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Key message  20 
Vegetative propagation of Douglas-fir through somatic embryogenesis was improved at the 21 
maturation step (multi-scale analysis: biology, cytology, protein pattern) offering routine 22 
production of high-quality somatic seedlings from selected genotypes.  23 

24 
 25 
Abstract  26 
Douglas-fir is a conifer species of major economic importance worldwide, including Western 27 
Europe and New Zealand. Herein we describe some characterization and significant refinement 28 
of somatic embryogenesis in Douglas-fir, with focus on maturation. The most typical structures 29 
observed in the embryonal masses were large polyembryogenic centres (up to 800-1500 µm) 30 
with a broad meristem, creating a compact cell “package” with suspensor cells. Singulated 31 
somatic embryos composed of both a embryonal head (300-400 µm) and long, tightly arranged 32 
suspensor were also frequent. Embryo development was enhanced following embryonal mass 33 
dispersion on filter paper discs at low density (50-100 mg fresh mass). Moreover, increasing 34 
gellan gum concentration in maturation medium (up to 10 g L-1) improved both the quantity 35 
and quality of cotyledonary somatic embryos (SEs), which were subsequently able to germinate 36 
and develop into plantlets at high frequency. Embryogenic yield was highly variable among the 37 
seven embryogenic lines tested (27-1544 SE g-1 fresh mass). Interestingly secondary somatic 38 
embryogenesis could be induced from cotyledonary SEs of both low- and highly-productive 39 
lines with some useful practical outcomes: secondary lines from low-performance lines (30-40 
478 SE g-1 fresh mass) displayed significantly higher embryogenic yield (148-1343 SE g-1 fresh 41 
mass). In our best conditions, the total protein content in cotyledonary SEs increased 42 
significantly with maturation duration (up to 150 µg mg-1 fresh mass after 7 weeks) but 43 
remained below that of mature zygotic embryos (300 µg mg-1). The protein pattern was similar 44 
in both somatic and zygotic embryos, with major storage proteins identified as 7S-vicilin- and 45 
legumin-like proteins. 46 
 47 
Keywords. Cell density; Cleavage polyembryony; Douglas-fir; Embryogenic potential; Protein 48 
pattern; Vegetative propagation 49 
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Introduction 50 
 51 
There is a growing demand for wood products both in Europe (UN Food and Agriculture 52 
Organization -FAO 2010, IUFRO 2015) and worldwide, mostly driven by demographic 53 
pressures, continued economic growth and new “green” energy policies. By 2030, FAO 54 
predicts a 60% rise in global demand compared to present levels. These projections pose a threat 55 
to existing natural forest, including some of the most valuable ecosystems, which are already 56 
under deforestation pressure. One of the most efficient ways to meet such demand without 57 
affecting natural forest is a rational development of planted forest, with the use of reproductive 58 
species that are improved through breeding, backed-up by a sound seed production system. 59 
Conifers are the most important component of planted forest worldwide, generally due to their 60 
superior productivity, and Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) is one of the 61 
conifers of choice. It is grown as a key plantation species in several countries in Europe, North 62 
and South America, Canada, New Zealand, and Australia, making it one of the premier timber 63 
trees in the world (Hermann and Lavender 1999; Dean et al. 2009; Dungey et al. 2012). In 64 
France, it is the second most popular species for afforestation (10.8 million planted in 2016) 65 
after maritime pine, and this demand has grown steadily in the last decade (+26% between 66 
2009-2012 and 2013-2016, Ministère de l’Agriculture, de l’Agroalimentaire et de la Forêt, 67 
DGPE/SDFCB/2017-229). In New Zealand, Douglas-fir is planted on approximately 110 68 
thousand ha and is the second most important exotic softwood after Pinus radiata D. Don 69 
(Ministry of Agriculture and Forestry 2011; Miller and Knowles 1994; Shelbourne et al. 2007). 70 
There is significant interest in genetically improving this species to provide diversification of 71 
the national planted forest estate away from radiata pine. 72 
 73 
Development of powerful clonal propagation methods, such as somatic embryogenesis, has 74 
potentially numerous application advantages over conventional rooted cuttings (Bonga 2015). 75 
Somatic embryogenesis is considered the main way to achieve true rejuvenation in vegetative 76 
propagules because somatic embryos (SEs) develop both embryonic apical and root meristems. 77 
Owing to its efficiency in plant regeneration and easy combination with long-term 78 
cryopreservation techniques, somatic embryogenesis has become a tool for accelerating clonal 79 
testing and deployment (Lelu-Walter et al. 2013). In conifers, advances in somatic 80 
embryogenesis over the last 15 years have recently been reviewed (Klimaszewska et al. 2016). 81 
The technology is now under development for numerous species and being refined for industrial 82 
application in a few important genera such as spruces and pines.  83 
 84 
Durzan and Gupta (1987) first reported somatic embryogenesis in Douglas-fir; they achieved 85 
somatic embryo development up to the cotyledonary stage. Extensive research to improve this 86 
process has been undertaken mainly in the US (Gupta et al. 1995; Taber et al. 1998; Pullman et 87 
al. 2003; Pullman et al. 2005, Kong and von Aderkas 2011) and much of this research is still 88 
not fully published in scientific journals but has, instead, been patented (Gupta 1996; Gupta and 89 
Pullman 1996; Timmis et al. 2011; Kong et al. 2012). In the USA, Weyerhaeuser considers 90 
somatic embryogenesis as a core part of their advanced tree improvement strategy for Douglas-91 
fir (Dean et al. 2009). Developing improved methods for somatic embryogenesis that are free 92 
of patent restrictions would be very helpful for France and New Zealand. Recently, there has 93 
been significant progress and simplification with respect to initiation of somatic embryogenesis 94 
from immature zygotic embryos (ZEs) of Douglas-fir (initiation frequencies up to 79%) and 95 
proliferation of embryonal masses (EMs). Maltose in the proliferation medium improved both 96 
sustained growth of EMs as well as consistently increased the production of early SEs (Reeves 97 
et al. in press). 98 
 99 
As for other conifers, abscisic acid (ABA) enhances the maturation of Douglas-fir SEs (Durzan 100 
and Gupta 1987). In published reports and patents for Douglas-fir, racemic ABA was typically 101 
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used at quite a low range of 20-70 µM (Gupta 1996; Kong and von Aderkas 2011; Kong et al. 102 
2012). Combined with ABA, a reduction in water availability to the cultured cells was found to 103 
enhance SEs quality. Initial methods developed in Douglas-fir included the addition of  104 
