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Abstract The effects of a two-stage pretreatment of
seedlings on the subsequent shoot regeneration capacity
were investigated. Pretreated seedlings were obtained by
germinating seeds on three different germination media
and then further culturing on six different growth media.
Lamina and petiole explants of two sugar beet (Beta vul-
garis L.) breeding lines were then excised from the pre-
treated seedlings and cultured on five different shoot
regeneration media. In both breeding lines, petiole
explants produced significantly more shoots than lamina
explants with higher frequencies of organogenic capacities;
petiole explants of the lines M1195 and ELK345 produced
a mean of 2.1 and 2.7 shoots per explant while their lamina
explants produced 1.5 and 2.2 shoots per explant, respec-
tively. A genotypic variation was evident as the line
ELK345 was more productive for shoot development from
both types of explants. In overall comparisons of different
germination, growth and regeneration media, germination
medium was most effective when supplemented with
0.5 mg/l 6-benzyladenine (BA) while both growth and
regeneration media were most productive when contained a
combination of 0.25 mg/l BA and 0.10 mg/l indole-3-
butyric acid (IBA). Of all the treatments tested, the highest
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mean number of shoots per explant (8.3 shoots) and fre-
quency of organogenic explants (75.6%) were obtained on
regeneration medium supplemented with 0.25 mg/l BA and
0.10 mg/l IBA when petiole explants of the line ELK345
were excised from the seedlings that had been germinated
on medium containing 0.5 mg/l BA followed by
further growth on medium containing 0.25 mg/l BA and
0.10 mg/1 IBA.
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Introduction

Sugar beet (Beta vulgaris L.) is the most important culti-
vated plants used for sugar production in Europe and one of
only two plant sources from which sucrose (i.e., sugar) can
be economically produced in the world. Sugar cane and
sugar beet contribute to the total sugar production by 80
and 20%, respectively (Turkish Sugar Co. 2010). Sugar
beet is known to be a recalcitrant species with respect to in
vitro culture. Also, a high degree of genotypic variation,
primarily because of its highly heterozygous nature due to
outcrossing, is a serious problem for the optimization of
both regeneration (Gurel 1997; Gurel et al. 2001; Zhang
et al. 2008) and transformation protocols in sugar beet
(Krens et al. 1996; Zakharchenko et al. 2000; Hisano et al.
2004; Ninkovic et al. 2010) as well as in many other spe-
cies (Arellano et al. 2009; Watt et al. 2009; Liu et al. 2010;
Kwapata et al. 2010). The effects of pretreating leaf
explants or preconditioning the source of explants (seed-
lings) on the subsequent regeneration efficiency were pre-
viously reported for sugar beet (Jacq et al. 1993; Zhong
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et al. 1993a, b; Zhang et al. 2001; Gurel et al. 2003a) and
several other species (D’Onofrio and Morini 2006; Thomas
2007). It was shown that preconditioning sugar beet seed-
lings on medium containing 6-benzylaminopurine (BA)
(Jacq et al. 1993; Zhong et al. 1993a, b; Zhang et al. 2001;
Gurel et al. 2003a), thidiazuron (TDZ) (Zhang et al. 2001;
Gurel et al. 2003b) or 2,3,5-triitodobenzoic acid (TIBA)
alone or combined with either BA (Jacq et al. 1993) or L-
proline (Moghaddam et al. 2000) improved regeneration
efficiency from different types of explants. Our previous
studies tested a single-stage pretreatment of three sugar
beet breeding lines by germinating seedlings on medium
containing different concentrations of BA (Gurel et al.
2003a) or TDZ (Gurel et al. 2003b) and then culturing
excised petiole explants of pretreated seedlings on two
different regeneration media. In this study, the effects of a
two-stage pretreatment on adventitious shoot regeneration
from tissues of sugar beet (Beta vulgaris L.) was
investigated.

