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1. Introduction

The seed, which contains the embryo, is the primary entity of reproduction in angiosperms.
In flowering plants, as in other eukaryotes, the embryo develops from the zygote formed by
gametic fusion. However, during the course of evolution many plant species have evolved
different methods of asexual embryogenesis to overcome various environmental and genetic
factors that prevent fertilization (Sharma & Thorpe, 1995; Raghavan, 1997).

Somatic embryogenesis (SE), starting from somatic or gametic (microspore) cells without
fusion of gametes (Williams & Maheswaran, 1986), is one form of asexual reproduction. This
process occurs either naturally or in vitro after experimental induction (Dodemam et al.,
1997), and is a remarkable phenomenon unique to plants. The process is feasible because
plants possess cellular totipotency, whereby individual somatic cells can regenerate into a
whole plant (Reinert, 1959).

SE has been observed in tissue cultures of several angiosperm and gymnosperm plant
species, and involves a series of morphological changes that are similar, in several aspects,
to those associated to the development of zygotic embryos. In soybean (Glycine max (L.)
Merrill), histological sections of embryogenic structures can be found in some reports
(Barwale et al., 1986; Finer & McMullen, 1991; Kiss et al., 1991; Liu et al., 1992; Sato et al.,
1993). A characterization of the developmental stages of soybean somatic embryos was
performed by Christou & Yang (1989), Fernando et al. (2002), Rodrigues et al. (2005), and
Santos et al. (2006). The pro-embryo, globular, heart-shaped, torpedo and cotyledonary
embryo stages were found, closely resembling the ontogeny of zygotic embryos. However,
the absence of a characteristic suspensor, as well as the delay in the establishment of inner

organization were the main differences between zygotic and somatic embryogenic processes
(Santos et al., 2006).
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2. Soybean somatic embryogenic process

In general, the in vitro soybean somatic embryogenic process can be divided into different
phases: induction, proliferation, histodifferentiation, maturation, germination and conversion
into plants.

2.1 Somatic embryo induction

According to Sharp et al. (1982), the induction of somatic embryogenesis (Fig. 1 A1, B1, C1)
can be considered as termination of the existing gene expression pattern in the explant
tissue, and its replacement for an embryogenic gene expression program in those cells of the
explant tissue which will give rise to somatic embryos. These authors used the term
“induced embryogenic determined cell” (IEDC) to describe an embryogenic cell that has
been originated from a non-embryogenic cell. Cells from very immature zygotic embryos,
which already have their embryogenic gene expression program activated, were termed
“pre-embryogenic determined cells” (PEDCs). For the purposes of regeneration, both terms
may be referred to simply as “embryogenic cells” (ECs) (Carman, 1990; Merkle et al., 1995).

There is a major developmental difference among explants with respect to the ontogeny of
somatic embryos. The obtainment of somatic embryogenesis in legumes depends on
whether the explant tissue consists of PEDCs (for example, very immature zygotic embryos)
or non-ECs (for example, differentiated plant tissues). In the first case, a stimulus to the
explant may be sufficient to induce cell division for the formation of somatic embryos,
which appear to arise directly from the explant tissue in a process referred to as direct
embryogenesis (Fig. 1 Al, Bl). In contrast, non-EC tissue must undergo several mitotic
divisions in the presence of an exogenous auxin for induction of the ECs. Cells resulting
from these mitotic divisions are manifested as a callus, and the term indirect embryogenesis
is used to indicate that a callus phase intervenes between the original explant and the
appearance of somatic embryos (Fig. 1 C1) (Merkle et al., 1995).

Thus, the somatic embryo induction process can be achieved using different approaches, as
illustrated in Figure 1. Somatic embryos induced from very immature zygotic embryos
(torpedo-stage) upon exposure to cytokinins were only obtained in clovers (Trifolium ssp.)
(Maheswaran & Williams, 1984) (Fig. 1 A). In soybean, somatic embryos can be induced in
response to auxins, and regenerated directly from cotyledonary-stage zygotic immature
embryos without an intervening callus phase (Lazzeri et al., 1985; Finer, 1988; Bailey et al.,
1993; Santarém et al., 1997) (Fig. 1 B). Finally, some legumes, notably alfalfa (Medicago sativa),
can be regenerated from leaf-derived callus (Bingham et al., 1988). In this case, the tissue
responds to combinations of auxins and cytokinins (Fig. 1 C).

The type of growth regulator and explant, as well as genotype ability to respond to in vitro
stimulus, are the main factors affecting somatic embryogenesis induction. The role of
exogenous cytokinins during the induction phase depends on whether somatic
embryogenesis is direct or indirect. When SE is originated from callus, the frequency of
somatic embryo formation is enhanced by cytokinins. However, in direct systems, such as in
soybean, in which somatic embryos are formed directly from immature zygotic embryos,
addition of a cytokinin reduces the frequency of embryo formation (Merkle et al., 1995).
Soybean SE is induced by two auxins: o-naphthaleneacetic acid (NAA) and
2,4-dichlorophenoxyacetic acid (2,4-D), but the most commonly used is 2,4-D. The exact
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mechanism underlying the auxin-induced somatic embryo formation is not understood, but
some studies with other legumes suggested certain auxin-induced cellular processes such as
embryo-specific DNA methylation (Vergara et al., 1990), disruption of tissue integrity by
interrupting cell-cell interaction (Smith & Krikorian, 1989) and establishment of cell polarity
(Merkle et al.,, 1995). However, auxins are not the only substances able to induce
embryogenesis. Several other factors that alter gene expression programs (e.g., stress) or
disrupt cell-cell interaction (physical disruption of the tissue) can also direct this transition
(Gharyal & Maheshwari, 1983; Dhanalakshmi & Lakshmanan, 1992).
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Fig. 1. Embryogenic processes in legumes. Somatic embryos may be induced (1),
histodifferentiated /matured (3), desiccated (4), germinated (5), and converted into plants
(6). Alternatively, auxin can be used to maintain repetitive embryogenesis - embryo
proliferation (2), which continues until auxin is withdrawn from the medium, allowing
somatic embryos to resume their development. (A) The youngest zygotic embryos respond
to cytokinin; (B) older zygotic embryos respond to auxin, and (C) differentiated plant tissues
respond to combination of auxin and cytokinins by forming callus. (Adapted from Parrott et
al., 1995. Drawing by S. N. C. Richter)
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The choice of explant is a critical factor that determines the success of most tissue culture
experiments. Immature, meristematic tissues proved to be the most suitable explant for
somatic embryogenesis in legumes (Lakshmanan & Taji, 2000). For instance, cotyledons of
immature zygotic embryos have been the most used explants for the induction of SE in
soybean (Lazzeri et al., 1985; Finer, 1988; Bailey et al., 1993; Santarém et al., 1997; Droste et
al., 2002). However, in this species, somatic embryos have also been obtained from leaf and
stem (Ghazi et al., 1986), cotyledonary node (Kerns et al., 1986), anther (Santos et al., 1997;
Rodrigues et al., 2005) and embryonic axes (Kumari et al., 2006).

