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Abstract In addition to the biomolecular, physiological, and biochemical aspects of so-
matic embryogenesis, careful design of environmental conditions is necessary to ensure
the successful induction and development of somatic embryos for different plant species.
A dissolved oxygen concentration, for instance, below 10% generally inhibits the differen-
tiation of somatic embryos, while the same is promoted at 40, 80, or 100%, depending on
the plant species. Certain plant species also exhibit inhibition of somatic embryo differ-
entiation at high dissolved oxygen concentration, such as at 80%. Cell density influences
somatic embryogenesis by changing the concentrations of conditioning factors released
by plant cells and embryos into the culture medium. High initial cell density, in general,
results in inhibition of somatic embryo differentiation on account of inhibitory com-
pounds released by cells into the culture medium. Partial medium replacement has been
employed to rectify this situation. In terms of the general influence of light, red light
promotes and blue light inhibits the induction of somatic embryos. Blue light, however,
generally promotes the development of somatic embryos.

1
Introduction

Investigation of the various critical aspects of somatic embryogenesis is ne-
cessary in order to establish protocols for the successful induction and devel-
opment of somatic embryos for different plant species. Recent studies, for in-
stance, have focused on the biomolecular (Takahara et al. 2004), physiological
(Godbole et al. 2004; Konradova et al. 2002), and biochemical (Sharma et al.
2004; Ramarosandratana and Stade 2004) aspects of somatic embryogenesis.
The environmental factors that interact with and influence somatic embryo-
genesis constitute another critical aspect that needs careful consideration.
This is especially true since it is a given that certain environmental factors
need to be controlled and regulated for the important practical applications
of somatic embryogenesis, i.e., artificial seed technology and automated plant
mass production using bioreactors (Onishi et al. 1994).

Only a handful of studies, however, have addressed the optimization of
specific environmental factors for somatic embryogenesis. Examples include
those that investigated the effects on somatic embryogenesis of cell density
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and conditioning factors (CFs; Bellincampi and Morpurgo 1987, 1989; Vries
et al. 1988; Osuga and Komamine 1994; Higashi et al. 1998), dissolved oxy-
gen (DO) concentration (Kessell and Carr 1972; Jay et al. 1992; Archambault
et al. 1994; Shimazu and Kurata 1997), medium pH (Hofmann et al. 2004),
nutrient and plant hormone composition in the medium (Jimenez 2001), as
well as humidity (Meskaoui and Tremblay 1999; Bomal and Tremblay 1999).
This chapter underscores the effects on somatic embryogenesis of three criti-
cal environmental factors: (1) DO concentration; (2) cell density; and (3) light
quality and intensity.

2
Dissolved Oxygen Concentration

The effects of DO concentration on somatic embryogenesis are mainly
twofold: influencing the biomass of undifferentiated cells; and influencing
the development or differentiation of somatic embryos. Archambault et al.
(1994) reported that the biomass (0.7-9.7 g of dry weight per liter) of undif-
ferentiated cells of transformed California poppy (Eschscholtzia californica)
at high DO (60% of air saturation) exceeded that of the control (0.2-10 g of
dry weight per liter) at a DO of 20%. By contrast, a low DO (5-10%) yielded
a lower biomass (0.2-3.3 g of dry weight per liter) compared with that of
the control. Jay et al. (1992) reported that the stationary phase of the dry-
mass curve of the undifferentiated cells of carrot (Daucus carota L.) occurred
after 10 days of culturing for 100% DO, while that for 10% DO occurred
with a 3-day delay. There was no significant difference in the final dry mass,
approximately 4.5 g of dry weight per liter, for 100 and 10% DO levels. Jay
et al. (1992) concluded that the results had a nutritional basis. They showed
that while glucose uptake commenced after 4 days of culturing for 100% DO,
glucose uptake started after 6 days of culturing for 10% DO. Also, complete
consumption of glucose (defined as less than 2 g L™!) in the medium occurred
on day 10 for 100% DO, while it took another 3 days (on day 13) for 10% DO
for the glucose to be completely consumed. The foregoing results indicated
that high DO concentration generally resulted in higher biomass of undif-
ferentiated cells. It should be noted, however, that inhibitory effects at 40%
relative oxygen partial pressure in bioreactors were observed by Hohe et al.
(1999) on cell proliferation of florist cyclamen (Cyclamen persicum) relative to
the effects at 20 and 30%. A reduction of up to two thirds in yield in a packed
cell volume and a decrease of more than 50% in growth rate in one genotype
were observed.

