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A B S T R A C T   

Somatic embryogenesis (SE) has high potential for large-scale clonal propagation of conifers. Different types of 
bioreactor cultures have been tested for the conifer SE process where the temporary immersion bioreactors (TIBs) 
have proved to be useful across the different developmental steps of the SE process. In the present study the use 
of TIBs was tested for hybrid larch (Larix × eurolepis Henry). The results showed two-fold increases in both fresh 
weight (FW) of pro-embryogenic masses (PEMs) and yield of cotyledonary embryos in the TIBs compared to solid 
medium in plates. For the germination phase, the highest number of roots per plant, the root length and height of 
plants were also obtained in the TIBs. The results show that the TIB system can be successfully used to support 
scale up of plant production in all steps of the SE process from proliferation to germination of hybrid larch (Larix 
× eurolepis Henry).   

1. Introduction 

The need for wood products is increasing globally at the same time as 
land available for forestry is decreasing. Tree plantations and refores-
tation efforts therefore receive attention on the global scale. To 
accommodate the demand for wood worldwide, forest tree breeding 
must increase productivity from managed forests whilst preserving 
natural forests through ecologically sustainable forestry practices. 
Application of plant biotechnology methods to forest tree improvement 
programs can greatly enhance the outcome and reduce the time to 
implementation of the breeding efforts. For commercially valuable 
conifer tree species, propagation by somatic embryogenesis (SE) in 
particular can have major benefits when compared with traditional 
propagation methods as a method for testing in breeding programs and 
mass-propagation of high-value woody plants [1–3]. Norway spruce 
(Picea abies) and larch (Larix decidua) are important commercial conifer 
species in Europe, both also used as model species for embryogenesis 
research. Extensive breeding program exists for both species [4,5] and 
SE is currently being optimized for implementation for forestry appli-
cations, in the breeding programs and for plant production [6–8]. A 
specific field of application for SE lays in the propagation of new hybrids 

with high potential for forestry but low propagation capacity, like the 
larch variety REVE-VERT first described and established at French Na-
tional Institute for Agricultural Research (INRA) [9]. However, The 
practical use of this species for reforestation has been hindered because 
of low quality of seeds and poor germination [10].The successful use of 
SE for propagation of several SE lines of this hybrid was demonstrated 
earlier [10]. 

The SE process for clonal propagation proceeds through several 
developmental steps. In conifers, the SE process in essence corresponds 
to cloning of seed embryos starting the proliferating culture with a 
zygotic (seed) embryo. The zygotic embryo gives rise to early-stage so-
matic embryos (pro-embryogenic masses; PEMs) that continues to 
multiply until moved to a maturation medium. The cotyledonary em-
bryo formed on the maturation medium can then germinate and form a 
plant that can grow ex vitro [11–13]. Despite the benefits for forestry 
applications, the standard methods for the SE process still in use in most 
laboratories, is labour intensive and with limited scalability [6,14]. To 
achieve cost-effective mass-propagation of SE plants, it is necessary to 
scale up the whole SE process from multiplication, maturation and 
germination. Bioreactors based on liquid culture medium offer many 
advantages both for improved growth of plant cell cultures in general 
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due to the better accessibility of nutrients in the culture medium and by 
easier handling for the operator. Bioreactor systems are already proven 
to be unequalled units for large-scale production of plant cells, tissue 
and organ cultures [1,15,16]. For plant production, temporary immer-
sion bioreactors (TIBs) have been shown to provide a fast, low-cost, 
efficient propagation systems that can produce high quality plants of 
valuable plants like Coffea arabica, Hevea brasiliensis, Kalopanax sep-
temlobus, Bactris gasipaes, which survive transfer to ex vitro conditions 
[17–20]. 

Bioreactors also offers many areas of application for propagation of 
forest trees [1]. In particular, bioreactors offers advantages for cost 
effective scale up production of SE plants by the opportunities for 
automation based on the liquid medium [21]. Different types of biore-
actor systems have been explored for SE cultures of conifer species 
including Picea mariana and Picea glauca engelmannii [22,23], Picea 
glauca [24], Picea sitchensis [25], Picea abies [26], and Abies nord-
manniana [27]. 