The last but not least important factor affecting somatic embryo induction is plant genotype
(Merkle et al., 1995). In soybean, considerable variation in embryogenic capacity was found
to exist between individual genotypes (Komatsuda et al., 1991; Bailey et al., 1993a, b; Santos
et al., 1997; Droste et al., 2001; Meurer et al., 2001; Tomlin et al., 2002; Hiraga et al., 2007;
Yang et al.,, 2009; Droste et al., 2010) as will be discussed below (Genotype-dependent
response and screening of highly responsive cultivars section).

2.2 Embryo proliferation

A common characteristic of embryogenic tissue is that it can remain embryogenic
indefinitely. This proliferative process has been variously termed secondary, recurrent or
repetitive embryogenesis (Fig. 1 B2). In soybean, the primary somatic embryos can have
multicellular origins, while secondary somatic embryos (i.e. originating from another
somatic embryo) tend to have unicellular origins (Merkle et al., 1995). Hartweck et al. (1988)
found somatic embryos originating from groups of cells in soybean zygotic cotyledons,
while Sato et al. (1993) found embryos proliferating from globular-stage soybean somatic
embryos that originate from single cells.

Proliferation of embryogenic cells is apparently influenced by a variety of factors, some of
which are controlled during the culture process, and some of which are yet undefined. Some
of the factors that have been investigated are also associated with induction phase, such as
plant genotype and growth regulators (Merkle et al., 1995).

The most broadly documented factor associated with continuous proliferation of
embryogenic cells is auxin. For soybean, secondary somatic embryo proliferation is possible
if it is maintained in a medium containing the auxin 2,4-D (Finer & Nagasawa, 1988). Single
epidermal cells have been shown to initiate soybean secondary somatic embryos (Sato et al.,
1993). The exact role of auxin in triggering proliferation is unknown. Furthermore, the level
of auxin required to maintain repetitive embryogenesis depends on the culture protocol
adopted.

2.3 Embryo histodifferentiation and maturation

After induction, somatic embryos start an ontogenetic development process similar to that
of their zygotic counterparts (Merkle et al., 1995). The process of organ formation through
which a globular-stage embryo develops into a cotyledon-stage embryo has been termed
histodifferentiation (Fig. 1 B3) (Carman, 1990).

In general, continued embryo histodifferentiation beyond the globular stage and subsequent
maturation requires the removal of growth regulators from the medium - or at least a
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decrease in growth regulator concentrations associated with induction and proliferation -
down to levels that enable proper embryo development (Merkle et al., 1995). Auxins
suppress the development of the apical meristem, probably governed by the same
mechanism involved in the establishment of apical dominance (Parrott et al., 1995).

The role of cytokinins during the histodifferentiation is more difficult to assess. Aung et al.
(1982) observed a decrease in endogenous cytokinin levels during soybean zygotic embryo
development. On the other hand, the inclusion of a cytokinin during the histodifferentiation
phase can compensate for auxin-induced detrimental effects on meristem development.
Globular-stage soybean somatic embryos, when exposed to a cytokinin, decrease the
development rates while the apical meristem elongates so as to form multiple shoots
(Wright et al., 1991).

Due to the fact that traditional embryogenesis protocols have typically used the same
medium for histodifferentiation and the subsequent maturation phases, it is difficult to
review the literature and determine if a given treatment affects the histodifferentiation stage
or the maturation stage (Merkle et al., 1995).

Following histodifferentiation, the period of embryo development in which cell expansion
and reserve deposition occur is considered the maturation phase (Fig. 1 B3) (Bewley et al,,
1985). The time required for somatic embryos to achieve physiological maturity is species-
specific, mirroring the maturation period of zygotic embryos in planta (Parrott et al., 1995).
Analyses of reserve accumulations in developing somatic embryos have revealed both
similarities and differences in comparison to zygotic embryos. These differences may
primarily be attributed to the in vitro maturation conditions used. Many reports on somatic
embryos reserve accumulations have not been carried out with optimal maturation
protocols. Hence, manipulation of culture conditions to prolong and improve embryo
maturation, and to prevent precocious germination, will probably add to the similarities
observed between zygotic and somatic embryos (Merkle et al., 1995).

Currently, a trend is observed in the specification of numerous protocols towards providing
various growth regulators in the medium during embryo maturation. Yet, there is ample
information suggesting that neither exogenous auxin nor cytokinin is actually required for
normal embryo maturation, as evidenced by the normal development of soybean zygotic
(Hsu & Obendorf, 1982) or somatic embryos (Parrott et al.,, 1988) in media devoid of any
growth regulators. Indeed, poorly developed meristem or swollen hypocotyls may be an
undesired outcome of the application of exogenous auxins and cytokinins, respectively.
Consequently, a treatment that binds and removes auxin, by adding activated charcoal to
the maturation medium (Ebert & Taylor, 1990), for instance, may improve embryo
development and enhance germination (Buchheim et al., 1989). Differently from auxins and
cytokinins, abscisic acid (ABA) may be necessary during embryogenesis to initiate the
synthesis of storage proteins and proteins involved in desiccation tolerance (Galau et al,,
1990).

2.4 Embryo germination and conversion into plants

Embryos removed from maturation conditions for further development often display poor
or aberrant subsequent germination, growth and vigor (Parrott et al., 1988). These
observations suggest that further post-maturation treatments are required. One of the
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fundamental aspects of zygotic embryo development not normally encountered during
somatic embryo development is desiccation (Fig. 1 B4), which leads to embryo quiescence. It
has been proposed that desiccation is required for the correct transition from an embryo
maturation program to a germination program (Kermode, 1990). The desiccation period has
been linked with the synthesis of proteins associated with the ability to germinate
(Rosenberg & Rinne, 1986, 1988). Partial desiccation has been shown to enhance conversion
of soybean somatic embryos (Hammatt & Davey, 1987; Parrott et al., 1988; Buchheim et al.,
1989).