Materials and methods
Pretreatment of seedlings and shoot regeneration

Two sugar beet breeding lines (M1195 and ELK345, both
being monogerm, and having high root yield and sugar
content) developed at Sugar Institute (Ankara, Turkey)
were used. The seeds were surface sterilized in 70% eth-
anol for 5 min, then kept in 7.5% sodium hypochlorite
solution for 1 h by continuous stirring with magnetic stirrer
and finally rinsed three times with sterile distilled water.
Seeds were kept in sterile distilled water overnight in dark
at 25°C for imbibition, then rinsed in 5% PPM™ solution
(Plant Preservation Mixture, Plant Cell Technology Inc.
WA, USA) for 10 min. The sterilised seeds were germi-
nated on three different germination media which con-
tained Murashige and Skoog (MS) medium (Murashige and
Skoog 1962) supplemented with no plant growth regulators
(PGRs, control), 0.5 mg/l TIBA (an anti-auxin) or 0.5 mg/l
BA and kept on these media for 4 weeks (first pretreat-
ment) (see Fig. 1 for experimental layout). The germinated
seedlings were then further cultured on six different growzh
media containing MS medium supplemented with no
PGRs, 0.5, 1.0, 3.0 mg/l BA, 0.5 mg/l TIBA or a combi-
nation of 0.25 mg/l BA and 0.10 mg/l1 indole-3-butyric acid
(IBA) for 4 weeks (second pretreatment). Finally, leaf
lamina pieces (5 mm x 5 mm) and petiole segments
(5 mm) were excised from the pretreated seedlings, and
cultured on five different shoot regeneration media, which
contained MS medium supplemented with no PGRs, 1.0,
3.0 mg/l BA, 0.5 mg/l TIBA or a combination of 0.25 mg/l
BA and 0.10 mg/1 IBA for 6 weeks (Fig. 1). All the culture
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Fig. 1 Experimental layout showing a two-stage hormonal pretreat-
ment by germinating seeds on three different germination media for
4 weeks and then further growing on six different growth media
before culturing the explants excised from the pretreated seedlings on
five different regeneration media for 6 weeks

media used throughout this study, including rooting
experiments, were supplemented with 2.2 mg/l MS basal
powder, 3% sucrose and 0.8% agar, pH was adjusted to 5.8
with 0.1 N HCl or 0.1 N KOH before autoclaving, and the
cultures were kept at 24 + 2°C under a 16/8 h (light/dark)
photoperiod provided by cool-white fluorescent light with
50 umol ~%s™! irradiance.

Rooting and hardening off

Regenerated shoots (8—10 cm long) were rooted on MS
medium containing 1.0 mg/l IBA. After 4 weeks of culture
on rooting medium, the rooted plantlets were washed with
tap water and then transfered to pots containing compost.
For acclimatization of the regenerants, pots were covered
with transparent plastic bags to avoid desiccation. The
plastic bags were gradually removed in 2 weeks and plants
were maintained in the greenhouse for 4 weeks before
being transferred to the field. A high rate of acclimatization
was achieved; 97% of the plantlets were able to survive
through greenhouse and field conditions.

Data collection and statistical analysis

Each treatment used 15 explants and the experiments were
repeated in triplicate, thus using a total of 45 replicates per
treatment. The mean number of shoots per explant and the
mean frequencies (%) of organogenic explants were
determined after a 6 weeks of culture on regeneration
media. The data were statistically analyzed by using
Microsoft Excel (Office 2007, ToolPak Analyser). Analysis
of variance was used to test the statistical significance and,
using an internet-based free program, the significance of
differences among treatment means was done manually
according to Tukey’s test at P = 0.05.
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Results

The effects of a two-stage hormonal pretreatment of
seedlings on shoot regeneration capacity were investigated
using two different types of explants isolated from two
sugar beet breeding lines. A substantial amount of data
were obtained by testing a total of 360 different treatments
and generating two different types of data; mean number of
shoots per explant and mean frequency of organogenic
explants. Comparisons of different types of explants and
breeding lines (Fig. 2) and different medium compositions
used during germination (Fig. 3), growth (Fig. 4) and
regeneration stages (Fig. 5) were made irrespective of the
other parameters tested.

