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Abstract: Somatic embryogenesis in vitro provides an efficient means of plant
multiplication, facilitating sunflower improvement and germplasm innovation. In
the present study, using interspecific amphiploids (2n= 4x= 68) between cultivated
sunflower and wild perennial Helianthus species as explant donors, somatic
embryos were induced directly from the surface of corolla tubes at the late unin-
ucleate or binucleate microspore development stage. Primary somatic embryos
(PSEs) were obtained in amphiploids G08/2280 (H. pumilus × P21) and G08/2260
(NMSHA89×H. maximiliani). The PSE induction frequency of G08/2280 on synthe-
sized Medium A and B was 30.27% and 42.42%, respectively, while that of G08/
2260 was 5.89% and 12.16%, respectively. The difference of PSE induction fre-
quency was significant between G08/2280 and G08/2260 (P=0.0058), but was non-
significant between induction Medium A and B (P=0.1997). Secondary somatic
embryos (SSEs) were rapidly produced from PSEs on subculture Medium 1 with the
induction frequency of 100%. The mean number of SSEs produced from each PSE
was 19.2 and 12.2 in G08/2280 and G08/2260 within 30 d of subculture, respectively.
Mature SSEs were gradually converted into young shoots on hormone-free subcul-
ture Medium 2, with the mean number of small green shoots produced from each
PSE of 22.0 and 18.7 in G08/2280 and G08/2260, respectively. Through the addi-
tional process of rooting for some shoots without roots on half-strength of MS
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medium adding 0.25–0.5mg/l NAA, 0.5mg–1.0/l IBA, SE-derived shoots without
roots gained about 40% rooting frequency. Regenerated plants acclimated success-
fully and displayed similar morphological and chromosome number to the amphi-
ploid donors.

Keywords: sunflower, interspecific amphiploid, corolla tube, somatic
embryogenesis

Introduction

Sunflower (Helianthus annuus L.) is one of the important oil seed crops supplying
healthy oil high in nutritional value for human consumption. Increasing yield, oil
quantity and quality, nutritional content and resistance to abiotic and biotic
stresses are the main targets of sunflower breeding and germplasm innovation
(Hulke and Kleingartner, 2014). Helianthus is known to possess an abundance of
unique genes, such as resistance to diseases and insect pests, cytoplasmic male
sterility and fertility-restoration, agronomic and seed-oil characteristics, drought
tolerance, protein content, and fatty acid composition (Ruso et al., 1996; Seiler and
Rieseberg, 1997). However, cultivated sunflower has a relatively narrow genetic
base compared to its wild Helianthus species. Thus, the crop wild relatives of
Helianthus have been considered an important germplasm resource for cultivated
sunflower’s genetic improvement and breeding (Thompson et al., 1981; Gômez-
Sânchez and Gonzâlez, 1991). Interspecific hybridizations between cultivated sun-
flower and wild Helianthus have demonstrated as a useful method for gene
transfer and sunflower germplasm development (Laferrière, 1986; Skoric, 1992;
Gavrilova et al., 1997; Sukno et al., 1999; Atlagic, 2004), but the transfer of genes
is restricted by cross incompatibility and hybrid sterility (Faure et al., 2002).
Chromosome doubling has played a key role in improving F1 fertility since the
doubled interspecific hybrids can be used as a bridge for interspecific gene
transfer (Dewey, 1980). However, low fertility can still affect the utilization of
some amphiploids. Alternative conservation and propagation of the interspecific
F1 plants and amphiploids through tissue culture has the potential of providing a
large number of lines for breeding programs.

Somatic embryogenesis provides an ideal experimental process for investiga-
tion of plant differentiation, as well as micro-proliferation for shoots, since the
regeneration of plants through somatic embryogenesis is also a preferred method
for gene transformation (Litz and Gray, 1992). Hence, in vitro gene-transfer techni-
que can be used for sunflower improvement. A highly-efficient in vitro tissue culture
system is essential for providing many plants for studying in gene-transfer experi-
ments (Escandon and Hahne, 1991; Pugliesi et al., 1993a; Dağüstü et al., 2008;
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Liu et al., 2011), and for selection of genetic variants from somaclonal variation and
somatic hybridization (Taski-Ajdukovic et al., 2006; Taski-Ajdukovic et al., 2010), as
well as biologically active metabolic substances (Geipel et al., 2014).