The following different bioreactor systems were tested for growth 
and maturation of P. sitchensis somatic embryos: stirred tank bioreactor, 
air-lift bioreactor, bubble bioreactor and hanging stirrer bar bioreactor. 
The results implied that the configuration, design, and operating con-
ditions of the bioreactor systems affected the SE process. The highest 
number of cotyledonary embryos were produced from cultures in bubble 
bioreactor while no somatic embryo maturation occurred with the 
hanging stirrer bar bioreactor [25]. In Pinus kesiya, the embryogenic 
biomass increased significantly in the self-designed bubble bioreactor 
when compared to shake flask culture [28]. The TIB system developed 
for use together with the SE fluidics system [29] was demonstrated to 
stimulate shoot multiplication rates in Betula pendula, Betula pubescens, 
Eucalyptus grandis x urophylla, and to increase the rate of proliferation of 
PEMs and yield of cotyledonary embryo of A. nordmanniana [30] and 
P. abies when compared to cultures on solid medium [30]. Furthermore, 
disposable wave-bioreactors were tested for multiplication of 
A. nordmanniana somatic embryos however with limited success [27]. 
Full liquid immersion during suspension culture can be applied for 
proliferation of conifer somatic embryo cultures whereas the maturation 
process has only been demonstrated in suspension culture in one cell 
lines of P. abies [31]. 

The present study demonstrates enhanced proliferation rates and 
cotyledonary embryo yields from hybrid larch (Larix × eurolepis Henry) 
in a TIB system compared to cultures on solid medium in plates. 
Furthermore, development of improved quality plantlets in both hori-
zontal and vertical germination TIB systems are shown. 

2. Materials and methods 

2.1. Plant materials 

Two half-sib lines Q3 and Q10 of hybrid larch Larix × eurolepis Henry 
were established in 2009 from immature seeds using standard methods 
at INRA Orléans, France [10]. The PEM cultures were maintained on 
basal MSG medium [32] supplemented with 1.46 g•L − 1 (10 mM) 
L-glutamine, 9 µM 2,4-dichlorophenoxyacetic acid (2,4-D), 2.3 µM 
6-benzyladenine (BA) and 60 mM sucrose. The pH was adjusted to 5.8 
before autoclaved at 121 ◦C for 20 min. 

2.2. PEM proliferation 

Two culture systems were used in the present study: solid medium in 
Petri plates and liquid medium in TIBs. For solid cultures in Petri plates 
(150 × 20 mm, Sarstedt AG & Co. KG, Germany), the media were so-
lidified with 4 g•L − 1 gelrite (Duchefa, Netherlands), and small clumps 
of PEMs with a total inoculum density of 3 ± 0.25 g was placed on the 
solid medium in each Petri plate. For bioreactor cultures, temporary 
immersion bioreactors developed specifically for conifer SE and for use 
with the SE Fluidics system (Bioautomaton System Inc, Atlanta, GA, 

USA) were utilized as described before [33]. To start a TIB, 3 ± 0.25 g 
PEM culture was suspended in a 50 mL falcon tube with 20 mL of basal 
MSG liquid medium and plated onto the filter paper on the TIB screen 
holder. The cultures were immersed in liquid medium twice per day and 
subcultured every two weeks by exchanging the medium bottle. All 
cultures were kept at 23 ± 1 ◦C in darkness. Three bioreactors were 
started for each of the 3 time points when fresh weight (FW) was to be 
measured. At each time point, the three bioreactors were terminated 
after the FW was recorded. 

2.3. Somatic embryo maturation 

Two-week old PEM culture was placed directly on solid maturation 
medium in clumps (each approximately 100 mg FW); or approximately 
200 mg PEM culture was dispersed on filter paper. The maturation 
medium was MSG medium [32] supplemented with 1 µM indolebutyric 
acid (IBA), 60 µM abscisic acid (ABA), 0.2 M sucrose, 10 mM L-gluta-
mine, and solidified with 8 g•L − 1 gelrite (Duchefa, Netherlands) [10]. 
PEM cultures were also plated onto the filter paper (Whatman, No. 113, 
UK Ltd.) placed on the TIB screen by suspending approximately 3 g PEM 
culture in a 50 mL falcon tube with 20 mL of liquid maturation medium. 
After 8 weeks of culture, the number of cotyledonary embryos in each 
bioreactor were counted. The maturation yield was given as number of 
cotyledonary embryos per g starting FW of PEM culture measured at the 
start of maturation. Different initial inoculum densities of PEM culture 
(0.5, 1.0, 3.0 and 5.0 g per TIB) of cell line Q3 were also tested to 
determine the optimal inoculum density for maturation of hybrid larch 
in the TIB system. After eight weeks of culture without subculture, the 
number of cotyledonary embryos per TIB was determined. The FW of the 
whole culture was also noted (Fig. S3). The TIB cultures were immersed 
in liquid medium once per day for 15–20 s. All cultures were maintained 
in darkness at 23 ± 1 ◦C. 

