
Sum mary Ad e quate stor age com pounds are a pre req ui site
for suc cessful development dur ing the later stages of so matic
embryogenesis; however, the crit ical amount of re serves be low
which so matic em bryos fail to ma ture and ger minate has not
been de termined. We an alyzed stor age lipids dur ing Nor way
spruce (Picea abies (L.) Karst.) somatic embryogenesis. As
maturation pro gressed, lipids, which were stored as lipid bod -
ies in the cytoplasm, were lo calized first in sus pensor cells of
the early em bryos, and later in the em bryonic root pole, su per-
ficial lay ers of the hypocotyl and in cot yledons. The con centra-
tion of to tal lipids exhibited marked variation, with values
peak ing during cot y le don de vel op ment and then de creas ing
during mat uration. Linoleic (18:2), oleic (18:1), palmitic
(16:0) and 5,9-octadecenic (5,9-18:2) ac ids were the most
abundant fatty ac ids in em bryos. As em bryos developed, lino -
leic acid con centration in creased slightly, whereas oleic acid
concentration de creased. Oleic acid was the most prom inent
component of the fatty acid spec trum in iso lated dor mant zy -
gotic em bryos and megagametophytes. Ad dition of 5% poly -
eth yl ene gly col to the me dium dur ing so matic em bryo mat u ra -
tion caused a shift in the fatty acid spec trum toward that of zy -
gotic em bryos. Dur ing mat u ra tion, changes in the ex og e nous
car bo hy drate sup ply had no sig nif i cant ef fect on to tal lipid con-
centration in ma ture em bryos. A marked de crease in lipid con -
cen tra tion was de tected dur ing des ic ca tion, in di cat ing the im-
por tance of ad e quate lipid re serves dur ing this de vel op men tal
stage. The lipid con tent of zy gotic em bryos differed con sider-
ably with har vest year and location, suggesting that zy gotic
embryo data can not be an in dicator of so matic em bryo qual ity.

Keywords: em bryo mat u ra tion, fatty acid com po si tion, his to -
chem is try, oil bod ies, zy gotic embryo.

In tro duc tion

Somatic embryogenesis re fers to the pro cess in which somatic
cells are in duced to form bi polar struc tures sim ilar to zy gotic
embryos. It is a powerful experimental model for study ing

plant embryogenesis. The tech nique has been used to mass
produce plants that are not readily prop agated by classical
methods and to propagate endangered plant spe cies. So matic
embryogenesis com prises several phases: for mation of the
proembryogenic mass with early em bryo, mat uration, des icca-
tion (if nec es sary), ger mi na tion and con ver sion. Dur ing mat u -
ra tion, be sides struc tural changes, em bryos ac cu mu late stor-
age com pounds nec essary for post-em bryonic growth. The
main stor age com pounds are car bohydrates, lipids and pro -
teins. Both the amount and composition of stor age com pounds
that ac cu mu late dur ing mat u ra tion are es sen tial for fur ther em-
bryonic development and can be used to assess the compe-
tence of a so matic em bryo to com plete sub sequent develop-
mental stages (e.g., Picea glauca (Moench) Voss (Attree and
Fowke 1991, Attree et al. 1992)).

Our previous stud ies, which fo cused on the dy namics of
stor age saccharide con cen tra tion in so matic em bryos of Picea
abies (L.) Karst., re vealed low car bo hy drate ac cu mu la tion in
ma ture so matic em bryos (Lipavská et al. 2000). Nevertheless,
these car bohydrates provide an im portant source of car bon and 
en ergy dur ing dis tinct phases of so matic em bryo de vel op ment. 
Dur ing mat u ra tion, mi nor starch re serves ac cu mu late that are
mo bi lized dur ing the des ic ca tion phase (H. Konrádová and
H. Lipavská, Charles University, Prague, un published data).
Raffinose fam ily oli go sac cha rides (RFOs) ap pear dur ing des -
ic ca tion of so matic em bryos of P. abies (Kumstýøová et al.
2000) and Picea mariana (Mill.) BSP (Bomal et al. 2002).
Raffinose fam ily oli go sac cha rides func tion in sugar trans port,
mem brane pro tec tion and ac qui si tion of des ic ca tion tol er ance
(Crowe et al. 1992, Turgeon et al. 1993 and Black et al. 1999,
respectively). Based on the rel atively high RFO con centration
at the end of the des iccation phase, the rapid degradation of
RFOs dur ing the first hours of ger mination and the com plete
elimination of RFOs within 3 days of ger mi na tion, Kum-
stýøová et al. (2000) pos tulated that, al though RFOs do not
meet all en ergy de mands dur ing ger mination, they serve as an
energy source dur ing the early ger mination of Nor way spruce
(P. abies) so matic em bryos. In ad di tion to car bo hy drates, pro-
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teins (e.g., in P. abies (Stabel et al. 1990, Hakman 1993)) and
lipids (e.g., in P. abies (Feirer et al. 1989), Abies alba Mill.
(Kovaæ and Kregar 1989), the P. glauca engelmanni com plex
(Carrier et al. 1999) and Pinus taeda L. (Stone and Gifford
1999)) are im portant dur ing so matic embryogenesis.