Comparison of explant types and breeding lines

In both breeding lines, petiole explants developed signifi-
cantly more shoots than lamina explants with higher fre-
quencies of organogenic capacities (Fig.2). Petiole
explants of the lines M1195 and ELK345 produced a mean
of 2.1 and 2.7 shoots per explant while their lamina
explants produced 1.5 and 2.2 shoots per explant, respec-
tively. A very similar pattern was also clear in terms of the
mean frequencies of organogenic explants; 29.9 and 44.3%

3,0

a
2,5 -
b b
2,0 -
c
1,5
1,0
0,5 -
0,0 -

60 -

Mean number of shoots
per explant

50 -

a
40 -
b
30 be
20 - c
O -

M1195- M1195- ELK345- ELK345-
Lamina Petiole Lamina Petiole

Mean frequency of
organogenic explants (%)

Fig. 2 Comparison of two different explant types (lamina and
petiole) and breeding lines (M1195 and ELK345) for shoot regen-
eration capacities expressed as the mean number of shoots per explant
and mean frequency (%) of organogenic explants. Overall compar-
isons were made irrespective of the medium composition used for the
stages of germination, growth and regeneration. Letters above the
bars indicate the significance of differences between mean values
(P =0.05)
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Fig. 3 Comparison of three different germination media containing
no PGRs, 0.5 mg/l TIBA or 0.5 mg/l BA for shoot regeneration
capacities (expressed as the mean number of shoots per explant and
mean frequency of organogenic explants) of lamina and petiole
explants isolated from two breeding lines (M1195 and ELK345).
Overall comparisons were made irrespective of the medium compo-
sition used for the stages of growth and regeneration. Letters above
the bars indicate the significance of differences between mean values
(P =0.05)

of petiole explants of the lines M1195 and ELK345 were
able to produce shoots while 16.0 and 22.9% of the lamina
explants produced shoots, respectively. It was also clear
that the differences between two breeding lines in terms of
the mean number of shoots per explant from both types of
explants (petiole and lamina) were statistically significant.
However, while the differences in terms of the mean fre-
quencies of organogenic explants were significant for pet-
iole explants, they were not significant for lamina explants
(Fig. 2). Both petiole and lamina explants of the line
ELK345 produced significantly more shoots with higher
frequencies of organogenic capacity than those of the line
M1195; e.g., petiole explants of the line ELK345 produced
a mean of 2.7 shoots per explant with 44.3% frequency of
organogenic explants while the same type of explants of
the line M1195 produced a mean of 2.1 shoots per explant
with 29.9% frequency.

On the other hand, lamina explants of both breeding
lines produced no shoots at all on any of the regeneration
media when they were excised from seedlings that had
been germinated and grown on hormone-free medium (data
not provided). For petiole explants, the line M1195 was
able to produce shoots, though at low numbers and fre-
quencies, on all regeneration media while the line ELK345
did not produce any shoots at all when regeneration
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Fig. 4 Comparison of six different growth media containing no
PGRs, 0.5, 1.0, 3.0 mg/l BA, 0.5 mg/l TIBA or a combination of
0.25 mg/l BA and 0.10 mg/l IBA [BA + IBA] for shoot regeneration
capacities (expressed as the mean number of shoots per explant and
mean frequency of organogenic explants) of lamina and petiole
explants isolated from two breeding lines (M1195 and ELK345).
Overall comparisons were made irrespective of the medium compo-
sition used for the stages of germination and regeneration. Letters
above the bars indicate the significance of differences between mean
values (P = 0.05)

medium contained no PGRs or 1.0 mg/l BA (data not
provided).

