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Abstract

Symmetric and asymmetric protoplast fusions were evaluated with sunflower (Helianthus annuus L.) P1441983 and
10A lines. The optimal cytoplasmic inactivation procedure and conditions for induced fusion of protoplasts by using
polyethylene glycol (PEG) were developed. The cell division activities of hypocotyl protoplasts of the 10A line with a
cytoplasmic male sterile (CMS) trait were inhibited with different concentrations of iodoacetic acid (I0A; 0, 1.5, 3.0 and 4.5
mM) and incubation periods (15 and 20 min) to generate a recipient parent for a normal cytoplasm trait. The optimal
inactivation was achieved with 20 min incubation in 1.5 mM IOA, which was the lowest concentration leading to low levels
of both cell division (20.41%) and colony formation (3.70%). When various concentrations of PEG 8000 (0, 10, 20 and 30%
(w/v)) and fusion periods (10, 15 and 20 min) were used to induce fusion between hypocotyl protoplasts of the 10A line and
mesophyll protoplasts with a normal cytoplasm trait of the PI441983 line (donor parent), 20% (w/v) PEG 8000 for 15 min
was found to be optimal for induced fusion, giving a high frequency of binary fusion (26.16%) and lowfrequency of multi
fusion (12.96%). When both symmetric and asymmetric protoplast fusion procedures were performed, fusion products could
develop, divide and form colonies in the culture medium, and also have a tendency to generate microcalli. However, the
densities of protoplast-derived colonies in asymmetric fusion were lower than those in symmetric fusion. The efficient

procedures developed in this study will be beneficial for future sunflower breeding programs for hybrid production.
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Introduction

Sunflower (Helianthus annuus L.) is an important
oilseed crop. At present, sunflower hybrid cultivars are
extensively used around the world, including Thailand,
because they give superior yields and provide several
important agronomic traits. Therefore, new hybrid cultivars
are being continually developed and released. For
commercial hybrid seed production, parental lines containing
cytoplasmic male sterile (CMS; A-line) and cytoplasmic
fertile (maintainer line; B-line) traits are essential. CMS is a
maternally inherited trait that is controlled by genes in the
cytoplasm which are usually found in the mitochondrial
genome, resulting in plants that have no pollen or are unable
to produce functional pollen (Eckardt, 2006). This trait is
applied instead of the hand emasculation procedure in
breeding programs, leading to the mass production of F,
hybrid seeds that are easy to manage (Poehlman, 1994; Hou
et al., 2016). Because the A-line is male sterile, a
cytoplasmic fertile trait in the B-line is required for seed
multiplication of the A-line. The transfer of cytoplasmic traits
such as CMS and cytoplasmic fertile traits to generate A- and
B-lines can be performed either by continued backcrossing
for several generations (Dagustu et al, 2012) or using
protoplast fusion (Galun er al, 1988). Nevertheless, to
minimize the cost and time and to overcome sexual
incompatibility barriers to generate these stable lines,
protoplast fusion is frequently considered and used (Yousuf
etal., 2015).

Protoplast fusion is an efficient method for genetic
modification of both nuclear and cytoplasmic genomes by
fusing two genetically different plant protoplasts together,
especially between different plant species (Taski-Ajdukovic