Storage lipids are mainly rep resented by triacylglycerols
(TAGs). Biosynthesis of TAGs is an en ergy-consuming pro -
cess that takes place in many cell com partments (Voelker and
Kinney 2001). Stor age lipids rep resent up to 80% of the dry
mass of stor age tis sues in many plants. In seeds, stor age lipids
are usu ally lo cal ized in en do sperm tis sue and cot y le dons, and,
in co nifers, they are pref erentially de posited in the mega-
gametophyte. In many co nifers, stor age lipids com prise
30–50% of the seed dry mass (e.g., A. alba (Kovaè and Kregar
1989), P. abies (Feirer et al. 1989), P. taeda (Krasowski and
Owens 1993)). Lipids are the most im portant stor age com -
pounds for em bryo development in Nor way spruce and sil ver
fir, com prising about 50 and 48% of the fresh mass of seeds,
re spec tively (Kovaè and Kregar 1989, Feirer et al. 1989,
Attree et al. 1992).

As in an giosperms, there are sub stantial amounts of lino -
lenic (18:3), linoleic (9,12-18:2) and palmitic (16:0) ac ids in
the fatty acid (FA) spec trum of co nifers. In ad dition, spe cial
groups of C20 poly un sat u rated and C18 delta-5-poly un sat u -
rated FAs oc cur exclusively in co nifers (Jamie son and Reid
1972). However, lit tle is known about the dy namics and com -
position of stor age lipids in so matic em bryos of co nifers, par -
tic u larly in Nor way spruce.

To com ple ment a com pre hen sive study on the car bo hy drate
sta tus of Nor way spruce so matic em bryos dur ing mat u ra tion
(Lipavská et al 2000, Gösslová et al. 2001, Konrádová et al.
2002, 2003), we in ves ti gated the lo ca tion and ac cu mu la tion
dynamics of stor age lipids, and how they are affected by os -
motic stress and car bo hy drate sup ply dur ing the mat u ra tion
phase. For com parison, the lipid sta tus of ma ture, nat urally
developed zygotic embryos was determined.

Ma te rials and meth ods

Plant material

Zy gotic em bryos Seeds were har vested from cones col lected
from for est stands in the Bohemian-Moravian High lands in
1999, in cen tral Bo hemia in Feb ruary 2001, in north eastern
Moravia (Beskydy Moun tains) in Jan u ary–Feb ru ary 2002 and
November 2003, and in North Moravia in 2004. Only healthy
trees were se lected for cone har vest. For seeds har vested in
1999 and 2004, ger mination un der stan dard test con ditions was
51% and 92%, re spectively. For the sam ples from years
2001–2003, es ti mated ger mi na tion ranged be tween 60 and
70%. Zy gotic em bryos and megagametophytes were iso lated
and an a lyzed sep a rately. Be fore ger mi na tion of zy gotic em-
bryos, seeds were stored at –18 ± 2 °C. Seeds were ster ilized
with 10% com mercial bleach for 5 min, fol lowed by 2 min in
70% eth anol, then washed with dis tilled water and gently dried
with ster ile filter pa per. The ster ilized seeds were strat ified in
paper bags at 4 °C in dark ness for 4 weeks. Strat ified seeds

were then im bibed in dis tilled water at 4 °C for about 24 h.
Seeds were ger minated by in cubation on wet filter pa per in the
dark at 25 °C for about 5 weeks.

So matic em bryos An embryogenic cul ture of Picea abies
(line AFO 541, from Dr. Bercetche, AFOCEL, France) was
grown on GD me dium (Gupta and Durzan 1986). Pro liferation
medium was sup plemented with 5 µM 2,4-di chlorophenoxy-
acetic acid, 2 µM kinetin, 2 µM 6-benzylaminopurine (all
Sigma) and 30 g l–1 su crose (Lachema, Brno, Czech Re public).
The mat uration me dium con tained 20 µM abscisic acid (Sig -
ma) and lacked auxins and cytokinins. Me dium con taining 5%
(w/v) poly eth yl ene gly col-4000 (PEG) was pre pared by com -
bin ing (af ter par tial cool ing) sep a rately autoclaved me dium
and PEG so lution. Embryogenic cul tures were main tained by
weekly sub culture as de scribed by Svobodová et al. (1999).
Five sam ples were an alyzed at each har vest. The mean num ber
of so matic em bryos per sam ple ranged be tween 40 and 60 ac -
cording to the stage of em bryo development.

To study the effects of changes in sugar sup ply dur ing a
6-week pe riod of so matic em bryo mat uration, the embryo -
genic cul tures were grown on rafts (Osmotek, Rehovot, Is rael)
floating on liq uid me dium. Four me dia and sub culture in ter-
vals were used: (1) me dium with 3% su crose and a one-week
subculture in terval; (2) me dium with 1.57% glu cose and
1.57% fruc tose and a one-week sub culture in terval; (3) me -
dium with 3% su crose and sub culture every sec ond, fourth and 
seventh day of each week to limit su crose hy drolysis in the me -
dium; and (4) me dium with 3% su crose for the first two days,
2.25% su crose, 0.375% glu cose and 0.375% fruc tose for the
next two days, and 1.5% su crose, 0.75% glu cose and 0.75%
fructose for the last three days of each week to mimic su crose
hy dro ly sis oc cur ring dur ing the one-week sub cul ture on 3%
su crose.