While most studies report the development of roots and the germination of somatic
embryos, little distinction is made between germination and conversion. According to
Ranch et al. (1985), soybean germination refers to both root and shoot development in an
embryo with intact hypocotyl (Fig. 1 B5). Walker & Parrott (2001) described soybean
apparent conversion as the development of expanded trifoliolates and branched roots under
in vitro conditions (Fig. 1 B6). However, according to the authors, the definition of actual
conversion refers to survival following transfer to soil.

While germination capacity may be affected by several culture medium components or
environmental manipulations, one aspect that cannot be manipulated so readily is the
genetic background of the embryo (Merkle et al, 1995). Studies with soybean plants
indicated that germination/conversion capacity is also greatly influenced by genotype
(Komatsuda & Ohyama, 1988; Bailey et al., 1993; Santos et al., 1997; Droste et al., 2001, 2010).

3. Genotype-dependent response and screening of highly responsive
cultivars

The more closely the pattern of somatic embryo gene expression matches that of zygotic
embryos, the greater the chance of obtaining highly efficient regeneration systems. Such
normalization of gene expression patterns will be achieved through the optimization of
media and culture protocols for each individual stage of embryo development. According to
Meurer et al. (2001), there are two ways to optimize soybean regeneration via embryogenic
cultures. The first is screening a large number of new cultivars in order to identify those
with embryogenic potential. Since SE is a heritable trait (Parrott et al., 1989), the potential for
embryogenesis can be also improved through conventional crossing between non-
responsive cultivars and highly competent cultivars (Kita et al., 2007). An alternative and
additive approach is to optimize embryogenesis protocols for improve results of an
interesting cultivar.

Several studies have revealed the differences among soybean genotypes in their capacity to
respond to the different steps of somatic embryogenesis (Bailey et al., 1993; Santos et al.,
1997; Simmonds & Donaldson, 2000; Droste et al., 2001; Meurer et al., 2001; Tomlin et al.,
2002; Hiraga et al., 2007; Yang et al., 2009; Droste et al., 2010). The efficiencies were shown to
be different among cultivars at each SE phase: induction, proliferation,
histodifferentiation/maturation, germination and conversion (Bailey et al., 1993; Santos et
al., 1997). As each phase must be under independent genetic control, the best cultivar
performance in one stage not necessarily is the best in another one. In this context, Bailey et
al. (1993a) reported that PI 417138 was among the least inducible genotypes studied, though
it did have the highest germination and conversion capacity. In the same way, IAS-5 cultivar
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had the lowest embryo yield but the highest conversion capacity (Santos et al., 1997). Tomlin
et al. (2002) and Hiraga et al. (2007) suggested that differences in somatic embryo induction
efficiency among soybean cultivars are likely to be attributed to differences in endogenous
auxin levels or in the auxin sensitivity.

One of the major challenges in soybean is to identify genotypes highly responsive to SE
induction, embryo proliferation and conversion into plants. A direct comparison among
previous reports is difficult because each research group has adopted different protocols for
SE and evaluation methods. In some studies only the first phases such as induction and/or
proliferation were analyzed, while in other studies genotypes were screened upon plant
regeneration.

Simmonds & Donaldson (2002) screened 18 of 20 short-season soybean genotypes in Canada
for proliferative embryogenic capacity. Only five genotypes produced embryogenic cultures
which were proliferative for at least six months. Nine soybean cultivars representing
different US growing regions were evaluated at each of three locations using uniform
embryogenic induction and proliferation protocols. Several cultivars were identified as
uniformly embryogenic at the primary induction phase at all locations, among which Jack
was the best (Meurer et al., 2001).

Twenty-six genotypes including soybean wild relatives and Japanese cultivars were
screened for differences of competence in both somatic embryogenesis and subsequent
shoot formation. All genotypes were able to induce somatic embryos but with wide
variation. Glycine gracilis, G. gracilis T34, Masshokutou (kou 502) and Masshokutou (kou 503)
varieties presented high competence of germination from somatic embryos (Komatsuda &
Ohyama, 1988). Hiraga et al. (2007) examined the capacity for plant regeneration through
somatic embryogenesis in Japanese soybean cultivars. Induction of somatic embryos from
immature cotyledons, embryo proliferation in liquid medium and differentiation into
cotyledon-stage embryos were evaluated. Yuuzuru and Yumeyutaka cultivars were found
to have high potentials of plant regeneration through SE, being superior or comparable to
North American cultivar Jack.

From a preliminary experiment using 98 Chinese soybean genotypes, 12 varieties were
selected for further study in order to enhance the efficiency of somatic embryogenesis and
plant regeneration. Significant differences in somatic embryogenesis were found among
genotypes. N25281, N25263, and N06499 varieties were shown to have the highest somatic
embryogenic capacities. The greatest average number of plantlets regenerated per explant
was observed in N25281 (Yang et al., 2009).

Regarding Brazilian genotypes, Bonacin et al. (2000) demonstrated the influence of genotype
influence in somatic embryogenic capability of five cultivars, of which BR-16, FT-Cometa
and IAS-5 were the most embryogenic ones. That study only assessed somatic embryo
induction stage. Other studies also reported the high capacity of IAS-5 to produce somatic
embryos (Santos et al., 1997; Di Mauro et al., 2000; Droste et al., 2001). More recently, Droste
et al. (2010) identified Brazilian soybean genotypes with potential to respond to in vitro
culture stimuli for somatic embryo induction, embryo proliferation and plant regeneration.
Somatic embryos were induced in all eight tested genotypes, but differences were observed
at each stage. IAS-5 and BRSMG 68 Vencedora had high embryo induction frequencies,
repetitive embryogenic proliferation, low precocious embryo germination, better embryo
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differentiation and plant regeneration. Thus, this work identified BRSMG 68 Vencedora and
confirmed IAS-5 as genotypes with high potential for somatic embryogenesis and plant
regeneration.