Comparison of different germination media

When three different germination media were compared
for shoot regeneration capacity, the medium containing no
PGRs was found the least effective in both breeding lines
and explant types (Fig. 3). When culture medium was
supplemented with 0.5 mg/l BA, higher mean numbers of
shoots per explant with higher frequencies of organogenic
explants were obtained. Petiole explants of the line
ELK345 produced the highest mean number of shoots per
explant (3.2 shoots) and frequency of shoot organogenesis
(52.8%) when cultured on medium containing 0.5 mg/l BA
while lamina explants of the line M1195 produced the
lowest mean number of shoots per explant (1.2 shoots) and
frequency of shoot organogenesis (9.9%) when cultured on
hormone-free medium. On the other hand, medium con-
taining 0.5 mg/l TIBA appeared more productive than
hormone-free medium but much less effective than the
medium containing 0.5 mg/l BA, especially, in terms of the
mean number of shoots per explant (Fig. 3).
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Fig. 5 Comparison of five different regeneration media containing
no PGRs, 1.0, 3.0 mg/l BA, 0.5 mg/l TIBA or a combination of
0.25 mg/l BA and 0.10 mg/l IBA [BA + IBA] for shoot regeneration
capacities (expressed as the mean number of shoots per explant and
mean frequency of organogenic explants) of lamina and petiole
explants isolated from two breeding lines (M1195 and ELK345).
Overall comparisons were made irrespective of the medium compo-
sition used for the stages of germination and growth. Letters above
the bars indicate the significance of differences between mean values
(P =0.05)

Comparison of different growth media

When six different growth media were compared for shoot
regeneration capacity (Fig. 4), the medium containing no
PGRs was again found the least productive in both
breeding lines and explant types. In terms of both mean
number of shoots per explant and frequency of explants
developing shoots, it was observed that increasing con-
centrations of BA from 0.5 to 3.0 mg/l did not have a
distinctive promoting effect. However, the BA-containing
media were slightly more productive than the medium
containing 0.5 mg/l TIBA. The most productive result was
achieved when the medium contained a combination of
0.25 mg/l BA and 0.10 mg/l IBA in both lines and explant
types; petiole explants of the line ELK345 producing the
highest mean number of shoots per explant (4.3 shoots) and
frequency of organogenic explants (54.2%) (Fig. 4).

Comparison of different regeneration media
With respect to the regeneration capacities of two different

types of explants excised from two breeding lines and
cultured on five different regeneration media, those media
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containing no PGRs, 1.0 or 3.0 mg/l BA or 0.5 mg/l TIBA
resulted in similar levels of shoot regeneration capacities
(Fig. 5). However, in most of the treatments, the medium
containing a combination of 0.25 mg/l BA and 0.10 mg/l
IBA produced significantly more shoots with higher fre-
quencies of organogenic explants; petiole explants of the
line ELK345 producing the highest mean number of shoots
per explant (3.4 shoots) and frequency of organogenic
explants (55.4%). Of all the treatments, the highest mean
number of shoots per explant (8.3 shoots) and frequency of
organogenic explants (75.6%) were obtained on regenera-
tion medium which contained a combination of 0.25 mg/l
BA and 0.10 mg/l IBA when petiole explants of the line
ELK345 were excised from the seedlings that had been
germinated on medium containing 0.5 mg/l BA followed
by further growth on medium containing a combination of
0.25 mg/l BA and 0.10 mg/1 IBA (data not provided).

Discussion

This paper describes the effects of a two-stage (i.e., first
pretreatment during germination and second pretreatment
during growth stage) hormonal pretreatment of explant
sources (seedlings) on shoot regeneration capacity using
two different types of explants isolated from two sugar beet
breeding lines.

A genotypic variation was evident as both types of
explants of the line ELK345 produced significantly more
shoots with higher frequencies of organogenic explants than
those of the line M1195; petiole explants of the line ELK345
producing approximately 30% more shoots (an overall mean
of 2.7 vs. 2.1 shoots per explant) and a 50% higher frequency
of organogenic explants (an overall mean of 44.3 vs. 29.9%)
than the same explant type of the line M1195 (Fig. 2).
Genotypic variation, primarily because of its highly het-
erozygous nature due to outcrossing, is a serious problem for
in vitro regeneration of sugar beet as certain genotypes are
more amenable than others to organogenesis (Detrez et al.
1988; Zhong et al. 1993b; Gurel et al. 2001; Mishutkina and
Gaponenko 2006) and somatic embryogenesis (Saunders
and Tsai 1999; Zhang et al. 2008). To use large numbers of
explant replicates from many individual plants within a
single line/population was suggested as a mean to cope with
variability in sugar beet (Doley and Saunders 1989; Ivic-
Haymes and Smigocki 2005) but the laboriousness of plant
tissue culture, coupled with the need to standardize pro-
duction of parental plants, often restricts feasibility of this
approach. Source material of explants can be sorted prior to
culture to eliminate those with low organogenic or
embryogenic potential. To facilitate this approach, attempts
were made to correlate blackening of leaf lamina discs on
culture medium and the inability to produce roots with levels