Somatic embryogenesis is complex and controlled by a variety of external
and internal factors, with the development of embryos from somatic cells
regulated by the differential expression pattern of a myriad of genes (Talapatra
et al., 2015). It is known that the explant is very important for effective use of
totipotency in tissue culture. Since the reports of Greco et al. (1984) and Paterson
and Everett (1985) about the regeneration of sunflower, different explants have
been used to induce calli or somatic embryos, such as shoot apices, hypocotyls,
cotyledons, leaves, protoplasts, and mature embryos. Additionally, immature
embryos have been used as explant for inbred lines, interspecific hybrids, and
commercial hybrids (Chandler and Beard, 1983; Greco et al., 1984; Paterson and
Everett, 1985; Finer, 1987; Wilcox Mccann et al., 1988; Wirtzens et al., 1988;
Pugliesi et al., 1991; Yordanov et al., 2002; Vega et al., 2007; El Mostafa et al.,
2008; Wang et al., 2011; Zhang and Finer, 2015). However, frequencies of plant
regeneration and somatic embryo induction still need further improvement in
sunflower. Hence, it is helpful to evaluate new methods for embryogenesis
potential in more tissues to develop a more effective tissue culture system in
sunflower, especially for somatic embryo induction and regeneration. There are
more than a thousand small flowers with tubular corollas in one capitulum of a
sunflower head to produce seeds with the corolla tube as an important part of
the flower protecting the stamen and pistil. Until now, reports on flower culture
in sunflower are still lacking. In this study, using interspecific amphiploids
between cultivated sunflower and wild Helianthus species, young flowers at
the late uninucleate or binucleate microspore stage of explants, we directly
induced somatic embryogenesis from corolla tubes, and obtained secondary
somatic embryos and regenerated plants. This will increase the explant types
and embryoid induction methods in sunflower.

Materials and methods

Materials

Two interspecific amphiploids (2n = 4x = 68) between cultivated sunflower and
its wild species, G08/2280 (H. pumilus × P21), G08/2260 (NMSHA89 ×H. maximi-
liani), and one tetraploid BC1F3 of a hexaploid amphiploid backcrossed with
cultivated line, G08/2394 ((H. hirsutus × P21) ×HA89) (2n = 4x = 68), were used as
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explant donors for in vitro culture. These amphiploids were developed from the
interspecific F1 hybrids between cultivated sunflower and its wild relative by
chromosomes doubling of the F1 plants (Jan, 1988; Jan et al., 1988; Jan, 1996).
The plants were transplanted in 20-cm plastic pots in greenhouse at 25 oC with a
16 h photoperiod. The whole tubular flower, containing corolla tube, anthers
and ovary, was used as explants when the microspores were at the late unin-
ucleate or binucleate stage.

Primary somatic embryo induction

Heads were collected and cold-treated at 4 oC for 7 d before inoculation. Before
culturing, heads were surface-sterilized with 70% (v/v) ethanol for 1 min and
rinsed with sterile distilled water once, and subsequently immersed in a 30% (v/
v) commercial bleach solution containing 0.05 ml Tween-20 for 10 min and rinsed
3–4 times in sterile distilled water. Then, the flowers were separated from heads
under a sterile stereomicroscope and inoculated in 100× 15mm Petri dishes with
25 ml induction medium under a laminar flow hood. There were 20–30 flowers per
Petri dish, with three replications per treatment for every source. All cultures were
maintained at 35 oC in the dark for 12 d, followed with 25 oC in the dark. Primary
somatic embryo (PSE) induction frequency, defined as the percentage of flowers
with globular somatic embryos, was recorded after 30 d of culture.