polyethylene glycol (PEG, Mr 4000) as a high molecular weight solute to the maturation 105 
medium (Durzan and Gupta 1987; Gupta et al. 1995; Gupta 1996; Gupta and Timmis 2005). 106 
Osmotic stress, through water depletion is viewed as an important signal in directing proper 107 
embryo development for high germination vigour and conversion to somatic seedlings in many 108 
plant species (von Aderkas and Bonga 2000) including conifers (Klimaszewska et al. 2016). 109 
Such a reduction in water availability to the cultured cells can also be achieved by physical 110 
means, such as increasing the medium gel strength, to produce cotyledonary, mature SEs with 111 
low water content similar to that of seedlings (Klimaszewska et al. 2000; Morel et al. 2014a). 112 
Considering our previous experiences with pine (reviewed in Lelu-Walter et al. 2016) and larch 113 
species (Lelu-Walter and Pâques 2009; Teyssier et al. 2011), this method was applied to 114 
embryogenic lines of Douglas-fir in the current work. 115 
 116 
Secondary somatic embryogenesis consists of initiation of embryogenic cultures from a single 117 
primary explant, usually a mature, cotyledonary SEs, or explants from older somatic seedlings. 118 
Secondary somatic embryogenesis is routinely used with broadleaved tree species as a method 119 
of long-term management of productive embryogenic lines (recurrent somatic embryogenesis; 120 
Merkle and Cunningham 2011; Isah 2016). However, there are currently few reports of 121 
secondary somatic embryogenesis for conifer species and most involve the use of cotyledonary 122 
SEs. Secondary somatic embryogenesis was first demonstrated using cotyledonary SEs as the 123 
explant in Picea glauca (Eastman et al. 1991) and Larix sp. (Lelu et al. 1994), and later in Abies 124 
numidica (Vooková  and Kormuták 2006), Pinus pinaster (Klimaszewska et al. 2009) and Picea 125 
abies (Uddenberg et al. 2011). Successful initiation of secondary embryogenic cultures and 126 
regeneration of secondary somatic plants from older primary somatic seedlings has also been 127 
reported for Larix (60-90-day-old somatic plants, Lelu et al. 1994), Picea abies (7-56-day-old 128 
to 3-year-old somatic plants, Ruaud 1993; Ruaud et al. 1992; Harvengt et al. 2001), and more 129 
recently Picea glauca (up to 10-year-old somatic trees, Klimaszewska et al. 2010). One major 130 
possible interest of secondary somatic embryogenesis is to enhance the embryogenic potential 131 
of the culture, as first demonstrated for some lines in hybrid larch (Lelu et al. 1994) and 132 
maritime pine (Klimaszewska et al. 2009). Secondary somatic embryogenesis was therefore 133 
tested in Douglas-fir as a possible way to improve embryogenic potential of initiated lines.  134 
 135 
Current maturation protocols lead to the development of cotyledonary SEs that morphologically 136 
resemble zygotic embryos (ZEs). SEs are kept in maturation conditions during an arbitrary 137 
period before harvesting and subsequent germination. However, such an empirical approach 138 
does not provide any information about the quality of SEs with respect to storage compounds. 139 
An approach developed in this work, as in other conifers, was to follow the pattern of storage 140 
reserve accumulation in cotyledonary SEs during maturation in relation to mature ZEs (Lelu-141 
Walter et al. 2008; Morel et al. 2014b; Teyssier et al. 2014; von Aderkas et al. 2015). 142 
 143 
In this paper we report on a significantly improved procedure for somatic embryogenesis in 144 
Douglas-fir, leading to high yield of cotyledonary SEs. Although storage protein accumulation 145 
remained lower in cotyledonary SEs, the protein pattern (especially major storage proteins) was 146 
similar to reference mature ZEs and somatic plants, displaying seedling-like behaviour after 147 
germination and transfer to the nursery. A cytological characterization of EMs is provided for 148 
the first time in Douglas-fir. SE development during maturation was enhanced through the use 149 
of low EMs density and high gellan gum concentration. Secondary embryogenesis could also 150 
be used to improve embryogenic potential of low-productivity genotypes (lines). 151 
 152 
 153 
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Materials and methods   154 
 155 
Plant material 156 
Pseudotsuga menziesii parental trees used in this study were obtained from provenances 157 
originating from Washington, either from North Bend (trees 4440, 4455, and 4456) or 158 
Enumclaw (trees 4466, 4474, and 4477). The following controlled crosses were performed at 159 
INRA, Orléans, France: 4474 × 4440; 4455 × 4466, and 4456 × 4477. Mature dry seeds (full-160 
sibs, 4474 × 4440) were extracted from the cone scales and cotyledonary zygotic embryos (ZE) 161 
were excised from the surrounding megagametophyte. Samples (ZE and megagametophyte) 162 
were immediately frozen in liquid nitrogen prior to storage at -80°C for subsequent protein 163 
assays. 164 
 165 
Initiation of primary embryogenic lines and sustained proliferation of embryonal masses 166 
Somatic embryogenesis was induced according to Reeves et al. (in press). Briefly, immature 167 
ZEs at the pre-cotyledonary stage were dissected from the megagametophyte and cultured in 168 
90 mm × 16 mm Petri dishes, containing a modified Litvay medium (Litvay et al. 1985) 169 
formulation (Glitz) that has been successfully used for both somatic embryogenesis initiation 170 
and EMs proliferation of P. radiata (Hargreaves et al. 2009, 2011). Basal Glitz medium was 171 
supplemented with 2.3 μM 2.4-dichlorophenoxyacetic acid (2,4-D), 2.2 μM 6-benzyladenine 172 
(BA), 0.087 M sucrose and solidified with 3 g L-1 gellan gum (PhytagelTM, Sigma-Aldrich). 173 
The resulting EMs were isolated and sub-cultured in clumps every 2 weeks on fresh 174 
proliferation medium which consisted of basal Glitz medium supplemented with 4.5 μM 2,4-175 
D, 2.2 μM BA, 0.087 M maltose (instead of sucrose) and solidified with 4 g L-1 gellan gum. 176 
When necessary, the EMs were cultured as a thin layer dispersed onto a filter paper discs, a 177 
method initially developed for pine species (Klimaszewska and Smith 1997; Lelu et al. 1999) 178 
to promote cell proliferation. Briefly, proliferating EMs were collected and suspended in 4 to 5 179 
ml of liquid proliferation medium, vigorously shaken to break up the tissue pieces into a fine 180 
suspension (Reeves et al. in press), and poured as a thin layer onto a filter paper (Whatman N◦ 181 
2, diameter 7 cm) in a Büchner funnel. A low-pressure pulse was applied to drain the liquid, 182 
and then the filter paper with attached cells was placed on the surface of fresh proliferation 183 
medium and cultured in darkness at approximatively 23°C. The EMs density per filter was 184 
approximately 300 mg f.m. The pH of each medium was adjusted to 5.8 before autoclaving. 185 
Somatic embryogenesis induction from immature ZEs was performed in 2011 to obtain the SD4 186 
