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Abst rac t  Genetic controls for growth of embryogenic 
cultures, storage, maturation treatments, germination and 
cryopreservation in white spruce somatic embryogenesis 
(SE) were examined. These SE processes were under ge- 
netic control but less strongly so than the initiation phase. 
For all the SE characters examined, variance due to clones 
within families was significant and often the largest ge- 
netic component of variance. This was further partitioned 
using an additive-dominance-epistasis model. A rela- 
tively-large proportion of the total genetic variance was 
due to epistatic variance in the maturation and germination 
of somatic embryos. Embryogenic lines were cryopre- 
served easily without a distinct genetic influence being no- 
ticed. 
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Introduction 

This is the second part of a study concerning the somatic 
embryogenesis (SE) of  white spruce [Picea glauca 
(Moench) Voss]. In the first part of  this study (Park et al. 
1993), we analyzed the effects of various experimental 
treatments on genetic controls and on genotype • environ- 
ment interactions during the initiation of embryogenic tis- 
sue (ET). This experiment was carried out with 30 full-sib 
families from six-parent diallel crosses. We obtained em- 
bryogenic tissue from all 30 families at relatively high in- 
itiation percentages. 

The initiation of ET was under strong additive genetic 
control and exhibited genotype x treatment interactions. It 
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was found that freshly excised immature zygotic embryo 
explants provided a greater embryogenic response than 
stored immature, and fresh and stored mature ones. When 
immature explants were used, relatively large variances 
due to specific combining ability (SCA) and maternal ef- 
fects were found. When mature explants were used, these 
variances were no longer present; the variation due to gen- 
eral combining ability (GCA) and reciprocal effects re- 
mained. Such changes in variances indicate that, during in- 
itiation, we are dealing with rapid shifts in the activity of 
several genes. While dominance variance expressed by 
SCA may be transitional, the additive gene effects (GCA) 
consistently play an important role in initiating SE. We 
have extended this research to a study of genetic responses 
during culture maintenance, storage, maturation, germina- 
tion and cryopreservation of the somatic embryos (SEs). 

Embryogenic tissue will grow vigorously as long as the 
cultures are maintained at approximately 25~ in auxin- 
containing initiation medium and subcultured every 
2 weeks. Unfortunately, frequent subculturing is labor in- 
tensive, which leads to severe logistical problems when a 
large number of clones is involved. Therefore, our first ob- 
jective was to examine if subculture frequency could be 
reduced by culture at lower than 25~ and to determine if 
this process, which we will call storage, is affected by the 
genetics of the material, both at the clonal and family lev- 
els. 

Once sufficient stock of ET has been obtained, matura- 
tion of SEs is the next critical step. In most research labor- 
atories, this is still the least efficient stage during the re- 
generation of conifer plants from somatic embryos (Attree 
et al. 1990). For spruce species, abscisic acid (ABA) pro- 
motes maturation, with the optimal concentration of ABA 
varying among species (Dunstan et al. 1988; Hakman and 
von Arnold 1988; Attree et al. 1990; Roberts et al. 1990 a). 
Therefore, our second objective was to examine the ABA 
requirements for maturation and to determine if these re- 
quirements are affected by the genetics of the material, both 
at the clonal and family levels. 

Germination of conifer somatic embryos is often pre- 
cocious or uneven. This can be partly corrected by partial 



des i cca t i on  o f  ma tu re  soma t i c  e m b r y o s  pr ior  to p l ac ing  

t h e m  on g e r m i n a t i o n  m e d i u m  (Rober t s  et al. 1990 b). P rope r  
ge rmina t ion ,  r esu l t ing  in a w e l l - b a l a n c e d  shoo t / roo t  rat io,  
is essen t ia l  for  succes s fu l  e s t a b l i s h m e n t  o f  e m b l i n g s  in soil .  
Our  th i rd  o b j e c t i v e  is to d e t e r m i n e  the  gene t i c  con t ro l s  
wi th in  and b e t w e e n  f ami l i e s  in the  g e r m i n a t i o n  process .  
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as well as precociously germinating somatic embryos (PGSE) but 
not grossly malformed embryos. The normal mature somatic em- 
bryos have clearly developed, but non-elongated, cotyledons. Pre- 
cociously germinating somatic embryos have green cotyledons that 
are elongating. The total number of mature somatic embryos (TMSE) 
is the sum of normal mature and precociously germinating somatic 
embryos (TMSE = NMSE + PGSE). 

Materials and methods 

Plant material 

The embryogenic cultures used were obtained from explants excised 
from seeds of 30 full-sib families from six-parent diallel crosses 
(Park et al. 1993). This resulted in 1 700 embryogenic lines (clones), 
representing all 30 families. Of these clones, 747, again represent- 
ing all the families, were retained for subsequent bulking-up, stor- 
age, maturation, germination and cryopreservation experiments. 

Bulking-up 

Six to fourteen clones from each of the 30 families, to a total of 329 
clones, were bulked-up by subculturing embryogenic tissue at 2- 
week intervals over an 8-week period. The medium used for that pur- 
pose was half-strength Litvay medium(~ LM) with 2,4-D as de- 
scribed by Park et al. (1993). Initially, there were two Petri plates for 
each clone with each plate containing nine tissue clumps, each about 
1 cm in diameter. Each clump that had grown enough to be divided 
at the time of subculture was cut into about 1-cm-diameter pieces. 
Thus the number of plates per clone, each with nine clumps of tis- 
sue per plate, increased during subsequent subcultures. The rate of 
growth (GROW) of each clone was determined by counting the num- 
ber of plates per clone obtained in the 8-week proliferation period. 

Storage 

For each clone, one plate with nine healthy clumps was put in stor- 
age at four temperatures (5, 10, 15 and 25 ~ for three durations (1, 
2 and 3 months). A total of 2 525 plates was used for 329 clones (6-14 
clones for each family). 

After exposure to each storage temperature and period, the cul- 
tures were placed on fresh initiation medium for 6 weeks and then 
subcultured every 2 weeks. Then the condition (COND) of each 
clump was rated, using six subjective categories from 1, being most 
healthy (non-necrotic), to 6, being dead. The percent survival 
(SURV) for each clone was calculated from the number of clumps 
that ha d started growing again at the end of the 6-week period. 