4. Optimization of soybean somatic embryogenesis protocol

Although somatic embryogenesis was described long ago and may be considered a routine
procedure for other plant species, the first record of the event in soybean was made by
Beversdorf & Bingham (1977), when no more than a few embryos were produced. It was
only in 1983 that Christianson et al. (1983) regenerated, for the first time, soybean plants via
SE. Subsequently, several papers have reported the development of somatic embryos from
cotyledons of immature embryos. But until today the measured frequencies at which these
embryos convert into plants are significantly lower than that expected (Parrott et al., 1988;
Meurer et al., 2001; Walker & Parrott, 2001; Droste et al., 2001, 2010). Therefore, efforts have
been directed towards developing and refining protocols for initiation, proliferation, and
histodifferentiation/maturation of soybean somatic embryogenesis.

4.1 Induction and proliferation of somatic embryos

Most protocols described in the early studies failed to promote the satisfactory induction of
somatic embryos. This limitation was overcome when embryos were induced from
immature soybean cotyledons by placing the explant on high levels of 2,4-D (40 mg/])
(Finer, 1988). Comparing the capacity to induce soybean SE, the mean number of embryos
produced on 2,4-D was significantly higher than that produced in the presence of NAA
(Hoffmann et al.,, 2004). It is noteworthy to mention that the type of auxin used in the
medium also influences culture morphology. Somatic embryos induced on 2,4-D are friable,
translucent, yellowish-green in color, and globular to torpedo in shape. Somatic embryos
induced on NAA are compact, opaque, pale-green in color, with an advanced morphology,
forming cotyledon-like structures (Lazzeri et al., 1987; Hoffmann et al., 2004). Furthermore,
Lazzeri et al. (1987) described that somatic embryos initiated on NAA had more normal
embryo morphology.

The synergistic effect of pH, solidifying agent, 2,4-D concentration, explants orientation and
wounding have also been reported to improve efficiency of somatic embryo induction
(Santarém et al., 1997). Embryo initiation was higher when explants were cultured with the
abaxial side facing the induction medium containing high concentration of 2,4-D, pH
adjusted to 7.0 and solidified with Gelrite™. Effect of pH was not observed or was slighter
when somatic embryos were induced in the presence of other growth regulators (Lazzeri et
al., 1987; Komatsuda & Ko, 1990; Hoffman et al., 2004; Bonacin et al., 2000). It has been
suggested that the effect of pH on somatic embryo initiation may be related to auxin uptake
into cultured explants, and that a pH of 7.0 may facilitate slower and more gradual uptake
of 24-D at relatively high level. Wounding treatment did not increase the number of
embryos, although in wounded explants somatic embryos were induced earlier than in non-
wounded counterparts (Santarém et al., 1997). In addition, efficiency on SE induction was
highest when in a medium containing 2-3% sucrose. Cultures initiated on lower sucrose
concentrations tended to produce higher amount of friable embryos, while increased
concentrations of this sugar impaired embryo induction (Lippmann & Lippmann, 1984;
Lazzeri et al., 1987, 1988; Hoffmann et al., 2004).
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After induced, the early-staged somatic embryos can be maintained and proliferated by
subculturing the tissue on either semi-solid medium (Finer, 1988) or liquid suspension
culture medium (Finer & Nagasawa, 1988). As liquid medium allows greater contact of
plant tissue with medium components, proliferation in liquid is usually more efficient than
on a semi-solid medium (Samoylov et al., 1998a). On the other hand, soybean embryogenic
suspension cultures can be very difficult to establish and maintain (Santarém et al., 1999).
Although maintenance of soybean embryogenic cultures in liquid medium was facilitated
by the development of FN medium (Finer & Nagasawa, 1988), its efficiency remains low.
Changes in individual medium components, such as carbohydrate type and concentration,
total nitrogen, ammonium, nitrate, and other macronutrients, improved proliferation of
soybean suspension cultures in liquid medium and resulted in the development of an
optimized medium, referred to as FN Lite (Samoylov et al., 1998a).

Somatic embryos incubated in a medium containing NAA do not proliferate so well as those
produced on a medium containing 2,4-D (Liu et al., 1992). As discussed above, somatic
embryos initiated on NAA are more advanced in embryo morphology than those induced
on 2,4-D. As a consequence, they are also not suitable for use in establishing repetitive
cultures (Lazzeri et al., 1987; Hoffmann et al., 2004). Embryogenic cultures induced from
immature cotyledons on a medium containing 40 mg/1 required lower levels of 2,4-D for
efficient proliferation (Bailey et al., 1993; Santarém & Finer, 1999). Twenty mg/1 2,4-D are
necessary to efficiently maintain repetitive embryogenesis on semi-solid medium (Santarém
& Finer, 1999), while 5 mg/1 2,4-D are sufficient on liquid suspension culture medium
(Samoylov et al., 1998a). Furthermore, in contrast to the effect of pH on embryo initiation,
cultures maintained on semisolid medium at pH 5.8 or 7.0 showed no difference in
proliferation rates, suggesting that once embryogenesis has been induced, the tissue does
not necessary have to be maintained under the same conditions (Santarém et al., 1997).

4.2 Histodifferentiation/maturation of somatic embryos and recovery of plants

Even after three decades of intense research, soybean regeneration via somatic
embryogenesis remains low if compared to other crops. Developmental limitations in
somatic embryos are usually related to inadequate culture media composition (Merkle et al.,
1994). So, efforts to better mimic the developmental environment of zygotic embryos were
made to further improve SE. Deficiency in maturation stage has been identified as the main
obstacle to somatic embryo conversion into plant. Somatic and zygotic embryos have been
shown to diverge in sugars, protein, and total lipid accumulation, indicating that the
somatic embryos did not develop properly and, as consequence, bring about difficulties for
plant regeneration (Chanprame et al., 1998). In addition to embryo nutrition, appropriate
sugar accumulation has been shown to be involved in soybean seed desiccation tolerance
(Blackman et al., 1992).

Histodifferentiation and maturation of soybean somatic embryos has been basically
achieved through the use of two protocols. The first one is a two-step process, whereby
embryos are first histodifferentiated on MSM6AC medium (Bailey et al., 1993), which
consists of solidified MS basal salts supplemented with 6% maltose and 0.5% activated
charcoal. After 30 days, embryos are transferred to the same medium, but without charcoal,
in order to allow growth and maturation to proceed. The second protocol is based on a
liquid medium termed FNLS3, which consists of basal Finer & Nagasawa “Lite” (FNL) salts
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supplemented with 3% sucrose (Samoylov et al., 1998b). The main advantage of the liquid
FNLS3 medium over the semi-solid MSM6AC/MSM6 medium is its ability to produce
larger numbers of mature somatic embryos in a short period of time. On the other hand,
liquid based protocols require greater care during handling.