embryogenic line (4456 × 4477) and in 2012 to obtain embryogenic lines TD1, TD2, TD6, 187 
TD13, TD15 (4474 × 4440) and TD17 (4455 × 4466) (Fig.1). 188 
 189 
Secondary somatic embryogenesis induction 190 
Cotyledonary SEs, 6 to 11 weeks old (see maturation section below), from the primary 191 
embryogenic lines TD1, TD15, TD17 and SD4 were isolated and transferred to Glitz initiation 192 
medium supplemented with either 4.5 or 9.0 μM 2,4-D, 4.4 μM BA, 0.087 M sucrose and 193 
solidified with 4 g L-1 gellan gum. Each secondary EM, developed from a single SE, was then 194 
subcultured as previously described. The primary lines TD1, TD15, TD17 and SD4 gave rise 195 
to secondary embryogenic lines (TD1-2; TD15-1, TD15-2; TD17-3; SD4-1, SD4-4, and SD4-196 
7 respectively, Fig.1). 197 
 198 
Histological-cytological observations during the proliferation phase  199 
The viability of early SEs was evaluated and the histology of the EMs was examined. Viability 200 
of the SEs was determined by double staining with fluorescein diacetate (FDA; Sigma-Aldrich, 201 
Germany) and propidium iodide (PI; Sigma-Aldrich, Germany) as described by Cvikrová et al. 202 
(2016). The EMs were re-suspended in liquid proliferation medium and stained with 2.25 µM 203 
PI. An equal volume of 0.02% (v/v) FDA was then added. Stained early SEs were observed 204 
within 5 minutes under a confocal laser-scanning microscope (Zeiss LSM 5 Duo, Germany) 205 
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using the following two filter sets: i) excitation of fluorescein in viable cells at 488 nm by an 206 
Argon/2 laser, emission filter set LP 505-550; ii) excitation of PI in dead cells at 561 nm by 207 
DPSS laser, emission filter set LP 650. Paraffin sections of EMs were prepared for histological 208 
observation as described by Vondráková et al. (2015). Briefly, samples were fixed with 50% 209 
FAA (formaldehyde/acetic acid/ethanol/water 1/1/9/9, v/v/v/v) for 24 h, gradually dehydrated 210 
in an ethanol/ butanol series and infiltrated with paraffin wax. Sections (12 µm) were stained 211 
with 0.1% (w/v) Alcian blue (Sigma-Aldrich, Germany) in 3% acetic acid and 0.1% (w/v) 212 
Nuclear Fast Red (in 5% Al2(SO4)3 as described by Beneš and Kamínek (1973). Preparations 213 
were examined using a Zeiss Jenaval transmission light microscope. Images were recorded 214 
using a Nikon DS-5M digital camera and processed using the Nis-Elements AR 3.2 (Laboratory 215 
Imaging, Prague, Czech Republic) image analysis system. 216 
 217 
Maturation conditions 218 
Maturation experiments were conducted with both primary embryogenic lines initiated from 219 
immature ZEs and secondary embryogenic lines initiated from cotyledonary SEs. Proliferating 220 
EMs collected from filter papers were weighed, dispersed in liquid Glitz medium without plant 221 
growth regulators and distributed onto a filter paper disc placed on the surface of Glitz 222 
maturation medium supplemented with 0.2M sucrose and various cis- trans (±)-abscisic acid 223 
(ABA) and gellan gum concentrations (see below). Maturation was conducted in darkness at 224 
approximatively 23°C. The number of mature cotyledonary SEs produced after 8 weeks was 225 
counted in each of the Petri dishes and the embryogenic potential (number of SEs per g f.m.) 226 
was estimated. The number of shooty embryos (abnormal, greenish SEs, with elongated 227 
cotyledons) was also recorded.  228 
 229 
Preliminary experiments 230 
Preliminary maturation experiments were conducted to determine factors promoting recovery 231 
of cotyledonary SEs. Based on our previous results in different conifer species, gellan gum 232 
concentrations and ABA appeared to be critical factors. In addition, we considered EMs density 233 
per filter as a potential factor affecting EMs proliferation during maturation and ultimately 234 
maturation yield. A first preliminary experiment was conducted with five embryogenic lines 235 
(TD1, TD2, TD6, TD15 and SD4). We tested two gellan gum concentrations (6 or 8 g L-1) and 236 
three EMs densities per filter (50, 100 or 200 mg f.m.). There were five Petri dishes per 237 
treatment (150 Petri dishes overall). A second preliminary experiment was conducted with two 238 
embryogenic lines (TD1 and TD15). We tested three gellan gum concentrations (6, 8 or 10 g L-239 
1), two EMs densities per filter (50 or 100 mg f.m.) and two ABA concentrations (60 or 80µM). 240 
There were five Petri dishes per treatment (100 Petri dishes overall). 241 
 242 
Experiment 1: cell density and gellan gum concentrations  243 
Following these preliminary experiments, the effects of gellan gum concentrations (8 or 10 g 244 
L-1) and cell density per filter (50 or 100 mg f.m.) on recovery of cotyledonary SEs were further 245 
assessed. Experiments were carried out with all seven lines available (TD1, TD2, TD6, TD13, 246 
TD15, TD17 and SD4). There were 5-6 Petri dishes per treatment and experiments were 247 
repeated twice (302 Petri dishes overall). 248 
 249 
Experiment 2: maturation of secondary embryogenic lines vs primary lines 250 
EMs from primary (TD1, TD15, TD17 and SD4) and secondary lines (TD1-2; TD15-1, TD15-251 
2; TD17-3; SD4-1, SD4-4, and SD4-7) were matured on Glitz maturation medium 252 
supplemented with 0.2M sucrose, 60 µM ABA and 10 g L-1 gellan gum at a cell density of 50 253 
mg f.m. per filter. There were 5-6 Petri dishes per cell line and experiments were repeated three 254 
times (187 Petri dishes overall). 255 
 256 
Conversion of somatic embryos to plants  257 
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Cotyledonary SEs were removed from the maturation medium and placed horizontally, all in 258 
the same orientation, on the surface of germination medium, i.e. a Glitz medium without plant 259 
growth regulators, supplemented with 0.087 M sucrose and 4 g L-1 gellan gum. In the 260 
germination phase, there were 5-15 SEs per Petri dish. The Petri dishes were tilted at an angle 261 
of approximately 35°–40° and placed in darkness for one week to promote hypocotyl elongation 262 
and reduce anthocyanin accumulation. SEs were then exposed to a 16-h photoperiod (10 µmol 263 
m–2 s–1) at 23/20°C day/night temperatures. The SEs were considered fully germinated as soon 264 
as their radicle emerged. Germinated SEs were considered to have become plantlets as soon as 265 
their epicotyl was developed with primary needle elongation. Germination and plantlet 266 
recovery were assessed after 4 and 10 weeks, respectively. The plantlets were subcultured once 267 
onto fresh germination medium of the same formulation after 6-7 weeks. 268 
Effect of the maturation duration on both germination and plantlet recovery was assessed for 269 
the lines TD1, TD13 and TD15. Cotyledonary SEs were harvested after 5, 6, 7 and 8 weeks of 270 
maturation. The number of Petri dishes varied from 6 to 10 (86 Petri dishes overall).  271 
The effect of the presence of activated charcoal (AC) in the germination medium on 272 
