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Abstract

In micropropagation of lily, preferably bulblets should be produced: Because bulblets are
compact and robust, they are much easier to handle and to plant in soil than shoots. In this
review, the various factors that determine bulblet growth in vitro are discussed. Gibberellins,
jasmonates (JA) and abscisic acid (ABA) are the major identified plant growth regulators
(PGRs) for storage organ formation. They also play a major role in lily bulblet growth in
vitro. Growth conditions such as temperature and light (quantity and quality) strongly affect
lily bulblet growth in tissue culture. Moderate abiotic stresses are introduced as new tool to
improve storage organ formation in vitro. The amounts of endogenous carbohydrates (starch)
in the explant and exogenous carbohydrates in the medium (sucrose) influence bulblet growth
in vitro. It is also discussed how compounds present in the medium or in the scale-explants
are translocated to the regenerating bulblet.

Keywords: Lily, in vitro, Bulblet growth, Scale explant, Plant growth regulators, Medium
components.

Lilium

The genus Lilium is one of the ca. 220
genera belonging to the Liliaceae and
comprises about 85 species including many
ornamental species. Lilies are among the top
10 commercial flowers of the world. They
have large flowers with attractive colors (Fig.
1) and an excellent vase life (Beattie and
White, 1993). Lilium is characterized by an
annual thermo-periodism and is widely
distributed in the Northern Hemisphere.
Lilium is classified into several divisions on
the basis of geographical and genetic origin,
and on the position of the flowers. The
species of this genus are taxonomically
classified into seven sections (Martagon,
Pseudolirium, Lilium, Archelirion,
Sinomartagon, Leucolirion and Oxypetalum)
(De Jong, 1974).
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Propagation and micropropagation
of lily
To maintain genetic purity, commercially
grown cultivars are propagated by
vegetative means. The natural vegetative
propagules are small bulblets, either
produced above ground on the stems
(bulbils) or underground on bulb scales
(Kumar et al., 2006). For conventional
commercial vegetative propagation,
bulblets are produced from scales. Excised
scales are kept in a plastic bag in
moistened vermiculite and each scale
produces 1-4 bulblets. This procedure is
called ‘scaling’ (Fig. 2). Because the speed
is nonetheless relatively slow, introduction
of newly bred cultivars still requires a long
period of time (Langens-Gerrits and De
Klerk, 1999).

Micropropagation has the potency to
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produce large numbers of high-quality
plantlets in a short period of time (George
et al., 2008). Basically, micropropagation
in lily is just like scaling but is carried out
in vitro on an artificial nutrient medium.
The major advantages of micropropagation

are that small scale-explants can be used,
that scales excised from the new bulblets
can be used as new starting material so that
per year a few propagation cycles can be
performed, and that infection by micro-
organisms is avoided (Fig. 3).

Fig. 2. Propagation of lily via scaling; a) lily scale culture on peat, b) regenerated lily bulblets after 12

Fig. 3. Lily micropropagation in vitro. a) lily bulb, scale and explants cultured in vitro; b) lily bulblet
regenerated in vitro after 12 weeks (bulblets, leaves, roots and scale explant).
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The drawbacks of micropropagation are
the high costs per propagule and the small
size of the produced propagules. The latter
leads to suboptimal performance after
planting in soil. In micropropagation of
Lilium, many tissues can be used but bulb
scales are the favorite explants (Van
Aartrijk and Van der Linde, 1986; Bahr
and Compton, 2004; Han et al., 2005).
Scales of lily bulbs are swollen petioles.
Lily scale fragments cultured in vitro
regenerate bulblets consisting of scales that
may or may not carry a leaf blade (Jasik
and De Klerk, 2006).