Maturation 

The maturation experiment was carried out with clumps that had been 
stored for 1 month and that had started growing vigorously again 
during the 6-week post-storage recovery period. A total of 312 clones 
was available for the maturation experiment. The clumps were trans- 
ferred from initiation medium containing kinetin to maturation me- 
dia. Five maturation media containing X LM with 0, 12.5, 25, 37.5 
and 50 M of abscisic acid (ABA) were prepared. For the first 2 weeks, 
these media contained 6% sucrose and 0.4% Gelrite. For the remain- 
der of the maturation cycle, they contained 3.4% sucrose. For each 
of the 312 clones, one clump was placed on maturation medium with 
each of the five ABA concentrations. They were kept at 25 ~ under 
fluorescentlight(16 h55 molm-2s-1)andsubculturedevery2weeks 
on medium with the same ABA concentration. Five weeks after the 
initial transfer to ABA-containing medium, mature embryos were 
picked from the clumps and counted for each clone and ABA treat- 
ment. The count included normal mature somatic embryos (NMSE), 

Germination 

Germination experiments were carried out using both normal mature 
and precociously germinating somatic embryos from each clone. 
These embryos were removed from each of the five different ABA 
media, except in the case of a few clones where such embryos were 
not available from all media. The germination medium was quarter- 
strength Litvay's medium but with half strength Fe, KNO 3, and 
MnSO4. H20. The sucrose concentration was reduced to 2% and the 
Gelrite concentration to 0.21%. Prior to placing the normal mature 
somatic embryos, picked from cultures on maturation medium, on- 
to the germination medium, they were partially desiccated by plac- 
ing them on millipore filters in 6-well dishes. Three of the wells con- 
tained a millipore filter with about 15 embryos, the other three wells 
contained sterile water. The 6-well dishes were sealed with Parafilm 
and placed in the dark at 25 ~ for 3 weeks. At the end of the 3 weeks, 
the filters with embryos were transferred to germination medium. 
The precociously germinating somatic embryos picked from the mat- 
uration media were placed on germination medium without desicca- 
tion. Since desiccation is used to stimulate germination, it was 
deemed not to be required for the precociously germinated embryos. 
A record was kept for each clone regarding what ABA treatment they 
had received during maturation and whether they were NMSE or 
PGSE. In the statistical analysis, we considered each clone, ABA 
treatment and maturation-type combination as one sampling unit. 
The number of embryos per sampling unit varied (1-100 +). Of the 
894 sampling units, 537 were normal (NMSE) and 357 were preco- 
ciously germinating mature embryos (PGSE). 

The embryos were examined after 2, 3, and 4 weeks to determine 
the germination and rooting rate. Numbers of the following type 
classes were recorded: normally rooted somatic embryos (NORM), 
germinating embryos with elongating cotyledons and a hypocotyl 
but without elongating roots (SHOOT), misshapen germinating em- 
bryos (MISS), and dead (DEAD) embryos. Embryos with a minimal 
hypocotyl, or root, a hypocotyl with suppressed cotyledons, and roots 
only, were considered as MISS. 

Cryopreservation 

Embryogenic tissue of 551 clones, cultured on initiation medium 
containing kinetin, was readied for cryopreservation using a modi- 
fied version of the protocol described by Charest et al. (1993). For 
each clone, about 1 g of actively growing tissue was placed in an Er- 
lenmeyer flask with 7 ml of half-strength Eitvay's liquid medium, 
with 2% sucrose and 0.4 M sorbitol. The flasks were shaken on a ro- 
tary platform shaker at 100-115 rpm for 20-24 h. The flasks were 
then placed on ice and 3 ml of a cold DMSO solution was added in 
six successive 0.5-ml aliquots over a 30-min period. The DMSO so- 
lution was prepared as follows: 30 ml of a stock containing 15 ml of 
full-strength Litvay medium and 15 ml DMSO was added to 60 ml 
of half-strength Litvay medium with 0.4 M sorbitol. This created a 
final solution that contained half-strength Litvay, 0.27 M sorbitol and 
16.6% (v/v) DMSO. After the flasks had been left on ice for 30 min 
to equilibrate, tissue from each flask was distributed in 1-ml aliquots 
over eight cryogenic vials (i.e., eight replicates/clone). The vials were 
placed in retaining canes (four vials per cane). The canes were sus- 
pended in a freezer cooled to 0 ~ After a 10-min holding period, 
they were cooled to -40 ~ at a rate of approximately -0.33 ~ per 
rain and held at -40 ~ for 10 rain. The canes were then immersed 
in liquid nitrogen (-195 ~ To test survival and recovery, one vial 
from each of the eight cryopreserved for each clone was, after 1 day 
in liquid nitrogen, thawed in a 37-40 ~ water bath until complete- 



744 

ly thawed (after about 2 min). The thawed embryogenic tissue was 
poured onto sterile filter paper disks. These disks were placed on in- 
itiation medium and, after 24 h, transferred to fresh initiation medi- 
um. Once the tissue began to grow, it was considered to have sur- 
vived cryopreservation. 

Statistical models and analysis 

The growth-rate data of the embryogenic cultures (GROW), obtained 
during the bulking-up phase, were subjected to an analysis of vari- 
ance using the following linear model: 

Yijk = ~1 + gi + gj + sij + mi + m~ + ri3 + eijk (1) 

where 

Yijk 

gi (gj) 

sij 

mi(mj) 

rij 

eijk 

is the observation for k-th clone of the family resulting from 
crossing between the i-th and j-th parents; 
is the overall mean; 
is the general combining ability (GCA) effect of the i-th fe- 
male (j-th male) parent; 
is the specific combining ability (SCA) effect involving the 
i-th and j-th parents; 
is the maternal effect of the i-th (j-th) female parent, such 
that IT[ i = -m~ ; 
is the reciprocal effect involving the reciprocal crosses of 
the i-th and j-th parents; and 
is the random error component containing the effect of k-th 
clone within the ij-th family. 