In terms of the effects of DO on the development or differentiation of so-
matic embryos from embryonic callus cells, Kessell and Carr (1972) reported
that lower than 16% DO was quite detrimental to the production of carrot
somatic embryos. Jay et al. (1992) reported that carrot somatic-embryo pro-
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duction was inhibited by approximately 75% at 10% DO compared with that
at 100% DO. They also found that the DO level supplied during cell prolif-
eration did not affect cell differentiation. Archambault et al. (1994) reported
that cell differentiation of transformed E. californica cells was slow at 60%
DO and was inhibited at low (5-10%) DO. Feria et al. (2003) also reported
that the total number of somatic embryos that were induced from embryo-
genic cells of coffee (Coffea arabica cv.) was greater (71 072 somatic embryos
per liter) at 80% DO than that (36941 somatic embryos per liter) at 50%
DO. Meanwhile, Shimazu and Kurata (1999) reported that the total number
of somatic embryos that differentiated from carrot embryogenic cells was not
affected at 4-40% DO. They also found that the development of carrot so-
matic embryos into the torpedo-shaped or heart-shaped stage was enhanced
at 20-40% DO, while the same was completely inhibited at less than 7% DO.
Also, they found that increasing DO from 4 to 7% increased the sugar con-
sumption by the somatic embryos. By contrast, no significant difference in
sugar consumption was observed when DO was varied from 20 t040%. Fe-
ria et al. (2003) reported that the development of coffee somatic embryos into
the torpedo-shaped stage was enhanced at 50% DO, and was inhibited at 80%
DO. Thus, different levels of DO were required to enhance torpedo-shaped
differentiation.

3
Cell Density

The predominant effects of cell density on somatic embryogenesis appear to
be indirect, rather than direct. The adjustment of cell density influences so-
matic embryogenesis through the following: (1) change in the concentrations
of the CFs which plant cells and embryos release into the culture medium;
(2) change in the amount of nutrients or gas which individual plant cells or
embryos can consume; and (3) physical stress caused by increasing the phys-
ical contact among plant cells and embryos when cell density is increased. In
studies that investigated the effects of cell density on somatic embryogenesis,
it was established that the change in the concentrations of the CFs which plant
cells and embryos release into the culture medium was the most significant
aspect of manipulating cell density (Osuga and Komamine 1994; Osuga et al.
1993, 1997; Bellincampi and Morpurgo 1987, 1989; Higashi et al. 1998).
Bellincampi and Morpurgo (1987, 1989) investigated the effects of CFs re-
leased from plant cells of carrot (D. carota L.) into cell suspension culture
medium, and determined that at least two different CFs were released from
carrot cells into the culture medium. In the first study (Bellincampi and Mor-
purgo 1987), they concluded that (1) the first CF increased growth by cell
division activity, and significantly enhanced the plating efficiency (defined as
the ratio of the number of proliferating colonies to the number of initial plat-
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ing units) of carrot cells, (2) the CF was physically and chemically very stable,
being resistant to boiling and to acid or alkaline pH, and was strongly hy-
drophilic, and (3) the CF had a low molecular mass of 700 Da. Their results
also suggested the species-unspecificity of the CE.

In the second study (Bellincampi and Morpurgo 1989), evidence was pro-
vided for the presence of a second growth-stimulating CE. But while the
plating efficiency as influenced by the first CF was completely dependent on
the initial cell density, the plating efficiencies as influenced by the second CF
after 20 days of growth remained very similar for different initial cell densi-
ties. They suggested that the second CF had relatively low hydrophilicity and,
thus, diffused slowly, and might have also been unstable.

