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Abstract

In contrast to zygotic embryogenesis, somatic embryogenesis culture systems, not limited in tissue quantity and accessibil-
ity, were found to be useful models with which to investigate the role of phytohormones during induction, development
and maturation of somatic embryos. Artificial seed technology is one of the important efficient methods of in vitro propa-
gation of a number of agronomically important plants, including Medicago species, with Medicago truncatula serving as
a Fabaceae experimental model. The review will focus on the role of exogenous and endogenous plant growth regulators
/phytohormones in different phases of somatic embryogenesis in Medicago species. There is evidence that induction and
development of M. sativa somatic embryos require endogenous levels not only of growth stimulants (e.g. gibberellins,
auxins and cytokinins), but also of phytohormones known as growth inhibitors, i.e. ABA, jasmonates and ethylene. Any
alterations in the contents of these plant growth inhibitors during the distinct phases of M. sativa SE, proved unfavorable
for the subsequent somatic embryo production, suggesting that the level of biosynthetic activity in tissues is optimal for
sustaining an appropriate course of this developmental process. It turned out that, in the case of ethylene, its synthesis
in and activity towards M. sativa is not linked to the induction, but is very important in the proliferation and differentia-
tion phases. An ABA content lower than that of active GAs (GA, GA;, GA|, GAs, GA;, GA¢) and IAA was proven to
enable the embryo formation in the M. truncatula callus. The importance of some phytohormones in the germination and
conversion of somatic embryos is also discussed.

Keywords Medicago spp. somatic embryogenesis - Regeneration systems - Phytohormonal regulation of SE (Abscisic,
acid, Auxin, Cytokinin, Ethylene, Gibberellins, Jasmonates)
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RPI Regeneration protocol I
RPII Regeneration protocol 11
SE Somatic embryogenesis
Introduction

Somatic embryogenesis (SE) is a non-sexual process in
plants in which somatic or gametic (e.g. microspore) cells
develop into structures that resemble zygotic embryos. The
process can take place both in vivo and in vitro. The occur-
rence of SE under natural conditions has also been observed
in a few plant species, including Ranunculus sceleratus,
Malaxis paludosa, Pryophylium calycium and Kalanchoé
diagremontiana (Brown et al. 1995; Garcés et al. 2007).
Since the first description of SE in an in vitro tissue culture
65 years ago (Steward et al. 1958), the process has been the
subject of many studies and provides an ideal in vitro exper-
imental system for research on early plant development
at the morphological, physiological and molecular levels.
Moreover, somatic embryos, immediately after their obtain-
ing and drying, can be used as the so-called artificial seeds
(somseeds; synthetic seeds) which constitute a healthy and
uniform seed material that can be stored for a long time
without any loss to its germination potential. Obtaining
of these seeds proves independent from, e.g. unfavorable
climatic conditions, which are an obstacle for obtaining
fully viable seed material; under appropriate conditions,
such seeds can develop functional shoot and root systems.
Somatic embryo formation can be induced in vitro in many
plants from various taxonomic groups, including several
agronomically important species, such as those representing
the family Fabaceae which includes Medicago. The abil-
ity to undergo an in vitro embryogenesis has been found
in many species of Medicago, but most researchers have
focused on economically important species and varieties
of the Medicago sativa-falcata complex which includes M.
sativa, M. falcata, M. varia, M. caerula, M. glandulosa and
M. hemicycle, and which are generally lumped together as
M. sativa (Brown et al. 1995). The perennial species of the
Medicago complex are usually open-pollinated and auto-
tetraploids. In addition to the cultivated species mentioned,
embryogenesis was induced in wild, diploid, self-pollinat-
ing Medicago species such as M. arborea, M. lupulina, M.
polymorpha and M. truncatula (Iantcheva et al. 2001). The
embryogenic properties of Medicago are correlated with
the genotype of the mother plants, are inherited and could
be enhanced by selection (Saunders and Bingham 1972;
Bingham et al. 1975; Wan et al. 1988; Neves et al. 1999;
Elmaghrabi and Ochatt 2006). The first report on the in vitro
regeneration, using tissue cultures, in a representative of the
Medicago group, i.e. Medicago sativa L., was published in
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1972 by Saunders and Bingham. Since then, several dozen
papers on embryogenesis in the Medicago sativa - falcata
complex have been published (reviewed by Brown et al.
1995, McKersie et al. 1995). Bingham (1989, 1991) regis-
tered both alfalfa Regen-S and hybrid Regen-SY germplasm
for use in tissue culture and transformation. In turn, McK-
ersie et al. (1989) showed that the genotype RL-34 of the
Medicago sativa L. cultivar Rangelander is highly embryo-
genic and genetically stable during the in vitro culture. A
diploid Medicago truncatula, a genetic and genomic model
for legumes, was first regenerated using SE in 1989 by the
group of professor Rose in Australia (Nolan et al. 1989) and
required a special seed line called Jemalong 2HA (Rose et
al. 1999). In the same year, the group of Professor Fever-
eiro in Portugal obtained a highly embryogenic line of M.
truncatula, the M9-10a, derived from the non-embryogenic
line M9 of the Jemalong cultivar (Neves et al. 1999; Santos
and Fevereiro 2002). Acquisition of embryogenic lines from
non-embryogenic ones by the researchers mentioned above
has been a great step forward to the extensive use of those
lines in studied related to the SE regulation at the physi-
ological and molecular level.

