effect on the shoots, the presence
of NAA and BAP in solid M-206 medium negatively
interfered with the development of roots in the O. dubium
calli. Furthermore, BTH induced a slight increase in fresh
mass and callus basal area at early stages of development
(data not shown); this effect, however, disappeared at
later stages. Fresh mass and basal area of calli after 120 d
in culture reached the same values in both BTH treated
and control cultures (data not shown). This was true for
both Ornithogalum species and the two growth media.
The absence of any measurable increase in biomass at the
later stages of growth suggests that the significant
difference in regeneration rates following application of
BTH is a consequence of altered morphogenesis rate of
the tissue. BTH application switched earlier the
differentiation of the calli from a mass of undifferentiated
cells towards morphogenesis giving rise to more
meristematic centers, shoots, and roots, but not to an
overall higher production of biomass.

Table 3. Effect of BTH and darkness on number of roots per
O. dubium callus on MS and M-206 media at 14-h photoperiod
for whole 120-d period or firstly grown in darkness (21 d) and
then at 14-h photoperiod. Means + SE, n = 100, *** - signi-
ficantly different at P < 0.001.

BTH MS M-206
[mg dm™] darkness darkness
0 0.59+0.11 1.162£0.26 0.07£0.04 0.01+0.01
5 0.36+0.12 1.5040.46 0.10£0.06 0.00+0.00
50 428+0.63"72.64+0.48 0.78+0.15770.58+0.36""
100 1.5840.33  1.40+0.44 0.05+£0.02 0.40+0.20

In previous reports, BTH was suggested to act as one
of the known plant signalling molecules including SA,
jasmonic acid, and abscisic acid. For example, BTH
induced somatic embryogenesis receptor kinase (SERK)
gene in rice (Hu er al. 2005). The constitutive over-
expression of this gene enhanced shoot regeneration rate
alongside with resistance to fungal infection (Hu et al.
2005). A similar phenomenon was observed in Dactylis
glomerata where SERKI homologue was found to closely
follow the development of cells competent to form
somatic embryos (Omid et al. 2009). It may thus be
suggested that here the application of BTH to
Ornithogalum involves induction of SERKI and
consequently shoot regeneration. This can also lead to
thickening of the cell walls of treated callus observed
here and to the well documented enhanced resistance to
fungal infection. In Lemna, BTH induced flowering
(Endo et al. 2009). Thus, BTH, mainly recognized for its
capability to induce systemic acquired resistance in plants
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Table 4. Effect of BTH and darkness on the development of meristematic centers and shoot regeneration of O. dubium calli on MS
and M-206 media. Firstly, the calli were grown in the darkness for 21 d and then transferred to 14-h photoperiod. Means + SE,
n =100, ** and *** - significantly different at P < 0.01 and 0.001, respectively.

BTH MS M-206
[mg dm™] number of centers number of shoots number of centers ~ number of shoots
[callus’l] [callus"] [callus"] [callus’l]
42d 72d 120d 424 72d 120d
0 0.3740.12 0.20+0.09 15.25+1.21 0.00+0.00 0.00+0.00 0.50+0.77
5 0.87+0.24 1.60+0.49 15.30+2.46 0.00+0.00 0.00+0.00 0.55+0.19
50 9.00+0.87" 7.77£1.01"" 30.70+1.96™ 0.00+0.00 0.15+0.11 10.90+2.79""
100 7.4740.89"" 4.4610.50" 26.07+2.22™ 0.3040.11" 1.45+0.44""" 14.00+2.24™"

(Gozzo 2003, Kusumoto et al. 2007, Umemura et al.
2009), exhibits a broader range of activities including
morphogenesis in the genus Ornithogalum.

Light is invariably essential for the growth of green
shoots and plantlets, however, unorganised cell and tissue
clusters can frequently be successfully grown in darkness
(George et al. 2008). A short period of darkness
sometimes promotes shoot morphogenesis. Such an
example are adventitious buds of Picea pungens whose
formation on swollen needle primordia was found to
require at least 8 d of darkness (Mission et al. 1982).
Positive effects of continuous darkness followed by
suitable photoperiod on plant differentiation have also
been described in geophytes (Dimech et al. 2007).
Although the storage organs in geophytes develop in the
ground, exposure to light may play a role in inducing
differentiation. When Ornithogalum calli were grown in
the darkness for 3 weeks and then transferred into a 14-h
photoperiod, the formation of meristematic centres and
shoots was enhanced. The process was not immediate, the
dark period firstly inhibited differentiation compared to
control calli that was cultured at 14-h photoperiod from
the beginning. Nevertheless, after 120 d, the initial dark
treatment increased the number of shoots, an effect that
was further promoted by BTH (Table 4). After 120 d, the
number of shoots in calli grown under combined
treatment was higher in comparison to calli grown
steadily under 14-h photoperiod. Moreover, the shoots of
the controls appeared pale and relatively thin while BTH
activated not only shoot regeneration but also induced
vigorous shoots. In both media, 3 weeks of darkness
followed by 14-h photoperiod in a combination with BTH
significantly increase the number of shoots and improved
their overall appearance. A similar effect was observed in
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