of naturally-occurring phenolics. The latter was measured
through polyphenol oxidase (PPO) activity with a highly
sensitive, small-scale, reproducible method (Gurel and
Wren 1995b). Although a twofold variation in levels of
enzyme activity was observed, no relationship was observed
between PPO activity and rooting capacity, or between PPO
activity and degree of blackening; only a weak negative
correlation was evident between degree of blackening and
rooting capacity (Gurel 1997). Other factors, e.g., nature and
concentration of phenolic substrates rather than enzyme
activity, might be more critical in determining regenerative
capacity of sugar beet materials (Gurel et al. 2008).

A significant difference was also evident between the
types of explants in both breeding lines; petiole explants of
the lines ELK345 and M1195 producing approximately 25
and 35% more shoots than the lamina explants with an
overall mean of 2.7 versus 2.2 and 2.1 versus 1.5 shoots per
explant, respectively (Fig. 2). The differences were more
prominent when the overall mean frequencies of organo-
genic explants were compared; 44.3 versus 22.9% for peti-
ole and lamina explants of the line ELK345 and 29.9 versus
16.0% for the line M1195, respectively. The type of explant
has been shown to be important for in vitro regeneration of
several species (Abogadallah and Quick 2010; Cogbill et al.
2010; Li et al. 2010). As also observed in this study, usually
petiole explants are more responsive than leaf lamina or
other seedling parts in producing adventitious roots (Gurel
and Wren 1995a) and shoots (Tetu et al. 1987; Ritchie et al.
1989; Grieve et al. 1997; Zhang et al. 2001; Mishutkina and
Gaponenko 2006). This might be attributed to the nature of
the rich vascular tissue of the petiole since, at least for direct
root organogenesis in sugar beet (Gurel and Wren 1995a),
primordial cells mostly develop from parenchyma cells in
the vascular cambium along the vascular bundles of the
petiole. In contrast, petiole sectioning showed that direct
adventitious shoots originated from subepidermal paren-
chyma cells (Detrez et al. 1988), perhaps explaining why
thin cell layer explants were successfully employed for
direct (Detrez et al. 1989) and indirect (Toldi et al. 1996)
shoot regeneration in sugar beet.

Previous studies in sugar beet have shown that precon-
ditioning seedlings (source of explants) on medium con-
taining BA (Jacq et al. 1993; Zhang et al. 2001; Gurel et al.
2003a), TDZ (Zhang et al. 2001; Gurel et al. 2003b) or
TIBA alone or combined with either BA (Jacq et al. 1993)
or L-proline (Moghaddam et al. 2000) improved regenera-
tion efficiency from different explants. When Jacq et al.
(1993) tested several preconditioning media on organo-
genic callus induction, pretreatment with BA or TIBA
alone was insufficient but highly productive when used in
combination. TIBA is known to inhibit polar transport of
auxins in plants, which leads to loss of apical dominance
and promotion of axillary shoot growth (Liu et al. 1993).
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However, it is not known whether effects of TIBA are due
to its hormone-like activity, which induces cell division
and/or differentiation, or to its effects on the relative con-
centrations of endogenous auxin in excised tissues.

Our previous studies tested a single-stage pretreatment
of three sugar beet breeding lines by germinating seedlings
on medium containing different concentrations (1.0, 3.0 or
5.0 mg/l) of BA (Gurel et al. 2003a) or TDZ (Gurel et al.
2003b) for 5 weeks and then culturing excised petiole
explants on two different regeneration media containing
0.5 or 1.0 mg/l BA combined with 0.1 or 0.3 mg/l NAA,
respectively. The present study, however, examined the
effects of a two-stage pretreatment of donor plant materials
on the subsequent shoot regeneration capacities of different
explants of two breeding lines.