Successful plant recovery has been reported using both protocols, though numerous studies
suggested modifications to these basic media in order to optimize histodifferentiation and
maturation of soybean somatic embryos, with the final goal of obtaining higher conversion
rates. The main adaptations were: the type and concentration of carbon source, addition of
osmotic agents, growth regulator agents and/or amino acids, type of basal salts, as well as
the medium supplementation with activated charcoal (Tables 1 and 2). Modifications in
other culture media are not considered in the present review.

4.2.1 Carbon source and osmotic agents

Carbon source is critical for embryo nutritional health and improves somatic embryo
maturation. Carbohydrates are commonly used as carbon sources for in vitro development
of tissues, and maltose and sucrose have been usually added to soybean tissue culture
media in an optimal concentration range of 3% to 6% (Samoylov et al., 1998b; Korbes &
Droste, 2005; Schmidt et al., 2005). Carbon source type and concentration required for
histodifferentiation/maturation appear to differ between solid and liquid media.

The effect of carbohydrates on embryo histodifferentiation and maturation on liquid
medium was analyzed by Samoylov et al. (1998b). FNL medium supplemented with 3%
sucrose (FNLOS3) or 3% maltose (FNLOM3) were compared. Data indicated that sucrose
promotes embryo growth and significantly increases the number of cotyledon-stage
embryos recovered during histodifferentiation and maturation. However, the percentages of
plants recovered from embryos differentiated and matured in FNL0S3 was lower than those
grown in FNLOM3 (Samoylov et al., 1998b). This limitation was partially solved by adding
3% sorbitol to the medium, which resulted in an increment in germination and conversion
frequencies (Walker & Parrott, 2001). The modified medium was named FNLS35S3 medium.
It was suggested that sorbitol acts as an osmotic agent and/or promotes accumulation of
triglycerides in somatic embryos. After addition of sorbitol, the effects of using 3% sucrose
(FNLO0S3S3) or 3% maltose (FNLOM3S3) were compared again (Schmidt et al., 2005).
Conversion rate of embryos differentiated on maltose was higher when compared to those
obtained in sucrose. However, sucrose was considered the most appropriate carbon source,
since its use in liquid maturation media resulted in a higher number of larger embryos,
which required less time to reach physiological maturity.

The media that have been used in the two-step histodifferentiation/maturation process
(MSM6AC/MSMBS6) contain 6% maltose (Bailey et al., 1993). Korbes & Droste (2005)
compared conversion frequencies when 6% maltose was replaced by 3% maltose (MSM3) or
6% sucrose (MSS6). Results showed that maturation in MS56 medium leads to an increment
in rates of histodifferentiated embryos with normal morphology, as well as in plant
recovery.

The quality of somatic embryos can be positively influenced by a low osmotic potential in
maturation medium (Walker & Parrott, 2001; Kérbes & Droste, 2005). Carbohydrates can act
as an osmotic agent (Li et al., 1998). Since molecular weights of maltose and sucrose are very
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similar, no significant effect on the osmotic potential of the medium could be expected
(Schmidt et al., 2005). Nevertheless, differences observed in embryos matured in media
supplemented with maltose or sucrose have been related to these compounds’ osmotic
potentials (Samoylov et al., 1998b; Korbes & Droste, 2005). Influence of other osmotic agents
(sorbitol, mannitol and polyethylene glycol) has also been tested in soybean somatic
embryogenesis (Walker & Parrott, 2001; Kérbes & Droste, 2005; Schmidt et al., 2005), but
positive effects were only reported for sorbitol (Walker & Parrott, 2001), as described above.

4.2.2 Amino acids

The nitrogen source is also a critical component for proper embryo maturation. With a view
to soybean embryo proliferation, 1 g/1 asparagine was included in the formulation of the
original FN liquid medium (Finer & Nagasawa, 1988), and it was also used in the FN Lite
proliferation medium (Samoylov et al., 1998a) and FNL histodifferentiation/maturation
medium (Samoylov et al., 1998b). On the other hand, culture media supplemented with
glutamine were shown to be beneficial to zygotic soybean embryos (Thompson et al., 1977),
by increasing embryo size (Lippmann & Lippmann, 1993; Dyer et al., 1987), and inducing
storage oil and protein synthesis (Saravitz & Raper, 1995). Schmidt et al. (2005) compared
the effect of FNLS3S3 supplemented with asparagine or glutamine on embryo
histodifferentiation/maturation. The results showed that cotyledonary-stage embryos
obtained on 30 mM filter-sterilized glutamine were larger and exhibited an overall higher
quality. The modified medium was named FNLS3S3G30 medium.

Methionine supplementation has also been reported to be helpful for growth stimulation
(Coker et al., 1987). Thus, addition of 1 mM methionine to FNLOS353 medium was tested
and a clear positive effect on soybean somatic embryo histodifferentiation and maturation,
manifested mainly by conversion percentages, was demonstrated (Schmidt et al., 2005).
Again, this medium was renamed FNLS3S3G30M1 medium.

Improvements in the efficiency of solid MSM6 histodifferentiation/maturation medium
were also obtained by using the ingredients from the optimized FNLS3S3G30M1 liquid
medium recipe, specifically glutamine and methionine (Schmidt et al., 2005).

4.2.3 Basal salts

A comparison of embryo development showed that embryos differentiated into yellow-
green cotyledon-stage faster when cultured on FNLS3 than when maintained on MSM3
liquid media (Samoylov et al., 1998b). On the other hand, the number of histodifferentiated
embryos and the frequency of germinated embryos recovered from MSM3 were higher than
those obtained on FNLS3. Further studies showed that germination rates were increased
when embryos histodifferentiated on FNLS3 supplemented with sorbitol, glutamine and
methionine (Walker & Parrott, 2001; Schmidt et al., 2005).