germination and plantlet frequencies was assessed for lines TD1, TD2, TD6 and TD15. 273 
Cotyledonary SEs 5-6 weeks old were transferred to germination medium with or without 10 g 274 
L-1 AC. The number of Petri dishes varied from 3 to 10 per treatment (46 Petri dishes overall).  275 
 276 
Determination of total protein content 277 
To determine whether maturation duration was associated with varying levels of storage reserve 278 
in SEs, total proteins were extracted and quantified. Cotyledonary SEs of lines TD1 and TD15 279 
matured on medium containing 0.2 M sucrose, 60 µM ABA and 10 g L–1 gellan gum, were 280 
collected after 5, 6, 7 and 8 weeks of culturing. Their protein content was compared with those 281 
of mature ZEs from the same family (dry seeds, 4474 × 4440). Methods for total protein 282 
extraction, electrophoresis and quantification in ZEs and SEs are described in Teyssier et al. 283 
(2011). Briefly, SEs (20 mg f.m.) or ZEs (10 mg f.m.) were ground in liquid nitrogen, 284 
homogenized with 0.5 mL of lysis buffer (10 % (v/v) glycerol; 2 % (w/v) SDS; 5 % (v/v) β-285 
mercapto-ethanol; 2 % (w/v) poly(vinyl) polypyrrolidone; 50 mM Tris pH 6.8). The samples 286 
were incubated for 5 min at 95 °C, and extracted twice. Protein concentrations were assessed 287 
using Bradford assays in which BSA (Bovine Serum Albumin) was the standard.   288 
 289 
Gel electrophoresis for protein separation 290 
Extracted total proteins were separated by sodium dodecyl sulphate-polyacrylamide gel 291 
electrophoresis (SDS-PAGE) (12%) with stacking gel (4%) following standard protocols. The 292 
gel was stained for proteins with colloidal Coomassie Brilliant Blue G-250 (CBB-G). The main 293 
protein bands observed for SEs (7 weeks maturation), ZEs and megagametophyte were cut from 294 
a 12% gel and subjected to LC-MS/MS identification. 295 
  296 
Protein identification by mass spectrometry 297 
Gel pieces were destained and digested in-gel using trypsin. The peptide mixture was analysed 298 
on an Ultimate 3000 nanoLC system (C18 PepMapTM trap column; Dionex, Amsterdam, The 299 
Netherlands) coupled to a LTQ-Orbitrap XL mass spectrometer (ThermoFinnigan, San Jose, 300 
CA). Data were acquired using Xcalibur 2.1 software in a data-dependent mode. Data were 301 
searched by SEQUEST through Proteome Discoverer 1.4 (Thermo Fisher Scientific Inc.) 302 
against a database dedicated to Pseudotsuga menziesii (54795 entries, August 2016, 303 
http://pinegenome.org/pinerefseq/). Spectra from peptides higher than 5000 Da or lower than 304 
350 Da were rejected. The search parameters were as follows: mass accuracy of the 305 
monoisotopic peptide precursor and peptide fragments was set to 10 ppm and 0.6 Da 306 
respectively. Only b- and y-ions were considered for mass calculation. Oxidation of 307 
methionines (+16 Da) was considered as variable modification and carbamidomethylation of 308 
cysteines (+57 Da) as fixed modification. Two missed trypsin cleavages were allowed. Peptide 309 
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validation was performed using the Percolator algorithm (Käll et al. 2007) and only “high 310 
confidence” peptides were retained corresponding to a 1% False Positive Rate at peptide level. 311 
 312 
Acclimatization of somatic plants 313 
After 14-16 weeks on germination medium, plantlets were transplanted to Dalton’s cutting mix 314 
containing 40% bark fibre medium screened, 20% perlite C4, 20% pumice sand and 20% peat. 315 
Plantlets were placed in a nursery propagation house with a humidity set point of 90-95%, air 316 
conditioning set at 20°C, fan venting set at 25°C, bench heating of 18-22°C and a 16 hr 317 
photoperiod. After approximately 2 months, plantlets were moved to a lower humidity 318 
environment (75%) with no bench heating or photoperiod. The humidity was reduced to the 319 
ambient level over a 3-4 week period before moving the plants to a shade house for the final 320 
stage of hardening-off prior to planting in the field. 321 
 322 
Statistical analysis 323 
Qualitative data for the study of factors influencing maturation of SE was analysed with the R 324 
package breedR (Muñoz and Sanchez 2015). Mixed models were fitted involving genotypic 325 
lines, cell density per filter, gellan gum and ABA concentrations as the main fixed effects. Fixed 326 
effect estimates and their corresponding standard errors were subsequently obtained to 327 
complement the boxplots. Count data from experiment 2 and conversion of SE to plants were 328 
analysed with multiple chi-squared tests against ad-hoc randomized distributions out of 3000 329 
permutations of the data (R Core Team 2016). 330 
For the protein data, statistical analysis was carried out with the R software (version 0.99.903; 331 
© 2009-2016 RStudio, Inc.). Variations in total protein content during maturation were 332 
analysed by ANOVA and with multiple comparisons of means with Tukey contrasts (p < 0.05). 333 
 334 
 335 
Results  336 
 337 
Histological-cytological description of Douglas-fir EMs 338 
The EMs of Douglas-fir consist of different types of early SEs. The most typical structure is a 339 
huge polyembryogenic centre (Figs 2a, 3a). Its broad meristem creates a compact cell 340 
“package” together with the suspensor part. Suspensor cells which are directly connected to 341 
meristematic cells or within a few rows beneath the meristem are alive, usually narrow and 342 
tightly interconnected (Figs 2d, 3b, c). Further from the meristem and inside the cell “package”, 343 
suspensor cells are loosely-joined by a mucilaginous extracellular matrix (Figs 2a, c, e) and 344 
these cells are very often dead (Figs 3a, c). The cell “package” of the polyembryogenic centre 345 
terminates in disintegrated material consisting of the remains of dead suspensor cells (note the 346 
lower part of Figs 2a and 3a, and the left side of Fig. 3b). This material creates an anchor which 347 
connects the polyembryonic centre with the clump of the EMs. Besides the huge 348 
polyembryogenic centres (800 - 1500 µm, measured as the diameter of the cross section), 349 
smaller ones (400 - 700 µm) were also observed (Figs 2c, 3b) as well as isolated embryos with 350 
one large embryonal head  (300 - 400 µm) and a long tightly arranged suspensor (Figs 2b, 3c). 351 
Suspensor cells within the mass of these long suspensors are stuck together by a mucilaginous 352 
extracellular matrix (Supplementary data 1). New, very small embryos consisting of several 353 
layers of meristematic cells and a few loosely arranged suspensor cells (100 - 250 µm and 354 
smaller) occurred usually beside the disintegrated dead mass of the polyembryogenic centres 355 
(Fig. 3c). 356 
 357 
Factors influencing maturation of SEs 358 
After five weeks of maturation, SEs reached the cotyledonary stage. After eight weeks of 359 
maturation, there were two major and distinct morphological features among the cotyledonary 360 
SEs. The first SEs morphotype had elongated hypocotyl and cotyledons surrounding the apical 361 