2.4. Germination of somatic embryos 

Cotyledonary embryos with elongated hypocotyls and distinctly 
visible separated cotyledons were selected and transferred to germina-
tion medium. Four culture systems including two solid culture systems 
(Petri plates 92 × 16 mm, and 150 × 20 mm, Sarstedt AG & Co. KG, 
Germany), and two TIB systems (horizontal and vertical) were utilized 
for comparing the germination frequency of somatic embryos in hybrid 
larch. In addition to the horizontal TIB which is described above, TIBs 
for vertical germination (Bioautomaton Systems Inc., Atlanta, GA, USA) 
were also utilized for the germination experiment. The vertical TIBs 
have the same shell as the horizontal TIB but are equipped with 30 
vertical tubes per bioreactor for germination of cotyledonary embryos. 
Each tube holds a 10 mm diameter disc filter paper (Whatman, No. 113, 
UK Ltd.) with the cotyledonary embryo enclosed for germination stim-
ulated by temporary immersion of the filter papers through the regular 
function of the TIB [34]. In this study, 30 cotyledonary embryos per 
Petri plate irrespective of size, or per TIB, was cultured with MSG me-
dium [32] containing 10 mM L-glutamine and 60 mM sucrose [10]. The 
embryos were immersed in liquid medium once per day in both hori-
zontal and vertical TIB systems. Each Petri plate (92 × 16 mm) con-
tained 20 mL medium and the 150 × 20 mm Petri plate contained 100 
mL medium. The number of somatic embryos forming a root; and the 
number of roots per plantlet, root length (mm), and shoot height (mm) 
were measured after 10 weeks of germination without subculture. 

The germination experiments were conducted using LED light 
(VENSO EcoSolution AB, model PFL-600–1-RBC-30, Sweden) with 16-h 
photoperiod (setting with light intensity 90–100 µmol•m − 2•s − 1 at 23 
± 1 ◦C). After 10 weeks of germination, plantlets which shoot- and root 
formation were transferred into HIKO-V13 (BCC AB, Landskrona, Swe-
den) trays placed into seed starter trays (Nelson garden, Tingsryd, 
Sweden) containing a 3:1 soil-perlite mixture (Kekkilä Professional, 
Vantaa, Finland) with the lids initially to keep the relative humidity 
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around 90 - 95%. The seed starter trays were placed in a culture room 
with the LED light, FL300 Sunlight from Senmatic, Sonderso, Denmark 
at 21 ± 1 ◦C and fertilized once per week with 10 ml•L − 1 WH Bouyant 
Rika S (Weibulls Horto, Hammenhög, Sweden). The percentage of sur-
vival was recorded after three months in ex vitro conditions. 

2.5. Double staining of PEM with acetocarmine and evan’s blue 

An aliquot of two weeks old PEM culture (20 mg) was transferred to a 
microscope slide. The double staining protocol using Evan’s blue and 
acetocarmine was conducted according to Gupta et al., 2005 [35]. The 
PEMs were visualized under a light microscope (Axioplan Imaging, 
Zeiss, Germany) and photographed with an attached camera (Axiocam 
HRc, Zeiss, Germany). 

2.6. Statistical analysis 

All experiments were carried out with three technical replicates. The 
results were calculated as means ± standard error. Statistical analyses 
were performed by one-way analysis of variance (ANOVA) followed by 
Duncan’s multiple range test, using the SPSS statistic 16.0 software 
(SPSS Inc., Chicago, IL, USA). Different letter indicated significant dif-
ferences at P < 0.05. 