As in other plant species, emergence of somatic embryos
of Medicago in in vitro cultures involves several stages, each
controlled by a set of various internal (genotype, explant
type) and external factors (physical, such as temperature,
light, pH; chemical, such as macro- and micronutrients,
growth regulators, sugars). The embryogenic properties
of Medicago spp. are correlated not only with the donor
plant genotype but also with the explant type; the choice of
explants has a great effect on the success of an embryogen-
esis protocol (Brown et al. 1995). Different explants have
been selected in Medicago spp. Generally, mature vegeta-
tive tissues such as leaves and petioles are often used (Meijer
and Brown 1987; McKersie et al. 1989; Neves et al. 1999),
as are cotyledons and hypocotyls (Iantcheva et al. 1999).
Nolan et al. (1989) observed a significantly larger embryo-
genesis in leaf explants taken from regenerated plantlets
of M. truncatula than in those from the original plant. The
choice of the explant type does not seem to be of a decisive
importance for obtaining Medicago embryogenic cultures,
but — due to the state of primary cell competence — it affects
the occurrence of a specific type of somatic embryogenesis.
Embryos can form in two ways, either directly from pre-
embryogenic determined cells (PEDC), e.g. an embryo,
or indirectly from induced embryogenic determined cells
(IEDC), which were not embryogenic before (e.g. leaves,
petiole explants). Several different protocols for direct
and indirect Medicago spp. SE have been developed; they
are based on the ability of the embryogenic cells to form
embryos after exogenous application of auxins, mainly syn-
thetic 2,4-D and cytokinins, also mainly synthetic, such as
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kinetin or BA (Denchev et al. 1991; Pasternak et al. 2000;
Meijer and Brown, 1987; McKersie et al. 1989). Depend-
ing on the method of somatic embryo production, differ-
ent explants and media are used and two or more phases of
embryogenesis are distinguished. In the direct embryogen-
esis without the callus phase, young trifoliate leaves were
used as initial explants to obtain the embryos of M. falcata
L. (Denchev et al.1991); in M. sativa subs. varia A2, leaf
protoplasts (Pasternak et al. 2000) or in M. truncatula geno-
type R-108-1 leaf and root (Iantcheva et al.2006) were used.
In the indirect embryogenesis of M. sativa cv. Rangelander
or M. truncatula cv. Jemalong mutant 2HA petioles and
leaves are undoubtedly, most important (Meijer and Brown,
1987, McKersie et al. 1989; Neves et al. 1999) [Figs. | and
2]. In turn, leaves or roots were used for the induction of
callus or cell suspension of M. fruncatula genotype R-108-1
and genotype M9-10a (Iantcheva et al. 2005; Duque et al.
2006; Ochatt et al. 2013).

Depending on the explants and the number of SE phases
(2 or more), the process of embryo formation in these plants
lasts from 4 to about 6 weeks. The development of two
different systems for obtaining M. sativa cv. Rangelander
embryos by Meijer and Brown (1987) and McKersie et al.
(1989), differing in the number of phases, turned out to be
very useful for studies on involvement of hormones in indi-
vidual SE stages (Figs. | and 2). The two-stage system, with

an induction phase (IP) and differentiation phase (DP) on
solid media allows to obtain, relatively quickly and in an
uncomplicated manner, somatic embryos from the callus,
although most of the embryos reach the globular and heart-
shaped stage, and only a few develop into the cotyledonary
stage (Fig. 1). This system allowed to accurately determine
the contribution of each of the phytohormones of interest to
the induction of embryogenesis and initiation of the somatic
embryo formation. But apart from the number of embryos
produced, it was difficult to accurately trace the stages of
their development. The longer, more labor-intensive system
using solid (induction, differentiation, maturation phases)
media and liquid media (proliferation phase) was more
appropriate for this purpose (Fig. 2). The use of both systems
facilitated the detailed and thorough examination of the role
of phytohormones in the distinct phases of SE. To follow the
role of plant phytohormones in the induction of embryogen-
esis, the use of a regeneration system with non-embryogenic
and embryogenic genotypes (Fig. 3) proved appropriate. It
is generally accepted that the competence for SE is geneti-
cally controlled and is mediated through the actual ontoge-
netic state of the initial explants (cytological, physiological,
biochemical status) which respond to a specific inductive
signal. In most plant species, including those of Medicago,
the signal is auxin, mainly synthetic 2,4-dichlorophenoxy-
acetic acid (2,4D), a known herbicide, usually applied in

Medicago sativa L. cv. Rangelander
Meijer, Brown 1987

Medicago truncatula cv. Jemalong M9-10a
Neves et al. 1999 (modified by Igielski, Kepczynska 2017)
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Fig. 1 A schematic illustrating the regenerative system I (RPI) of the somatic embryogenesis (SE) in Medicago sativa cv. Rangelander and M.