Importance of bulb formation in
tissue culture

Bulblets and other storage organs produced
in vitro have properties that make them
preferable propagules. They can be easily
handled, transported and stored and they do
not require an extensive acclimatization
procedure after transfer to soil (Thakur et al.,
2006). In food crops, tissue culture is being
used for production of microtubers in potato
(Vreugdenhil et al., 1994), bulblets in shallot
(Le Guen-Le Saos et al., 2002), garlic
(Ravnikar et al., 1993), and onion (Knypl,
1980; Keller, 1993), and tuberous roots in
sweet potato (Wang et al., 2006). In
ornamentals, bulblets are produced as a last
step during micropropagation of tulip
(Kuijpers and Langens-Gerrits, 1996), lily
(Bahr and Compton, 2004), Narcissus

(Staikidou et al., 2005), Hyacinthus
(Takayama et al., 1991), Muscari (Saniewski
and Puchalski, 1987), Hippeastrum (llczuk et
al., 2005) and iris (Van der Linde and
Schipper, 1992). In some bulbous crops (lily
and hyacinth), bulblets are generated
‘automatically’ under normal tissue culture
conditions and no special measures have to
be taken, but in other bulbous crops (tulip
and iris) only shoots are formed. In the latter
case, a special treatment is used to achieve
bulb formation from the shoots.

The size of the bulblets produced in vitro
has a strong effect on performance after
planting. Studies with direct field planting of
bulblets produced in vitro have shown that
small bulblets emerge slower, less uniform
and to a smaller percentage (Lian et al.,
2003). Furthermore, the growth after
planting is determined by the initial bulb
weight. The initial weight influences growth
after planting in two ways. The weight of
bulblets after a growing season is linearly
related with the initial weight (Langens-
Gerrits et al., 1996). In addition, when
bulblets are sufficiently large (> 300 mg),
they increasingly sprout with a stem instead
of a rosette (Langens-Gerrits et al., 2003a).
When sprouting with a stem, growth of the
bulblets in soil is much better (Fig. 4). The
change from sprouting with a rosette to
sprouting with a stem is related to a switch in
ontogenetic development from juvenile to
adult vegetative.

Fig. 4. Lily bulblet growth in soil (left: small bulblet growth without stem, right: bigger bulblet growth
with a stem).
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Effect of plant growth regulators on
the growth of storage organs

All classes of plant growth regulators were
found to have some effect on the formation
of tubers and bulbs (Vreugdenhil and
Sergeeva, 1999). The major ones are
discussed below.

Gibberellins

Gibberellins  inhibit tuberization, cause
stolons to elongate rather than to swell, and
inhibit starch accumulation and the synthesis
of tuber-specific proteins in potato (Xu et al.,
1998; Vreugdenhil and Sergeeva, 1999). The
effect of the gibberellin-synthesis inhibitors
on growth and development of oriental lily
hybrids has been examined and with these
growth retardants heavy bulblets were
obtained (Kumar et al., 2005). The effect of
growth retardants (like paclobutrazol or
ancymidol) was studied in Lilium plantlets
growing in liquid culture. A significant
increase in leaf chlorophyll, epicuticular
wax, plant dry weight and bulb starch
contents were found in plantlets treated with
growth retardants. A similar increase in the
number of leaves, roots and bulbs was also
noted (Thakur et al., 2006). Inhibitors of
gibberellin biosynthesis (ancymidol,
flurpirimidol, and paclobutrazol) promoted
bulb formation and the percentage of bulbing
in shallot (Le Guen-Le Saos et al., 2002). In
Hippeastrum tissue culture, flurpirimidol not
only influenced the propagation rate, but also
the size of the newly developed bulblets.
Explants cultured in media containing
flurprimidol formed much bigger bulblets
(llczuk et al., 2005).

Jasmonates (JA)

Exogenously applied JA induces or promotes
tuber formation in potato, yam, and orchid,
as well as bulb formation in garlic and
narcissus. The putative role of JA in storage
organ formation has been corroborated by
reports on increased endogenous levels of JA
in bulb and tuber forming plants (Jasik and
De Klerk, 2006). In lily, JA promotes
relative bulb weight (bulb weight as a

percentage of plantlet weight). Here it should
be noted again that scales of lily bulblets
regenerated in vitro may or may not carry a
leaf blade. In lily, JA strongly inhibited leaf
blade formation without promoting absolute
bulblet weight. JA significantly enhanced
shoot and bulb development in garlic
(Ravnikar et al., 1993). In Narcissus
triandus, JA plays an important role in the
formation and enlargement of bulbs (Santos
and Salema, 2000).