et al., 2008; Scholze et al., 2010; Rezazadeh et al., 2011) or
genera (Cheng & Xia, 2004;Vassilevska-Ivanova et al.,
2014; Tudses et al., 2015) to generate a new hybrid. To
induce protoplast fusion, chemical agents and an electrical
field were used (Lakshmanan et al, 2013). For chemical
induced fusion, several fusogenic agents such as salt
solutions (NaCl, KCl, KNO;, NaNO; and CaNOs), dextran
sulfate, polyvinyl alcohol, lysolethicin and polyethylene
glycol (PEG) were applied. However, PEG was most
frequently utilized due to its ability to provide a high
frequency of heterokaryon formation and high heterokaryon
viability, preventing the protoplast from bursting, and
because it is a less complicated procedure than others
(Compton et al., 2000; Navratilova, 2004). Successful uses
of PEG in protoplast fusion to generate new hybrids were
found in several plant families such as Brassicaceae (Scholze
et al., 2010; Wang et al., 2011), Musaceae (Xiao et al.,
2009), Poaceae (Xiang et al., 2004) and Solanaceae (Sunet
al., 2005) etc. Protoplasts may be fused symmetrically and
asymmetrically (donor-recipient). For symmetric fusion,
whole genomes of both parental protoplasts were fused,
causing complexity of genomes in hybrids and the negative
effects from undesired chromosomes or genes were always
found, especially for the fusion of protoplasts between
cultivars and wild types, which leads to abnormal growth
and regeneration of hybrids and low fertility of hybrids, etc.
(Eeckhaut et al, 2006). To overcome these limitations,
asymmetric fusion was developed. In this method, partial
genomes of parental protoplasts were fused for transfers of
specific traits in the cytoplasm genome (mitochondria
(mtDNA) and chloroplast (cpDNA)) or only a few genes and
chromosomes in the nuclear genome. Before inducing fusion
by using the asymmetric method, genomes of parental
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protoplasts were fragmented to generate donor or recipient
protoplasts with the desired traits. Nuclear genome
fragmentation can be accomplished by several techniques,
including irradiation (UV, X- and Y-rays) and
microprotoplasts (MPPs), whereas metabolic inactivation of
cytoplasm is achieved by using chemicals, such as iodoacetic
acid (IOA) and rhodamine 6-G (Lakshmanan et al., 2013).
Asymmetric fusion was used successfully in several
economic crops to transfer specific traits, including CMS,
disease and pest resistance, and environmental tolerance e.g.,
common wheat (Triticum aestivum L.) (Xu et al., 2003; Xia,
2009), maize (Zea mays L.) (Xu et al, 2003), cotton
(Gossypium spp.) (Fu et al., 2009), citrus (Citrus spp.) (Xu et
al., 2006; Bona et al, 2009) and sunflower (Helianthus
annuus L.) (Varotto et al., 2001; Taski-Ajdukovic et al.,
2008). This research was aimed at optimizing conditions for
induced fusion of protoplasts using PEG, developing a
cytoplasmic inactivation procedure to produce a recipient
parent for the transfer of a normal cytoplasm trait of
sunflower protoplasts, and generating cell hybrids of
sunflower by using both symmetric and asymmetric fusions.

Materials and Methods

Plant materials and protoplast isolation: Two
sunflower genotypes, a cytoplasmic male sterile line,
10A, which was developed in Thailand for the production
of hybrids with high oil content (41.40%), and a fertile
cytoplasmic line, PI441983, from the North Central
Regional Plant Introduction Station, Iowa, USA, were
used. The seeds of the sunflower genotypes were
germinated and maintained /n vitro on hormone-free MS
(Murashige & Skoog, 1962) medium containing 2% (w/v)
sucrose and 0.8% agar at pH 5.6-5.7. Seven-day-old
etiolated hypocotyls of the 10A line and four-week-old
fully expanded young leaves of the P1441983 line were
used for protoplast isolation by wusing the mixed
enzymatic method according to Kativat ef al. (2012), and
purified as described by Henn ef al. (1998b). Yield and
viability of protoplasts were determined by using
haemacytometer and fluorescein diacetate (FDA) staining
(Henn et al., 1998b), respectively. In this study, hypocotyl
protoplasts of the 10A line were used as a recipient parent
to receive a normal cytoplasm trait from mesophyll
protoplasts of the P1441983 line, a donor parent.

Cytoplasmic inactivation treatment: Optimal conditions
to inactivate cytoplasm of hypocotyl protoplasts of the
10A line were examined. Four concentrations of IOA (0,
1.5, 3.0 and4.5 mM) in W5 solution (154 mM NaCl,
10.73 mM KCIl, 125 mM CacCl,.2H,0, 5.55 mM glucose
and 13.32 mM glycine, pH 5.8 (Menczel & Wolfe, 1984))
and two incubation periods (15 and 20 min) were used.
The purified hypocotyl protoplasts were adjusted to a
final density of 1 x 10° protoplasts mL™" with an isolation
solution (Kativat et al., 2012). Hypocotyl protoplast
suspension was gently mixed with IOA solution at the
ratio of 1:5. IOA-treated hypocotyl protoplasts were
washed to remove IOA from the protoplasts (Greplova et
al., 2011) by centrifuging for 5 min at 1,000 rpm, and
protoplast pellets were washed twice in the isolation
solution. The cleaned protoplast pellets were resuspended
and adjusted to a final density of 5 x 10’ protoplasts mL"
with liquid L4 medium (Lenée & Chupeau, 1986). IOA-
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treated hypocotyl protoplasts were cultured in 1-mL
agarose-solidified droplets (4 droplets/ 100 x 15 mm Petri
dish) of culture medium using the L4 regeneration
protocol (Lenée & Chupeau, 1986), described by Burrus
et al. (1991). The frequencies of cell division at 10, 20, 30
and 40 d of culture and colony formation at 20, 30 and 40
d of culture were monitored to estimate the best
conditions for inhibition of cytoplasmic activities, and
calculated using the following formulas:

Number of dividing protoplasts

N

Frequency of cell division (%) Total number of protoplasts x 100
Number of dividing

Frequency of colony formation (%) = protoplast-formed colonies x 100

Total number of protoplasts

PEG-mediated protoplast fusion: Using optimized
conditions for fusion induction by a chemical fusogen,
PEG, was evaluated for hypocotyl and mesophyll
protoplasts of 10A and PI1441983, respectively. Various
concentrations of PEG 8000 (0, 10, 20 and 30% (w/v)) in
fusion solution (5% (v/v) DMSO, 90 mM mannitol, 60
mM CaCl, and25 mM glycine, pH 5.6-5.7 (Binsfeld ef al.,
2000)) and fusion periods (10, 15 and 20 min) were
evaluated. The purified protoplasts of each source were
adjusted to a final density of 1 x 10° protoplasts mL™" and
mixed together at a ratio 1:1. An equal volume of mixed
protoplast suspension and PEG solution were gently
mixed together. The occurrence of binary (fusion of only
two protoplasts) and multi fusion (fusion of more than
two protoplasts) were recorded under an inverted
microscope and the percentages of binary and multi
fusion were calculated using the following formulas:

Number of fusions between
only two protoplasts

. o

Percentages of binary fusion (%) Total number of protoplasts x 100
Number of fusions among

Percentages of multi fusions (%) = more than two protoplasts x 100

Total number of protoplasts

Symmetric and asymmetric induced fusion and
culture: The final density of both parental protoplasts
was 1 x 10° protoplasts mL'. An equal volume of mixed
protoplast (1:1) suspension was instantly mixed with PEG
solution for symmetrically induced fusion, whereas in
asymmetric fusion, hypocotyl protoplasts were pretreated
with IOA using two conditions - 1.5 mM IOA for 20 min
and 3.0 mM IOA for 15 min - before being mixed with
mesophyll protoplasts and then fusion was induced. Both
methods of fusion (symmetric and asymmetric) were
induced by using 20% (w/v) PEG 8000 for 15 min.
Fusion products were cleaned to remove PEG by
centrifugation and washed in the isolation solution, and
cultured in 500-pL agarose-solidified droplets (8 droplets/
100 x 15 mm Petri dish) of culture medium using the L4
regeneration protocol (Burrus et al., 1991). Cell division,
and colony and callus formations were observed.

Statistical analysis: The data were statistically analyzed
by the analysis of variance (ANOVA) using a completely
randomized factorial design (factorial in CRD) with 4
replications for both PEG-induced fusion and cytoplasmic
inactivation experiments, and the means were compared
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by Duncan’s new multiple range test (DMRT). All
statistical analyses were performed using SPSS version
14.0 (Levesque & SPSS Inc., 2006).