It was observed that the explants isolated from untreated
seedlings (i.e., germinated and further grown on medium
containing no PGRs) produced either no shoots at all (as in
lamina explants) or in very few numbers with low fre-
quencies of organogenic explants (as in petiole explants)
(data not provided). This observation was more evident
when an overall comparison of different germination media
containing either no PGRs, 0.5 mg/l BA or TIBA was made
irrespective of the hormonal compositions of growth and
regeneration media; both types of explant and breeding lines
produced significantly less numbers of shoots per explant
with lower frequencies of organogenic explants when cul-
tured on regeneration medium containing either no PGRs or
0.5 mg/l TIBA (Fig. 3). However, those germination media
supplemented with 0.5 mg/l BA were much more produc-
tive for shoot development than the media containing
0.5 mg/l TIBA. These results were consistent with the
findings of Zhong et al. (1993a, b) who reported that petiole
explants taken from donor plants of two sugar beet cultivars
pretreated with 0.5 mg/l BA were the most prolific in
regenerating shoots whereas those explants excised from
non-pretreated seedlings (i.e., seeds were germinated on
hormone-free medium) produced no shoots at all. In another
study (Zhang et al. 2001), it was shown that no shoots
developed from petiole or lamina explants of sugar beet
seedlings that were precultured on hormone-free medium
when the explants were subsequently cultured on a regen-
eration medium containing 1.0, 2.0 or 4.0 mg/l BA. As also
suggested in a recent study on quince (Cydonia oblonga
Mill.), it might be expected that the effects of a growth
regulator pretreatment on directing cell competence may
differ according to the degree of cell differentiation, thus
producing different regenerating responses (D’Onofrio and
Morini 2006). This assumption would be in agreement with
the competence-determination theory of Christianson and
Warnick (1983), who postulated that organogenesis pro-
ceeds through three sequential stages; (1) the acquisition of
competence (which is believed to be predetermined at an
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early stage of development) to respond to a particular
inductive signal, (2) induction, and (3) morphogenic dif-
ferentiation and development. In accordance with this the-
ory, we may suggest that the sugar beet tissues obtained from
seedlings germinated and then further grown on medium
containing BA might have gained a kind of competence at an
earlier stage of development, so that their cells can be more
readily directed into shoot induction.

When we compared six different growth media irre-
spective of the germination and regeneration media
(Fig. 4), it was clear that those media containing no PGRs
were the least effective while those supplemented with a
combination of 0.25 mg/l BA and 0.1 mg/l IBA were the
most productive; others (0.5, 1.0 or 3.0 mg/l BA and
0.5 mg/l TIBA) being moderately efficient although TIBA
seemed to be slightly less effective than BA. On the
combined medium (0.25 mg/l BA and 0.10 mg/l IBA),
petiole explants of the line EK345 produced the highest
mean number of shoots per explant (4.3 shoots) and fre-
quency of organogenic explants (54.2%). Using BA alone
at 1.0 or 3.0 mg/l concentrations was similarly effective in
both explants types and breeding lines (Fig. 4).

The comparison of five different shoot regeneration
media irrespective of the hormonal compositions of ger-
mination and growth media revealed that the combination
of BA (0.25 mg/l) and IBA (0.10 mg/l) were the most
prolific treatment for shoot regeneration from either type of
explant of both breeding lines; mean numbers of shoots per
explant ranging from 2.0 to 3.4 and mean frequencies of
organogenic explants ranging from 20.3 to 55.4% (Fig. 5).

In conclusion, it was evident that both types of explants
and breeding lines were able to produce more shoots with
higher frequencies of organogenic explants when they were
excised from the pretreated seedlings, which had been ger-
minated on medium containing 0.5 mg/l BA for 4 weeks
(first pretreatment) and further grown on medium containing
a combination of 0.25 mg/l BA and 0.10 mg/l IBA for
4 weeks (second pretreatment), and cultured on regenera-
tion medium containing again a combination of 0.25 mg/l
BA and 0.10 mg/l IBA. Sugar beet is known to be a recal-
citrant species with respect to in vitro regeneration, and the
enhanced regeneration protocol described in this report is
expected to contribute to the efforts of biotechnological
improvement of sugar beet, especially through genetic
engineering, since the establishment of an efficient and
reproducible regeneration protocol is a precondition for a
successful genetic transformation study in a given plant
species.
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