All terms in the model, except the overall mean, were considered 
as random effects. The computations, including the calculations of 
the expected mean squares, were carried out using a computer pro- 
gram, DIALL (Schaffer and Usanis 1969). 

Data from the storage experiment, i.e., the condition of recovery 
(COND) and the percent of survival (SURV), were subjected to anal- 
ysis of variance, using the model: 

Yhklm = t I + Fh +Chk + TI + D m  + FThl + FDhm +TDlm + ehklm (2) 

where 

Yhkhn is the observation on the k-th clone of h-th family stored at 
the 1-th temperature for the m-th period; 

p is the overall mean; 
F h is the h-th family effect, h = 1, 2 . . . . . .  30; 
Chk is the k-th clone within the h-th family effect, k = 1, 2 ...... 

14; 
T I is the 1-th storage temperature effect, 1 = l, 2, 3, 4; 
D m is the m-th duration effect; m = 1, 2, 3; 
FThl is the interaction effect of h-th family and the 1-th storage 

temperature; 
FDhm is the interaction effect of h-th family and the m-th storage 

duration; 
TDlm is the interaction effect of the 1-th storage temperature and 

m-th duration; 
ehklm is the random error component. 

The number of normal mature somatic embryos (NMSE), preco- 
ciously germinating somatic embryos (PGSE) and total mature so- 
matic embryos (TMSE) was analyzed using the model: 

ghkl ~- ~.l -b F h + Chk -t- A~ + FAhI + ehk 1 (3) 

where 

Yhk~m 

A1 
FAhl 

ehkI 

is the number of maturing somatic embryos of the k-th clone 
within the h-th family for 1-th ABA treatment; 
is the 1-th ABA treatment effect, 1 = 1, 2 ..... ,5;  
is the interaction effect involving h-th family and 1-th ABA 
treatment; 
is the random error component; and all other terms are as 
defined previously. 

The percentage of somatic embryos that were normal (NORM), 
had germinated and had formed a shoot but no root (SHOOT), were 

misshapen (MISS) or were dead (DEAD) was analyzed using the 
model: 

Yhklm : ~1 "k F h + Chk -}- A 1 + M m + FAhl + FMhm + ehklm (4) 

where 

ghklm is the observation for k-th clone of the h-th family resulting 
from the 1-th ABA treatment that produced m-th maturation- 
type; 

Mrn is the m-th maturation-type effect, m = 1, 2; 
FAh~ is the interaction effect of the h-th family and 1-th ABA treat- 

ment; 
FMhm is the interaction effect of the h-th family and m-th matura- 

tion-type; 
ehklm is the random error; and all other terms are as defined pre- 

viously. 

All the counted and rating data, i.e., the number of plates used to 
assess GROW, the condition of recovery from storage (COND), and 
the numbers of NMSE and PGSE, were transformed by taking the 
square roots of the data [4(x + 0.5)1 before analysis of variance to 
improve normality (Sokal and Rohlf 1981), while the percentage 
data, i.e., SURV, NORM, MISS and DEAD, were transformed by 
takinig the arcsine values of the square roots of the percentages 
(sin- ~ % ~ ) .  For all analyses of variance, families and clones with- 
in families were considered to be random effects while the treatment 
effects were considered to be fixed effects. Computations of analy- 
ses of variance for models (2)-(4), including the computations of the 
expected mean squares, were performed using the computer program, 
RUMMAGE (Bryce 1980). The variance components for all random 
effects terms were estimated. The standard deviations of the esti- 
mates were calculated according to Anderson and Bancroft (1952). 
Approximate significance tests for all sources of variation in the mod- 
els were performed by comparing expected mean squares (Satterth- 
waite 19461; Tietjen 1974) at the 5% probability level. Subsequent 
use of the term "significant" indicates statistical significance. 

The sums of squares due to family effects in these models were 
further partitioned by using the model (1) [see details in our earlier 
paper (Park et al. 1993)]. Therefore, variance due to families (Cr2F) 
includes twice the variance due to GCA, the variance due to SCA, 
and the maternal and reciprocal effects; i.e., 02 = 2 02 + Os2+ (r2m + 
(y2. Similarly, total phenotypic variance is estimated as the sum of 
the estimated variance components from the linear models. 

Results 

F a m i l y  m e a n s  

F a m i l y  m e a n s  for  the  cha rac te r s  s tudied,  i n c l u d i n g  the  in-  
i t i a t ion  da ta  f r o m  our  ea r l i e r  p a p e r  (Park  et al. 1993),  are  
p r e s e n t e d  in Tab le  1. S i n c e  f a m i l y  e f fec t s  w e r e  c o n s i d e r e d  
to be  r a n d o m  in the ana lyses ,  c o m p a r i s o n s  o f  the  m e a n s  
w e r e  not  ca r r i ed  out.  T h e  r ange  o f  the  means ,  h o w e v e r ,  in-  

d ica tes  va r i ab i l i t y  a m o n g  fami l i e s .  

G r o w t h  o f  e m b r y o g e n i c  t i s sue  

T h e  g r o w t h  rate  ( G R O W )  o f  the  e m b r y o g e n i c  t i s sue  dur-  
ing  the  8 - w e e k  bu lk -up  p e r i o d  v a r i e d  s ign i f i can t ly  a m o n g  
f ami l i e s .  E r ro r  v a r i a n c e  ((y~), w h i c h  con ta ins  v a r i a n c e  due  
to c l o n e s  w i th in  f ami l i e s  (cy 2)  was  the  l a rges t  c o m p o n e n t  
o f  the  var ia t ion ,  i .e.,  62 .3% o f  the  to ta l  v a r i a n c e  (Tab le  2). 
T h e  v a r i a n c e  due  to gene ra l  c o m b i n i n g  ab i l i ty  o f  pa ren t s  
(o22)  was  19.3%, and that  due  to r e c i p r o c a l  e f fec t s  ((y~) 



Table 1 Family means for somatic embryo initiation percentage 
(INIT), growth rate (GROW), percent survival (SURV) and condi- 
tion of recovery (COND) from storage, numbers of normal (NMSE), 
precociously germinating (PGSE), and total mature (TMSE) somat- 
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ic embryos, and percentages of normal (NORM), shoot only 
(SHOOT), misshapen (MISS) and dead (DEAD) embryos during ger- 
mination 