Partial desiccation and germination treatments

Somatic em bryos were iso lated from cul tures af ter a 6-week
mat u ra tion pe riod and grad u ally des ic cated over 3 weeks at
20 °C with a 16-h photoperiod by plac ing the em bryos on dry
filter pa per in a small open petri dish within a larger, sealed
petri dish con taining wet filter pa per. Em bryos were ger mi-
nated on GD me dium sup plemented with 1% (w/v) su crose,
0.8% (w/v) agar and 0.4% (w/v) char coal (Sigma), with out
growth regulators, at 25 °C with a 16-h photoperiod.

Histochemical study

Lipid bod ies in free-hand sec tions of fresh ma terial were
stained with Su dan Red 7B–PEG (Fluka) ac cord ing to
Brundrett et al. (1991), and vi sualized with a bin ocular mi cro-
scope (Olym pus BX 50, dig ital cam era Olym pus E 10).

Lipid concentration analysis

Samples (min imum dry mass of 30 mg) were mixed with
0.5 ml of 1:1 (v/v) meth a nol:chlo ro form, vortexed and fil-
tered. The ex traction was re peated three times and the ex tracts
combined. Af ter sol vent evaporation in a fume cham ber, to tal
lipid mass was determined.
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Fatty acid composition

The FA methyl es ters in the lipid ex tracts were sep arated on an
AHP 5995 gas chromatograph per formance sys tem (Agilent,
Czech Re public). The methyl es ters were prepared ac cording
to Metcalfe and Wang (1981). The sam ples were in jected onto
a 25 m × 0.25 mm × 0.1 m Ul tra-1 cap illary col umn (Supelco,
Czech Re pub lic) (in jec tor and de tec tor tem per a tures of
300 °C) un der a tem perature pro gram of: 5 min at 50 °C, in -
creasing at 10 °C min–1 to 320 °C and 15 min at 320 °C. He-
lium was the car rier gas at a flow of 0.52 ml min–1. Methyl es -
ters were iden tified by com parison of their re tention times
with those of stan dards (kit RM-7, Supelco).

Re sults and dis cus sion

For suc cess ful so matic embryogenesis, de ter mi na tion of the
op ti mum du ra tion of the mat u ra tion phase, is es sen tial. In pre-
vious stud ies, we found that, af ter 6 weeks of mat uration, so -
matic em bryos ex hib ited well de vel oped struc ture (Svobodová
et al. 1999), car bohydrate sta tus (Lipavská et al. 2000, Göss -
lová 2001) and ac tivity of key en zymes of car bohydrate me -
tab o lism (Konrádová et al. 2002), closely re sembling the cor -

re spond ing char ac ter is tics of zy gotic em bryos. Af ter three
weeks of slow des iccation, so matic em bryos had a high ger mi-
nation rate. Pro longing the mat uration pe riod to 8 weeks im -
paired both em bryo struc ture and ger mi na tion ef fi ciency (data
not shown).

In both so matic em bryos and zy gotic em bryos, stor age
lipids were de tected as lipid bod ies dis persed freely in the cy-
toplasm. Histochemical anal ysis of so matic embryogenic cul -
tures re vealed the fol low ing de vel op men tal pat tern of lipid de-
position. Dur ing Weeks 1 and 2 of mat uration, lipid bod ies
were lo cated in un dif fer en ti ated cells of the em bry o nal-sus -
pensor mass and in the suspensor cells of the early em bryos. In
Week 4 of mat uration, when iso lation and stain ing of sin gle
embryos were pos sible, stor age lipids had ac cumulated in the
em bry onic root poles. There af ter, lipid bod ies ac cu mu lated in
the sur face lay ers of the hy pocotyls and in cot yledons (Fig-
ure 1). At the end of the 6-week mat uration pe riod, lipid bod ies
were also pres ent in the cen tral part of the hypocotyl and in the
apical region of the em bryo. Histo chemical anal ysis of iso -
lated ma ture zy gotic em bryos showed a sim i lar lo cal iza tion of
lipid bod ies as that found for fully ma ture so matic em bryos
cultured for 6 weeks on mat uration me dium. Stain ing revealed
sig nif i cant amounts of stor age lipids in the mega ga me to phyte
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Figure 1. (A) Zy gotic and (B–G) somatic Picea abies embryos. (A) De tail of cotyledons and api cal meristem sur rounded by the mega-
gametophyte. (B) So matic embryo at Week 5 of mat uration. (C) Lipid bod ies in side the cells of the embryonal sus pensor mass at Week 1 of mat u-
ra tion. (D) Root pole at Week 4 of mat uration. (E) Sur face layers of the hypocotyls at Week 4 of mat uration. (F ) De tail of the api cal meristem and
cotyledons at Week 5 of mat uration. (G) De tail of a fully developed cot yledon at Week 6 of mat uration. Scale bars = 100 µm (A, B), 20 µm (C),
100 µm (D), 20 µm (E ) and 50 µm (F, G).



tis sue sur round ing the zy gotic em bryos (Figure 1). Based on
histochemical stud ies, Joy et al. (1991) iden tified a pre cise pat -
tern of stor age com pound ac cu mu la tion dur ing so matic em-
bryogenesis in white spruce (Picea glauca): starch ac cumu-
lated first, fol lowed by lipids and pro teins. They found that
starch ac cumulated in the prox imal part of the sus pensor dur -
ing early so matic embryogenesis, and in the shoot pole and
cor tex at the cot y le don ary stage of de vel op ment. Lipid bod ies
accumulated acropetally in the late fil amentous stage of so -
matic embryogenesis (cor re spond ing to Week 2 of mat u ra tion
in our study). The gra dients in re serve de position dur ing so -
matic em bryo de vel op ment in di cate that phys i o log i cally dif-
ferent regions are pres ent in developing em bryos, and that they
may be re quired for es tab lish ing pat terns of tis sue dif fer en ti a -
tion, as has been sug gested to oc cur dur ing api cal meristem
for ma tion in zy gotic em bryos (Yeung et al. 1998).