truncatula 2HA.
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Fig.2 A diagram illustrating stages of research elucidating the role of phytohormones in various phases of SE (RP II) in M. sativa. The vigor of the
somatic embryos obtained was determined with a due consideration to their germination and conversion to seedlings

concentrations of at 4.5 to 22.5 pM (Meijer and Brown
1987; McKersie and Brown 1996). Other synthetic auxins
include 1-naphthalene acetic acid (NAA), 2,4,5-trichloro-
phenoxyacetic acid (2,4,5-T) and (2,4-dichlorophenoxy)-
propanoic acid which have been shown to be effective in the
SE induction in Medicago spp. (Nolan et al. 1989; Brown
et al. 1995). Depending on the plant system, also cytoki-
nins, regulators responsible for plant cell divisions, may
be required to enable embryogenesis to occur in cultures
of Medicago species, including M. sativa and M. truncat-
ula (Brown et al. 1995). Mainly synthetic cytokinins such
as kinetin, applied in the range of 1-5 pM, and less often
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6-benzyladenine (BA) and 6-benzylaminopurine (BAP) are
used together with auxins for embryo induction. The kine-
tin used during IP significantly increases the production of
embryos on the differentiation medium (Meijer and Brown
1987). To induce SE in M. truncatula, mainly BAP (Nolan
et al. 1989; Iantcheva et al. 2014) or a natural cytokinin,
zeatin, are used (Araujo et al. 2004). Thus, importance of
exogenous stimulants such as auxins and cytokinins, com-
monly used in the form of their synthetic analogues, in the
induction of Medicago spp. SE has been amply documented.
However, knowledge on the role of endogenous classical
plant growth phytohormones such as the growth stimulators
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Fig. 3 Callus development from primary leaf explants (on the SH medium) of Medicago truncatula non-embryogenic M9 and embryogenic
(M9-10a) genotypes and somatic embryo production from M9-10a embryogenic callus after 21 days on the differentiation MS medium

gibberellins (GAs) and IAA and growth inhibitors such as
abscisic acid (ABA), jasmonic acid (JA) and ethylene pres-
ent in initial explants and tissues during different stages of
Medicago spp. SE have been described only in few original
works. Generally, the approaches illustrated in Fig. 2 were
used in an attempt to understand the role of hormones in SE
regulation. The first step, used commonly, is to add phyto-
hormones to the culture medium during individual stages
of SE, the next step involving addition of inhibitors of their
biosynthesis and action (as far as it is known). Finally,
determining endogenous hormone levels and the ratio of
inhibitors to stimulants may provide a picture from which to
assess the participation of individual phytohormones in SE
regulation in plants, including Medicago spp. Additionally,
some approaches listed above have been used to assess the
importance of GAs, ABA, JA and ethylene during regen-
eration of Medicago spp. somatic embryos, i.e. during their
germination and conversion into seedlings.

Thus, the aim of this review is to summarize informa-
tion on the involvement of phytohormones (IAA, cytoki-
nin, ethylene, ABA, GAs and jasmonic acid) in in vitro
indirect Medicago spp. somatic embryogenesis in different
SE phases. Studies that involve molecular research on SE
regulation in Medicago spp. will not be referred to here; an
extensive review of Rose (2019) provides wide adequate
information on this topic with respect to Medicago spp.

Indole-3-acetic acid (IAA)

The literature information regarding the key importance of
auxins, especially synthetic ones, in direct and indirect SE
in plants, including Medicago spp. is very abundant, com-
pared to information on the levels of endogenous IAA, a
natural auxin, during individual stages of the process (Jimé-
nez 2005).

Pasternak et al. (2002) showed that the level of endog-
enous [AA increased transiently in all protoplast cultures
during the first 4-5 days of direct SE from leaf protoplast-
derived cells of the embryogenic alfalfa genotype (Medi-
cago sativa, subsp. varia A2), the increase being correlated
with cell division and differentiation, hence with the devel-
opment of the embryogenic cell type. More information on
changes in the IAA content at individual stages of indirect SE
from petiole leaf explants of the M. sativa cv. Rangelander
embryogenic genotype (Fig. 2), such as the induction phase
(in primary explant and callus), embryogenic suspension,
differentiation phase (embryos: globular, torpedo, early and
late cotyledonary) and maturation phase (matured dormant
embryos without chlorophyll) was provided by Rudus et al.
(2009). The very low IAA levels were observed in the cal-
lus and cell suspension in the presence of synthetic auxins,
2.4-D at 4.5 uM, followed by quite constant but high levels
in embryos developing from globular to early-cotyledonary
stage in the absence of any exogenous growth regulators in
the differentiation medium. Subsequently, the IAA content
decreased substantially in late-cotyledonary embryos, and
continued to decline further in mature embryos. To inves-
tigate in detail the importance of IAA, recognized as a key
hormone for SE induction, not only its biosynthesis, but also
its catabolism was studied on two genotypes of M. truncat-
ula Jemalong: embryogenic M9-10a (E) and non-embryo-
genic M9 (NE) [Fig. 3] (K¢pczynska and Ortowska 2021).
Although the same level of IAA was found in the initial leaf
explants of both lines, during the 21-day induction phase in
the presence of 2,4-D auxin (0.5 uM) in the tissues of the
embryogenic line, by day 21 the IAA content increased in
the callus by a factor of 6. The differences observed were
related to different [AA catabolism during the 21 days of the
induction phase; the highest level of 2-oxinoindole-3-acetic
acid (oxIAA) was found in the 21-day-old NE callus. The
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IAA catabolism is considered to be the major pathway of
IAA inactivation (Zhao et al. 2013).

The results presented indicate that IAA participates not
only in SE induction, but also in the development of somatic
embryos in Medicago species.