Abscisic acid (ABA)

In lily, ABA promotes relative bulb weight
(bulb weight as a percent of plantlet
weight), but not the absolute weight: ABA
strongly inhibits leaf blade formation
without promoting absolute bulblet weight.
When fluridone, an inhibitor of ABA
synthesis is added, scale formation is
inhibited completely, but is restored when
ABA is added along with fluridone (Kim et
al., 1994).

Effect of other factors on the
growth of storage organs

Temperature

Both a moderate low temperature (15°C)
and a severe cold treatment (5°C) have a
profound effect on bulblet formation. A
moderate temperature (15°C) is required
for a phase change. During the
development of lily, three ontogenic phases
can be distinguished, viz., juvenile,
vegetative adult and flowering phases
(Langens-Gerrits et al., 2003a). In in vitro-
cultured lily bulblets, the transition from
juvenile to vegetative adult is characterized
by the development of a tunica-corpus
structure with increased mitotic activity in
the apical meristem, followed by stem
elongation (Langens-Gerrits et al., 1996a).
This step is related to the weight of the
bulblets (Matsuo and Arisumi, 1978;
Niimi, 1995; Langens-Gerrits et al.,
2003a), and also to a moderate low
temperature treatment (15°C) (Ishimori et
al., 2007).
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In lily bulblets that are planted in the
field, bulblet growth per mg leaf DW (this
is the sink activity of the bulblets) is
sharply promoted by a preceding cold
treatment of bulblets at 5°C (De Klerk,
2009). It was concluded that a cold
treatment is necessary to stimulate sink
strength of the bulblets. In tissue culture of
lily, bulb formation occurs without a
preceding cold treatment. Apparently other
bulb-inducers (e.g., the high sucrose
concentration in  the medium) are
sufficient. On the other hand, bulb growth
in vitro is much less than bulb growth in
soil (see below) and this may well be
caused by the lack of cold treatment. In
tulip, a cold treatment is also necessary to
obtain bulblet growth (Rice et al., 1983).

Light

Light intensity and quality also influence
the growth of bulblets. The fresh weight of
bulblets was significantly greater in dark
than in light in L. longiflorum (Leshem et
al., 1982). In potato, darkening of both roots
and shoots strongly promoted tuber
formation; the tubers were formed on the
darkened part of the plant (Aksenova et al.,
1994). The influence of varying light
treatments (blue, green, yellow, red, far-red
and UV irradiation) on shoot and bulb
induction was studied in tissue culture of
hyacinths in vitro. Blue light stimulated
growth and development of adventitious
shoots and buds regardless of carbohydrate
type, while the highest number of bulbs was
obtained under red or white lights (Bach
and Swiderski, 2000).When stem cuttings of
potato plants were cultured under red or
blue lights, red light-grown plants were thin,
long, with very small leaves, and produced
no or only few microtubers (after longer-
lasting cultivation). Blue light-grown plants
remained short, thick, with large, well
developed leaves and produced a significant
amount of microtubers (Aksenova et al.,
1994). In L. ancifolium, 16 h d* darkness
had the best effect with respect to bulblet
formation and enlargement (Zhang et al.,

2010). In lily, deep red and deep red plus
blue improved lily bulblet growth in vitro
by 20% and 12% respectively compared
with standard light conditions (Askari and
De Klerk, 2018).

Explant size

In lily, the size of the explant (= scale
fragment) has a major effect on the size of
the regenerated bulblet. The size of the
explant has yet another effect: bulblets of
the same size that have regenerated from a
large or a small explant respectively may
differ with respect to the ontogenic age.
The bulblets that have regenerated from a
large explant are often adult and the ones
from a small explant usually juvenile, and
they sprout with a stem or with a rosette
respectively  (Langens-Gerrits et al.,
2003a). There are a number of ways how
the size can influence the regenerating
bulblet, including hormonal and nutritional
influences. Furthermore, more efficient
scale explant sterilization surprisingly
improved lily bulblet growth (Askari, et al.
2014, Askari and De Klerk, 2012). This
could indicate that endogenous micro-
organisms play a role in determining actual
bulblet growth.