4.2.4 Abscisic acid

Abscisic acid (ABA) is a growth regulator involved in plant development, especially during
embryo development and maturation and in response to abiotic stresses. In seeds, ABA
induces storage protein synthesis and affects dormancy induction and maintenance (Rock &
Quatrano, 1995). ABA prevents precocious seed germination and is thought to play a major
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Culture tissue stage

Reference Mfam . Beneficial effects
modification . . Histodiffe- . Regeneration
Proliferation . Maturation .
rentiation / conversion
Tian & Abscisic FN + MSM6AC MSM6AC MSO e promote embryo
Brown, acid (ABA) 50 uM ABA growth
2000 addition e increase

histodifferentiation of
embryo with normal

morphology
e improve embryo
viability
e enhance embryo
germination
Weber et. ABA D20+50  MSM6 + MSMé6 MSO e increase embryo
al., 2007 addition uM ABA 50 uM conversion into plants
ABA
Korbes &  Maltose D20 MSS6 MSS6 MSO e increase
Droste, replacement histodifferentiation of
2005  with sucrose embryo with normal
morphology
e increase embryo
conversion into plants
Schmidt Glutamine MSM6 + e increase the
etal, and 30 mM number of
2005  methionine glutamine histodifferentiated
addition +1mM embryos
Methionine e increase embryo
conversion into plants
Drosteet Activated D20 MSS6 + MSS6 MSO e increase the
al., 2010 charcoal 0.5 % AC number of
(AC) histodifferentiated
addition embryos

Table 1. Optimization of MSM6AC medium. D20 - MS salts (Murashige & Skoog, 1962), B5
vitamins (Gamborg et al., 1968), 3% sucrose, 20 mg/12,4-D, and 0.2% Gelrite or 0.3%
Phytagel (pH 5.8) (Wright et al., 1991). MSM6AC - MS salts, B5 vitamins, 6% maltose, 0.5%
activated charcoal and 0.25% Gelrite or 0.3% Phytagel (pH 5.8) (Bailey et al., 1993). MSM6 -
MS salts, B5 vitamins, 6% maltose and 0.25% Gelrite or 0.3% Phytagel (pH 5.8) (Finer &
McMullen, 1991). MSS6 - MS salts, B5 vitamins, 6% sucrose, 0.3% Phytagel (pH 5.8) (Korbes
& Droste, 2005). MSO - MS basal salts, B5 vitamins, 3% sucrose, and 0.2% Gelrite, at pH 5.8

role in the sequence of events leading to desiccation tolerance (Hoekstra et al., 2001). ABA
supplementation in culture media was shown to affect somatic embryogenesis of a variety
of plants. Having this in mind, it was suggested that medium containing low ABA
concentrations (0.38 or 1 pM) helps soybean immature somatic embryos to achieve maturity
and further develop apical meristems (Ranch et al., 1885; Lazzeri et al., 1987). However,
independently of the protocol used, no significant effect was observed when ABA was
added to histodifferentiation or maturation medium (Tian & Brown, 2000; Schmidt et al.,
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2005; Weber et al., 2007). Tian & Brown (2000) investigated the effect of ABA addition to
culture media in different embryogenic stages: proliferation, histodifferentiation and
maturation. The positive effects of ABA were observed only when embryos at a globular
stage (proliferation) were treated prior to histodifferentiation induction. Addition of 50 pM
ABA promoted growth of histodifferentiated embryos, increased proportion of
morphological normal histodifferentiated embryos, improved embryo viability after
desiccation and increased germination frequency. In agreement, Weber et al. (2007)
demonstrated that presence of ABA during proliferation or during both proliferation and
maturation stages increased percentage of converted plants.

Culture tissue stage

Main i ; .
Reference modi f?cation Proliferation Hlst’ti(;cigie;en- Regeneration Beneficial effects
maturation / conversion
Walker & Sorbitol D20/ FN  FNLO0S3 + 1.5-3% MSO e reduce fresh weight of
Parrott, 2001 addition Lite sorbitol mature embryos
e increase embryo
regeneration and
conversion into plants
Schmidt et Standard FN Lite FNLO0S3S3 MSO e increase number of
al., 2005 medium matured embryos
e giverise to larger
embryos
e need shorter time to
reach physiological
maturity
e reduce embryo
conversion into plants
Sucrose FN Lite FNLOM3S3 MSO e reduce number of
replacement by matured embryos,
maltose e give rise to smaller
embryos
¢ need longer time to
reach physiological
maturity
e increase embryo
conversion into plants
Glutamine FN Lite FNLO0S3S3 + MSO e giverise to larger
addition 30 mM glutamine embryos
Methionine FN Lite FNLO0S3S3G30 + MSO e increase embryo
addition 1mM conversion into plants
Methionine

Table 2. Optimization of FNLS3 medium. FN Lite - FN Lite macro salts (Samoylov et al.,
1998a), MS micro salts (Murashige & Skoog, 1962), B5 vitamins (Gamborg et al., 1968), 6.7
mM L-asparagine, 1% sucrose , 146.1 mM mannitol and 0.5 mg/12,4-D, at pH 5.8 (Samoylov
et al., 1998a). FNLOS3 - FN Lite macro salts, MS micro salts, B5 vitamins, 6.7 mM L-
asparagine and 3% sucrose, at pH 5.8 (Samoylov et al., 1998b). MSO - MS basal salts, B5
vitamins, 1.5% sucrose, and 0.2% Gelrite, at pH 5.8.
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4.2.5 Activated charcoal

Activated charcoal (AC) is a porous material composed of carbon. AC has a unique
adsorption capacity and is often used in plant tissue culture to improve cell growth and
development. Applicability of AC is credited mainly to its capacity as adsorbent of
inhibitory substances in the culture medium (Thomas, 2008). As previously discussed
(Induction and proliferation of somatic embryos section), high concentrations of 2,4-D are
necessary to stimulate soybean somatic embryo induction and proliferation (Finer, 1988;
Samoylov et al., 1998a; Santarém & Finer, 1999). On the other hand, this growth regulator
can lead to abnormal embryo histodifferentiation or development of apical meristem,
especially in long-term cultures under exposure to 2,4-D. AC is presumably able to adsorb
2,4-D or other auxins released from developing tissues, promoting a more normal embryo
morphology and increasing germination ability (Merkle et al., 1995).

AC was present in a medium originally described by Bailey et al. (1993) for embryo
histodifferentiation/ maturation, but it has not been applied in further studies (Samoylov et
al., 1998b; Walker & Parrott, 2001; Korbes & Droste, 2005; Schmidt et al., 2005; Weber et. al.,
2007). Recently, it has been observed that addition of activated charcoal and ABA to the first
step histodifferentiation/ maturation medium increased the number of histodifferentiated
embryos (Droste et al.,, 2010). Since positive effects were not identified when ABA was
added in histodifferentiation/maturation medium (Schmidt et al., 2005; Weber et. al., 2007)
(discussed in the section about abscisic acid), the benefits described by Droste et al. (2010)
must be related to AC supplementation.