The induction media were synthesized media A and B. “Medium A” contained
half-strength basal salts of MS medium (macro- and micro- elements) (Murashige
and Skoog, 1962), vitamins 100.0mg/l meso-inositol, 1.0mg/l calcium pantothe-
nate, 1.0mg/l nicotinic acid, 1.0mg/l thiamine hydrochloride, 1.0mg/l pyridoxin
hydrochloride, 0.01mg/l biotin (Morel and Wetmore, 1951), 0.2mg/l vitamin B-12,
a mixture of amino acids (2.0mg/l L-glycine, 40.0mg/l L-glutamine, 25.0mg/l
L-serine, 1.0mg/l L-tryptophan, 2.5mg/l L-cysteine), 120.0g/l sucrose, 0.5mg/l
BAP and 0.5mg/l NAA, and 7.0 g/l phytagel (Sigma Chemical Company, St.
Louis, MO, USA). “Medium B” contained MS basal salts (macro- and micro-
elements), vitamins of Morel and Wetmore’s, a mixture of amino acids (2.0mg/l
L-glycine, 40.0mg/l L-glutamine, 25.0mg/l L-serine, 1.0mg/l L-tryptophan,
2.5mg/l L-cysteine), 15.0 g/l sucrose, 1.0mg/l BAP and 0.5mg/l NAA, 300.0mg/l
CH (Casein hydrolysate), and 7.0 g/l phytagel. The pH of the media was adjusted
to 5.8 by using 1 mol/l NaOH, and 1 mol/l HCl prior to autoclaving at 121 oC for 15
min. Filter-sterilized solutions of vitamins and amino acids were added to the
autoclaved medium when the medium temperature dropped to 60 oC. The medium
was aliquoted to sterile Petri dishes with 25 ml each.
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Secondary embryogenesis and plantlet regeneration

Primary somatic embryos (PSEs) were detached from the explants under a sterile
stereomicroscope and transferred to fresh subculture medium after 30 d of
culture on induction media. The “subculture Medium 1” for the secondary
embryogenesis was MS (Murashige and Skoog, 1962) basal medium containing
20 g/l sucrose, 7 g/l phytagel, 1.0mg/l BAP and 0.5mg/l NAA. The PSEs were
first cultured on “subculture Medium 1” for 30 d, then some larger secondary
somatic embryos (SSEs) with green buds were transferred to “subculture
Medium 2” (hormone-free, other ingredients same as “subculture Medium 1”)
to differentiate young shoots. All cultures were maintained at 25 oC with 14 h
photoperiod. Cultures were evaluated after 30 d for frequency of SSEs and small
shoots. Induction frequency of SSE was calculated as the percentage of PSEs
producing SSEs with total number of PSEs cultured.

Plantlet rooting, transplanting, chromosome counts and pollen
observation

Small shoots more than 2 cm in length were subcultured on “subculture Medium
2” for shoot elongation and root development in conical flask, then plantlets 3–
8 cm in length with about four leaves were transferred to rooting medium in test
tubes if no roots were visible. The rooting medium contained half-strength MS
medium ingredients plus 0.25–0.5mg/l NAA, 0.5–1.0mg/l IBA, 20 g/l sucrose
and 7.0 g/l phytagel. The growth of root was assessed after 4-weeks of culture.
Rooting frequency was calculated as the percentage of rooted shoots with all
shoots cultured. Well-developed plantlets with leaves and roots were trans-
planted from rooting medium to peat pellets and placed in a growth chamber
at 23–25 oC for about 7–10 d for acclimation. Afterwards, the young plants were
transplanted into 11-cm diameter clay pots in the greenhouse and root tips were
sampled for chromosome counts. Two weeks later, plants were transplanted to
soil in 20-cm plastic pots under normal greenhouse conditions.

Root-tip preparation and chromosome counts followed the method of Jan
(1996). Pollen stainability observation followed Alexander’s procedure
(Alexander, 1969). Three somatic embryos (SE)-derived plants of G08/2280 and
G08/2260 were randomly selected for examination, respectively. Slides were
observed under an Axioplan2 Imaging 7 microscope (Zeiss, Germany). More
than 200 pollen grains from each plant were randomly counted. Percentage of
the stained pollen grains was used for analysis. Images were captured by a
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charge-coupled device (CCD) 8 camera (Zeiss AxioCam HRM), and processed
using Adobe Photoshop 7.0.

Data analysis

Data were analyzed using Microsoft Excel 2010 and IBM SPSS Statistics 22. A
two-factor ANOVA was used to analyze the variance of PSE induction frequency
and shoot rooting frequency, and one-factor ANOVA was used to analyze the
variance of pollen stainability. The differences between treatment means were
tested using Duncan’s multiple range test at P ≤0.05 level of probability.
Percentage data were transformed by arcsin−1 prior to analysis.