Carbohydrates

Sucrose does not affect the number of
regenerated bulblets, but the size of bulblets
increases with increasing concentrations of
sucrose (Han et al., 2005). During in vitro
culture, growth of the bulblets depends on
the sucrose concentration (Yamagishi,
1998). It was reported earlier that large
bulblets were obtained in vitro on medium
with a high concentration of sucrose (Van
Aartrijk and Van der Linde, 1986; Langens-
Gerrits et al., 2003b). The increase of
bulblet size with high concentrations of
sucrose (60-90 gl™) was reported in many
Lilium cultivars using different explants
(Takayama and Misawa, 1982; Bonnier and
Van Tuyl, 1997). The increase in bulblet
size was mainly due to an increase in starch
and total carbohydrates. The ontogenic age
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of the regenerated bulblets is influenced by
the sucrose-minerals ratio in the medium
with a high ratio being promotive for the
phase change. Especially phosphorus seems
to be important but this has not been
examined in detail (Langens-Gerrits et al.,
2003a).

Lilium  bulbs accumulate  storage
polysaccharides. Starch is the major storage
polysaccharide in Lilium bulbs. In L.
longiflorum, 85% of the storage
polysaccharides are starch and the remainder
glucomannan (Matsuo and Mizuno, 1974).
Starch is an important reserve carbohydrate
found in many plant species in all types of
storage organs: seeds, tubers, bulbs and
corms. It is deposited as crystalline a granule,
that consists of two polysaccharides, amylose
(20-30%) and amylopectin (70-80%). In
plant storage organs, starch biosynthesis
takes place within the amyloplast (Ji et al.,
2003). With respect to the biochemistry, it is
widely accepted that plastidic ADP-
glucosepyrophosphorylase (AGPase)
catalyzes the first step. AGPase utilizes
glucose-1-phosphate (Glc-1-P) and ATP to
form ADP-glucose (the substrate for starch
synthase) and PPi, which serves as the direct
precursor for starch synthesis. To date, the
AGPase enzyme has been extensively
studied in many sink organs of plants (Jaleel
et al., 2007; Kato et al., 2007; Mohapatra et
al., 2009). In mungbean seeds, a steady sink
activity of the enzymes controlling carbon
flux entering the seed may be required to
achieve a large seed size (Chopra et al.,
2007).

Abiotic Stress

Under stressful conditions, plants tend to
increase  allocation to  below-ground
biomass and storage organs (Puijalon et al.,
2008). In correspondence with this, a short
period of abiotic stress (heat, cold,
anaerobiosis) increases rhizome growth in
Alstroemeria (by ca. 100%, Pumisutapon et
al., 2012), tuberization in potato
(Pumisutapon et al., 2017) and bulblet
growth in lily (Askari et al., 2016). In

addition, moderate stress increases the
growth of lily bulblets probably due to a
protective mechanism against abiotic stress.
This method is a useful way to stimulate lily
bulblet growth in vitro to achieve bigger
bulblets during tissue culture period. The
optimal conditions as assessed in lily are
anareobiosis and HAT (hot air treatment) to
increase the growth of lily bulblets. A pre-
treatment with moderate HAT stress (38°C)
seems to be a valuable way to enhance the
response to more severe HAT stress (47°C)
(Askari et al., 2016 ).

Nutrition of the regenerating bulblet:
how do medium components reach
the regenerating bulblet?