V
er

si
on

 p
os

tp
rin

t

Comment citer ce document :
Lelu-Walter, M.-A. (Auteur de correspondance), Gautier, F., Eliášová, K., Sanchez , L.,

Teyssier, C., Lomenech, A.-M., Le Metté, C., Hargreaves, C., Trontin, J.-F., Reeves, C. (2018). High
gellan gum concentration and secondary somatic embryogenesis: two key factors to improve somatic

embryo development in Pseudotsuga menziesii [Mirb.]. Plant Cell, Tissue and Organ Culture, 132
(1), 137-155.  DOI : 10.1007/s11240-017-1318-0

 
Version définitive du manuscrit publié dans / Final version of the manuscript published in :  
Plant Cell, Tissue and Organ Culture, 2018, 132(1) 137-155        http://dx.doi.org/10.1007/s11240-017-1318-0 

 

 

M
an

u
sc

ri
t 

d
’a

u
te

u
r 

/ 
A

u
th

o
r 

M
an

u
sc

ri
p
t 

  
  
  
  
  
  
  

M
an

u
sc

ri
t 

d
’a

u
te

u
r 

/ 
A

u
th

o
r 

M
an

u
sc

ri
p
t 

  
  

  
  

  
  

  
M

an
u
sc

ri
t 

d
’a

u
te

u
r 

/ 
A

u
th

o
r 

M
an

u
sc

ri
p
t

 