Results

Cytoplasmic inactivation: Freshly isolated hypocotyl
protoplasts of 10A were treated with different concentrations
of IOA and incubation periods to inactivate cytoplasm,
resulting in disruption of cell division. The inhibition effect
was observed when IOA-treated protoplasts were plated in
L4 medium solidified with agarose and cultured under the L4
regeneration protocol. The percentages of cell division and
colony formation were compared to untreated protoplasts
and protoplasts treated with W5 solution (0 mM IOA). The
results show that IOA concentrations significantly affected
both cell division and colony formation (p<0.01) and
increasing IOA concentrations resulted in continuously
reduced development of both (Table 1). The lowest average
percentage of cell division and colony formation at 40 d of
culture were observed when 4.5 mM IOA was used, 4.48 and
3.30-fold lower than untreated protoplasts and protoplasts
treated with 0 mM IOA, respectively for cell division, and
30.36 and 19.21-fold, respectively for colony formation. The
incubation periods had no effect on average percentages of
both cell division and colony formation (p>0.05); however, a
better cytoplasmic inactivation tended to be achieved when
using a longer period (20 min). In general, increasing the
concentrations of IOA, especially together with using a
longer incubation period (20 min), could promote a stronger
inhibitory effect. At 40 d of culture, using 4.5 mM IOA for
15 min gave the lowest average percentage of cell division
(10.65%), which was 5.17 and 3.80-fold lower than
untreated protoplasts and protoplasts treated with W5
solution (0 mM IOA) (p<0.05), respectively, but it was not
significantly ~ different when compared with other
combinations of IOA concentrations (1.5, 3.0 and 4.5 mM)
and incubation periods (15 and 20 min) except when using
1.5 mM IOA for 15 min (31.04%). However, when colony
formation was simultaneously observed, it was found that the
lowest average percentage of divided cells that could develop
into a colony was achieved when using 4.5 mM IOA for 20
min (0.64%). No significant difference of colony formation
was found among any combinations of IOA concentrations
(1.5, 3.0 and 4.5 mM) and incubation periods (15 and 20
min), leading to average percentages of colony formation
ranging from 1.32-10.93%. Conversely, a significant colony
formation difference was observed when compared with
untreated protoplasts and protoplasts treated with W5
solution (0 mM IOA) (33.09 and 20.65%, respectively). For
efficient cytoplasmic inactivation, the lowest concentration
of IOA that results in the best inactivation is required. Our
results suggest that using 1.5 mM IOA for 20 min and 3.0
mM IOA for 15 min were optimal and should be applied for
asymmetric fusion.

PEG-mediated protoplast fusion: PEG 8000 was added
to a mixture of equal volume of hypocotyl and mesophyll
protoplasts of 10A and PI1441983, respectively, to induce
fusion (Fig. 1A). Two characteristics of fusion were
observed, binary and multi fusions (Fig. 1B). It was found
that the concentrations of PEG 8000 and fusion periods
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significantly affected the frequency of binary fusion
(p<0.01). Increasing both PEG 8000 concentrations and
fusion periods promoted a binary fusion event. The
highest average percentage of binary fusion was observed
when using 20 and 30% (w/v) PEG 8000 (25.10 and
25.09%, respectively), which were significantly higher
than using 0 and 10% (w/v) PEG 8000 1.85 and 1.28-fold,
respectively. For fusion periods, the highest average
percentage of binary fusion (23.28%) was found at the
longest period (20 min), and continuously decreased when
15 and 10 min were used (21.08 and 18.22%,
respectively). However, the frequency of multi fusions
was significantly influenced only by fusion periods
(p<0.01), and the highest average percentage of multi
fusions was achieved at 20 min (21.42%), which was
1.88-fold higher than that obtained at 10 min. The
increase of PEG 8000 concentrations, especially together
with fusion periods tended to enhance the frequencies of
both binary and multi fusions. The highest fusion
frequencies of both binary and multi fusions were
achieved when 30% (w/v) PEG 8000 was used for 20 min
(27.65 and 24.28%, respectively). However, no significant
difference was observed when compared with using 20%
(w/v) PEG 8000 for 20 min (26.15 and 22.26,
respectively), 30% (w/v) PEG 8000 for 15 min (23.56 and
19.78, respectively) and 10% (w/v) PEG 8000 for 20 min
(22.14 and 17.97, respectively). In contrast, using 0%
(w/v) PEG 8000 for 10 min gave the lowest frequencies
of both binary and multi fusions (9.03 and 9.32%,
respectively). Because both high frequency of binary
fusion but low frequency of multi fusions are usually
required for efficiently induced fusions, using 20% (w/v)
PEG 8000 for 15 min, which resulted in a high frequency
of binary fusions (26.16%) and a low frequency of multi
fusions (12.96%), was found to be the most appropriate
condition (Table 2).