After 6 weeks of cul ture on mat uration me dium lack ing
PEG, the dry-mass lipid concentration of ma ture so matic em -
bryos was nearly 80 µg mg–1, in creasing to about 350 µg mg–1

in the pres ence of 5% PEG (Figure 2). Mean fresh mass of in -
dividual zy gotic em bryos was 0.67 mg (with a mean water
content of 35.7%), whereas the mean fresh mass of in dividual
mature so matic em bryos was 2.41 mg. The water con tents of
mature so matic em bryos varied be tween 54 and 95% de pend-
ing on de vel op men tal stage and me dium os motic po ten tial
(Ta ble 1).

Total lipid con centration in creased dur ing the first weeks of
so matic em bryo mat u ra tion, then grad ually de creased dur ing
late mat u ra tion (Fig ure 2). Starch de po si tion dy nam ics fol-
lowed a sim ilar course (data not shown). The max imum con -
centrations in both cases cor related with the appearance of cot -
y le dons, sug gest ing that stor age com pounds con trib uted to
cot y le don formation.

The ac cu mu la tion of ad e quate re serves in co ni fer so matic
em bryos is vi tal, be cause post-ger mi na tion growth oc curs in
the ab sence of the hap loid megagametophyte, which is the ma -
jor stor age organ in co nifer seeds. In sufficient stored re serves,
es pe cially lipids, have been cor re lated with re duced vi a bil ity
of so matic em bryos dur ing the des ic ca tion and ger mi na tion

phases (Attree et al. 1992). As shown in Fig ure 3, lipid con cen-
tra tions in iso lated zy gotic em bryos var ied sig nif i cantly with
harvest year and lo cality (dry mass be tween about 20 and
218 µg mg–1). Given the large variation in the amounts of stor -
age lipids in zy gotic em bryos, we can not con clude that so -
matic em bryos gen erally have lower lipid con centrations than
zy gotic em bryos (Figures 2 and 3), as has been re ported for
sev eral co ni fer spe cies (Feirer et al. 1989). The variation in zy -
gotic em bryo lipid con centrations suggests so matic em bryos
can cope with varying lipid con centration. Nor way spruce em -
bryos also con tain pro teins and car bo hy drates, sug gest ing that
a short age of one type of stor age com pound could be com pen-
sated for by the pres ence of an other, or that dis tinct phases of
em bry onic de vel op ment are de pend ent on the sup ply of spe-
cific stor age com pounds, or both (Lipavská and Konrádová
2004). However, we found that the FA spec trum and its dy -
nam ics were sta ble un der all of the ex per i men tal con di tions
tested.

The FA com position of TAGs in the ma jor oil crops (co co-
nut, ol ive, sun flower, rape seed and soybean) is lim ited to C16
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Figure 2. Dry-mass lipid con centration of
Picea abies so matic em bryos cul tured on
medium lack ing (open bars) or con taining
5% (filled bars) poly ethylene gly col-4000.
Week 0: pro lif er a tion of em bry o nal-sus-
pensor mass. Weeks 1–4: mat u ra tion of
em bry o nal-sus pen sor mass. Weeks 5–6:
mat u ra tion of iso lated em bryos. D: Week
3 of des iccation. G: Week 1 af ter ger mina-
tion. Bars de note stan dard de vi a tions for
n = 5.

Table 1. Water con tent of Picea abies so matic em bryos cul tured on
me dium with or with out poly eth yl ene gly col-4000 ( PEG). Mea sure-
ments were made on the embryonal-suspensor mass (Weeks 1– 4)
and iso lated em bryos (Weeks 5–6).

Wa ter con tent (%)

0% PEG 5% PEG

Mat u ra tion week
1 94.2 90.8
2 94.3 89.9
3 93.9 90.1
4 95.1 88.3
5 78.9 75.2
6 74.6 73.2

After 3 weeks of des iccation 54.3 54.1

After 3 weeks of germination 90.5 91.3



and C22 acyl chains with up to three dou ble bonds (Töpfer et
al. 1995). For co nifers, many au thors have doc umented the
similarity in FA spec tra be tween so matic and zy gotic em bryos
(Picea glauca, Attree et al. 1992; Picea glauca engelmanni
complex, Car rier et al. 1997). Palmitic, oleic, linoleic and
linolenic ac ids and the char acteristic groups of C20 poly unsat-
u rated and C18 delta-5-poly un sat u rated FAs are gen er ally the
predominant FAs in co nifers (Jamie son and Reid 1972, Carrier
et al. 1997, Wolff et al. 2000). In both so matic and zy gotic
Norway spruce em bryos, we de tected the fol lowing FAs:
palmitic (16:0), palmitoleic (16:1), hexadecadienic (16:2),
stearic (18:0), oleic (18:1), 7-octadecenic (7-18:1), linoleic
(9,12-18:2), 5,9-octadecadienic (5,9-18:2), linolenic (18:3),
arachidonic (20:0) and eicosenic (20:1) ac ids (Figures 4 and
5). The most abundant FAs in so matic em bryos were: linoleic
(18:2), oleic (18:1), palmitic (16:0) and 5,9-octadecadienic
(5,9-18:2) ac ids. Linoleic (18:2) acid com prised about
30–50% and oleic acid (18:1) about 20–30% of to tal FA con -
centration. As so matic em bryos developed, the linoleic acid
con cen tra tion in creased slightly, whereas the con cen tra tion of
oleic acid de creased (Figure 4). In con trast, oleic acid was

most prom inent in the FA spec trum of iso lated zy gotic em -
bryos and in megagametophytes (Fig ure 4).