Sung and Okimoto (1981) explored the relationship between cell density
and embryo differentiation of carrot (D. carota L.). In their study, they found
that a globular embryo was induced even under low concentrations of exoge-
nous auxin (in this case 2,4-dichlorophenoxyacetic acid) at low cell density
(2 x 10* cells mL™!). Differentiation into torpedo-shaped embryos, however,
was completely inhibited under that condition. By contrast, the differentia-
tion of somatic embryos was strongly inhibited at high initial cell density
(4 x 10 cells mL™'). This fact indicated that an inhibitory CF was released
from carrot cells during cell proliferation, and differentiation of somatic em-
bryos was repressed when a high concentration of inhibitory CF was brought
about by high cell density. This result was also supported by the results ob-
tained by Fridborg and Eriksson (1975). They found that the differentiation of
carrot somatic embryos was stimulated by the addition of activated charcoal,
and that the differentiation was observed even in the presence of 1 mgL!
a-naphthalene acetic acid, which would typically inhibit differentiation. They
suggested that inhibitory compounds were removed by the activated charcoal.

Osuga et al. (1993, 1994) reported that cell density did not affect the devel-
opment of carrot embryogenic cell clusters into globular or heart-shaped em-
bryos. They also found that the total numbers of somatic embryos obtained at
different initial cell densities were statistically similar when initial cell densi-
ties ranged from 0.5 to 2.0 x 10° cell clusters per milliliter. No torpedo-shaped
embryo formation, however, was observed when the cell density exceeded
1.0 x 103 cell clusters per milliliter. Previous studies reported that the rate
of somatic embryo development was enhanced when cell density was high
(Halperin 1967; Hari 1980). Osuga (1993, 1994) concluded in his study, how-
ever, that such enhancement at high cell density was caused by stimulation
of growth of single cells (or very small cell clusters) into embryogenic cell
clusters by cell division. This conclusion agreed with the results obtained by
Bellincampi and Morpurgo (1987, 1989).

Osuga et al. (1997) also found an enhancement in the development of em-
bryogenic carrot cell clusters into globular embryos at high cell density with
partial replacement of the medium. They also confirmed that this was not
caused by either physical stress or the enrichment of nutrients by replacement
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of the medium. They found that a greater number of globular embryos was
obtained with partial medium replacement compared with entire medium re-
placement. Thus, they concluded that both inhibitory CF and promotive CF
were released during cell proliferation. The results of Higashi et al. (1998)
supported the inhibitory effects of high cell density (defined as greater than
1.0-mL packed cell volume per liter of medium). They found that the in-
hibitory effects caused by physical stress and by the change in the amount of
available nutrients were not as critical as the negative effects of the inhibitory
CFE, which was released during cell proliferation and had a molecular mass of
less than 3500 Da. Interestingly, Osuga et al. (1993, 1994) also reported that
when globular embryos were cultured at different embryo densities, their re-
sults showed that the rate of torpedo-shaped embryo formation decreased
linearly as embryo density increased from approximately 100 embryos per
milliliter to 500 embryos per milliliter.

4
Light Quality and Intensity

That light affects somatic embryogenesis has been known for over 30 years
through the pioneering studies by Ammirato and Steward (1971) on the ef-
fects of light on the growth of somatic embryos of hemlock water-parsnip
(Sium suave) cells and by Halperin (1966) and Ammirato and Steward (1971)
on the effects of light on the morphological characteristics of carrot so-
matic embryos. Of the critical environmental factors, however, light is the
one whose effects on somatic embryogenesis have been the least investigated.
Indeed, there is a paucity of published literature on the subject. What is
more, three major issues make it difficult to analyze the specific effects of
light quality and intensity on somatic embryogenesis in existing literature.
These include (1) the different definitions of light quality used in the available
studies, (2) the problematic spectral noises generated by the conventional ex-
perimental lighting systems, consisting of fluorescent tubes and light filters,
used in such studies, and (3) the different light intensities applied to embryo-
genesis, which makes difficult the isolation of the morphological effects from
the photosynthetic effects. Further studies are clearly needed to analyze and
determine the specific effects of light environments on somatic embryogene-
sis.