Cytokinin

Cytokinins responsible for cell division are also used in the
SE induction phase in Medicago spp. (Meijer and Brown
1987, Nolan et al. 1989). In M. sativa, the most commonly
used kinetin was applied in concentrations ranging within
1-5 pM. BA, zeatin and zeatin riboside have been used
much less frequently (Brown et al. 1995). BAP (Nolan et al.
1989) or zeatin, a natural cytokinin (Araujo et al. 2004) is
applied to the induction medium for M. truncatula.

Application of cytokinin, especially kinetin, at a concen-
tration of 1-5 uM, together with auxins, produces a strong
stimulation of embryo induction in M. sativa (Meijer and
Brown 1987). However, the current data on endogenous tis-
sue cytokinin levels during Medicago spp. SE are highly
insufficient. No differences in the contents of cytokinins
(zeatin, zeatin riboside, N-isopentyladenine, N-isopentyl-
adenosine) in initial leaf explants during direct SE were
observed in M. falcata L. (Ivanova et al. 1994). Higher lev-
els of cytokinins were detected in the M. arborea NE callus
than in the E callus (Pintos et al. 2002).

Ethylene

Ethylene, the only gaseous phytohormone having, among
all known phytohormones, the simplest structure, produced
by almost all parts of the plant and involved in regulation of
many plant development processes, is particularly associ-
ated with in vitro cultures (Biddington 1992). The gas accu-
mulates, to a different extent, in airtight culture vessels and
can thus modify physiological and morphogenetic processes
there. Early studies on the ethylene involvement in regula-
tion of the indirect SE from petiole leaf explants of the highly
embryogenic (F1.1) and virtually non-embryogenic (F.1.6)
genotypes of Medicago sativa L. ssp. falcata SE were con-
ducted in a system consisting of two distinct phases: induc-
tion (10 days, 2,4-D kinetin) and differentiation (20-day
growth, regulator-free medium) (Meijer and Brown 1988;
Meijer 1989). The ethylene-producing capacity increased in
the cultures of both genotypes during the first 10 days on the
induction medium and then decreased significantly during
the initiation of somatic embryo formation on the differenti-
ation medium (Meijer 1989). Cobalt and nickel ions, inhibi-
tors of the conversion of 1-aminocyclopropane-1-carboxylic
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acid (ACC), a direct precursor of ethylene biosynthesis,
strongly inhibited synthesis of the hormone during IP, but
did not affect formation of the embryos during DP. How-
ever, cobalt ions present during DP did inhibit ethylene
production and the embryo formation. Application of other
known ethylene biosynthesis inhibitors blocking the ACC
formation, such as aminooxyacetic acid (AOA) and ami-
noethoxyvinylglycine (AVG) during the induction phase did
not affect ethylene production or somatic embryos, which
proved the necessity of the ethylene biosynthesis during the
embryo formation. In the same regeneration system, Meijer
and Brown (1988) used the M. sativa ssp. falcata genotype
F.1.1 and showed that out of four ACC biosynthesis inhibi-
tors [AOA, AVG, 2,4-dinitrophenol (DNP) and salicylic
acid (SA)], three — when applied in the differentiation phase
- did not affect ethylene production, and SA increased it, but
all inhibited the embryodifferentiation.

These results suggested that the production of ethylene
during the SE induction was not relevant to the process. The
suggestion is in agreement the outcome of using 2,5-nor-
bornadiene (NBD), a specific inhibitor of ethylene action,
for the first time in the SE research with a similar regenera-
tion system (Kepczynski et al 1992). The inhibitor in ques-
tion did not significantly affect the embryogenesisinduction,
but — like the ethylene biosynthesis inhibitors (AOA, AVG,
cobalt and nickel ions, SA) present during differentiation of
M. sativa cv. Rangelander —inhibited the somatic embryo
formation. Later on, application of an ethylene biosynthe-
sis and action inhibitors, AVG and Ag™, respectively, during
development of the embryogenic callus in M. truncatula cv.
Jemalong mutant 2HA mesophyll protoplasts confirmed the
essential role of ethylene in Medicago spp. (Mantiri et al.
2008). Expression of the ethylene biosynthesis gene ACC
synthase (ACS) and ACC oxidase (ACO) was inhibited in
the presence of the compounds mentioned; in addition, the
embryo production was strongly inhibited as well.