Both lipid con centration and FA spec trum can be in fluenced
by spe cific cul tivation con ditions. Abscisic acid added to the
cul ti va tion me dium dur ing mat u ra tion in creases the stor age
lipid con cen tra tion in de vel op ing so matic em bryos in many
co nif er ous spe cies (e.g., Nor way spruce (Hakman and von
Arnold 1988, Feirer et al. 1989), white spruce (Attree et al.
1992) and hy brid larch (Larix × eurolepis A. Henry) (von
Aderkas et al. 2002)). A cold-in duced stress treat ment (4 °C)
im proved the mat u ra tion pro cess and in creased stor age lipid
ac cu mu la tion in so matic em bryos of Pru nus avium L.
(Reidiboym-Talleux et al. 2000). Attree et al. (1992) noted a
significant in crease in storage lipids in white spruce so matic
embryos cul tured on me dium con taining 7.5% PEG, and
Misra et al. (1993) re ported that PEG en hanced pro tein de posi-
tion in so matic em bryos of white spruce. We found that os -
motic stress in duced by 5% PEG in creased lipid con centra-
tions in so matic em bryos in all developmental phases (Fig-
ure 2).

The de vel op men tal stage of ma tur ing zy gotic soya em bryos
can be de termined based on the FA spec trum com position
(Dahmer et al. 1991), in dicating that lipid com position may
have po tential as a di agnostic marker of so matic em bryo qual -
ity. Linoleic acid (18:2) was the pre dominant FA in seeds of
loblolly pine (Janick et al. 1991) and white spruce (Attree et al. 
1992). In our zy gotic Nor way spruce em bryos, linoleic (18:2)
and oleic (18:1) ac ids were the most abundant FAs. We ob -
served a high 18:1/18:2 ra tio in zy gotic em bryos and found
that PEG increased the 18:1/18:2 fatty ac ids ra tio in so matic
embryos, in dicating that os motic stress in duced by PEG shifts
the FA spec trum in so matic em bryos towards that of zy gotic
em bryos (Fig ure 5).

Although PEG-treated so matic em bryos had in creased lipid
con cen tra tions, the PEG treat ment sup pressed ger mi na tion, as
has been re ported in the ma jority of co nifer spe cies tested
(Kong and Yeung 1995, Klimaszewska et al. 1996, Find 1997,
Bozhkov and von Ar nold 1998). It re mains to be de termined if
germination of PEG-treated so matic em bryos can be im proved
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Figure 4. Fatty acid (FA) ra tios in matur-
ing so matic embryos com pared with iso -
lated zy gotic em bryos and megagameto-
phytes. Ab bre vi a tions: ESM = em bry o -
nal-suspensor mass; E = iso lated em bryos;
and MG = megagametophytes. Num bers
0–6 de note weeks of mat uration.

Figure 3. Dry-mass lipid con centration of isolated Picea abies zy gotic
em bryos from dif fer ent lo cal i ties and col lec tion years: 1999, Bo he -
mian-Moravian High lands; 2001, mid Bo hemia (Prague west); 2002
and 2003, Beskydy Moun tains; and 2004, North Moravia.



by sub ject ing them to dif fer ent con di tions dur ing post- mat u ra -
tion phases. Previously, we showed that the PEG ap plication
influences the struc ture of so matic em bryos (Svobodová et al.
1999). Total length of the em bryos, length:width ra tio and
length of the root cap in creased when so matic em bryos were
incubated with 3.75% PEG. However, 7.5% PEG in the cul ture
medium re sulted in rup tures in the em bryo cen ter and rows of
dead cells in the cor tex. In our study, 5% PEG con centration
was se lected as a com promise be tween pos itive effects on stor -
age com pound de po si tion and neg a tive ef fects on em bryo
struc ture.

Changes in car bo hy drate avail abil ity dur ing em bryo de vel-
opment may in fluence em bryo yield and im prove vigor dur ing
the post-mat uration phases (Gib son 2005, Iraqi et al. 2005).

Iraqi and Tremblay (2001a, 2001b) showed that al terations in
car bo hy drate sup ply sig nif i cantly in flu enced starch and pro-
tein de po si tion in Picea mariana and P. glauca. We used a sim -
i lar ex per i men tal de sign to de ter mine if lipid stor age in
embryo genic cul tures of Picea abies is in fluenced by changes
in ex og e nous sugar avail abil ity dur ing mat u ra tion; how ever, in
our study, so matic em bryos were cul tivated on liq uid me dium.
The type of me dium (liquid or solid) in flu ences so matic em-
bryo cul tures, pre cluding com parison of our data with data ob -
tained for so matic em bryos cul tured on solid me dium. We
found no sig nif i cant dif fer ences in lipid con cen tra tions in re-
sponse to changes in car bohydrate sup ply in the cul ture me -
dium (Figure 6), nor did we de tect changes in en dogenous car -
bo hy drate con cen tra tion or com po si tion in re sponse to
changes in exogenous sugar availability (data not shown).