Micheler and Lineberger (1987) explored the effects of light quality on
carrot somatic embryos by examining the effects of four blue light (480 +
100 nm), green light (540 + 50 nm), red light (660 70 nm), and white light,
with light intensities ranging from 5 to 50 umol m—s~!. When cell cultures
were exposed under red or green light, a similar number of somatic em-
bryos, approximately 9000 embryos per milliliter, was obtained after 14 days
of culturing. By contrast, significant inhibitions were observed under blue
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light, resulting in approximately 3000 embryos per milliliter, and especially
under white light, fewer than 2000 embryos per milliliter. Also, they showed
that the effects of red light and green light did not change with different
light intensities, while the negative effects of blue light and white light in-
creased as the light intensity rose from 5 to 30 umol m~2 s™!. Indeed, even low
blue light intensity resulted in 25% fewer embryos than in the dark control.
Blue light, however, was observed to enhance the differentiation of globular
embryos into torpedo-shaped embryos. After 16 days of culturing, 76% of
somatic embryos developed into torpedo-shaped embryos under blue light,
while only 6 and 18% did in the dark control and red light treatment, respec-
tively. All somatic embryos induced under various light treatments, however,
showed significant morphological changes with respect to the somatic em-
bryos grown in the dark. These include the following: leafy cotyledons that
were not observed in the dark control, but were observed in more than 80% of
somatic embryos in all the light treatments; abnormal somatic embryos with
multiple cotyledons under red light treatment and in the dark control (more
than 7% in red light and in the dark, while less than 5% in other treatments);
orange-pigmented radicles under red light (71% in red light and 0% in other
light), while branched radicles were produced under white and blue light (67
and 49% in white light and blue light, respectively, and 0% in other light);
and elongated hypocotyls under blue light (88% in blue light, while less than
10% in other light). Similar morphological changes, such as enhanced devel-
opment of leaves, cotyledons and roots, under light treatments were reported
by Ammirato and Steward (1971).

D’Onofrio et al. (1998) investigated the effects of blue light (450 £ 60 nm),
red light (670450 nm), far-red light (> 700 nm), white light, and various
combinations of these light qualities on somatic embryogenesis of quince
(Sidonia sp.) leaves. They reported positive and negative effects of red light
and blue light, respectively, on the differentiation of somatic embryos, with
more than 0.4 embryos per leaf observed under red light, and fewer than
0.1 embryos per leaf observed in the dark or under blue light. They fur-
ther correlated the rate of somatic embryo differentiation with photoequi-
librium. Photoequilibrium, which is the fraction of physiologically active
phytochrome to the total phytochrome, was calculated based on the the-
ory suggested by Mancinelli (1995). The results showed that the ratio of
the leaves with embryos was increased exponentially from 0% to approxi-
mately 30% as photoequilibrium increased from 0 to 1. Thus, phytocrome
activation for somatic embryo induction was suggested. In addition, the blue
light treatment resulted in less than half the number of embryo-producing
leaves than those exposed to red light plus far-red light even though both
treatments had the same photoequilibrium value of 0.43. Since the inhibi-
tion occurred at a low photoequilibrium, it implied that less phytochrome
was activated. Thus, an interactive mechanism involving phytochrome and
a blue-absorbing photoreceptor that caused negative effects on somatic em-
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bryo induction was suggested. Similar promotive and inhibitory effects due
to the amount of activated phytochrome by red light and far-red light were
reported for cruel plant (Araujia sericifera L.) somatic embryos by Torne
et al. (2001).