Symmetric and asymmetric fusions: Both symmetric
and asymmetric fusions of hypocotyl protoplasts of 10A
and mesophyll protoplasts of PI441983 were induced
togenerate hybrid cells and evaluate their efficiency.
Freshly prepared parental protoplasts wereimmediately
fused after isolation and purification procedures for
symmetric fusion, whereas in asymmetric fusion
hypocotyl protoplasts were pretreated with IOA (1.5 mM
IOA for 20 min and 3.0 mM IOA for 15 min) before
fusion with mesophyll protoplasts. Protoplast fusion was
induced with 20% (w/v) PEG 8000 for 15 min. Fusion
products were plated in L4 medium solidified with
agarose and cultured under the L4 regeneration protocol.
It was found that the fusion products of both symmetric
and asymmetric fusions continually developed - dividing,
forming colonies and having a tendency to generate
microcalli in the culture medium. Nevertheless, slower
growth and development were observed when compared
with the culture of each parental protoplast (hypocotyl
and mesophyll), especially with the fusion products of
asymmetric fusion. The reduced densities of protoplast-
derived colonies and microcalli from asymmetric fusion
may result from the inability of unfused hypocotyl
protoplasts and fusion products among hypocotyl
protoplasts to develop in the culture medium (Fig. 2).
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Fig. 1. Induced fusion of sunflower protoplasts by PEG 8000 between hypocotyl and mesophyll protoplasts of 10A and
PI1441984 lines, respectively. (A) Mixed protoplast suspension of hypocotyl and mesophyll protoplasts. (B) Characteristics of
binary and multi fusions.
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Fig. 2. The development of sunflower fusion products from symmetric and asymmetric induced fusions using PEG 8000. (A-C)
Fusion products of symmetric fusion divided into colonies. (D-F) Fusion products of asymmetric fusion when hypocotyl protoplasts
were treated with 1.5 mM IOA for 20 min and divided into colonies. (G-I) Fusion products of asymmetric fusion when hypocotyl
protoplasts were treated with 3.0 mM IOA for 15 min and divided into colonies. (Arrows) colonies that could develop into microcalli.
IOA = Iodoacetic acid



SYMMETRIC AND ASYMMETRIC SUNFLOWER PROTOPLAST FUSION 1907
Table 1. The effects of iodoacetic acid concentrations and incubation periods on cell division and
colony formation of hypocotyl protoplasts of 10A sunflower.
Todoacetic acid Incubation Cell division (%) Colony formation (%)
(mM) period (min) 10d 20d 30d 40d 20d 30d 40d

Untreated protoplasts - 19.04+4.68a 33.12+6.08a 41.80+3.92a 5503+537a 7.66+1.55a 19.23+0.39a 33.09+4.83a
0/ (W5 solution) 15 13.99+345ab 34.78+6.61a 3449+6.09ab 41.55+573ab 10.69+2.73a 15.62+4.52a 22.73+4.82ab
20 13.81+£2.96ab 3295+646a 37.30+£846ab 3930+6.55ab 746+154a 1584+4.12a 18.56+4.87bc
s 15 891+£329bc 24.39+6.06ab 25.20+3.10bc 31.04+£9.77bc 6.03+196a 5.86+121b 10.93+291dc

20 6.68+1.66bc 17.95+3.54ab 22.69+436bc 2041 +2.13dc 1.12+058b 4.99+090b 3.70+1.09d

30 15 545+ 1.61bc 1229+3.62b 14.74+434c 15.08+2.50dc 046+023b 1.80+0.10b 2.93+0.88d

20 407+£066c 11.69+192b 16.12+334c 13.89+3.16d 053+023b 1.27+040b 2.56+1.70d

45 15 329+123¢ 983+£140b 937+£276c 10.65+1.70d 0.74+043b 0.74+£048b 132+0.85d

20 3.02+0.65¢ 1044+442b 10.69+546¢c 1558+1.52dc 0.00+£0.00b 1.50£0.39b 0.64+0.64d

Data are expressed as mean = S.E. Values with different letters within the same column are significantly different at p<0.05 by Duncan’s multiple range test

Table 2. Percentages of binary and multi fusion between hypocotyl protoplasts of the 10A line and mesophyll
protoplasts of the P1441983 line of sunflower induced by PEG 8000.

PEG 8000 (% (w/v)) Fusion period (min) Binary fusion (%) Multi fusion (%)
10 9.03+145f 9.32+3.87¢

0 15 14.60 +2.64 ¢ 18.28 £2.23 ab
20 17.18 £ 3.80 cde 21.18+6.11a
10 16.80 +£2.22 de 9.61 £2.20¢

10 15 20.01 +2.78 bed 14.15+£3.72 be
20 22.14 +£3.14 abc 17.97 £3.21 ab

10 22.98 +2.20 ab 13.57 £ 4.86 be

20 15 26.16 +3.17a 12.96 +£4.50 be
20 26.15+559a 2226+427a

10 24.06 +£6.26 ab 13.05+3.61 be

30 15 23.56 +0.82 ab 19.78 £7.61 ab
20 27.65+254a 2428 +283a

Data are expressed as mean + S.E. Values with different letters within the same column are significantly different at p<0.05 by Duncan’s multiple range test