The rate of ethylene production is known to be dependent
on the presence of 2,4-D and kinetin in the culture medium;
the two compounds can act synergistically to promote eth-
ylene biosynthesis (Lieberman 1979). The two regeneration
protocols used, the 2-phase (RPI, Fig. 1) and the 4-phase
one (RPII, Fig. 2) for somatic embryo production in M.
sativa cv. Rangelander confirmed that higher concentrations
0f 2.4-D and kinetin in the induction medium contributed to
higher ethylene production (Ke¢pczynska et al. 2009). The
highest ethylene production was detected in both regenera-
tion protocols, compared to production in the differentiation
medium free from 2,4-D and kinetin; this confirmed results
reported previously by Meijer (1989) with M. sativa ssp.
falcata. Moreover, the use of the 4-step regeneration sys-
tem allowed, for the first time, to trace ethylene production
by the embryogenic suspension and, most importantly, to
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trace the production during various embryonic develop-
ment stages and during embryo maturation in the presence
of ABA (Kg¢pczynska et al. 2009). Much less ethylene was
produced by the embryogenic suspension compared to the
callus, but after transfer to the growth regulator-free dif-
ferentiation medium, the production of the gas increased,
although still by about almost half as much as during the
callus growth. Ethylene production was drastically reduced
following transfer of the embryos to the maturation medium
supplemented with 20 uM ABA (Ke¢pczynska et al. 2009).
Tracing the production of ethylene, endogenous ACC (a
direct precursor of ethylene biosynthesis) and the in vivo
activity of ACO (the enzyme responsible for ACC to eth-
ylene conversion) during the 2- and 4-phase SE led to the
conclusion that the activity of the enzyme, but mainly the
availability of ACC, is responsible for changes in the eth-
ylene production during individual SE phases. Huang et al.
(2001) showed that when the callus obtained from leaf peti-
ole of M. sativa L. cv. Jin nan was transferred to a liquid
medium for the induction of embryogenesis, the ACC level
sharply increased to decrease as embryogenesis proceeded.
They noted that the decrease in the ACC content during dif-
ferentiation was related to conversion of this ethylene pre-
cursor to 1-malonyloamino-cyclopropane-1-carboxylic acid
(MACC), and suggested that such conversion may be ben-
eficial for the formation of embryos. A high ethylene accu-
mulation in the culture vessels due to rubber caps as well as
ethylene removal by KMnO, and HgC1O, during the induc-
tion and differentiation phases in M. sativa cv. Rangelander
SE had no effect on induction of the callus and its growth,
nor was the formation and development of somatic embryos
affected (Kepczynska et al. 2009). Reduction of ethylene
biosynthesis by AVG during the induction phase in RPI
had no effect on callus growth and somatic embryo produc-
tion, but when AVG was added to differentiation phase, the
decrease in ethylene production was accompanied by inhi-
bition of embryo production. Application of AVG and other
SA during the proliferation and differentiation phases in RPII
not only reduced the production of embryos, but also their
development; more embryos were arrested at the globular
or torpedo stage (Kepczynska et al. 2009; Kepczynska and
Zielinska 2011). Mantiri et al. (2008), who studied the M.
truncatula SE, showed that the ACS and ACO genes, encod-
ing ACC- synthase and ACC-oxidase, the key enzymes in
ethylene biosynthesis, are consistently expressed at higher
levels in tissues of the super-embryogenic mutant 2HA than
in the non-embryogenic callus of the Jemalong cultivar.
Regulation of M. sativa L.cv. Rangelander somatic embryo
formation was shown to involve not only ethylene biosyn-
thesis, but also ethylene action; effects of a blocked ethyl-
ene action during SE in RPI (Kgpczynski et al. 1992) was
confirmed in experiments with an extended number of SE

stages (RPII system, Fig. 2) by using not only NBD, but also
I-methylcyclopropane (1-MCP) another ethylene binding
inhibitor, during the proliferation and differentiation phases
of indirect SE in M. sativa cv. Rangelander (K¢pczynska
and Zielinska 2011). Both had an inhibitory effect on the
suspension’s multiplication rate and embryogenic capacity,
production of embryos and their development; develop-
ment of more embryos was arrested at the globular stage.
Moreover, both ethylene biosynthesis and action inhibitors
present during the proliferation and differentiation phases
diminished the lateral germination and conversion of coty-
ledonary embryos obtained, i.e. their vigor, on an MS solid
medium (Kepezynska and Zielinska 2011).

All these studies conducted on Medicago spp. showed
that both ethylene biosynthesis and action were necessary
for SE in the proliferation and differentiation phases and,
moreover, that disturbance of these processes adversely
affected germination cotyledonary embryos obtained and
their conversion to seedlings. Ethylene, a known seed germi-
nation stimulant (K¢pczynski and Kepezynska 1997), par-
ticipates also in germination and conversion of somatic M.
sativa cv. Rangelander embryos (K¢pczynska and Zielinska
2013). The inhibitory effect of AVG and SA, two ethylene
biosynthesis inhibitors, on somatic embryo germination and
conversion to plantlets indicates that the processes require
endogenous ethylene.

Although somatic embryos of M. sativa and other species
kept in vitro do not produce endosperm-like zygotic seeds
containing o-amylase responsible for starch hydrolysis
(Kohno and Namori 1991), they also produce the enzyme
discussed (Ke¢pczynska and Zielinska 2006). The inhibitory
effect of AVG or SA present in the germination medium on
a-amylase activity as well as on starch hydrolysis and accel-
eration of the disappearance of soluble sugars in the pres-
ence of these inhibitors in the conversion medium indicate
involvement of ethylene biosynthesis in regulation of sugar
metabolism of M. sativa, germination of embryos and their
conversion to seedlings (Kepczynska and Zielinska 2013).

Abscisic acid

Abscisic acid (ABA) is a classical plant growth inhibitor
which inhibits the plant growth and development; it also
regulates embryo maturation and seed dormancy, and inhib-
its germination, cell division and elongation (Finkelstein
and Rock 2002). Few studies have focused on the role of
exogenous ABA in the induction of SE in Medicago spp. Its
use in two phases of the regeneration system in M. sativa
cv. Rangelander (Fig. 1), i.e. the induction and differentia-
tion, resulted in reduction of the callus and embryo pro-
duction and development (Rudus et al. 2001). In another
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regeneration system (Fig. 2) in M. sativa cv. Rangelander,
the use of ABA in the induction, proliferation of suspension
and differentiation phases resulted in reduction of growth
of the callus and embryogenic tissue suspension as well as
in production and development of somatic embryos (Rudus
et al. 2006). ABA added to the differentiation medium was
observed to inhibit embryo development; more globular and
torpedo embryos than cotyledonary ones were produced.
Such retardation of the embryo development by ABA pres-
ent in the differentiation medium can be related to the com-
pound’s inhibitory effect on ethylene production through
reduction of the ACO activity, which confirms earlier find-
ings that ethylene biosynthesis (Meijer 1989; Kepczynska
et al. 2009; Ke¢pczynska and Zielinska 2011) and action
(Kepezynski et al. 1992; Kepczynska and Zielifiska 2011)
are involved in the control of individual phases of SE in M.
sativa cv. Rangelander.