Many au thors have doc u mented sig nif i cant an a tom i cal and
metabolic differences in so matic embryogenesis not only
among co nifer spe cies, but also among different ge notypes of
the same spe cies and even within genotypic lines (Feirer et al.
1989, Flinn et al. 1991, Tillman-Sutela et al. 1995, Reidi -
boym-Talleux et al. 1999, Pull man et al. 2003). For example,
an un related Nor way spruce line, C110 (de rived in IEB, Czech 
Re pub lic), ex hib ited lower lipid con cen tra tions and lower re-
sponses to PEG treat ments than line AFO 541 stud ied here.
These lower values were con sistent with differences in other
bio chem i cal char ac ter is tics (e.g., no RFO ac cu mu la tion af ter
cold treat ment), in di cat ing an over all dif fer ence in bio chem i -
cal sta tus. Thus, fur ther stud ies are needed to de termine if it is
pos si ble to ma nip u late lipid de po si tion in co ni fers to pro mote
em bryo yield and ger mi na tion.

The nat ural model rep resented by zy gotic embryogenesis
shows high vari abil ity in lipid ac cu mu la tion, in di cat ing that
treat ing ma tur ing so matic em bryos so they ac cu mu late large
amounts of stor age lipids may not en hance their suc cess in
com plet ing sub se quent de vel op men tal stages. We con clude
that the pres ence in ma turing so matic em bryos of spe cific FAs
in ap propriate ra tios is cru cial, be cause lipids, in con cert with
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Figure 5. Fatty acid (FA) ra tios in mature
so matic em bryos (n = 5) cul tivated on
mat u ra tion me dium con tain ing 0, 3.75 or
5% poly eth yl ene gly col-4000 (PEG), and
in iso lated fully ma ture dor mant (dorm)
and ger mi nat ing (germ) zy gotic em bryos.

Fig ure 6. Ef fects of ex og e nous car bo hy drate sup ply on dry-mass lipid
concentrations in mature so matic embryos at Week 6 of mat uration.
Treatments: S = liq uid mat uration me dium sup plemented with 3% su -
crose; G + F = liquid mat uration me dium sup plemented with 1.57%
glucose and 1.57% fruc tose; S′ = S but with transfer to fresh me dium
every sec ond, fourth and seventh day of each week; and G + F′ = liq -
uid mat uration me dium sup plemented with 3% su crose for the first
2 days, 2.25% su crose, 0.375% glu cose and 0.375% fruc tose for the
next 2 days, and 1.5% su crose, 0.75% glu cose and 0.75% fruc tose for
the last 3 days of each week. Bars de note stan dard deviations for n = 5.



other stor age com pounds, sup port de vel op ment, with each
storage com pound having a prom inent role dur ing dis tinct
phases of embryogenesis.

Ac knowl edg ments

This work was sup ported by Grant No. 153/2001 of the Grant Agency
of Charles University and by pro ject COST OC 843.40 (2000). We
thank M. Mauleová, P. Maršík, V. Krpeš and J. Vítámvás for the Nor -
way spruce seeds and O. Èinglová for tech nical as sistance. We are 
grateful to D. Fran cis for proof read ing the pa per.

Ref er ences

Attree, S.M. and L.C. Fowke. 1991. Micropropagation through so -
matic embryogenesis in co nifers. In Bio tech nol ogy in Ag ri cul ture
and Forestry: High-Tech and Micropropagation, Vol. 17. Ed.
Y.P.S. Bajaj. Springer-Verlag, Berlin, pp 53–70.

Attree, S.M., M.K. Pomeroy and L.C. Fowke. 1992. Ma nip u la tion of
conditions for the cul ture of so matic embryos of white spruce for
im proved triacylglycerol biosynthesis and des ic ca tion tol er ance.
Planta 187:395–404.

Black, M., F. Corbineau, H. Gee and D. Côme. 1999. Water con tent,
raffinose and dehydrins in the in duction of des iccation tol erance in
immature wheat em bryos. Plant Physiol. 120:463–471.

Bomal, P., V.Q. Le and F.M. Tremblay. 2002. In duction of tolerance to 
fast des iccation in black spruce (Picea mariana) so matic embryos:
relationship be tween par tial water loss, sugar and dehydrins.
Physiol. Plant. 115:523–530.

Bozhkov, P.V. and S. von Ar nold. 1998. Poly eth yl ene gly col pro motes 
mat u ra tion but in hib its fur ther growth of Picea abies so matic em-
bryos. Physiol. Plant. 104:211–224

Brundrett, M.C., B. Kendrick and C.A. Pe terson. 1991. Efficient lipid
staining in plant ma terial with su dan red 7B or fluorol yel low 088
in poly eth yl ene gly col-glyc erol. Biotech. Histochem. 66:111–116.

Carrier, D.J., J.E. Cunningham, D.C. Taylor and D.I. Dunstan. 1997.
Su crose re quire ments and lipid uti li za tion dur ing ger mi na tion of
in te rior spruce (Picea glauca engelmannii com plex) so matic em-
bryos. Plant Cell Rep. 16:550–554.