Bach and Krol (2001) reported the effects of various light qualities on Hy-
acinth (Hyacinthus orientalis L.) somatic embryogenesis, focusing on callus
proliferation and development of somatic embryos. Greater callus prolifera-
tion, expressed as “medium rate or strong reaction of proliferation”, was ob-
tained under both red light (647-770 nm, 20 umol m~2s™"') and dark similarly.
By contrast, strong inhibition was observed, expressed as “medium or low
rate of, or no proliferation”, under blue light (450-492 nm, 60 pmol m2s)
and especially white light (390-770 nm, 60 pmol m~2s7!). At the same time,
however, greater numbers of developed somatic embryos were observed
under blue light. Moreover, when 5.0 uM BAP (6-benzylaminopurine) and
0.5 uM NAA (a-naphtalene acetic acid) was added to the culture medium,
the greatest number of somatic embryos, 6-10 embryos per one callus clump,
was obtained, compared to only 1-2 embryos per one callus clump was ob-
tained in other treatments. A change in chlorophyll content during both cell
proliferation and somatic embryo development was observed under blue and
white lights. Indeed, the total amounts of chlorophyll under blue (20.62 mg
per 100 g embryo) and white light (18.90 mg per 100 g embryo) treatments ex-
ceeded by 3 and 40 times those under red light (6.12 mg per 100 g embryo)
and darkness (0.48 mg per 100 g embryo), respectively, when 5.0 uM BAP and
0.5 .M NAA was added to the culture medium.

Latkowska et al. (2000) investigated the effects on somatic embryogene-
sis of three different genotypes of Norway spruce of red light (670 + 50 nm)
and blue light (450 60 nm) supplied at 30 umolm=2s~! for 18 h per day.
The cell growth of one genotype was inhibited under red light (38% of con-
trol) and especially under blue light (10% of control). Such effects, however,
were moderated (85 and 65% of control under red light and blue light, respec-
tively) in the case of a second genotype, and were not observed at all with
the third genotype. The results indicated that the effects of light quality vary
significantly depending on the species or cultivars. Kvaalen and Appelgren
(1999) reported higher sensitivity to various light qualities of somatic em-
bryos and seedlings derived from somatic embryos of Norway spruce (Picea
abies L.) compared with that for seedlings derived from natural seeds. Germi-
nation was promoted (98%) and inhibited (50%) when somatic embryos were
exposed under red light (670 50 nm) and blue light (450 £ 80 nm), respec-
tively. By contrast, no effect on germination was observed when natural seeds
were exposed under various light qualities.

Addressing the previously mentioned three major issues that make it chal-
lenging to analyze the specific effects of light quality and intensity on somatic
embryogenesis, Takanori and Cuello (2005) determined and optimized the
effects of radiation quality and intensity on the induction and development
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of somatic embryos from carrot (D. carota) embryogenic calli using light-
emitting diodes (LEDs), which emit precise narrow-waveband radiation. The
specific objectives of their study were as follows: (1) to determine the ef-
fects of red light and blue light up to 20 umolm=s~! emitted from LEDs
on the induction of somatic embryos from carrot embryogenic calli and on
the resulting distribution of the embryos among the globular, heart-shaped,
torpedo-shaped and cotyledonary stages; and (2) to determine the effects of
red light and blue light up to 20 pmolm~s™! on the development of somatic
embryos from carrot embryogenic calli by calculating the developmental co-
efficients of the somatic embryos.

Their results after 14 days of exposure pertaining to somatic embryo in-
duction showed that (1) red radiation at 10 pmolm=2s~! significantly in-
creased the density of total somatic embryos induced from carrot em-
bryogenic calli, (2) lower and higher intensities of red radiation (1-5 and
20 pmol m~ s7!) did not significantly influence the density of induced total
somatic embryos, and (3) increasing the intensity of blue radiation (up to
20 pmol m— s7!) appeared to have reduced the density of induced total so-
matic embryos. In regard to somatic embryo development, the results showed
that (1) red radiation (up to 20 umol m~2s7!) had virtually no effect on the
development of the carrot somatic embryos, and (2) blue radiation (10 or
20 pmol m~2 s7!) exerted positive effects on the development of the carrot so-
matic embryos, especially in the globular and heart-shaped stages.

The foregoing underscores that critical environmental factors, including
DO concentration, cell density, and light quality and intensity significantly
influence both the production (or induction) and the development (or dif-
ferentiation) of somatic embryogenesis. Thus, designing for the practical
applications of somatic embryogenesis, i.e., artificial seed technology and
automated plant mass production using bioreactors, necessitates careful de-
sign of their environmental conditions.
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