ABA inhibited also germination of mature embryos and
their conversion to plantlets (Rudus et al. 2006). When was
applied in at the differentiation phase, exogenous ABA was
a stimulant of somatic embryo production in M. truncatula
2HA (1 uM) (Nolan and Rose 1998). ABA application at a
low ABA / GA; ratio to the induction medium was found to
have a stimulatory effect on embryo production in M. trun-
catula 2HA (Nolan et al. 2014). Fluridone (FL), an ABA
biosynthesis inhibitor, present in the induction, proliferation
or differentiation phase in Medicago sativa SE was observed
to exert a negative effect on the somatic embryo production
and development (Rudus et al. 2009), which suggests that
indirect somatic embryogenesis in alfalfa cultures requires
some level of the plant growth inhibitor discussed. FL
decreased ABA levels in developing somatic embryos of M.
sativa (Rudus et al. 2009.

Thus, the data obtained so far from experiments involv-
ing applications of both ABA and its biosynthesis inhibi-
tor point to the participation of endogenous ABA in SE
regulation in Medicago spp. plants and suggest that a cer-
tain amount of endogenous ABA is needed both during the
induction of embryogenesis and for the proper course of the
process.

Using the Elisa method to determine the ABA level during
the direct M. falcata embryogenesis, Ivanova et al. (1994)
found that the initial leaf explants of fast embryogenic
lines showed lower ABA levels than the initial explants of
slow-embryogenic line did, and that the contents at differ-
ent stages of SE differed, depending on the line. The first
detailed ABA content analysis with the multiplex GC-MS/
MS technique was performed on various tissues of M. sativa
L. cv Rangelander: intact petioles without sterilization,
initial explants after sterilization, callus, cell suspension,
embryos (globular, torpedo, early and late cotyledonary,
mature), at specific phases of the indirect SE (Rudus et al.
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2009). During the entire SE, ABA was synthesized in all
the tissues listed above, but the intensity of the process dif-
fered. The relatively high ABA content in the sterilized ini-
tial explants drastically decreased during the callus growth
and suspension proliferation, but it increased considerably
in the differentiating embryos, although the fully developed
late-cotyledonary embryos showed a decreased ABA syn-
thesis. Any alteration in the ABA content during distinct SE
stages proved unfavorable for the subsequent embryo for-
mation, suggesting that the level of biosynthetic activity in
tissues is optimal for sustaining an appropriate course of the
process, and that endogenous ABA is involved in regulation
of the embryo induction and development in the embryo-
genic M. sativa cv. Rangelander. That endogenous ABA is
important in regulating initiation of the direct embryogen-
esis in M. falcata was suggested by Ivanova et al. (1994);
they showed that a higher ABA level in the initial explant
of the non-embryogenic line, compared with the content
in the embryogenic line was correlated with inhibition of
the somatic embryo induction. Later on, Ke¢pczynska and
Orfowska (2021) reported a higher level of ABA during
the indirect embryogenesis of M. truncatula cv. Jemalong
(Fig. 3) not only in initial explants of the NE genotype (M9),
compared to that in the E genotype (M9-10a), but also in
the NE callus on the last day of the induction phase (day
21 — the callus tissues of both genotypes were transferred
to the differentiation medium) to be related to the absence
of embryo production. Differences in the ABA contents
between tissues of the E and NE M. truncatula genotypes
during the indirect SE induction phase are probably due
to differing contents of ABA catabolites and conjugates
(Kepczynska and Orfowska 2021). All these results show
that a certain amount of endogenous ABA is needed for the
induction of indirect embryogenesis in Medicago sativa and
M. truncatula and for development of the somatic embryos.