3. Results 

3.1. Proliferation of embryogenic cultures in TIB 

PEM proliferation rate was evaluated by comparison of FW increase 
in TIBs to standard proliferation rate on solid medium in Petri plates. 
Significant differences were observed between TIB and solid medium for 
both hybrid larch lines tested. After two weeks, the PEM culture FW 
increased more than twice in both cell lines Q3 and Q10 cultured on 
solid medium and five to six times (Q10 and Q3, respectively) when 
cultured in TIBs (Fig. 1). Cell lines Q3 and Q10 showed similar FW in-
crease on solid medium whereas in TIBs, Q3 show significantly higher 
proliferation rate compared to Q10. 

The FW increases of cell lines Q3 and Q10 in TIBs were linear without 

an observable lag phase over a period of four weeks with subculture to 
fresh medium of the same composition every two weeks and without 
removing any tissue from the TIBs during the culture period. The FW 
accumulation of Q3 line reached a maximum after three weeks then 
followed by a stationary phase during the fourth week of culture (Fig. 2). 
Cell line Q10 line grew slower than Q3 in the TIBs and the maximum FW 
was obtained after four weeks of culture (Fig. 2). After four weeks in 
culture, the PEM cultures had overgrown the surface of the filter paper 
in the TIB (Fig. 5A, B). There was a significant difference in FW increase 
between the cell lines after one, two and three weeks (Fig. 2). After four 
weeks in culture, the FW accumulation was however not significantly 
different between the cell lines. Similar results were shown for dry 
biomass (Fig. 2). 

Typical PEM structures composed of an embryonic region and sus-
pensor cells were present in the proliferating embryogenic cultures both 
in TIBs and cultures grown on solid medium. Early stage embryos 
(PEMs) visualized by the double-staining method show the meristematic 
regions of the pro-embryos within the PEM culture in red and suspensor 
cells in blue (Fig. 5C). 

3.2. Somatic embryo maturation in TIBs 

For comparison of maturation yields, the two culture systems 
included: small clumps of PEMs directly on solid medium, and sus-
pended PEMs plated on filter paper on solid medium in plates; or sus-
pended PEMs plated on filter paper in TIBs (Fig. 5D-F). After eight weeks 
on maturation medium, the highest yield of somatic embryos (579.33 ±
50.61 per g PEMs) was obtained in cell line Q3 cultured in the TIB 
system (Fig. 3). On solid medium, the yield of somatic embryos in cell 
line Q3 was significantly greater when cultured on filter paper (323.7 ±
45.29 per g PEMs) than when cultured as clumps (31.67 ± 4.85 per g 
PEMs) (Fig. 3). The highest yield of cotyledonary embryos in cell line 
Q10 (258.77 ± 32.3 per g PEMs) was also produced from culture in the 
TIB system while significantly lower yields were determined on solid 
medium for both filter paper and clumps culture systems (129.95 ±
28.95 and 70.93 ± 11.56 per g PEMs, respectively; Fig. 3). Overall, the 
embryo formation frequency in the TIB system was 1.8–2 times higher 
compared to the cultures plated on filter paper and 3.7–18.7 times 
higher when compared to clumps cultured on solid medium (Fig. 3). 

Due to the higher yield of cotyledonary embryos in cell line Q3, 
further maturation experiments were conducted only with the Q3 line. 
To determine the optimal initial inoculation density of embryogenic 
culture for maximum maturation frequency, embryogenic cultures of 
cell line Q3 were inoculated at densities varying from 0.5 to 5.0 g FW per 
TIB. The number of cotyledonary embryos increased linearly and the 
highest number of cotyledonary embryos per TIB (1558 ± 154.26 em-
bryos per TIB) was reached with 3 g of PEM culture inoculum (Fig. 4A). 
However, the yield of cotyledonary embryos was highest at 1 g of PEM 
culture inoculum and significantly lower at higher inoculum densities of 
3 g and 5 g (Fig. 4B). Interestingly, larger size cotyledonary embryos 
were formed at the two higher inoculum densities (Fig. 4C). 