The conditions in tissue culture seem to be
optimal: water is abundantly available,
high levels of organic and inorganic
nutrients have been added and the
temperature is favorable. Nevertheless, the
growth of plantlets in tissue culture falls
short of expectations and seems at best
similar to growth in the field. This has been
ascribed to poor long-distance
translocation in the explants (De Klerk,
2010). Lily bulblets generated in vitro also
show relatively poor growth. Growth in the
tissue culture environment is linear and in
the ex vitro condition exponential, resulting
in much heavier bulblets (De Klerk et al.,
1992). It should be noted that the ex vitro
conditions include an adequate, constant
temperature and relatively poor
illuminance and/or lighting. There may be
several reasons for the poor growth of
bulblets in tissue culture:

1. The sink activity is limited; in tissue
culture of lily no cold treatment is
applied in contrast to, e.g., tulip. In
the field, a cold treatment increases
sink activity in lily (De Klerk, 2009).

2. The bulblet requires hormonal factors
for proper growth (ABA? JA? anti-
gibberellins?), which are only
available in complete plantlets
growing in soil.
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3. The tissue culture microenvironment
Is stressful, e.g., because sucrose is
toxic (Desjardins et al., 2009).
4. The supply of nutrients is inadequate.
The latter factor will be elaborated
below. First, the supply under natural
conditions will be discussed.

Translocation of inorganic nutrients and
carbohydrates under natural conditions

In plants growing in the field, inorganic
nutrients are taken up from the soil by the
roots. Movement of solutes from the soil
into the cell walls of roots occurs by
diffusion or by ‘hitching’ with the mass
water flow. The ions move in the apoplast
and the symplast up to the xylem
parenchyma cells. However, a suberized
cell layer in the endodermis, known as the
Casparian strip, effectively blocks the entry
of water and mineral ions into the stele via
the apoplast. To pass through this cell layer,
the solutes have to move into the symplast.
After passing the Casperian strip, they may
again move both in the symplast and the
apoplast. The Casperian strip also prevents
moving backwards via the apoplast. Next,
the solutes are loaded into the xylem
tracheary cells and are then taken with the
water flow in the xylem to the shoot.

In plants growing in the field there are
two main sources of carbohydrates:
photosynthetically active leaves and
degrading storage organs. Sucrose is the
major transport mode for carbohydrates
and long-distance transport from source to
sink organs occurs in the phloem (Li et al.,
2010). In the source tissue, energy is
necessary to move carbohydrates from
producing cells into the sieve elements in
the phloem. This movement is called
phloem loading. In the sink tissue, energy
is essential for some aspects of movement
from sieve elements to sink cells, which
store or metabolize the sugars. This
movement of photosynthate from sieve
elements to sink cells is called phloem
unloading (Taiz and Zeiger, 2002). Phloem
functions differ according to organ

location. At least three parts can be
defined: collection phloem in source
organs (minor veins), transport phloem
(along the path from source to sinks) and
release phloem in sink organs (Van Bel,
1993). Sink organs rely heavily on the
delivery of carbohydrates through the
phloem for growth and development.
Besides sucrose, other sugars are found and
sometimes may be as abundant as sucrose,
depending on species. They include
polyols and oligosaccharides of the
raffinose family. Other nutrients, such as
amino acids and organic acids, are also
found (Zimmermann and Ziegler, 1975).
The loading of sucrose at the source and
unloading at the sink brings about
differences in osmotic potential that lead to
uptake of water in the source and release in
the sink and thereby the water flow in the
phloem from source to sink.

Transport to bulblets

cultured in vitro

The components that are being translocated
into growing bulblets include
carbohydrates and inorganic nutrients.
Carbohydrates originate from the scale
explant and from the medium (Langens-
Gerrits et al., 2003b). The percentage bulb
growth that can be attributed to uptake of
medium-sucrose is constant over the full
regeneration period: 45-50 % for large (3 x
15 mm) and 65-75 % for small (3 x 5 mm)
explants.