Jasmonates

The phytohormones jasmonic acid (JA) and its methyl ester
(MeJA), the main representatives of jasmonates, occur in
different plant tissues and organs and affect many physiolog-
ical processes. Although they exhibit chemical and biologi-
cal similarities to ABA, in some cases they do not mimic the
ABA effects (Parthier 1990). The role of these compounds
in somatic embryogenesis in Medicago spp. has been dis-
cussed in few reports only. Exposure to JA and MeJA during
a two-phase regeneration system in M. sativa cv. Range-
lander (Fig. 1), i.e. the induction and differentiation, reduced
the callus growth and the number of embryos; the inhibitory
effect was weaker than that of ABA (Rudus et al. 2001).
MelJA used in the second regeneration system of M. sativa
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(Fig. 2) also inhibited the callus induction and growth as
well as proliferation of the embryogenic suspension, but did
not have any significant effect on embryo production and
development when applied during the differentiation phase,
in contrast to ABA which caused a 50% reduction in the
production of cotyledonary embryos (Rudus$ et al. 2006).
Moreover, MeJA could not replace the routinely used ABA
as a somatic embryo maturation inducer and, in contrast to
ABA, only slightly reduced germination of the cotyledon-
ary embryos and their conversion to plantlets. Manipulation
of the endogenous jasmonate levels with indoprofen, a spe-
cific inhibitor of octadecanoid biosynthesis, was found to
modify the course of the M. sativa somatic embryogenesis
(Rudus et al. 2009). Inhibition of individual stages of the
indirect M. sativa ES by indoprofen during the induction
phase, suspension multiplication and differentiation proved
the necessity of jasmonates for those processes to occur.
Biosynthesis of jasmonates and their precursor, 12-oxophy-
todienoic acid (OPDA), took place in tissues of M. sativa cv.
Rangelander during SE proceeding in accordance to both
RPI and RPII (Rudus et al. 2005, 2009). Exposing the initial
explants to mechanical and chemical stresses led to a strong
accumulation of JA/ MeJA and OPDA, the concentrations
of which dropped markedly during callus growth and sus-
pension proliferation. Their levels increased again during
the formation of early-cotyledonary embryos; however,
when embryos reached the late-cotyledonary stage, the JA,
MeJA and OPDA levels decreased considerably (Rudus et
al. 2005, 2009). An indoprofen-driven reduction of the lev-
els of both JA and its biosynthetic precursor, OPDA, in late-
cotyledonary somatic embryos confirmed the compound to
be a specific jasmonate biosynthesis inhibitor. Any changes
in the JA contents during individual SE phases turned out to
be unfavorable for the subsequent embryo formation, which
suggested that the jasmonate biosynthetic activity level in
tissues is optimal for the appropriate course of SE.

Gibberellins

Compared to the high number of studies explaining the role
of phytohormones from the group of stimulants, such as
auxins and cytokinins, in SE regulation, research focused
on gibberellins (GAs), important plant growth stimulants,
is modest in volume (Jiménez 2005). Gibberellins comprise
over 136 natural plant constituents, among which biologi-
cal activity is exhibited by GA |, GA;, GA,, GA;, GA¢, and
GA,. They are a major class of phytohormones which regu-
late plant growth and development from seed germination
to seed-fruit set (Sponsel 2016). Most information on the
role of these phytohormones in SE derives from exogenous
GA; application during different phases; the outcomes are

species-specific. The gibberellin A, applied in the two-step
protocol to M. sativa cv. Rangelander SE (Fig. 1) during
the induction and differentiation phases reduced the cal-
lus growth and increased the number of somatic embryos;
embryo production increased strongly when the hormone
was present in the differentiation medium (Rudus$ et al.
2002). Positive effects of GA; addition to the induction
medium, but together with ABA (a high GA; and a low ABA
concentration), on somatic embryo production have been
reported for the M. truncatula 2 H line (Nolan et al. 2014).
GA; applied, even at low concentrations, during the induc-
tion phase inhibited the callus growth and the subsequent
embryo production in the M. truncatula M9-10a genotype
(Igielski and Kepczynska 2017). These different effects of
exogenous GA; may suggest that the level of endogenous
GAs may be sufficient for the embryogenic callus growth
and embryo development in some cases and insufficient in
other instances. In the M. truncatula M9-10a genotype, the
amounts of endogenous GAs were probably adequate for the
progress of SE. Inclusion of paclobutrazol, a triazole inhibi-
tor of ent-kauirene oxidase, in the induction and differen-
tiation medium during SE of M. sativa Rangelander had an
inhibitory effect on the callus growth and embryo production
(Rudus et al. 2002). Also, the inhibitor of this gibberellin
biosynthesis, present during embryogenesis induction in the
M. truncatula cv. Jemalong embryogenic genotype M9-10a
strongly inhibited the callus growth and subsequent produc-
tion of embryos (Igielski and Kepczynska 2017). Those
effects indicate that endogenous GAs are required for both
induction and differentiation processes. Extensive research
conducted by Igielski and Kepezynska (2017) answered
the question whether gibberellins, and which of the bio-
logically active ones (GA, GA;, GA;, GAs, GA;, GAy)
are involved in induction of the somatic embryogenesis in
M. truncatula cv. Jemalong. In these studies, traced during
three week-long induction phase, when cells were forming
callus from leaf explants of NE (M9) and E (M9-10a) geno-
types, production of intermediates and active gibberellins
from 2 pathways (13-hydroxylation and non-13 hydroxyl-
ation) of gibberellins biosynthesis as well as expression of
the identified in M. truncatula genome 20 most important
genes responsible for the biosynthesis of active gibberellins.
The 13-hydroxylation pathway was found to be activated
only in the embryogenic tissues (M9-10a), with a signifi-
cant increase in GAg; and GA |, intermediates after the first
week of the 21-day induction phase. This was associated
with an increase, after the second week, in only one bioac-
tive gibberellin, GA;. Of all the 20 genes tested, expression
only three (MtCPS, MtGA3ox, MtGA30x2) was specific to
the embryogenic tissues and reflected changes in the GAs;,
GA |y and GA; contents.
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Summing up

All the endogenous phytohormones described play an
important role in the induction and differentiation of somatic
embryos in Medicago spp., but the tissue sensitivity to indi-
vidual hormones varies with the species, genotype and the
system for SE induction used. Interaction between exoge-
nous plant growth regulators added to the medium (different
concentrations have been applied) and endogenous levels in
primary explants used for initiation of SE must be taken into
account when the differences observed are being addressed.