Results

Primary somatic embryo induction

Primary somatic embryos (PSEs) were mainly produced at the upper part of the
corolla tubes directly from surface of the corolla tubes of young flowers asyn-
chronously after flowers were cultured on induction medium in the dark for 15 d.
PSEs were induced in G08/2280 and G08/2260, but not in G08/2394. The somatic
embryos were white and smooth on the surface with compact structure at the
globular-shape stage, and some appeared to be in the process of secondary
embryogenesis (Figure 1a, b). The somatic embryo induction frequency is shown
in Table 1. G08/2280 had the higher induction frequencies of PSEs with 30.27%
and 42.42% on induction Medium A and B, respectively. In comparison, G08/
2260 had 5.89% and 12.16%, respectively. The difference was significant
between the two lines (P=0.0058), but non-significant between the two media
(P=0.1997) (Table 2). When placed under light conditions with continued cultur-
ing for another 15 d on the induction medium, white embryos changed to green,
and some developed into heart stage, torpedo stage, or cotyledonary stage
(Figure 1c).

Secondary embryogenesis and plant development

PSEs proliferated rapidly on “subculture Medium 1” and showed asynchronous
development, that is, a number of globular secondary embryos were produced
from PSEs, and meanwhile some PSEs germinated and directly developed into
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Figure 1: Somatic embryogenesis, plant regeneration and acclimation of interspecific amphiploids.
(a, b) Primary somatic embryoswere produceddirectly from the surface of corolla tubes on induction
“Medium A” after 15 d of culture in the dark. (a) Asynchronous development of embryos. (b) The
enlargement of a flower with a somatic embryo at the globular stage (long arrow), callus formed only
at the wounded edge of the flower (arrow head). (c) Primary somatic embryos at different develop-
ment stages after 15 d of culture under light condition on induction Medium A. (d) PSEs proliferation
on subcultureMedium 1 after 15 d of culture under light condition, showing white embryos gradually
turned green ones and began to proliferate. (e) Asynchronous development occurred in secondary
embryogenesis, showing some secondary embryos produced and some that begun their shoot
conversion on subculture Medium 1 after 30 d of culture. (f) Germination of SSEs on subculture
Medium2withoutplantgrowth regulators, showing youngshoots produced fromgreenbudsafter30
d of culture. (g) Shoots more than 2 cm in length with about two leaves continued to subculture on
subculture Medium 2 for shoot elongation in conical flask. (h) Plantlets with about 4 leaves
transferred onto rooting medium. (i) Plantlets with well-developed roots when transplanted to peat
pellet for acclimation. (j, k) Somatic embryo-derived plantlets of G08/2280 (j) and G08/2260 (k) at
the vegetative stage. (l) Flowering of some somatic embryo-derived plants.
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small green buds (Figure 1d, e). Induction frequency of secondary somatic
embryos (SSEs) was 100% in the two lines, and the mean number of SSEs
produced per PSE was 19.2 and 12.2 for G08/2280 and G08/2260 within 30 d of
subculture. Many young shoots gradually developed after transferring SSEs and
small green buds to the hormone-free “subculture Medium 2” (Figure 1f). The
mean number of small green shoots produced per PSE was 22.0 and 18.7,
respectively, for G08/2280 and G08/2260. It was observed that new SSEs con-
tinuously developed from PSEs, suggesting a higher propagation capacity of
both secondary embryogenesis and shoot regeneration.

During the propagation process, shoots longer than 2 cm in length with
about two leaves continued to be subcultured on “subculture Medium 2” for
shoot elongation in conical flask (Figure 1g), with approximately 30% of the
shoots developing roots during this process. Young shoots with about four
leaves, but no roots were transferred to rooting medium (Figure 1h). The results
in Tables 3 and 4 suggested non-significant differences for rooting frequency

Table 1: Primary somatic embryo (PSE) induction frequency and secondary somatic embryo
(SSE) production.

Lines Induction
medium

Mean
frequency of

PSEs induction
(%) *

SSE
producing
medium

Mean
No. SSEs
per PSE

Percent of
SSEs

producing
(%)

Mean No.
shoots

regenerated
from per PSE

G/ A . ±. a Subculture
medium 

.  .
B . ±. a

G/ A . ±. b Subculture
medium 

.  .
B . ±. b

G/ A  – – – –
B  – – – –

*Values were mean ± standard error. Numbers followed by a different letter within the column
for different lines and medium were significantly different at P ≤ 0.05.