It is usually taken for granted that
medium components reach the target tissue
in the explants (usually the growing areas)
in adequate amounts. But how are they
actually translocated? Generally, solutes
(compounds dissolved in water) may be
translocated in two ways: (1) by diffusion
and (2) by hitch-hiking with the water
flow. Diffusion is driven by random
thermal agitation and is fast over short
distance, but wvery slow over large
distances. According to Flick’s law of
diffusion, diffusion over 1 meter takes 32
years, over 2 cm one week, and over 50 um

regenerating
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2.5 sec. Therefore, plants use the water
flow in the wvascular tissues for long
distance transport (Taiz and Zeiger, 2002).
It has been discussed in the previous
section how compounds are translocated to
growing areas in plants in the field. In
micropropagation, the distances between
the source, the medium, and the sink (the
growing areas) are a few millimeters to a
few centimeters. Diffusion over a distance
of 4 mm takes about 9 h (depending on the
diffusion-coefficient) and 2 cm takes 8
days which is slow. Moreover, these
calculated speeds are in water without any
obstacles. Hindrances such as membranes
will slow down the movement in living
tissues considerably. Furthermore, a third
factor that results in slow translocation via
diffusion is the small diameter of the tissue
via which transport occurs. Therefore, to
obtain adequate growth in tissue culture
most of the long distance transport of
nutrients (from the medium to the growing
regions of the shoot or from the medium to
the developing bulblets) should also occur
via the vascular bundles (De Klerk, 2010).

Transport in xylem and phloem in vitro

The movement of water in the xylem is
driven by transpiration. The tissue culture
conditions are very humid so transpiration
is expected to be reduced. Transpiration of
shoots cultured in vitro has only been
measured few times and was found to be
50 pl.cm™?.d™ (Tanaka et al., 1991) and 30
ul.em?d? (De Klerk, 2010). This is a
small percentage of the transpiration rate in
the field. Calculations showed that this
may be just enough to support growth
when the compounds enter the cut surface
together with water and move together
with the water upwards into the shoot.
Experiments with dyes, though, showed
that when the cut surface is healed after the
wounding reaction, most of the dye stays in
the tissue at the cut surface. Similarly
inorganic and organic nutrients may be
captured at the cut surface. Regenerating
lily bulblets that have no leaves because of

culture in the dark, will have even less
transpiration and still show bulblet growth
similar or even higher than light-grown
bulblets. We  therefore  conclude
provisionally that xylem transport does not
play a major role in the growth of lily
bulblets.

About phloem functioning in tissue
culture nothing is known. As noted above,
water flow in the phloem -so also the
movement of solutes- is brought about by
the loading and unloading of sucrose. In
lily tissue culture, phloem unloading
occurs in the regenerating bulblets and the
mechanisms are most probably the same as
in  bulblets growing under natural
conditions. Loading may occur in scale
explants or in the leaves where sufficient
sucrose might have accumulated by
photosynthesis and/or by translocation in
the transpiration flow in the xylem. In lily
scale explants, the scale itself also
functions naturally as a source when being
degraded. It is not known in which
developmental stage scales in tissue culture
are. Scales seem to be both sink and
source: They definitely act as sink during
tissue culture since they increase in weight
but they also act as source since a
significant portion of the carbohydrates
translocated to the regenerating bulblet is
scale-carbohydrate (Langens-Gerrits et al.,
2003b). In potato, **C-glucose is
incorporated in starch when the potato is a
sink and in sucrose when it is a source
(Viola et al., 2007). It is questionable
whether sufficient loading occurs in the
regenerating bulblet itself, so the scale
explant seems to play a major role. It
should be remembered that -in agreement
with this- the size of the scale explant
determined the size of the regenerating
bulblet (Langens-Gerrits et al., 2003b). In
addition, the size and the number of
vascular bundles in scale explants has a
strong effect on lily bulblet growth in vitro
(Askari, 2016).
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Conclusions and future prospects

In all geophytes, also in the economically
prominent ornamental geophytes like tulip,
lily, hyacinths, iris and narcissuses, the
formation of storage organs in vitro is a slow
and  problematic  process.  Although
micropropagation  protocols have been
developed for all major geophytes, most are
not sufficiently workable in commercial
laboratories and a major reason for this is
inadequate bulb formation. So research is
needed to study and improve in vitro storage
organ formation.
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