It is important to stress that studies were carried out with different genotypes and that
soybean response to in vitro culture conditions is genotype-dependent. Further studies,
specially focusing on embryo histodifferentiation and maturation, are important and
necessary to improve soybean embryogenesis of highly responsive cultivars.

After appropriate maturation, a desiccation stage is required. Conversion of partial-
desiccated soybean somatic embryos was shown to proceed more vigorously than non-
desiccated ones (Buchheim et al., 1989). The partial desiccation has been adopted by most
research teams (Bailey et al., 1993; Samoylov et al., 1998b; Tian & Brown, 2000; Walker &
Parrott, 2001; Droste et al., 2002, 2010; Korbes & Droste, 2005; Schmidt et al., 2005; Yang et
al., 2009; Wiebke-Strohm et al., 2011). Although there is a broad number of media available
for histodifferentiation/maturation, MSO (MS basal salts, B5 vitamins, 3% sucrose, and 0.2%
Gelrite™, at pH 5.8) medium has been almost exclusively used for soybean somatic embryos
germination/conversion stage (Finer & McMullen, 1991; Bailey et al., 1993; Samoylov et al.,
1998b; Tian & Brown, 2000; Walker & Parrott, 2001; Droste et al., 2002, 2010; Korbes &
Droste, 2005; Schmidt et al., 2005; Wiebke-Strohm et al., 2011).

5. Genetic transformation of soybean somatic embryos via particle
bombardment and bombardment/Agrobacterium integrated system

Plant genetic transformation is described as the introduction of recombinant DNA in plant
cells using genetic engineering methods. Transgenic plants represent a priceless tool for
molecular, genetic, biochemical and physiological studies. Plant genetic transformation also
offers a significant advancement for soybean breeding programs, in terms of allowing the
production of novel and genetically diverse plant materials.
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Advancements in the use of plant transgenesis have been reported for a large number of
species. Such progress entails the adoption of different protocols, which include the genetic
transformation mediated by polyethyleneglycol (PEG) and liposomes (known under the
heading of chemical methods), microinjection, electroporation and particle bombardment
(called physical methods), as well as the use of viral and/or bacterial vectors, as in
agroinfection and the Agrobacterium system (named biological methods).

Soybean transformation was first reported in 1988 by two independent groups using
different methods (Hinchee et al., 1988; Christou et al., 1988). Even after more than two
decades, the stable transformation of soybean cannot yet be considered as routine because it
depends on the ability to bring together efficient transformation and regeneration
techniques. Two methods have been successfuly used: particle bombardment (McCabe et
al., 1988; Christou et al., 1989; Finer & McMullen, 1991; Christou & McCabe, 1992; Finer et
al., 1992; Stewart et al., 1996; Aragao et al., 2000; Droste et al., 2002; Homrich et al., 2008; Wu
et al., 2008; Li et al., 2009; Hernandez-Garcia et al., 2009; Xing et al., 2010; Viana et al., 2011)
and Agrobacteriumn tumefaciens system (Parrott et al., 1989; Trick et al., 1997; Trick & Finer,
1998; Aragao et al., 2000; Yan et al., 2000; Ko et al., 2003, 2004; Paz et al., 2006; Hong et al.,
2007; Miklos et al., 2007; Liu et al., 2008; Wang & Xu, 2008; Wiebke-Strohm et al., 2011).

Regardless of the method used, the unicellular origin of soybean secondary somatic
embryos makes them a useful target tissue for transformation, allowing the production of
fully transformed plants. The first target used for transformation was primary somatic
embryos, but chimerical plants were obtained (Parrott et al., 1989) due to the multicellular
nature of primary embryos (Sato et al., 1993). Finer (1988) showed that the secondary
somatic embryos proliferated directly from the apical or terminal portions of the older
primary somatic embryos. Sato et al. (1993) proved that somatic embryo proliferation
occurred from single epidermal cells of existing somatic embryos. Using proliferative
embryos as target tissue many studies succeed in regenerating completely transformed
plants (Finer & McMullen, 1991; Finer et al., 1992; Stewart et al., 1996; Trick et al., 1997; Trick
& Finer, 1998; Droste et al., 2002; Homrich et al., 2008; Schmidt et al., 2008; Wu et al., 2008; Li
et al., 2009; Hernandez-Garcia et al., 2009; Xing et al., 2010; Wiebke-Strohm et al., 2011).

5.1 Agrobacterium system

Agrobacterium tumefaciens is a soil-borne Gram-negative phytopatogenic bacterium that
naturally infects different plants causing the crown gall disease (DeCleene & DeLay, 1976).
The origin of these sicknesses is interkingdom horizontal gene transfer. When virulent
strains of Agrobacterium infect plant cells, they transfer one or more segments of DNA
(transferred DNA or T-DNA) from Ti (Tumor inducing) plasmids into host plant cells
(recently reviewed by Gelvin, 2010 a,b; Pitzschke & Hirt, 2010). In recent decades, disarmed
(non-tumorigenic) A. tumefaciens strains have also provided a means to produce genetically
modified plants. In order to obtain engineered binary vectors derived from Ti plasmids,
oncogenes present in T-DNA region are replaced by any foreign DNA of interest (Gelvin,
2010b).

The advantages of Agrobacterium-mediated gene transfer include the possibility of
transferring relatively large segments of DNA, lower number of transgene copies
integration into plant genomes, rare transgene rearrangement, lower frequency of genomic
DNA interspersion and reduced abnormal transgene expression (Gelvin, 2003; Kohli et al.,

www.intechopen.com



160 Genetic Engineering — Basics, New Applications and Responsibilities

2003). Moreover, this system involves low operating cost and simplicity of transformation
protocols. On the other hand, plants differ greatly in their susceptibility to Agrobacterium-
mediated transformation. These differences occur among species, cultivars or tissues (Droste
et al., 1994; Gelvin, 2010b). In addition, in our laboratory this transformation system usually
results in lower transformation rates, if compared to particle bombardment.