Table 2: ANOVA of PSE induction frequency.

Source of variation SS df MS F P-value

Lines .  . . .
Medium .  . . .
Interaction .  . . .
Error .  .
Total .  　 　 　
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(P=0.0970) between the two lines. Rooting “Media C” and “Media D” had the
same ingredients of half-strength of MS medium basic elements, 20 g/l sucrose
and 7.0 g/l phytagel; the difference was that “Media C” was supplemented with
0.5mg/l NAA and 0.5mg/l IBA, and “Media D” was supplemented with 0.25mg/
l NAA and 0.5mg/l IBA. Both media induced rooting, however, rooting fre-
quency of “Media C” was significantly higher than that of “Media D”
(P=0.0030), implying that rooting ability of SSE-derived shoots were affected
by both genotype and medium, with more effects from the medium.

Acclimation and characterization of plantlets

Plants with well-developed roots were transplanted to peat pellets and placed
in a growth chamber at 25 oC for about 7–10 d for acclimation. All plants
survived and grew normally (Figure 1i), and afterwards, the young plants were
transplanted into 11-cm diameter clay pots and placed in the greenhouse for
two weeks. Subsequently, plants were transplanted in soil in 20-cm plastic

Table 3: ANOVA of rooting frequency of SSE-derived shoots.

Source of variation SS df MS F P-value

Lines .  . . .
Medium .  . . .
Interaction .  . . .
Error .  .
Total .  　 　 　

Table 4: Multiple comparisons of shoot rooting fre-
quency and root numbers.

Lines derived
SSE-plants

Medium Rooting frequency % *

G/　 C . ± . a
D . ± . b

G/　 C . ± . a
D . ± . b

*Values were mean ± standard error. Numbers followed
by a different letter in each “Line” showing medium
effects significant at P ≤0.05.
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pots, and continued to grow well during the vegetative and flowering stages
under normal greenhouse condition (Figure 1j, k, l). The SE-derived plants
displayed high similarity in plant type with the donor plants of G08/2280 and
G08/2260, such as in stem diameter, height, disc flower diameter, and branch-
ing (Figure 2a, b). We counted chromosome numbers of root-tip cells of more
than 50 regenerated plants; all of them had 2n = 68 (Figure 2c), the same as the
parental amphiploids.

Pollen stainability of donors and six randomly selected SE-derived plants are
shown in Figures 3 and 4. Pollen stainability of G08/2260 and G08/2280 was
66.48% and 62.36%, respectively. Three SE-derived plants of G08/2260, SE21,
SE22 and SE23, had pollen stainability of 58.46%, 52.90% and 57.60%, respec-
tively; while another three SE-derived plants of G08/2280, SE4, SE5 and SE9,
had pollen stainability of 20.31%, 19.38% and 15.59%, respectively. The differ-
ences of pollen stainability among the eight plants were significant (Table 5),
but the difference between the donor plants G08/2280 and G08/2260 was non-
significant (P=0.5453); SE21, SE22 and SE23 had significantly lower pollen
stainability than their donor G08/2260, and SE4, SE5 and SE9 were significantly
lower than G08/2280. In general, the SE-derived plants from G08/2260 had the
semi-sterility characteristic of the tetraploid amphiploids, but the SE-derived
plants from G08/2280 had much reduced pollen stainability compared to its
parental amphiploids.

Figure 2: Plants at the flowering stage and chromosomes of root-tip cell. (a) Plant of G08/2280.
(b) SE-derived plant of G08/2280. (c) Mitotic metaphase chromosome of a root-tip cell of
SE-derived plant of G08/2280, 2n=4x=68. Bar= 5 µm in the picture of c.
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(a) (b)

(c) (d)

Figure 3: Mature pollen grains of SE-derived plants and the donor plants. (a) Pollen grains of
G08/2280. (b) Pollen grains of G08/2260. (c) Pollen grains of SE-9. (d) Pollen grains of SE-23.
Dark stained pollen grains were fertile, light stained ones were sterile. Bars= 20 µm in pictures
a, b and d, Bar= 50 µm in the picture of c.
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Figure 4: Pollen stainability of SE-derived plants and the donor plants.
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Discussion