8 
 

meristem, with a general yellowish colour and only a few embryos turning a greenish colour. 362 
These SEs were classed as of high morphological quality (Fig. 4a) similar to the reference ZEs. 363 
The second major SEs morphotype exhibited abnormal morphologies, in particular a short 364 
hypocotyl and cotyledons (Fig. 4b). These “shooty” embryos were generally greenish in colour 365 
and were considered to be poorly developed. Our objective was to determine cultural conditions 366 
promoting development of high quality cotyledonary SEs while reducing the number of shooty 367 
ones. 368 
 369 
Preliminary experiments 370 
The objective of these preliminary maturation experiments was to identify factors promoting 371 
recovery of cotyledonary SEs. From the first experiment, it appeared that gellan gum 372 
concentration had a significant effect (p= 4.118e-10) on SEs production. Embryogenic potential 373 
was estimated to a mean of 40 cotyledonary SEs g-1 f.m. on medium with 6 g L-1 gellan gum 374 
and 178 SEs g-1 f.m. with 8 g L-1 gellan gum (Supplementary data 2). Increasing EMs density 375 
per filter paper disc similarly affected maturation yield and resulted in a significant decrease (p 376 
= 3.16e-13) in yield of high quality SEs, although this effect was somewhat less important than 377 
that of gellan gum concentration (Supplementary data 2). On average 195, 81 and 51 SEs g-1 378 
f.m. were obtained for 50, 100 and 200 mg f.m. EMs per filter, respectively. Mean cotyledonary 379 
SEs production was also highly variable among lines from those with low embryogenic 380 
potential, as expressed by TD6 (133 SEs g-1 f.m.), to high embryogenic potential in the case of 381 
e.g. TD1 and TD15 (746 and 409 SEs g-1 f.m., respectively, Supplementary data 2). From the 382 
second preliminary experiment, it appeared that ABA had no significant effect on development 383 
of cotyledonary SEs at the tested concentrations. On average, embryogenic potential was 384 
estimated to be 431 and 590 SEs g-1 f.m. with 60 and 80 µM ABA, respectively (Supplementary 385 
data 3). Again, gellan gum concentration had a significant, strong effect on SEs production. 386 
Embryogenic potential was estimated to a mean of only 148 cotyledonary SEs g-1 f.m. on 387 
medium with 6 g L-1 gellan gum and 411 and 745 SEs g-1 f.m. with 8 and 10 g L-1 gellan gum, 388 
respectively (Supplementary data 3A). Concomitantly, the yield in terms of abnormal, shooty 389 
embryos significantly decreased as gellan gum concentration increased, varying from 315 390 
shooty embryos g-1 f.m. (6 g L-1 gellan gum ) to 219 (8 g L-1) and 85 (10 g L-1) (Supplementary 391 
data 3b). Interestingly, EM proliferation was apparently reduced when high gellan gum 392 
concentration was used (8 or 10 g L-1). 393 
 394 
Experiment 1: effect of cell density and gellan gum concentrations  395 
Preliminary experiments helped us with the design of larger maturation experiments involving 396 
all available embryogenic lines (TD1, TD2, TD6, TD13, TD15, TD17, SD4). We kept ABA at 397 
the lowest concentration (60 µM) and we chose to test further the highest gellan gum treatments 398 
(8 or 10g L-1) and the lowest cell densities (50 or 100 mg f.m. EM per filter). 399 
Mean SEs production significantly varied (p = 2.2e-16) between the lines, as expected from the 400 
preliminary experiments, with embryogenic potential estimated to be low for TD2, TD6, TD17 401 
(mean ranging from 27 to 61 SEs g-1 f.m.), moderate in the cases of SD4 and TD13 (108 and 402 
455 SEs g-1 f.m., respectively) and high for lines TD1 and TD15 (860 and 1544 SEs g-1 f.m., 403 
respectively, Fig. 5a). The ranking was stable between experiments, although significant 404 
variation was observed. Increasing gellan gum concentration was confirmed to improve the 405 
recovery of cotyledonary SEs significantly (p = 6.09e-7) with concomitant and significant 406 
reduction in the number of shooty embryos (Fig. 5b). This effect is particularly remarkable for 407 
embryogenic lines with poor or moderate capacity for SEs production. For example for 50 mg 408 
f.m. EMs per filter, SD4 yielded 5 times more cotyledonary SEs with 10 g L-1 instead of 8 g L-409 
1 gellan gum (108 and 20 SEs g-1 f.m., respectively); for 100 mg f.m. EMs per filter, SD4 yielded 410 
16 times more cotyledonary SEs with 10 g L-1 instead of 8 g L-1 gellan gum (58.7 and 3.5 SEs 411 
g-1 f.m., respectively, Fig. 5a). Finally, it was also confirmed during this experiment that 412 
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reducing cell density to 50 mg f.m. per filter slightly improved cotyledonary SE recovery in 413 
most lines (Fig. 5a). 414 
 415 
Experiment 2: embryogenic potential of primary and secondary embryogenic lines 416 
After three weeks of induction, secondary (2ry) somatic embryogenesis was initiated from 417 
cotyledonary SEs and EMs became easily detectable after four weeks of culturing. Embryonal 418 
mass developed at the base of the hypocotyl region, above the embryonal root cap (Fig. 1). 419 
Cotyledonary SEs from lines TD1, TD15, TD17 and SD4 all produced 2ry EM (Table 1). 420 
Successful induction of 2ry somatic embryogenesis was quantified as the percentage of SEs 421 
developing EM. There was no significant difference between the two 2,4-D concentrations 422 
tested (4.5 vs 9.0 µM). In contrast, a significant genotype effect was detected (Table 1). The 423 
highest response was obtained for line SD4 (overall 25.3% of SEs produced 2ry EM). The 424 
response of other lines to the induction treatment was significantly lower, with overall initiation 425 
rates in the range 4.4-8.7% (Table 1). Once obtained, 2ry EMs were easily proliferated in the 426 
same conditions as primary EMs. 427 
Maturation experiments were then performed in order to compare embryogenic potential of 428 
primary and secondary EMs. As previously reported, the observed variation in mean SEs 429 
production is again significant among the primary lines. TD1 and TD15 were confirmed to be 430 
highly embryogenic (means of 1744 and 1659 SEs g-1 f.m., respectively), followed by SD4 (478 431 
g-1 SEs f.m.) whereas TD17 exhibited very low embryogenic potential (30 g-1 SEs f.m.) (Table 432 
2). Maturation yield of primary and secondary lines from the highly productive genotypes TD1 433 
and TD15 were similarly very high, although some significant decrease was observed in the 434 
case of TD15 2ry lines (Fig. 6). Interestingly, 2ry lines of the more recalcitrant genotypes TD17 435 
and SD4 were significantly more productive than corresponding primary lines (Fig. 6). TD17-436 
3 yielded five times more cotyledonary SEs than the original TD17 primary line. SD4-1, SD4-437 
4 and SD4-7 yielded two to three times more cotyledonary SEs than SD4 (Table 2). From these 438 
results, it appears that no significant gain could be obtained with an additional cycle when 439 
embryonic potential is already high during the first cycle (TD1, TD15). In contrast, for 440 
recalcitrant genotypes with low embryonic potential (SD4 and TD17), there are advantages in 441 