Parents I a G S C 
N R U O 

Female Male I O R N 
T W V D 

N P T N S M D 
M G M O H I E 
S S S R O S A 
E E E M O S D 

T 

DNR-27 GPC-02 22.8 7.5 74.1 3.6 
DNR-27 MRL-03 42.9 3.4 78.2 3.5 
DNR-27 GPC-03 24.9 6.0 86.6 3.1 
DNR-27 GPC-15 38.5 5.5 89.0 2.9 
DNR-27 MRL- 11 43.9 9.5 66.9 3.7 

GPC-02 DNR-27 23.2 4.3 65.7 3.9 
GPC-02 MRL-03 27.9 7.2 56.2 3.8 
GPC-02 GPC-03 3.8 8.0 64.8 3.6 
GPC-02 GPC-15 15.0 7.7 70.0 3.4 
GPC-02 MRL- 11 32.2 11.2 47.2 4.2 

MRL-03 DNR-27 39.7 4.5 73.2 3.5 
MRL-03 GPC-02 17.0 3.9 72.6 3.1 
MRL-03 GPC-03 42.2 6.5 81.9 3.2 
MRL-03 GPC-15 45.5 4.4 82.9 3.1 
MRL-03 MRL- 11 39.8 4.1 65.6 3,8 

GPC-03 DNR-27 54.1 4.0 91.5 2.7 
GPC-03 GPC-02 22.0 6.1 86.3 3.1 
GPC-03 MRL-03 47.0 2.6 91.8 2.8 
GPC-03 GPC-15 46.1 4.2 90.8 2.7 
GPC-03 MRL- 11 40.0 8.9 76.9 3.2 

GPC-15 DNR-27 22.6 2.1 76.0 3.5 
GPC-15 GPC-02 3.3 4.5 90.1 2.5 
GPC-15 MRL-03 43.4 3.9 88.0 2.8 
GPC-15 GPC-15 8.9 3.3 100.0 2.4 
GPC-15 MRL-11 44.9 9.0 70.1 3.5 

MRL-11 DNR-27 21.1 7.5 70.1 3.2 
MRL-11 GPC-02 15.2 5.6 64.3 3.6 
MRL-11 MRL-03 54.6 4.5 64.0 3.9 �9 
MRL- 11 GPC-03 35.6 6.0 92.6 2.0 
MRL-11 GPC-15 24.1 4.1 73.8 3.3 

Overall mean 32.9 6.7 74.4 3.3 

7.6 8.8 16.4 12.5 41.1 26.0 20.4 
11.4 14.6 26.0 16.6 39.7 28.8 15.2 
3.3 11.3 14.6 29.6 32.5 15.2 22.7 
4.0 6.7 10.7 14.3 33.1 30.4 22.1 
3,1 8.6 11.7 15.0 56.0 29.0 0.0 

4.8 7.8 12.6 20.6 30.2 32.9 16.2 
10.4 22.7 33.1 17.8 36.5 30.8 15.0 
3.8 7.7 11.5 14.3 29.3 56.3 0.0 
2.7 5.0 7.7 36.1 34.2 15.3 14.3 
2.9 4.4 7,3 39.1 37.7 8.2 15.0 

5.5 15.9 21,4 30.6 44.3 21.1 3.9 
2.9 15.3 18.2 17.2 37.0 30.6 15.2 
7.9 12.9 20.8 33.0 33.8 10.1 23.1 

12.9 11.5 34.4 16.2 32.3 20.7 31.0 
7.2 23.5 30.7 23.1 37.3 20.9 18.8 

4.4 11.7 16.1 36.6 31.4 23.6 8.4 
2.9 9.2 12.1 12.8 31.0 43.3 12.9 
4.7 11.7 16.4 16.1 37.9 36.4 14.4 
4.5 6.7 11.2 25.8 25.8 39.1 9.4 
2.3 5.6 7.9 8.0 91.5 0.0 0.0 

6.1 11.0 17.1 33.1 29.0 23.4 14.5 
3.7 16.6 20.3 26,7 42.1 26.2 4.8 
5.5 14.9 20.4 23,7 42.3 18.6 15.4 
6.8 4.7 11.5 14,2 27.1 49.4 9.4 
3.2 2.6 5.8 3.4 96,6 0.0 0.0 

13.0 32.3 45.3 34.3 23,3 15.1 28.0 
4.7 12.4 17.1 16.4 35.7 28.7 19.2 
9.5 23.4 32.9 22.5 29.6 28.2 20.1 
3.2 29.0 32.2 13.4 29.6 15.7 41.2 
6.9 10.4 17.3 25.1 35.1 25.5 14.5 

5.7 11.7 17.4 22.2 35.7 26.3 15.8 

a Somatic embryo initiation data from Park et al. (1993) 

was also relatively large (13.0%). The variance due to spe- 
cific combin ing  ability (o2) and maternal  effect (~2m) were 
not important.  

Storage 

The condi t ion (COND) of cultures after 6 weeks of sub- 
culture fol lowing storage was signif icantly inf luenced by 
the durat ion of storage. The overall  mean  COND score de- 
teriorated from 2.6 to 4.0, to 4.7 after 1, 2, and 3 months 
of storage, respectively. At 5, 10, 15, and 25 ~ the mean  
values for COND were 3.4, 3.2, 3.4 and 3.5, respectively, 
but the differences among these were not s ignif icant  and 

showed no trend. Among  families,  the mean COND score 
varied from 4.2 to 2.0 (Table 1). 

Most of the genetic variance in COND was accounted 
for by the variances due to GCA of parents and clones 
within families,  amount ing  to 9.9% and 9.5% of the total 
phenotypic variance, respectively (Table 2). The variances 
due to SCA, maternal  and reciprocal effects were negli-  
gible. The family treatment interact ion variances,  i.e., (y2 T 
and ~Y~M, were signif icant  but  relatively small. The larg- 
est variance, however,  was due to random error. This var- 
iance includes all the higher-order interactions not ac- 
counted for by the l inear model. 