Discussion

IOA concentrations affected both cell division and
colony formation of hypocotyl protoplasts of the 10A
line, but incubation periods had no effect on these two
parameters. Inhibition of cell division occurred when
protoplasts were treated with IOA (1.5, 3.0 and 4.5 mM),
because it is an irreversible metabolic inhibitor of
cytoplasm that affected the division of cells by
inhibiting the activity of the mitotic spindle at the
prophase of mitosis, making cells unable to divide, and
their spindle fibers deteriorate (Varotto et al, 2001;
Bona et al., 2009; Lakshmanan et al., 2013). Thus, the
frequencies of both cell division and colony formation in
our study continually decreased with increasing
concentrations of IOA, in agreement with previous
studies (Varotto et al., 2001; Ge et al., 2006; Fu et al.,
2009; Xiao et al., 2009). In this study, using 4.5 mM
IOA gave maximum inhibition; average percentages of
cell division and colony formation at 40d of culture were
10.65-15.58% and 0.64-1.32%, respectively, which were
2.52-2.90 and 17.22-29.00-fold lower than protoplasts
treated with W5 solution (0 mM IOA), respectively.
However, when average percentages of both cell
division and colony formation at lower IOA

concentrations (1.5 and 3.0 mM) were considered, it was
found that using 3.0 mM IOA resulted in only slightly
higher average percentages of cell division and colony
formation than 4.5 mM IOA, indicating that this
concentration was also effective for cell division
inhibition. Conversely, 1.5 mM IOA tended to give high
frequencies of both developments, suggesting that this
concentration was not sufficient to suppress cell division
activities. Therefore, treated protoplasts were able to
reorganize their cytoplasm and divide again (Varotto et
al., 2001). However, when 1.5 mM IOA was used with a
longer incubation period (20 min), a substantial decrease
in both cell division and colony formation was achieved,
which were 1.52 and 2.96-fold lower than when using 15
min, respectively, indicating that longer periods could
enhance the efficiencies of cytoplasmic inactivation.
These results agree with those of Bona et al. (2009) who
found that using 3.0 mM IOA for 20 min gave the best
cytoplasmic  inactivation of  protoplasts  from
embryogenic suspension cells of Citrus (grapefruit;
Citrus paradisi Macfad. and Murcott tangor; C.
reticulata x C. sinensis) when compared with 10 or 15
min. Nevertheless, the frequencies of cell division and
colony formation were often taken into account along
with the toxicity effect of IOA to obtain optimal
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conditions. High concentrations of IOA, especially with
long periods of incubation, cause severe damage to
protoplasts including loss of viability, shrinking or
bursting of protoplasts, decreasing the regeneration
ability of protoplasts or loss of the ability to generate
complete plants (Liu & Deng, 1999; Liu & Deng, 2002;
Ge et al., 2006; Zhao et al., 2008; Fu et al., 2009;
Lakshmanan et al., 2013). Consequently, using 1.5 mM
IOA for 20 min and 3.0 mM IOA for 15 min were
selected and applied for asymmetric fusion.