going through an additional cycle of somatic embryogenesis initiation. 442 
 443 
Conversion of somatic embryos to plants  444 
Yellowish cotyledonary SEs of a morphologically high standard were harvested from primary 445 
lines TD1, TD13 and TD15 after 5, 6, 7 or 8 weeks maturation and immediately transferred 446 
onto germination medium. Germination took place rapidly, with SEs turning green and both 447 
hypocotyls and cotyledons starting to elongate during the 1-week germination period in the 448 
dark. SEs were fully rooted within 2-3 weeks in light conditions and, remarkably, root growth 449 
was characterized by a rapid elongation on the surface of the germination medium (Fig. 7 a). 450 
Development of the epicotyl and primary needles then happened within 5-6 weeks. Only 451 
germinated SEs that developed epicotyls were considered to have become plantlets (Fig. 7 b). 452 
The effect of maturation duration on SEs germination and conversion to plantlets was assessed. 453 
There was no significant effect on germination frequency. For the three lines tested, 454 
germination rates remained similarly high for SEs matured for 5, 6, 7 and 8 weeks (97-100%, 455 
Table 3). In contrast, conversion frequency of cotyledonary SEs into plantlets was significantly 456 
affected by the maturation duration (χ2 = 59.83, p = 0.0004), with the highest frequencies (91-457 
98%) obtained when SEs were matured for only 5 weeks. Prolonging the maturation treatment 458 
for 1-3 more weeks resulted in a significant reduction in SEs conversion rates (53-89%).  459 
The presence of AC in the germination medium was tested for 4 lines (TD1, TD2, TD6, TD15). 460 
No significant effect could be detected with respect to either germination or plantlet frequencies 461 
(Supplementary data 4). After 4 weeks, no significant differences were found between 462 
genotypes for germination, which remained similarly high for all lines tested (93-100% 463 
Supplementary data 4). For plantlet frequencies, significant differences were found between 464 
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genotypes, with TD1 showing greater success and TD6 and TD2 the worst performances. Lines 465 
TD1 and TD15 exhibited similar conversion rates, as previously reported (Table 3). 466 
Plantlets were acclimatized, as described in the materials and methods section, in nursery 467 
propagation conditions and shade houses. Approximately 6 months after transfer to ex vitro 468 
conditions (Fig. 7c) plantlet survival in the shade house ranged from 39 to 100% depending on 469 
the genotype (data not shown). A sample of the surviving plantlets was transferred to a nursery 470 
bed where they are currently growing (Fig. 7d). 471 
 472 
Protein analysis in cotyledonary somatic embryos 473 
To estimate the pattern of protein accumulation in embryos as a function of maturation duration 474 
(5-8 weeks), the total protein content was estimated in SEs from 2 lines (TD1 and TD15) using 475 
the Bradford assay. The maturation duration had an important effect on total protein content 476 
(ANOVA, P < 4.16.10-13), which was found to increase gradually from 5 to up to 7 weeks of 477 
maturation in both lines. The maximum value was in the range 120-150 μg mg-1 f.m. depending 478 
on the genotype (Table 4). It was much lower than the protein content observed in reference, 479 
cotyledonary ZEs (ca. 300 μg mg-1 f.m.) as well as megagametophyte (ca. 550 μg mg-1 f.m.). 480 
Total protein extracts were analysed after separation through SDS-PAGE electrophoresis (Fig. 481 
8). Protein extracts from ZEs and megagametophyte excised from dry seeds were loaded as 482 
controls. The protein pattern changed markedly as a function of maturation duration with, in 483 
particular, accumulation of a few major bands after 7 and 8 weeks. They were not detectable in 484 
green 8-week-old SEs. The electrophoretic migration of these bands was similar to that 485 
observed for protein extracts from ZEs and megagametophyte. The protein content of these 486 
major bands was analysed using mass spectrometry for SEs matured for 7 weeks and in ZEs 487 
and megagametophyte. They were identified as two storage proteins, namely 7S-vilicin-like 488 
and legumin-like proteins (Table 5). The latter is an isoform of the 11S-globulin-like protein.  489 
 490 
 491 
Discussion 492 
 493 
Embryonal masses of Douglas-fir: histo-cytological characterization 494 
 495 
In this work we propagated EMs of Douglas-fir using modified Glitz medium formulations 496 
(Reeves et al. in press), which was selected as the most suitable for the sustained growth.  497 
Refinements reported by Reeves et al. (in press) included the use of maltose as the preferred 498 
carbon and energy source during proliferation. It has been reported for a number of species, 499 
including Douglas-fir (Gupta 1996; Reeves et al. in press), that maltose promotes SEs 500 
proliferation. 501 
On this medium, Douglas-fir EMs were composed of compact polyembryogenic centres (400–502 
1500 µm in cross section) tightly joined to a few rows of live suspensor cells, themselves 503 
connected to loosely-aggregated material mostly composed of dead suspensor cells and a 504 
mucilaginous extracellular matrix. This disintegrated mass of cells apparently anchored the 505 
polyembryogenic centre within EMs clumps. Polyembryogenic centres have also been observed 506 
in embryogenic cultures of other conifer species during proliferation, e.g. Picea abies 507 
(Vondráková et al. 2010) and Abies alba (Vondráková et al. 2011). Nevertheless, 508 
polyembryogenic centres of Picea abies are usually smaller, dense suspensors consisting of 509 
cells that are tightly connected in the proximity of the embryonal heads but loosely arranged in 510 
the distal part of suspensor where the single, usually already dying cells, are released. Robust, 511 
long and very compact suspensors are usually characteristic of the polyembryogenic centres of 512 
Abies alba. The main difference between Douglas-fir and Norway spruce or Silver fir is the 513 
presence of dead and disintegrated cell material as an integral part of the polyembryogenic 514 
centres in Douglas-fir embryogenic culture. Singulated, well-developed early embryos (of up 515 
to 400 µm in diameter) may resemble SEs of Abies alba (Vondráková et al. 2011) at an early 516 
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stage of maturation. The compact well-arranged suspensors of this species consist of long cells 517 
that are tightly connected to each other. In contrast, cells of the quite robust suspensors of 518 
Douglas-fir SEs are tightly joined together on the external surface but the cells are loosely 519 
arranged inside the suspensor and are connected mostly by a mucilaginous extracellular matrix. 520 
We previously observed that particularly well-developed and singulated Douglas-fir early 521 
embryos with large embryonal heads were frequent on Glitz proliferation medium containing 522 
maltose (Reeves et al. in press). Smaller embryos (less than 100-250 µm) with usually very 523 