The survival  of cultures fol lowing storage (SURV) was 
significantly inf luenced by storage temperature,  duration, 
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Table 2 Estimated variance 
components (one standard devi- 
ation) and their percentage a of 
total phenotypic variance for 
growth rate (GROW) during 
the bulk-up phase and for con- 
dition of recovery (COND) and 
survival (SURV) in a storage 
experiment 

Variance GROW COND SURV 
component b 

Estimate % Estimate % Estimate % 

2(7~ 0.1122 (0.0367)* 19.3 0.0118 (0.0033)* 9.9 0.0382 (0.0103)* 12.4 
0-2 S 0.0185 (0.0216) 3.2 -0.0005 (0,0006) 0.0 -0.0028 (0.0007) 0.0 

2 O-m 0.0130 (0.0181) 2.2 0.0007 (0.0006) 0.6 0.0027 (0.0016)* 0.9 
o -2 0.0756 (0.0392)* 13.0 0.0004 (0.0009) 0.3 -0,0013 (0.0011) 0.0 
0 -2 - 0.0113 (0.0025)* 9.5 0.0251 (0.0054)* 8.2 
O-~r - 0.0017 (0.0009)* 1.4 0,0075 (0.0028)* 2.4 
O-~D - 0.0031 (0.0015)* 2.6 0.0164 (0.0050)* 5.3 
O-2 0.3628 (0.0295) 68.9 0.0904 (0.0028) 75.7 0.2180 (0.0068) 70.8 

Total 0.5821 100.0 0.1194 100.0 0.3079 100.0 

a Negative variance component estimates considered to be zero in the calculation of percentages 
b 2 2 2 2 2 2 2 2 . . . . .  O-g, O's, O-m, O-r, O-C, O-FT, O-FD, and ~E are vanance components due to general combining ablhty, spe- 

cific combining ability, maternal, reciprocal, and clones within family, family x storage temperature 
interaction, family x storage duration interaction, and random error, respectively 

* Significant at the 0.05 level 

Table 3 Estimated variance 
components (one standard devi- 
ation) and their percentages a of 
total phenotypic variance for 
normally maturing somatic em- 
bryos (NMSE), precociously 
germinating somatic embryos 
(PGSE) and total mature somat- 
ic embryos (TMSE) 

Variance NMSE PGSE TMSE 
component u 

Estimate % Estimate % Estimate % 

2 O-~ 0.0832 (0.0306)* 3.5 0.3812 (0.1273)* 7.7 0.4922 (0.1596)* 7.8 
2 -0.0019 (0.0262) 0.0 0.0400 (0.0782) 0.8 0.0225 (0.0876) 0.4 O's 

2 -0.0002 (0.0128) 0.0 0.0221 (0.0324) 0.4 0.0278 (0.0393) 0.4 O'in 

2 0.0405 (0.0444) 1.7 0.0391 (0.0805) 0.8 0.0336 (0.0969) 0.5 o-r 

O-2 0.8224 (0.0967)* 34.3 2.1299 (0.2215)* 42.9 2.7374 (0.2857)* 43.2 
O-2 A 0.0557 (0.0259)* 2.3 0.1277 (0.0464)* 2.6 0.1622 (0.0593)* 2.6 
O-2 e 1.3945 (0.0595) 58.2 2.2296 (0.0952) 44.8 2.8592 (0.1220) 45.1 

Total 2.3963 100.0 4.9696 100.0 6.3349 100.0 

a Negative variance component estimates considered to be zero in the calculation of percentages 
b 2 O-FA is variance component due to family• interaction. All other symbols defined as previously 
* Significant at the 0.05 level 

and the in terac t ion  be tween  these two. Surviva l  dec l ined  
f rom 88.0% for s torage at 25 ~ to 63.5% at 5~ Simi lar ly ,  
surv iva l  dec l ined  f rom 89.1% for 1 month  o f  s torage to 
54.3% for 3 months '  s torage.  The mean  surviva l  rate  var-  
ied f rom 47.2% to 100% among fami l ies  (Table 1). A re- 
gress ion  analys is  ind ica ted  that there  was a s igni f icant  l in-  
ear  increase  in surv iva l  o f  the cul tures  with increas ing  tem-  
pera ture  [SURV = 56.9 + 1.276 (Temperature) ,  R 2 = 0.97]. 
Cul tures  can be s tored at 25~ for about  1 month  wi thout  
no t iceab le  loss in the survival  and qual i ty  rat ings,  whi le  
cons ide rab le  de ter iora t ion  occurred  after 2 months  of  stor- 
age. However ,  t empera ture  had l i t t le  effect  on subsequent ,  
eventua l  r ecovery  of  the cultures.  Surv iv ing  cultures,  even 
i f  ra ted as poor  at the end o f  the s torage per iod,  r ecove red  
eventual ly .  This r ecovery  often requi red  several  subcul ture  
cycles .  

The largest  genet ic  componen t  of  var iance  in SURV was 
the var iance  due to parenta l  G C A  (12.4%) fo l lowed  by  the 
var iance  be tween  c lones  within famil ies  (8.2%) and to ma-  

ternal  effects (0.9%), whi le  those due to SCA and rec ipro-  
cal effects  were  negl ig ible .  Variances  due to fami ly  treat-  
ment  in teract ions  were  also s ignif icant  (Table 2). 

Matura t ion  o f  somat ic  embryos  

Es t imated  variance components  for the number  of  normal  
(NMSE),  precocious ly  germinat ing  (PGSE) and total 
(TMSE) mature somatic  embryos  are presented in Table 3. 
Variance due to parental  G C A  was significant,  accounting 
for 3.5 to 7.8% of  the total phenotypic  variance.  But most  
of  the genet ic  var iance was accounted for by  that due to 
clones within families,  f rom 34.3 to 43.2% of  total variance.  
The variances due to SCA, maternal  and reciprocal  effects 
were small  and not significant.  Variance due to family  • 
A B A  interactions was also small  but s tat is t ical ly significant.  