Carrier, D.J., J.E. Kendall, A.C. Bock, E.J. Cunningham and
D.I. Dunstan. 1999. Water con tent, lipid de position and (±)-ab-
scisic acid con tent in developing white spruce seeds. J. Exp. Bot.
50:1359–1364.

Crowe, J.H., F.A. Hoekstra and L.M. Crowe. 1992. Anhydrobiosis.
Annu. Rev. Plant Physiol. 54:597–599.

Dahmer, M.L., G.B. Collins and D.F. Hildebrand. 1991. Lipid-con -
tent and com position of soybean so matic embryos. Crop Sci.
31:741–746.

Feirer, R.P., J.H. Conkey and S.A. Verhagen. 1989. Tri glyc er ides in
embryogenic calli: a com parison with zy gotic em bryos. Plant Cell
Rep. 8:207–209.

Find, J.I. 1997. Changes in en dogenous ABA levels in developing so -
matic embryos of Nor way spruce (Picea abies (L.) Karst.) in re la-
tion to mat u ra tion me dium, des ic ca tion and ger mi na tion. Plant Sci.
128:75–83.

Flinn, B.S., D.R. Rob erts and I.E.P. Taylor. 1991. Evaluation of so -
matic em bryos of in te rior spruce. Char ac ter iza tion and de vel op -
mental regulation of storage pro teins. Physiol. Plant. 82:624–632.

Gibson, S.I. 2005. Control of plant development and gene expression
by sugar signaling. Curr. Opin. Plant Biol. 8:93–102.

Gösslová, M., H. Svobodová, H. Lipavská, J. Albrechtová and
D. Vreugdenhil. 2001. Com par ing car bo hy drate sta tus dur ing Nor-
way spruce seed development and so matic embryo for mation. In
Vitro Cell Dev. Biol. Plant 37:24–28.

Gupta, P.K. and D.J. Durzan. 1986. So matic polyembryogenesis from 
callus of ma ture sugar pine em bryos. Bio technology 4:643–645.

Hakman, I. 1993. Em bryology in Nor way spruce (Picea abies). An
anal y sis of the com po si tion of seed stor age pro teins and de po si tion
of stor age re serves dur ing seed development and so matic embryo-
genesis. Physiol. Plant. 87:148–159.

Hakman, I. and S. von Ar nold. 1988. So matic embryogenesis and
plant re gen er a tion from sus pen sion cul tures of Picea glauca (white
spruce). Physiol. Plant. 72:579–587.

Iraqi, D. and F.M. Tremblay. 2001a. Anal y sis of car bo hy drate me tab -
olism enzymes and cel lular con tents of sugars and pro teins dur ing
spruce so matic embryogenesis sug gests a regulatory role of exoge-
nous su crose in em bryo development. J. Exp. Bot. 52:2301–2311.

Iraqi, D. and F.M. Tremblay. 2001b. The role of su crose dur ing mat u-
ration of black spruce (Picea mariana (Mill.) BSP) and white
spruce (Picea glauca (Moench) Voss) so matic embryos. Physiol.
Plant. 111:381–388.

Iraqi, D., V.Q. Le, M.S. Lamhamedi and F.M. Tremblay. 2005. Su -
crose uti li za tion dur ing so matic em bryo de vel op ment in black
spruce: involvement of apoplastic invertase in the tis sue and of
extracellular invertase in the me dium. J. Plant Physiol. 162:
115–124.

Jamieson, G.R. and E.H. Reid. 1972. The leaf lipids of some co nifer
species. Phytochemistry 11:269–275.

Janick, J., C.C. Velho and A. Whipkey. 1991. De vel op men tal changes
in seeds of loblolly pine. J. Am. Soc. Hort. Sci. 116:297–301.

Joy, R.W., E.C. Yeung, L. Kong and T.A. Thorpe. 1991. De vel op ment 
of white spruce somatic embryos: I. Stor age prod uct de po si tion. In
Vitro Cell Dev. Biol. 27:32–41.

Klimaszewska, K., Y. Devantier, D. Lachance, M.A. Lelu and
P.J. Charest. 1996. Larix laricina (tam a rack): so matic embryo-
genesis and ge netic transformation. Can. J. For. Res. 27:538–550.

Kong, L. and E.C. Yeung. 1995. Effects of silver ni trate and poly eth-
ylene gly col on white spruce (Picea glauca) so matic embryo devel-
op ment: en hanc ing cot y le don ary em bryo for ma tion and endo ge- 
nous ABA con tent. Physiol. Plant. 93:298–304.

Konrádová, H., H. Lipavská, J. Albrechtová and D. Vreugdenhil.
2002. Su crose me tab o lism dur ing so matic and zy gotic
embryogenesis in Nor way spruce: con tent of sol uble sac charides
and lo cal iza tion of key en zyme ac tiv i ties. J. Plant Physiol.
159:387–396.

Konrádová, H., M. Grigová and H. Lipavská. 2003. Cold-in duced ac -
cu mu la tion of raffinose fam ily oli go sac cha rides in so matic em-
bryos of Nor way spruce (Picea abies). In Vitro Cell Dev. Biol.
39:425–427.

Kovaè, M. and I. Kregar. 1989. Starch me tabolism in sil ver fir seed
during ger mination. Plant Physiol. Biochem. 27:873–880.