3.3. Germination of somatic embryos in TIBs and plant regeneration 

For most conifer species, the germination of cotyledonary embryo is 
conducted by placing the cotyledonary embryo horizontally on solid 
germination medium in Petri plates. In this study, the effect of four 
different germination systems were investigated. The systems were 
constituted by conventional culture on solid medium in 92 × 16 mm 
deep Petri plates and 150 × 20 mm Petri plates, and horizontal and 
vertical TIB systems (Fig. 5G-L). The highest germination rates when 
considering either shoot- and root formation respectively for both cell 
lines were obtained on solid culture media in Petri plates whereas the 
longest roots and the tallest shoots were recorded in the horizontal TIBs 
(Table 1). The highest number of shoot formation (up to 63.33%) was 
recorded in cell line Q3 from embryos placed on 92 × 16 mm Petri plates 

Fig. 1. Fresh weight increase from starting fresh weight of 3 g PEMs per TIB 
during proliferation of hybrid larch (Larix × eurolepis Henry) embryogenic 
cultures in Petri plates and in the TIBs. Data represent mean ± SE from three 
replicates. Different letters indicate significant differences at P < 0.05 according 
to Duncan’s multiple range test (n = 3). 
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(Table 1). The highest number of embryos that formed roots was 
observed in both cultures in 92 × 16 mm Petri plates and horizontal 
TIBs. However, the highest number of roots/plantlet (1.67 ± 0.33 roots/ 
plantlet), the length of root (37.33 ± 4.33 mm) and the height of shoot 
(37.33 ± 1.45 mm) appeared on the embryos cultured in horizontal TIBs 
(Table 1, Fig. 5I, J). With Q10 line, 84.43% of embryos formed root on 
92 × 16 mm Petri plates with solid culture, following to embryos culture 
on vertical TIBs (70%) (Table 1). The highest number of somatic em-
bryos formed root was recorded in both 92 × 16 mm and 150 × 20 mm 
Petri plates with solid culture (12.33 ± 1.20 and 13.00 ± 1.00, respec-
tively) (Table 1). The embryos cultured on 92 × 16 mm Petri plates 
showed the highest number of root/plantlet while the longest roots were 
observed in embryos placed on horizontal TIBs (Table 1). After 10 weeks 
of germination, the plantlets were planted in seed starter trays. Three 
months after planting, more than 65% of the rooted plantlets had suc-
cessfully acclimatized and showed vigorous growth 15 months of 
planting (Fig. 5M). 

4. Discussion 

The availability of effective scale up methods for SE plant production 
in conifers is central to the success of SE applications in forest tree 
breeding programs and for plant production [1,36]. Automation of the 
most labour-intensive steps of the conifer SE process has been shown to 
work particularly well for propagation methods based on liquid culture 
medium [34]. 

Liquid culture medium in suspension culture in general works well 
for proliferation of PEMs although alternative containers like WAVE 
-bag systems appear less effective in keeping the PEM structures intact 
[27]. This is also reflected in the fact that there is only a single report on 
maturation in full liquid immersion demonstrating that PEMs of a 
conifer (P. abies) has limited capacity to mature under full liquid im-
mersion in a suspension culture [31]. Arguably the shear stress on the 
PEMs in liquid suspension cultures acts negatively on formation of the 
more polarized PEMs that can respond to the maturation treatment [31, 

Fig. 2. Accumulated fresh weight increase of cell lines Q3 and Q10 of hybrid larch (Larix × eurolepis Henry) embryogenic cultures in the TIBs. Data represent mean ±
SE from three replicates. Different letters indicate significant differences at P < 0.05 according to Duncan’s multiple range test (n = 3). 

Fig. 3. Yield of cotyledonary embryos of hybrid larch (Larix × eurolepis 
Henry) after eight weeks of maturation per g FW of embryogenic culture in 
three different culture systems: clumps of embryogenic culture on solid 
maturation medium, suspended embryogenic culture plated onto filter paper 
placed on solid maturation medium, and TIBs. Data represent mean ± SE from 
three replicates. Different letters indicate significant differences at P < 0.05 
according to Duncan’s multiple range test (n = 3).   
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37]. The TIB systems offers both the advantages of a liquid culture 
medium and a solid support allowing polarized PEMs to develop. 

Different types of bioreactors have been tested for conifer SE cultures 
both for proliferation of A. nordmanniana, P. sitchensis, Pinus kesiya, P. 
mariana and P. glauca-engelmannii [25,27,28,38] and maturation of 
A. nordmanniana, P. sitchensis, P. glauca, P. abies, Pinus kesiya, P. mariana 
and P. glauca-engelmannii [24–26,28,30,38,39]. The results show that in 
general, TIBs offers an effective system for both proliferation and 
maturation of commercially important conifer somatic embryos 
including A. nordmanniana [33] and P. abies [26,39]. 