A B A  had a s igni f icant  effect  on N M S E  and PGSE,  and 
T M S E  c o m p a r e d  to no A B A .  For  the normal  mature  so- 
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Table 4 Effects of ABA as indicated by mean (standard error) num- 
bers of normal mature (NMSE), precociously germinating (PGSE) 
and total mature (TMSE) somatic embryos, and percentages of 
normal germination (NORM) and germination with shoots only 
(SHOOT) at varying ABA levels 

ABA 
levels 
(~tM) 

Maturation Germination 

NMSE PGSE TMSE NORM SHOOT 

0 2.9 (0.3) 6.6 (0.7) 9.5 (0.8) 20.2 (2.2) 40.6 (2.9) 
12.5 5.3 (0.5) 13.6 (1.1) 18.9 (1,4) 25,7 (1.9) 36.9 (2.,0) 
25 7,6 (0.8) 13.7 (1.1) 21.3 (1.6) 19.8 (1,7) 39.6 (2.3) 
37,5 4.1 (0.5) 14.1 (1.2) 18.2 (1.4) 20.3 (1.9) 35.5 (2.4) 
50 8.5 (0.8) 10.4 (0.9) 18.9 (1.4) 24.4 (1.9) 28.3 (2.2) 

Mean 5.7 (0.3) 11.7 (0.5) 17.4 (0.6) 22.2 (0,9) 35.7 (1.0) 

Table 5 Mean percentages (standard error) for germination with 
normal roots (NORM), with shoots only (SHOOT), misshapen em- 
bryos (MISS), and dead (DEAD) with respect to maturation types 

Maturation N O R M  SHOOT MISS DEAD 
type 

NMSE 20.3 (1.5) 31.2 (1.9) 9.3 (1.2) 39.2 (2.2) 
PGSE 23.4 (1.0) 39.3 (1.2) 37.5 (1.4) 0.2 (0.2) 

Overall mean 22.2 (0.9) 35.7 (1.0) 26.3 (1.1) 15.8 (1.1) 

(39.2%) while that for PGSE was negligible (0.2%) (Ta- 
ble 5). This suggests that NMSE may be sensitive to the 
desiccation treatment. 

Most of the genetic variance in NORM was due to vari- 
ation among clones within families, amounting to 17.9% 
of the total variance (Table 6). None of the components of 
the family variances, i.e., GCA (O2g), SCA (o2), maternal 
(6 2) and reciprocal (o2r) variances, were significant. How- 
ever, a significant family x maturation-type interaction 
variance (o2M), 10.8% of the total variance, was found. 
For SHOOT, variance due to clones within families (o 2) 
was the only significant genetic source of variation 
amounting to 12.1% of the total variance. The variation 
due to interactions of families and maturation types was 
significant, amounting to 7.4% (Table 6). Similarly, o 2 was 
the only significant source of genetic variance in MISS, 
amounting to 22.1% of the total variance (Table 6). Again, 
for DEAD, o~ was the significant source of genetic vari- 
ance, amounting to 16.1% of the total variance. The vari- 
ance due to interactions of family and maturation type was 
almost as large (13.2%) as that due to clones within fam- 
ily (Table 6). 

Cryopreservation 

matic embryos (NMSE), the optimal ABA level was not 
distinct; for the TMSE, it was at 25 pM. At that concen- 
tration, the mean number of TMSE was 21.3 while that of 
the no-ABA control was 9.5 (Table 4). 

Germination of somatic embryos 

During the 4-week germination period, 22.2% of the total 
mature somatic embryos produced normal roots (NORM), 
35.7% produced normal shoots but no roots (SHOOT), 
26.3% became misshapen (MISS) and 15.8% died (DEAD) 
(Table 5). 

ABA treatment levels used during the maturation had a 
significant effect on normal germination (NORM) al- 
though actual differences were relatively small, and var- 
ied from 19.8 to 25.7% (Table 4). Furthermore, there was 
no obvious trend in percentages of NORM at increasing 
levels of ABA treatment. ABA had a significant effect on 
shoot-only germination (SHOOT). Again, a clear trend 
with concentration levels of ABA was not obvious. 

Whether the embryos were NMSE or PGSE at the be- 
ginning of germination also had a significant effect on 
NORM and SHOOT although the difference was small (Ta- 
ble 5). Both maturation types (NMSE and PGSE) had sim- 
ilar percentages of NORM, but a slightly higher percent- 
age of the PGSE produced SHOOT. However, both matu- 
ration types were quite different with respect to MISS and 
DEAD. There was a significant difference between the 
mean percentages of MISS, i.e., 37.5% for PGME vs 9.3% 
for NMSE. The NMSE had a higher percentage of DEAD 

Of the 551 clones cryopreserved, 457 (82.9%) were suc- 
cessfully defrosted and repropagated initially. Of the 94 
clones that did not survive, 54 could not be tried again be- 
cause the non-cryopreserved part of each of these clones 
was not in good enough condition to be used again. How- 
ever, 40 were successfully reintroduced in cryo-storage, 
defrosted and repropagated. Culture quality appeared to be 
the main factor determining survival in cryopreservation. 
Genetics probably played no major role in survival of the 
clones. 

Discussion and conclusion 

The interpretation of the various variance components in 
this paper is similar to that in the discussion of the initia- 
tion of SE (Park et al. 1993). It is evident that genetics 
played a major role during all phases of somatic embryo- 
genesis. Maturation, like initiation, is under additive ge- 
netic control. However, the GCA variance (2o~) contribu- 
tion declined from 41.7% during the initiation phase (Park 
et al. 1993) to 7.8% during maturation (TMSE), and to 
1.5% during normal germination (NORM) (Table 7). Sim- 
ilarly, the variances due to SCA, maternal and reciprocal 
effects declined during maturation and germination. Con- 
sequently, for germination none of the family components 

2 o22, 2 of variance (i.e., Og, One, and Or 2) were significant. The 
variance due to clones (o~) cannot be estimated for the in- 
itiation phase for the simple reason that clones do not yet 
exist at the beginning of the initiation phase. During the 
bulk-up phase (GROW), the clones were considered as rep- 
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Table 6 Estimated variance components (standard deviation) and their percentages a of total phenotypic variance for germination with nor- 
mal roots (NORM), with shoots only (SHOOT), misshapen embryos (MISS) and dead (DEAD) 