Sunflower is reported to be recalcitrant to manipulations in vitro (Sujatha et al.,
2012). Of the reports on sunflower tissue culture to date, regardless of the
explant used, organogenesis through callus differentiation, somatic embryogen-
esis, and direct organogenesis were the basic pathways to regenerate plants in
vitro. However, more reports were focused on direct organogenesis and callus-
mediated organogenesis (Wirtzens et al., 1988; Espinasse and Lay, 1989;
Espinasse et al., 1989; Knittel et al., 1991; Ceriani et al., 1992; Chraîbi et al.,
1992; Pugliesi et al., 1993b). A recent example of direct organogenesis from
Sujatha et al. (2012) indicated a high frequency (93.86%) of adventitious shoots
was obtained directly from cotyledons of mature sunflower seeds within 2 weeks
of culture on MS medium supplemented with 9.84 µm 2-iP, 2.85 µm IAA and
0.45 µm TDZ. It also revealed significant effects of explant orientation, age of
seedlings, and genotype on adventitious organogenesis. Somatic embryogenesis
directly from zygotic embryos (Finer, 1987; Freyssinet and Freyssinet, 1988;
Espinasse et al., 1989; Knittel et al., 1991; Jeannin et al., 1995) and seedling
tissues such as leaf and hypocotyl (Pélissier et al., 1990; Fambrini et al., 1996;
Carola Fiore et al., 1997; Laparra et al., 1997; Zhang and Finer, 2015), with the
explant donors including inbred lines and their hybrids, wild species, and
interspecific hybrids have been reported. Indirect somatic embryogenesis from
callus was also observed by Paterson and Everett (1985), Wilcox Mccann et al.
(1988) and Pugliesi et al. (1993b).

In our study, direct somatic embryogenesis was observed using flower
corolla tubes of sunflower from interspecific amphiploids. Primary somatic
embryos produced directly from the surface of corolla tubes, and subsequently
secondary embryogenesis occurred and secondary embryos were continuously
produced from PSEs. The three amphiploid donors from different wild perennial
species and cultivars showed a significant difference in PSE induction fre-
quency, that is, G08/2280 from the cross of H. pumilus and P21 had significant
higher PSE induction ability than G08/2260 from the cross of NMS HA89 and H.

Table 5: ANOVA of pollen stainability.

Source of variation SS df MS F P-value

Lines .  . . .
Error .  .
Total .  　 　 　
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maximiliani, as well as G08/2394 from H. hirsutus, P21 and HA89, indicating that
the genotype was a main factor affecting the somatic embryogenesis, although
shoot regeneration and rooting frequency were non-significant among the gen-
otypes. In fact, genotype dependence has been reported in sunflower tissue
culture and other plants, for example, in sunflower, the genotype HA89 was
classified as recalcitrant (Knittel et al., 1991; Nestares et al., 1996; Vega et al.,
2006) or comparatively lower response in shoot regeneration (Zhang and Finer,
2015), and the genotype HA300 exhibited a high morphogenic response (Power,
1987; Wirtzens et al., 1988; Pélissier et al., 1990; Knittel et al., 1991; Ceriani et al.,
1992; Alibert et al., 1994; Burrus et al., 1996; Baker et al., 1999; Muller et al.,
2001; Sujatha et al., 2012).

An enhanced knowledge of the genetic mechanisms and controlling genes
would lay a foundation for radically improving the effectiveness and efficiency
in plant somatic embryogenesis and organogenesis. However, little is known
about the gene regulations and genetic pathways leading to somatic embryogen-
esis in many dicots, and only a very few limited number of preliminary reports
exist for sunflower. Bolandi et al. (2000) crossed three sunflower cytoplasmic
male-sterile and five restorer inbred lines, and used the F1 hybrids and their
parents to study the heredity of their embryogenetic ability from the epidermal
layers of hypocotyls. General combining ability and specific combining ability
showed significant effects for the investigated traits, including the number of
embryogenic explants per 100 explants plated, and the number of embryos per
ten embryogenic explants. Parental female line ‘CMS-PET1B9’ was selected as
the promising parent in crossing programs for the enhancement of somatic
embryogenesis. Flores Berrios et al. (2000a) used 74 recombinant inbred lines
(RILs) from a cross between two cultivars to detect QTLs for two traits; four QTLs
for the number of embryogenic explants per 40 explants plated, and seven QTLs
for the number of embryos per 40 explants were detected, which explained 48%
and 89% of the phenotypic variation for the two traits, respectively. It revealed
that several chromosome regions were related to in vitro somatic embryogenesis
in sunflower RILs. Using the same RILs, Flores Berrios et al. (2000b) also
detected 13 QTLs related to the in vitro cotyledon organogenesis traits of the
mean number of shoots per explant and the mean number of shoots per
regenerating explants, which were distributed on four chromosome regions in
the RILs. The above reports further validated a genetic influence in sunflower
tissue cultures, and were very helpful for precisely mapping the dominant genes
and in the selection of organogenesis-responsive genotypes and the transfer of
regeneration ability to genotypes that respond poorly.