Different models of TIBs have been utilized for proliferation and 
maturation of conifer SE cultures with varying success. In previous TIB 
studies with P. abies SE cultures [26,39,40], proliferation rates were not 
measured as the goals were to increase the yields of mature embryos by 
the use of TIBs. However, in A. nordmanniana SE cultures both prolif-
eration rate and yield of embryo were measured to almost three times 
higher in TIBs than on control plates [33]. A TIB designed for micro-
propagation (Plantform, Hjärup, Sweden) tested with several cell lines 
of Norway spruce resulted in overall lower success rates for maturation 
in the TIB than on solid medium [39,40] whereas the TIB specifically 
designed for conifer SE (and also used in the present study) showed two 
times higher yields of mature embryos [26]. 

Such differences may be related to the designs of the TIB where one 
major difference lays in the location of the liquid culture medium. In 
some TIBs like Plantform [40], RITA® [41], MATIS® (CIRAD, Mont-
pellier, France), the liquid culture medium is kept inside the same 
container as the plant material, whereas in the TIB (Bioautomaton 
Systems Inc., Atlanta, GA, USA) [42] used in this study, the medium is 
kept in a separate container from the plant material. Furthermore, the 
airspace to culture area ratio differ between bioreactor models also 
adding to the creation of different culture environments. For example, 
the maturation yields of Coffea arabica [43], Musa [44] and Prunus [1] 
cultured in the MATIS TIBs were much higher than in the RITA TIBs 
being the smaller version of the same model TIB and with a lower 
surface-to-air ratio. 

SE plant production from hybrid larch have been previously 
demonstrated by using solid medium for proliferation, maturation and 
germination [10,11]. High FW increase of up to ten times was shown 
after one week of culture on solid medium of some REVE-VERT cell lines 

[10] . This is higher than in the present study where the two REVE-VERT 
cell lines studied showed only two-fold fresh weight increase after one 
week on solid medium. The embryo yields on solid medium obtained in 
this study was also considerably lower ranging from 130 to 300 than 
previously shown for the related cell lines producing 200 to 1400 em-
bryos per gram starting fresh weight [10]. It could be argued that the 
reason for the difference in yields is due to an assumed ‘ageing’ effect of 
the cultures due to prolonged in vitro cultivation as has been reported 
for other conifers such as Pinus pinaster [45,46] but no such ‘ageing’ 
effect was detected when studied previously in two of the REVE-VERT 
lines [10]. However, another possible ageing effect could come from 
the longer-term in vitro cultivation related to the difference in the 
overall time from initiation of the cell lines to the experiments (three to 
five years for the first experiments in 2009 and 12- 14 years for the 
current study). There could also be a negative effect from the air 
transportation of the SE cultures from France to Sweden. In the present 
study, the FW increase in TIB was however almost twice as high 
compared to the FW increase on solid medium in Petri plates. The yield 
of cotyledonary embryos was also almost double in TIBs compared to 
Petri plates, indicating the potential for improved growth and devel-
opment using TIBs also for SE cultures of larch. 

In the present study, SE cultures of hybrid larch were successfully 
proliferated, matured and germinated in TIBs. The main reason for the 
lack of success when using fully immersed suspension cultures for 
maturation of conifer PEMs appears to be the loss of polarity of the PEMs 
that has been shown to be a requirement for response to the maturation 
treatment [47]. The advantages of a TIB system for supporting formation 
of polarized PEMs structures were shown here by double staining of 
TIB-cultured hybrid larch PEMs (Fig. 5C). 

Inoculum density is in general an important factor influencing the 
productivity of in vitro cultures e.g. cell suspension, tissues and organ 
cultures, and somatic embryos [17,48]. The relation between the initial 
inoculum density and numbers and quality of somatic embryos formed 
in the culture has been well documented in cultures of carrot (Daucus 
carota) [49] and studied in other species e.g. Cocos nucifera [50]. 
Inhibitory effects on the SE process from compounds released to the 
culture medium at high culture densities were demonstrated in Daucus 
carota and Larix leptolepis [51–54] and Coffea arabica [55,56]. From the 
present study, an initial inoculum density above 1 g per TIB resulted in a 

Fig. 4. Effect of initial inoculum density on yield of cotyledonary 
embryos of hybrid larch (Larix × eurolepis Henry) in TIBs of cell line 
Q3 after eight weeks of maturation. A. Number of cotyledonary 
embryos per TIB. B. Yield of cotyledonary embryos. C. Overview of 
somatic embryo formation from different inoculum densities in the 
TIBs. Data represent mean ± SE from three replicates. Different let-
ters indicate significant differences at P < 0.05 according to Duncan’s 
multiple range test (n = 3). Scale bar: 1 cm.   
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lower yield of cotyledonary embryos under the culture conditions used. 
This suggests that there is a threshold value for PEM inoculum density to 
obtain optimal somatic embryo formation in hybrid larch. However, it is 
possible that higher inoculum densities can be supported by subculture 
to fresh maturation medium during the maturation process. 