Krasowski, M.J. and J.N. Owens. 1993. Ultrastructural and
histochemical postfertilization megagametophyte and zy gotic em -
bryo development of white spruce (Picea glauca) em pha siz ing the
deposition of seed storage prod ucts. Can. J. Bot. 71:98–112.

Kumstýøová, L., M. Vágner, H. Lipavská and M. Gösslová. 2000. So -
matic embryogenesis of Nor way spruce: an a tom i cal char ac ter iza -
tion and con tent of non-structural sac charides. Plant Physiol.
Biochem. 38(Suppl.):43.

Lipavská, H. and H. Konrádová. 2004. So matic embryogenesis in co -
nifers: the role of car bohydrate me tabolism. In Vitro Cell Dev.
Biol. Plant. 40:23–30.

Lipavská, H., H. Svobodová, J. Albrechtová, L. Kumstýøová,
M. Vágner and Z. Vondráková. 2000. Car bo hy drate sta tus dur ing
somatic embryo mat uration in Nor way spruce. In Vitro Cell Dev.
Biol. Plant 36:260–267.

Metcalfe, L.D. and C.N. Wang. 1981. Rapid prep aration of fatty acid
methyl es ters us ing organic base-catalyzed transesterification. J.
Chromatogr. Sci. 19:530–535.

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com

STORAGE LIPIDS IN NOR WAY SPRUCE SO MATIC EM BRYOS 1539



Misra, S., S.M. Attree, I. Leal and L.C. Fowke. 1993. Effect of
abscisic acid, osmoticum and des iccation on the synthesis of stor-
age pro teins dur ing the development of white spruce. Ann. Bot.
71:11–22.

Pullman, G.S., S. Johanson, G. Pe ter, J. Cairney and N. Xu. 2003. Im -
prov ing loblolly pine so matic em bryo mat u ra tion: com par i son of
so matic and zy gotic em bryo mor phol ogy, ger mi na tion and gene
expression. Plant Cell Rep. 21:747–758.

Reidiboym-Talleux, L., F. Diemer, M. Sourdioux, K. Chapelain and
G. Grenier-De March. 1999. Im provement of so matic embryo-
genesis in wild cherry (Pru nus avium). Effect of maltose and ABA
supplements. Plant Cell Tiss. Org. Cult. 55:199–209.

Reidiboym-Talleux, L., M. Sourdioux, E. Grenier and G. Grenier-De
March. 2000. Lipid com position of so matic and zy gotic em bryos
from Pru nus avium. Effect of a cold treat ment on so matic embryo
quality. Physiol. Plant. 108:194–201.

Stabel, P., T. Eriksson and P. Engström. 1990. Changes in pro tein syn -
the sis upon cytokinin-me di ated ad ven ti tious bud in duc tion and
dur ing seed ling de vel op ment in Nor way spruce (Picea abies).
Plant Physiol. 92:1174–1183.

Stone, L.S. and J.D. Gifford. 1999. Struc tural and bio chemical
changes in loblolly pine (Pinus taeda L.) seeds dur ing ger mination
and early seed ling growth. II. Stor age triacylglycerols and car bo-
hydrates. Int. J. Plant Sci. 160:663–671.

Svobodová, H., J. Albrechtová, L. Kumstýøová, H. Lipavská,
M. Vágner and Z. Vondráková. 1999. So matic embryogenesis in
Nor way spruce: an a tom i cal study of em bryo de vel op ment and in-
flu ence of poly eth yl ene gly col on mat u ra tion pro cess. Plant
Physiol. Biochem. 37:209–221.

Tillman-Sutela, E., A. Johansson, P. Laakso, T. Mattila and H. Kallio.
1995. Triacylglycerols in the seeds of north ern Scots pine, Pinus
sylvestris L., and Norway spruce, Picea abies (L.) Karst. Trees
10:40–45.

Töpfer, R., N. Martini and J. Schell. 1995. Mod ification of plant lipid
biosynthesis. Sci ence 268:681–686.

Turgeon, R., D.U. Beebe and E. Gowan. 1993. The in ter me di ary cell:
minor-vein anat omy and raffinose oligosaccharide syn thesis in the
Scrophulariaceae. Planta 191:446–456.

Voelker, T. and A.J. Kinney. 2001. Variation in the biosynthesis of
seed-storage lipids. Annu. Rev. Plant Physiol. Plant Mol. Biol. 52:
335–361.

von Aderkas, P., R. Rohr, B. Sundberg, M. Gutmann, N.D. BéBoux
and M.A. Lelu. 2002. Abscisic acid and its in fluence on develop-
ment of the embryonal root cap, stor age prod uct and sec ondary me -
tab o lite ac cu mu la tion in hy brid larch so matic em bryos. Plant Cell
Tiss. Org. Cult. 69:111–120.

Wolff, R.L., F. Pedrono, E. Pasquier and A.M. Marpeau. 2000. Gen -
eral char ac ter is tics of Pinus spp. seed fatty acid com positions and
importance of Delta 5-olefinic ac ids in the tax onomy and phy log-
eny of the ge nus. Lipids 35:1–22.

Yeung, E.C., C. Stasolla and L. Kong. 1998. Apical meristem for ma-
tion dur ing zy gotic em bryo development of white spruce. Can.
J. Bot. 76:751–761.

1540 GRIGOVÁ, KUBEŠ, DRÁŽNÁ, ØEZANKA AND LIPAVSKÁ

TREE PHYS I OL OGY VOL UME 27, 2007