To date, modification and selection of effective media were mostly focused
on factors for induction and regeneration of somatic embryos in sunflower, and
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a genotype- independent regeneration system applicable to a wide range of
genotypes is very important for overcoming a major bottleneck in producing
transgenic plants and rapid shoot in vitro propagation in sunflower (Chraîbi
et al., 1992). A variety of combinations of plant-growth-regulator types (auxin
and cytokinin) and the concentration ratios have been studied, but the selected
unique medium with different ingredients in each report was still mainly specific
for the genotypes used in their studies. In our study, two primary somatic
embryo induction media were used, the main differences of the ingredients
were in basal salts (“Medium A” contained half-strength MS basal salts,
“Medium B” contained full-strength MS basal salts), sucrose concentration
(“Medium A” added as high as 120 g/l sucrose, “Medium B” added as low as
15.0 g/l sucrose), auxin and cytokinin ratio (0.5mg/l BAP and 0.5mg/l NAA in
“Medium A”, 1.0mg/l BAP and 0.5mg/l NAA in “Medium B”), but the PSE
induction frequency was non-significant between the two media. While in two
SSE-derived shoot rooting media, the difference was only in auxin and cytokinin
ratio, that is, “Media C” supplemented with 0.5mg/l NAA and 0.5mg/l IBA, and
“Media D” with 0.25mg/l NAA and 0.5mg/l IBA. Although the two media both
obtained good rooting results, “Media C” showed significantly higher rooting
frequency than “Media D”. It showed the complexity of media used for somatic
embryo induction and shoot development. However, recently, Sujatha et al.
(2012) reported that through assessing about 169 media combinations compris-
ing 12 different growth regulator combinations in various concentrations, they
have developed an efficient protocol for shoot regeneration via direct adventi-
tious shoot organogenesis from cotyledons of mature seeds of sunflower, which
was tested on 42 genotypes and found to be applicable to a wide range of
genotypes. However, this system still should be further verified in sunflower
tissue culture by other researchers.

Phenotypes of SE-derived plants in our study showed great similarity in plant
types with the donor plants of G08/2280 and G08/2260, such as thin stem, tall
plant height, small disc flower, and branching. Although pollen stainability of the
newly SE-derived plants (meaning the first generation of the regenerated plants
from somatic embryos) was significantly lower than that of the relative donor
plant, it revealed the obvious abnormal fertility maybe mainly caused by the
instability of chromosomes in the newly regenerated plants from SSE carrying
different genomes of cultivated sunflower and wild Helianthus species. In fact,
chromosome stability and infertility of neoallopolyploids and autopolyploids is
common in many plant species, probably due to different stability of parental
genome and disordered meiotic pairing, and will need a natural process of
diploidization, that is, several generations of self-crossing or asexual propagation
by tillering, the fertility could be increased to a high and stable level (Chen et al.,
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2007; Chester et al., 2012; Geng et al., 2013; Cheng et al., 2016), the mechanism of
diploidization is the under-studied topic today (Hollister, 2015).

Conclusions

Somatic embryogenesis occurred directly in young flower corolla tubes of sun-
flower interspecific amphiploids with somatic embryos developed on the surface
of corolla tube at the late uninucleate or binucleate microspore developmental
stage. Systems for secondary somatic embryogenesis from primary somatic
embryos and shoots regeneration were developed. Regenerated plants accli-
mated successfully and displayed similar morphological and chromosome num-
ber to the amphiploid donors. Continued validation and optimization of this
system with a larger number of sunflower genotypes should be carried out in the
future.
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