For PEG-induced fusion between hypocotyl and
mesophyll protoplasts of the 10A and PI1441983 lines,
respectively, concentrations of PEG 8000 and fusion
periods affected the frequencies of binary fusion, while
multi fusion was influenced only by fusion periods.
However, increasing PEG 8000 concentrations,
especially together with fusion periods, tended to
promote the frequencies of both binary and multi
fusions. These results agree with several reports on
sugar beet (Beta vulgaris L.) (Badr-Elden et al., 2010),
ginger (Zingiber officinale Rosc.) (Guan et al., 2010)
and brassica (B. carinata Braun. and B. rapa L.)
(Beranex et al., 2007) which found that when PEG
concentrations increased from 0 to 30% (w/v),
continuous increases of both binary and multi fusion
frequencies were obtained. In our study, using PEG 8000
at 30% (w/v) for 20 min led to the highest average
percentages of binary and multi fusions (27.65
and24.28%, respectively). This might be due to the
properties of PEG that help reduce the negative charges
around the plasma membrane of isolated protoplasts,
allowing them to fuse (Tomar & Dantu, 2010).
Therefore, using high concentrations (30% (w/v)) was
more effective in reducing the negative charges than
lower concentrations (10 and 20% (w/v)) and the fusion
event could also occur faster. Similarly, Beranex et al.
(2007), Xiao et al. (2009), Badr-Elden et al. (2010)
andGuan et al. (2010)found that induced fusion with 20-
30% (w/v) PEG resulted in the highest frequencies of
binary fusion. In addition, using higher concentrations of
PEG than 30% (w/v) tended to continually increase
multi fusion, while binary fusion continually decreased
(Xiao et al., 2009). Moreover, increasing fusion periods
also enhanced the frequencies of both binary and multi
fusions. In our study, the highest average percentages of
binary and multi fusions were observed when the longest
period (20 min) was applied, which agrees with Beranex
et al. (2007), Badr-Elden et al. (2010) and Guan et al.
(2010) who found that the optimal period that led to the
highest frequency of binary fusion was 10-20 min.
Furthermore, using 0% (w/v) PEG 8000 also resulted in
high frequencies of both binary and multi fusions in our
study, possibly due to the effects of DMSO in the PEG
solution (5% (v/v)) that helps enhance fusion
frequencies (Menczel & Wolfe, 1984; Henn et al.,
1998a). A high frequency of binary fusion and a low
frequency of multi fusion are desirable for protoplast
fusion. Therefore, 20% (w/v) PEG 8000 for 15 min was
chosen for symmetric and asymmetric induced fusions.

To generate sunflower hybrids, symmetric and
asymmetric protoplast fusions using PEG 8000 were
evaluated. Hypocotyl protoplasts were pretreated with
IOA to generate a recipient parent before the induced
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asymmetric fusion. When each fusion procedure was
performed, and fusion products were cultured, it was
found that all of them developed in the culture medium,
divided and formed colonies and also had the potential to
generate microcalli, indicating that the fusion condition
(20% (w/v)PEG 8000 forl5 min) used was suitable.
Under this condition, PEG had no toxic effect that makes
protoplasts burst, die or be unable to develop (Henn et
al.,1998a; Navratilova, 2004; Verma et al., 2008).
However, when the densities of protoplast-derived
colonies and microcalli in the culture medium were
examined, differential densities of fusion product-derived
colonies of symmetric and asymmetric fusions were
observed. The densities of protoplast-derived colonies of
asymmetric fusion (hypocotyl protoplasts were treated
with 1.5 mM IOA for 20 min and 3.0 mM IOA for 15
min) were fewer than those of the symmetric fusion,
especially when hypocotyl protoplasts were treated with a
high concentration of IOA (3.0 mM IOA for 15 min).
These results might be due to the inhibitory effects of IOA
on the cell division of hypocotyl protoplasts (Varotto et
al., 2001; Bona et al., 2009), resulting in the selection of
fusion products (Fu et al, 2009; Lakshmanan et al.,
2013). Furthermore, high concentrations of IOA also give
a strong inhibitory effect to the metabolism of protoplasts
that results in slow growth and development of cells (cell
division, colony and callus formation and plant
regeneration), and a loss of viability in protoplasts (Liu &
Deng, 1999; Varotto et al., 2001; Liu & Deng 2002; Ge et
al., 2006; Fu et al., 2009). Similarly, our results show that
the lowest density of colony formation was observed in
asymmetric fusion using 3.0 mM IOA for 15 min.

Conclusions

IOA concentrations affected both cell division and
colony formation of sunflower hypocotyl protoplasts. We
found that the best condition for cytoplasmic inactivation of
10A hypocotyl protoplasts was 1.5 mM IOA treatment for
20 min. PEG concentrations and fusion periods affected
frequencies of both binary and multi protoplast fusion.
Using 20% (w/v) PEG 8000 for 15 min, which resulted in
high frequency of binary fusion (26.16%) and low
frequency of multi fusion (12.96%), appears to be the most
appropriate method. Generating sunflower hybrids by using
asymmetric fusion could help reduce confusion in the
selection of hybrids by eliminating the unfused hypocotyl
protoplasts and fusion of protoplasts among hypocotyl
protoplasts. Pretreatment with 1.5 mM IOA for 20 min was
optimal for asymmetric fusion because it gave more
colonies and the potential to generate microcalli, which are
essential to the production of sunflower hybrids.
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