In conifers, a common problem during germination is shoot forma-
tion associated with poor root formation [57,58] as was also observed in 
the present study by the higher rate of shoot compared to root formation 
(Table 1). Germination of cotyledonary conifer somatic embryos are 
usually on solid medium horizontally or sometimes inserted into the 
solid medium. There are to date no reports on germination of conifer 
somatic embryos supported by liquid medium in TIBs. The benefits from 
liquid medium in a TIB system has however previously been demon-
strated for germination of non-coniferous woody plants like Psidium 
guajava [59], Coffea arabica [60], Bactris gasipaes [61], Theobroma cacao 
[62], Elaeis guineensis [63] and Hevea brasiliensis [64]. Furthermore, the 
quality of the plantlets was reported to be better when developed in TIBs 
than in conventional culture systems in terms of shoot development of 
Bactris gasipaes [61], root development in Hevea brasiliensis [64] and 

overall plant development in Crescentia cujete [65]. In this study, of the 
four germination culture systems tested for enhancing the quantity and 
quality of germination of hybrid larch somatic embryos, the highest 
germination rates were obtained in solid cultures when considering both 
shoot- and root development respectively. However, both shoot- and 
root development were significantly better in the horizontal TIB system 
compared to both the vertical TIB and the two traditional solid medium 
systems indicating that conifer somatic embryo germination benefit 
from liquid culture medium equally to other woody species. Successful 
germination based on liquid medium open for possibilities to utilize 
methods for automation and scale up also of the germination process 
[34]. 

Rooting and adapting to ex vitro conditions are important key steps 
for in vitro based propagation. A well-developed root will support faster 
and better acclimatization. The results from germination in the vertical 
TIB used in this study suggest that with further optimizations of culture 
procedures, cost-effective, automated production of planted SE plantlets 
is possible [34,66]. Furthermore, the results showed that roots formed in 
the vertical TIB are more straight compared to the horizontal TIB 

Fig. 5. Temporary immersion bioreactosr (TIBs) for somatic embryogenesis of hybrid larch (Larix × eurolepis Henry). A and B. Proliferation of PEMs. C. Double- 
staining of a PEM showing blue suspensor cells and red meristematic cells in the embryonic region. D, E. Maturation of somatic embryos. F. close-up of cotyle-
donary embryo. G, H, I, K. Different systems for germination of somatic embryos: 92 × 16 mm deep Petri plate (G), 150 × 20 mm Petri plate (H), horizontal TIB 
where the cotyledonary embryos are placed on the horizontal surface of the bottom of the TIB (I) and vertical TIB in which the cotyledonary embryos are placed in 
vertical position inside tubes (K). J and L. Larch plantlets in horizontal TIB and vertical TIB, respectively. M. SE plants grown in the greenhouse 15 months after 
transplanting from in vitro culture. EC, embryogenic cells stained with acetocarmine; SC, suspensor cells stained with Evan’s Blue. Scale bar: 1 cm. 
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systems (Fig 5J, L). Such straight plantlet without the frequently 
occurring angle between root and shoot in conifer somatic plantlets 
provide easy handling and transfer of plantlets to the substrate in ex 
vitro condition also for manual planting. 

5. Conclusions 

The TIB system was demonstrated to be a potential method for 
proliferation, maturation and germination of hybrid larch embryogenic 
cultures. In the present study, the yields of cotyledonary embryos on 
solid medium in plates were relatively lower than what was previously 
shown for the same cell lines, however the yield of cotyledonary em-
bryos in the TIB system was still relatively and significantly higher. 
Furthermore, although the germination yield in the TIB system was 
lower than on solid medium, the quality of embryos was higher with 
better root- and shoot development. The germination condition can 
likely be improved to increase the germination yield by optimization of 
immersion frequency and light quality and intensity. 
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P. Quinga, M.G.G. Quoirin, V.M. Jiménez, M.P. Guerra, Improved high-efficiency 
protocol for somatic embryogenesis in Peach Palm (Bactris gasipaes Kunth) using 
RITA® temporary immersion system, Sci. Hortic. (Amsterdam). 179 (2014) 
284–292. 