Agrobacterium-mediated transformation system is a growing trend in crop transformation
programs (Somers et al., 2003). Soybean has long been considered recalcitrant to Agrobacterium
(DeCleene & DeLey, 1976), especially due to the low success rate in recovering transgenic
plants. Studies with tumorigenic Agrobacterium strains (Pedersen et al., 1983; Droste et al.,
1994; Mauro et al., 1995) and transient assays (Meurer et al., 1998; Droste et al., 2000) showed
that soybean can be readily transformed by this bacterium. Currently, it is known that
addition of acetosyringone during bacterial infection, combination of appropriate
Agrobacterium strain and soybean cultivar, as well as development of super virulent
bacterium strain and suitable plasmids increase efficiency of soybean transformation
(Somers et al., 2003; Ko et al., 2003, 2004; Wiebke-Strohm et al., 2011).

Transgenic plants regenerated via somatic embryogenesis were obtained using two different
target tissues: immature zygotic cotyledons and secondary somatic embryos. In the first
case, wounded immature zygotic cotyledons are co-cultivated with Agrobacterium
suspension, after which embryogenic tissue formation is induced from the surface of these
cotyledons. In the second case, proliferative secondary somatic embryos are first obtained
and then submitted to transformation experiments.

Transformation of zygotic cotyledons by A. tumefaciens and subsequent regeneration of
transformed soybean plants was first reported by Parrott et al. (1989). Plants were
regenerated from primary somatic embryos and, due to embryo multi-cellular origin, plants
were chimeric. As a consequence, transgenes were not present in the germ line and
transmitted to the progeny. Still using zygotic cotyledons as target, a new approach was
developed in which formation of secondary somatic embryos was allowed under continued
selection system. The unicellular origin of secondary somatic embryos permitted recovery of
complete, stable and fertile transgenic plants, whose progeny also displayed these
characteristics (Yan et al., 2000; Ko et al., 2003).

Transformation of proliferative secondary somatic embryos via A. tumefaciens has proven to
be challenging and only succeeded when combined to physical methods that generate an
entry point to bacteria penetration. Instead of the conventional transformation system, two
alternative methods have been proposed for this target tissue: the Sonication-Assisted
Agrobacterium-mediated Transformation (SAAT) (Trick et al., 1997; Trick & Finer, 1998), and
the combined DNA-free particle bombardment and Agrobacterium  system
(bombardment/Agrobacterium integrated system) (Droste et al., 2000; Wiebke et al., 2006,
Wiebke-Strohm et al., 2011). The difference between these methods lies in the technique
used to induce tissue wounding: while the first one used sonication, the second relied upon
bombardment. Although these methods proved to be feasible, both systems are time-
consuming, laborious, and depend on the availability of specific equipments for routine
application.

It is important to stress that the success in soybean Agrobacterium-mediated transformation
and regeneration via somatic embryogenesis depends on the availability of cultivars with
superior response to in vitro culture stimuli and high susceptibility to this bacterium. So far,
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regeneration of transgenic plants was achieved using immature zygotic cotyledons of Jack,
Williams and Dwight cultivars (Yan et al., 2000; Ko et al., 2003) or proliferative secondary
somatic embryos of Chapman, Bragg, IAS5 & BRMG 68 Vencedora cultivars (Trick et al.,
1997; Trick & Finer, 1998; Droste et al., 2000; Wiebke-Strohm et al., 2011).

5.2 Particle bombardment

Genetic transformation by particle bombardment (Sanford, 1988), also called particle or
projectile acceleration, biolistics or biobalistics, consists of the introduction of DNA in intact
cells and tissues by accelerated microprojectiles driven at high speeds. These projectiles are
able to cross the wall and the membranes of the cell and of the nucleus, where DNA
fragments are liberated (Trick & Finer, 1997). In this organelle, exogenous DNA may then be
integrated to chromosomal DNA through processes of illegitimate or homologous
recombination that depends exclusively on cell components (Sanford, 1990; Kohli et al.,
2003). Particle bombardment affords the introduction of DNA in plant cells by means of
plasmids (Hadi et al., 1996; Homrich et al., 2008) or gene cassettes (Fu et al., 2000; Breitler et
al., 2002). In this method, DNA is adhered to metal particles called microcarriers. The metals
used in the process have to be inert, like gold or tungsten, so as to prevent particles from
reacting with DNA or cell components (Christou et al., 1990). The DN A-particle complex is
accelerated towards the target cells using different apparatuses based on diverse
acceleration mechanismes.

Particle bombardment can be achieved through high or low helium pressure gene guns. So,
penetration in the target tissue can be controlled very accurately, directing the majority of
the particles carrying the DNA to a specific cell layer. This is an extremely important
feature, because different explants may require different acceleration conditions for
optimum particle penetration (Christou et al, 1990). As single epidermal cells are
responsible for the initiation of secondary somatic embryos (Sato et al.,, 1993), a shallow
penetration resulting from bombardment of low helium pressure ensures efficient
transformation (Sato et al., 1993). Finer et al. (1992) developed a low helium pressure particle
accelerator called Particle Inflow Gun (PIG).

The main advantage of particle bombardment lies in the possibility to transfer genes to any
cell or tissue type independently of genotype and without having to consider the
compatibility between host and bacterium, as required by the Agrobacterium system. On the
other hand, using this technique, multiple DNA copies are introduced which may
recombine or be fragmented (Hadi et al., 1996; Kohli et al., 2003).

Several studies about soybean transformation via particle bombardment using embryogenic
tissues have been published (Finer & McMullen, 1991; Finer et al., 1992; Stewart et al., 1996;
Droste et al., 2002, Homrich et al., 2008; Schmidt et al., 2008; Wu et al., 2008; Li et al., 2009;
Hernandez-Garcia et al., 2009; Xing et al., 2010).

6. Conclusion

Proliferative somatic embryos are one of the most suitable and convenient targets for
soybean genetic transformation. However, after two decades, the stable transformation of
somatic embryos cannot yet be considered as routine. The absence of a highly efficient
regeneration procedure is the main limiting factor. Advances have been made in the
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identification of cultivars with high potential for embryogenesis, as well as in the
optimization of media and culture protocols. Large efforts are being made to render more
efficient soybean plant regeneration via somatic embryogenesis. By recognizing the critical
factors, the protocols of each individual stage of the somatic embryogenic process can be
improved to more closely simulate zygotic embryo development in planta.
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