Variance b NORM SHOOT MISS DEAD 
component 

Estimate % Estimate % Estimate % Estimate % 

20 -2 0.0024 (0.0018) 1.5 -0.0060 (0.0016) 0.0 -0.0020 (0.0018) 0.0 -0.0018 (0.0009) 0.0 
~Ts 2 0.0012 (0.0031) 0.8 0.0049 (0.0056) 2.3 0.0047 (0.0052) 2.9 -0.0011 (0.0030) 0.0 

2 O- m 0.0004 (0.0010) 0.2 0.0041 (0.0030) 1.9 0.0003 (0.0010) 0.2 0.0028 (0.0018) 1.4 
0-2 0.0000 (0.0032) 0.0 0.0007 (0.0039) 0.3 --0.0018 (0.0035) 0.0 --0.0056 (0.0025) 0,0 
0-~ 0.0287 (0.0064)* 17.9 0.0259 (0.0090)* 12.1 0.0363 (0.0084)* 22.1 0.0318 (0.0094)* 16.1 
0-~A -0.0006 (0,0028) 0.0 -0.0002 (0.0042) 0.0 0.0004 (0.0031) 0.2 -0.0023 (0.0033) 0.0 
~ 0.0172 (0.0073)* 10.8 0.0159 (0.0083)* 7.4 0.0043 (0.0041) 2.6 0.0260 (0.0103)* 13.2 
0-2 0.1100 (0.0064) 68.8 0.1626 (0.0094) 76.0 0.1183 (0.0069) 72.0 0.1368 (0.0079) 69.3 

Total 0.1599 100.0 0.2141 100.0 0.1643 100.0 0.1974 100.0 

a Negative variance component estimates considered to be zero in the calculation of percentages 
b 2 CrFM is the variance component due to family x maturation type interaction. All other symbols defined as previously 
* Significant at 0.05 level 

Table 7 Percentages of genetic components of variances relative to 
total phenotypic variances during the initiation of embryogenic tis- 
sue (INIT), growth rate of embryogenic tissue during the bulk-up 
phase (GROW), total mature somatic embryos (TMSE), and germi- 
nation of somatic embryos with normal roots (NORM) 

Variance INIT a GROW TMSE NORM 
component 

2ff 2 41.7 19.3 7.8 1.5 
2 4.4 3.2 0.4 0.8 O's 
2 7.8 2.2 0.4 0.2 0-m 
2 14.8 13.0 0.5 0.0 0-r 

~2 _ b 43.2 17.9 
2 3.3 62.3 b 45.1 68.8 0-e 

a Initiation data averaged over treatment combinations from Park et 
al. (1993) 

b Variance due to clones are confounded with experimental error 
since the clones are considered as replicates during analysis 

-, Data not available since clones were developed during the initi- 
ation 

licates for statistical analysis; the error v a r i a n c e  (I32e), 
therefore, contains variance due to clones. This variance 
was high. The variance due to clones declined during the 
maturation phase (TMSE) and declined still further during 
normal germination (NORM) (Table 7). This drastic reduc- 
tion in genetic variances from initiation to germination sug- 
gests that different sets of genes are responsible for the in- 
itiation, maturation and germination phases. This, of 
course, is not unexpected. There was no correlation 
between the percentages of SE initiation and the different 
maturation and germination characters. There was also no 
correlation between the various maturation and germina- 
tion characters. This again suggests that different gene sets 
operate during each phase. 

For all the SE characters examined, variance due to 
clones (c~ 2) was significant in all cases and was often the 
largest of  the genetic components of variance, although it 
declined from bulking-up (GROW) to germination. This 

component ( ~ )  was translated into the remainder of the 
total genetic variance, after covariance of full-sibs was re- 
moved, following the additive-dominance-epistasis ge- 
netic model described by Mullin and Park (1992). Accord- 
ing to this model, total genetic variance ( ~ )  consists of 
additive (c~), dominance ((y~) and epistatic ( ~ )  variances, 

2 .2 2 2 2 2 i.e., O" G ~- (YA + (YD "1- I ~ I ,  which is equivalent t o  2(Yg + CY s + 

c~ when expressed in terms of the linear analysis model 
components. Since (y~ and c~ 2 are interpreted as being one- 
quarter of ~y2 and of (y2 respectively, cy~ contains the epis- 
tatic variance (o~, which is estimated as G~ - 2c~-3(y~. 
Estimated genetic components of  variances under the ad- 
ditive-dominance-epistasis model for various phases of the 
experiments are presented in Table 8. With the exception 
of SURV and COND, the magnitude of epistatic variance 
(cy~) was large. For maturation characters, i.e., NMSE, 
PGSE and TMSE, (y~ was consistently the largest genetic 
variance rangin~ from 63.8 to 81.7% of cy~, while addi- 
tive variance ((YA) ranged from 18.3 to 30.3%. Dominance 
variance (cy 2) during maturation was consistently small, 
ranging from 0.0 to 6.3%. The composition of genetic var- 
iances among the three germination types varied drasti- 
cally. For NORM, epistatic variance ((yi a) was large (70.2%) 
with an equal magnitude of additive (cy~) and dominance 
(~2) variances (14.9% each). For both SHOOT and MISS, 
additive variance was lacking. Dominance variance was 
larger than epistatic variance for SHOOT, while epistatic 
variance was larger for MISS; however, the difference was 
only about 10%. 