The use of two regenerative systems: M. sativa cv.
Rangelander (embryogenic genotype) and M. truncatula cv.
Jemalong (non-embryogenic M9 and embryogenic M9-10a
genotypes) provided new data on the involvement of endog-
enous growth stimulants such as IAA, gibberellins and the
growth inhibitors, known as the stress-related hormones, i.e.
ethylene, ABA and jasmonates in the induction of SE and
embryo development in these plant species.

During the SE induction (Pasternak et al. 2002; Rudu$
et al. 2009; Ke¢pczynska and Orlowska 2021) and early
embryo development in Medicago spp., the synthesis of
IAA, known as the main SE inducer, takes place, the IAA
level increasing during the processes mentioned.

In embryogenic lines of M. sativa and M. truncatula,
endogenous GAs play a stimulatory role during the SE
induction (Rudu$ et al. 2002; Igielski and Kepczynska
2017), and also during embryo differentiation in M. sativa
(Rudus et al. 2002). During the induction phase of indirect
SE in M. truncatula, when leaf explants of the non-embryo-
genic and embryogenic lines formed calluses, all the six
bioactive GAs from two biosynthetic pathways were pres-
ent, but the SE induction was mainly accompanied by the
biosynthesis of GA; (Igielski and Kepczynska 2017).

Ethylene, ABA and jasmonates are synthesized in tissues
of embryogenic M. sativa cv. Rangelander during the whole
process of indirect SE, the biosynthetic capacity differing
substantially between the individual SE phases (Rudus et al.
2006; Kepczynska et al. 2009). ABA synthesis takes place
also in M. truncatula tissues of both genotypes during the
induction phase (Kepczynska and Orlowska 2021). Any
changes in the contents of these plant inhibitors during the
individual phases of M. sativa SE proved unfavorable for
the subsequent somatic embryo production, suggesting that
the level of biosynthetic activity in embryogenic tissues is
optimal for sustaining an appropriate course of the process.
The control of individual phases of SE in M. sativa involves
not only biosynthesis, but also ethylene action; biosynthesis
and action of the hormone are not linked to the induction,
but are very important in the proliferation and differentia-
tion phases (Ke¢pczynski et al. 1992, Kepczynska et al. 2009,
Kepczynska and Zielinska 2013). Moreover, disturbance
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of ethylene biosynthesis and binding during the prolif-
eration phase of the embryogenic suspension and embryo
development adversely impacted germination and conver-
sion of cotyledonary embryos. Endogenous ethylene may
be also involved in the regulation of M. sativa L. embryo
germination and conversion by controlling starch hydrolysis
through the influence on a-amylase activity and soluble car-
bohydrates metabolism (Kepczynska and Zielinska 2013).

We believe that the best way to study the role of endog-
enous hormones in the SE induction in plants is to have the
non-embryogenic and embryogenic genotypes of the culti-
var available and simultaneously analyze their levels and
their catabolites during the callus induction, as described for
Medicago truncatula cv. Jemalong. Our studies showed that
two genotypes of the same species (M. truncatula) and the
same variety (Jemalong) differ in their GAs, IAA and ABA
metabolism (Igielski and Kepczynska 2017; Kepczynska
and Orlowska 2021). Moreover, induction of embryo for-
mation is related to the ABA content lower than that of all
the bioactive GAs (GA, GA;, GA|, GAs, GA;, GAg) and
IAA at the time of callus transfer to a hormone-free differ-
entiation medium.

Conclusion and perspectives

The possibility of in vitro embryogenesis is of a great impor-
tance for both the basic research and practice. It allows to
study the mechanism of the somatic embryogenesis and
the factors controlling it, and is also of a great value for
the production of artificial seeds used for large-scale veg-
etative propagation of plants. Thus, knowledge on changes
in the levels of hormones and their metabolites throughout
SE can be applied in practice on account of the research on
the crosstalk between the signaling pathways that influence
phytohormones. We address the importance of hormones in
various physiological processes by tracing the pathways of
their biosynthesis and their binding to receptors. The dis-
covery of specific inhibitor binding in all phytohormones is
of great importance for acquiring complete information on
the role of the hormones in the process under study. Stud-
ies on the role of endogenous hormones in the SE induc-
tion in Medicago spp. considered only the ethylene-binding
inhibitors (NBD, Ag™, 1-MCP) (Kepczynski et al. 1992,
Mantri et al. 2008, Ke¢pczynska and Zielinska 2011). There
are no corresponding data for inhibitors of auxin, gibberel-
lins, ABA and cytokinins. Acquisition of such data will have
a strong functional implication as it will allow to improve
the SE protocol and efficiency of the process. In addition,
there is a need to use a system for M. fruncatula SE similar
to that used for M. sativa (RPII), involving the propagation
of embryogenic cells from callus in a liquid medium and a
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sequential sieving of the cell suspension obtained through
500 and 250 pm nylon screens to separate the prioembryo-
genic aggregates and spreading it on a 200 um nylon screen
in a differentiation hormone-free medium. The latter allow
for following the development of somatic embryos on the
differentiation medium from the globular stage to the final
one, the cotyledonary stage. Such system is necessary for
acquiring a larger greater number of well-developed coty-
ledonary embryos. In the Medicago truncatula Handbook
(http://www.noble.org/Medicago handbook) are some pro-
tocols (Duque et al. 2006; Iantcheva et al. 2006) that can be
used for the study the effects of manipulating endogenous
hormone levels on the development of individual somatic
stages of M. truncatula embryos.
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