[62] N. Niemenak, K. Saare-Surminski, C. Rohsius, D.O. Ndoumou, R. Lieberei, 
Regeneration of somatic embryos in Theobroma cacao L. in temporary immersion 
bioreactor and analyses of free amino acids in different tissues, Plant Cell Rep 27 
(2008) 667–676. 

[63] I.R. Sumaryono, P.D. Kasi, G. Ginting, Growth and differentiation of embryogenic 
callus and somatic embryos of oil palm (Elaeis guineensis Jacq.) in temporary 
immersion system, Indones. J. Agric. 1 (2008) 109–114. 

[64] H. Etienne, M. Lartaud, N. Michaux-Ferrière, M.-.P. Carron, M. Berthouly, 
C. Teisson, Improvement of somatic embryogenesis in Hevea brasiliensis (Müll. 
Arg.) using the temporary immersion technique, Vitr. Cell. Dev. Biol. 33 (1997) 
81–87. 

[65] S.J. Murch, C. Liu, R.M. Romero, P.K. Saxena, In vitro culture and temporary 
immersion bioreactor production of Crescentia cujete, Plant Cell. Tissue Organ 
Cult. 78 (2004) 63–68. 

[66] Aidun C.K., Integrated germination method and device, Applicant-Georgia Tech 
Research Corporation. Patent publication no. WO2016098083 A1, 2016. 

K.-C. Le et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0022
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0022
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0022
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0022
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0024
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0024
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0024
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0025
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0025
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0025
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0026
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0026
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0026
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0027
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0027
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0027
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0028
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0028
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0028
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0028
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0028
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0029
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0029
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0029
https://doi.org/10.3390/f8060196
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0031
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0031
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0031
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0032
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0032
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0032
https://doi.org/10.3390/f8060196
https://doi.org/10.3390/f8060196
https://doi.org/10.1007/978-3-319-89483-6_16
https://doi.org/10.1007/978-3-319-89483-6_16
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0035
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0035
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0035
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0036
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0036
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0036
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0037
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0037
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0037
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0038
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0038
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0038
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0041
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0041
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0042
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0042
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0042
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0043
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0043
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0043
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0043
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0044
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0044
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0044
https://doi.org/10.1007/s11240-006-9144-9
https://doi.org/10.1007/s11240-006-9144-9
https://doi.org/10.1007/s11627-008-9158-6
https://doi.org/10.1007/s11627-008-9158-6
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0047
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0047
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0047
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0048
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0048
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0048
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0049
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0049
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0050
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0050
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0050
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0051
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0051
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0051
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0052
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0052
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0052
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0053
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0053
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0053
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0053
https://doi.org/10.1007/s11627-006-9016-3
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0055
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0055
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0055
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0056
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0056
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0056
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0056
https://doi.org/10.1007/s11676-018-0618-5
https://doi.org/10.1007/s11676-018-0618-5
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0059
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0059
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0059
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0060
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0060
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0060
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0060
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0061
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0061
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0061
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0061
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0061
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0062
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0062
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0062
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0062
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0063
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0063
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0063
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0064
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0064
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0064
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0064
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0065
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0065
http://refhub.elsevier.com/S2215-017X(21)00100-4/sbref0065

	Temporary immersion bioreactor system for propagation by somatic embryogenesis of hybrid larch (Larix × eurolepis Henry)
	1 Introduction
	2 Materials and methods
	2.1 Plant materials
	2.2 PEM proliferation
	2.3 Somatic embryo maturation
	2.4 Germination of somatic embryos
	2.5 Double staining of PEM with acetocarmine and evan’s blue
	2.6 Statistical analysis

	3 Results
	3.1 Proliferation of embryogenic cultures in TIB
	3.2 Somatic embryo maturation in TIBs
	3.3 Germination of somatic embryos in TIBs and plant regeneration

	4 Discussion
	5 Conclusions
	Ethical approval
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References