Epistatic variance is difficult to estimate accurately 
without additional information on gene action, allele fre- 
quencies and numbers of loci involved. Therefore, the es- 
timates presented here must be viewed cautiously. In ad- 
dition to the usual assumptions required for interpretation 
of the genetic model (see Mullin and Park 1992), two fur- 
ther assumptions apply. Firstly, when present, epistasis is 
due primarily to interactions involving more than two or 
three loci. Where this is not the case, estimates of ~ and 
cy~ may be contaminated seriously by a fraction of epista- 
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Table 8 Estimated genetic components of variance (standard deviation) during bulk-up, storage, maturation and germination phases 

Variance a Estimate % Estimate % Estimate % 

Bulk-up and storage experiment 
GROW SURV COND 

Cr~ 0.2244 (0,5408) 45.5 0.0764 (0.0004) 100.0 0.0236 (0.0000) 95.9 
Cr~ 0.0740 (0.0019) 15.0 -0.0112 (0.0000) 0.0 -0.0020 (0.0000) 0.0 
(r 2 0.1951 (0.7388) 39.5 -0.0047 (0.0000) 0.0 0.0010 (0.0073) 4.1 
0"2 0.4935 (0.7363) 100.0 0.0605 (0.0213) 100.0 0.0226 (0.0071) 100.0 

Maturation of somatic embryos 

NMSE PGSE TMSE 

Cr 2 0.1664 (0.0037) 18.3 0.7624 (0.0648) 29.9 0.9844 (0.1019) 30.3 
0"2 -0.0076 (0.0027) 0.0 0.1600 (0.0245) 6.3 0.0900 (0.0307) 2.8 
tYI 2 0.7449 (0.1388) 81.7 1.6287 (0.4110) 63.8 2.1777 (0.5026) 66.9 
tY~ 0.9037 (0.1174) 100.0 2.5511 (0.3464) 100.0 3.2521 (0.4372) 100,0 

Germination of somatic embryos 

NORM SHOOT MISS 

r 0.0048 (0.0000) 14.9 -0.0120 (0.0000) 0.0 -0.0040 (0.0000) 0.0 
cr~ 0.0048 (0.0000) 14.9 0.0196 (0.0001) 53.3 0.0188 (0.0001) 43.7 
tTI 2 0.0227 (0.0118) 70.2 0.0172 (0.0193) 46.7 0.0242 (0.0181) 56.3 
~7~ 0.0323 (0.0080) 100.0 0.0248 (0.0111) 100.0 0.0390 (0.0105) 100.0 

a ~2, cry, cry, and cr~ are additive, dominance, epistatic and total genetic variances, respectively. Negative estimates are considered to be 
zero for calculation of percentages 

sis and c~ will be underestimated by a corresponding 
amount. Secondly, it is assumed that "C-effects", defined 
by Lerner (195 8) as "non-random environmental variances 
common to members of subgroups within a population", 
are negligible or absent. If  these assumptions are not met, 
estimates of variance may be biased (Mullin et al. 1992). 
The extent of the contribution of C-effects to among-clone 
variance is difficult to quantify without further experimen- 
tation. 

It is, however, interesting to note the different magni- 
tudes of 62 among different phases of SE as well as within 
each phase. For instance, among the three germination 
types, there was a drastic reduction in c~i2 for SHOOT and 
MISS when compared with NORM. Such change in the 
magnitude of genetic variances suggests changes in gene 
expression. One may speculate that three or more genes, 
or groups of genes, are responsible for germination of so- 
matic embryos, one gene, or group of genes, being respon- 
sible for the development of cotyledons, another for the 
development of the hypocotyl and another for the devel- 
opment of roots. When all the genes are turned on, we ob- 
serve normally germinated embryos; when not all genes 
are turned on properly during germination, malformed em- 
bryos will result. I f  we assume that a greater number of 
genes will interact when all genes are turned on, it would 
follow that a larger proportion of epistatic variance will re- 
sult than when some genes are turned off. 

Mayer et al. (1991), working with Arabidopsis, found 
mutations in nine major genes that affect the body organ- 
ization of embryos. They found four main classes of 
pattern deletions: the first was an apical deletion with the 
gene mutation affecting the cotyledons and apical meri- 
stem; the second was a central deletion with the gene 
mutation affecting the hypocotyl; the third was a basal de- 
letion with the gene mutation deleting both hypocotyl and 
root; the fourth was a terminal deletion with the gene mu- 
tation deleting the root and reducing or eliminating the 
cotyledons. All these abnormalities occurred in those of 
our germinating embryos which were categorized as mis- 
shapen (MISS). This suggests that, with the culture proto- 
cols we used, one or more major genes are either not turned 
on, or not turned on consistently, wherever abnormalities 
occurred. 

We have shown that with the protocols used, genetic 
variability among and within families played a major role 
in the initiation, maturation and germination of somatic 
embryos in white spruce. It would be of interest to deter- 
mine if, after protocol improvement in future experiments, 
the same genetic patterns are maintained or if improved 
culture conditions will change gene expression. I f  with im- 
proved protocols gene expression is changed more in some 
families than in others, a genetic analysis similar to the one 
described here could result in entirely different among- and 
within-family genetic patterns. 
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Clonal forestry, defined as deployment  of  tested clones, 
has many advantages over conventional  forestry (Libby 
and Ahuja  1993). However,  with the traditional cloning 
method of  rooting o f  cuttings, it is not widely practised 
with conifers, because maturation affects the propagation 
capacity o f  the donor  clones and the performance of  ram- 
ets (Bonga and yon Aderkas 1993). Somatic embryogene-  
sis in conjunction with cryopreservat ion can ci rcumvent  
maturation problems. As shown here, presumed-juvenile  
embryogenic  tissue is easily cryopreserved in liquid nitro- 
gen during the clonal testing, thus providing practical pos- 
sibilities for arresting maturation. It is also encouraging 
that we obtained emblings f rom all 30 families used in the 
experiment.  

In our earlier paper (Park et al. 1993), we showed that 
there is a strong genetic effect during the initiation of  em- 
bryogenic  tissue. In our current paper, we show that the ge- 
netic effects in bulking-up, maturation and germination are 
less strong. With declining genetic control during matura- 
tion and germination, it is the initiation phase that can be 
most  effectively manipulated by breeding programs. 
Therefore,  there is only a limited opportunity to breed for 
improved maturation and germination. When  clones pro- 
duce many emblings,  these can be used for mass propaga-  
tion. When  clones produce only a few emblings, mass prop- 
agation by SE is not possible; however,  the few emblings 
produced by these clones can be mass propagated by root-  
ing of  cuttings. Thus, SE still has the advantage of  being 
able to maintain clones in a juvenile  state in cryopreserva-  
tion while long-term field testing of  these same clones 
is conducted.  Alternative clonal propagat ion schemes 
based solely on rooting o f  cuttings lack this distinct advan- 
tage. 
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