active meristematic cells were also observed within the disintegrated mass of dead cells 524 
connected to polyembryogenic centres.  525 
Large polyembryogenic centres can be interpreted as resulting from continuous but incomplete 526 
cleavage polyembryony of proembryonal tube cells and/or “budding” (somatic 527 
polyembryogenesis) of the original zygotic embryonal-suspensor mass used for initiation 528 
(Hong et al. 1992). In contrast, singulated early SEs may result from either complete cleavage 529 
polyembryogeny or an indirect process involving cellular dedifferentiation and re-530 
differentiation, i.e. somatic embryogenesis (Durzan and Gupta 1987; Hong et al. 1992). Our 531 
observations suggested that de novo somatic embryogenesis could occur within the 532 
disintegrated mass of suspensor cells through dedifferentiation of a cell. Gupta and Pullman 533 
(1996) similarly reported that, in Douglas-fir, frequent and tightly aggregated early stage 534 
embryos are interspersed with individual (singulated), well-developed early embryos 535 
suggesting again that EM could develop directly or indirectly through somatic 536 
polyembryogenesis or somatic embryogenesis. These authors also reported that somatic 537 
polyembryogenesis could result in clumped embryos which could remain united and difficult 538 
to convert into singulated cotyledonary SEs. High ABA levels negatively affected 539 
polyembryogeny in conifers and promote development of bipolar individual SEs (Hong et al. 540 
1992; Gupta and Pullman 1996). In the best experimental conditions, early SEs matured at high 541 
rate in some lines (> 1000 cotyledonary SEs g-1 f.m.), suggesting that cleavage polyembryony 542 
is somewhat inhibited by the high exogenous ABA levels provided in the maturation medium. 543 
 544 
Impaired embryo development in “recalcitrant” genotypes 545 
 546 
Embryogenic potential of both primary and secondary embryogenic lines was strongly affected 547 
by the genotype of the primary embryogenic line, a recurrent phenomenon previously reported 548 
in Douglas-fir (Gupta et al. 1995) and in virtually all conifer species (reviewed in Klimaszewska 549 
et al. 2016). All 7 tested lines (from 3 families) produced cotyledonary SEs under improved 550 
maturation conditions. However, although mean maturation yield across tested primary lines 551 
was high (467 SEs g-1 f.m.), huge variation between lines was observed from a low of 30 SEs 552 
g-1 f.m. (TD17) up to 1744 SEs g-1 f.m. (TD1). A similar variation was observed with secondary 553 
lines, with maturation yield in the range of 148 (TD17-3) to 2069 (TD1-2) SEs g-1 f.m. 554 
Maturation ability of any single genotype may be determined by a particular state of active gene 555 
expression and associated processes at the developmental stages and transitions from early to 556 
late embryogenesis in conifers (reviewed in Trontin et al. 2016a). A number of key genes and 557 
processes are likely to be involved in epigenetic regulation as well as tolerance and response to 558 
various stresses (Miguel et al. 2016). Genotype recalcitrance to any maturation treatment may, 559 
therefore, not only result from unfavourable genetic background but also from inappropriate 560 
environmental conditions and physiological state of the EMs culture.  561 
 562 
Environmental conditions affecting SEs development: the significant effect of high gellan 563 
gum concentration and low cell density 564 
 565 
Our objective was to identify major factors promoting normal cotyledonary SEs development 566 
in Douglas-fir. We considered key general issues already identified for other conifers 567 
(Klimaszewska et al. 2016; Lelu-Walter et al. 2016) such as i) ABA and ii) gellan gum 568 
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concentrations in maturation medium as well as iii) cell density on the selected support (filter 569 
paper). Cotyledonary SEs development was first reported in Douglas-Fir about 30 years ago by 570 
Durzan and Gupta (1987). These authors had already demonstrated the beneficial effect of ABA 571 
(at low concentration: 0.5 µM) to control somatic polyembrony (inhibition of cleavage 572 
polyembryony) and to promote individual SEs development in cell suspension cultures. In our 573 
experiments we did not detect any significant effect of ABA in the range 60-80 µM, which is 574 
the typical ABA concentration effective in many conifers (Klimaszewska et al. 2016). In the 575 
present protocol, ABA was used at the lower concentration tested (60 µM) as high ABA levels 576 
for long periods can also increase the frequency of developmentally abnormal embryos (Kong 577 
et al. 2012). 578 
SEs maturation was significantly enhanced by increasing the gellan gum concentration from 6 579 
to 10 g L-1. If the positive effect of high gellan gum has been well described in pines and larches 580 
(reviewed in Lelu-Walter et al. 2016; Teyssier et al. 2011), this is the first report demonstrating 581 
its value for Douglas-fir. Interestingly, Kong and von Aderkas (2011) used 8 g L-1 gellan gum 582 
in a pretreatment maturation medium for inducing cryotolerance of immature SEs in Douglas-583 
fir. Increasing the gellan gum from 6 to 10 g L-1 not only significantly improved cotyledonary 584 
SEs yield but also SEs morphological behaviour. In addition, EMs proliferation appeared to be 585 
reduced together with cells exhibiting a dried appearance on maturation medium with high 586 
gellan gum. Over-proliferation of cell/EMs during the maturation step in Pinus pinaster has 587 
been suggested to have antagonistic effects on SEs development (Morel et al. 2014a). Using 588 
the highest gellan gum concentrations tested (8 and 10 g L-1 gellan gum), most SEs were well-589 
shaped with elongated hypocotyls and cotyledons. In such improved maturation conditions 590 
(compared with 6 g L-1 gellan gum), a reduced frequency of abnormal, “shooty” embryos (short 591 
hypocotyl and cotyledons) was concomitantly observed. Abnormal SEs development and/or 592 
quality (low ability for conversion into plantlets) is a critical problem that has been previously 593 
reported in Douglas-fir as well as in other conifers following various maturation treatments 594 
such as different ABA or carbohydrate contents (e.g. Kong et al. 2012; Gupta and Timmis 595 
2005). In Picea abies and Pinus sylvestris, abnormal SEs development (i.e., malformed, aborted 596 
and/or fused cotyledons) has been reported (Hakman et al. 2009; Abrahamsson et al. 2012). It 597 
has been suggested that the resulting high frequency of supernumerary suspensor cells in early 598 
SEs promoted abnormal SEs development. This degeneration pattern could take place very 599 
early in the induction phase when somatic embryogenesis is established from immature ZEs at 600 
the cleavage polyembryony stage (Abrahamsson et al. 2017). Obviously, this was not the case 601 
in Douglas-fir during our experiments since we were able to reduce significantly the frequency 602 
of abnormal SEs using high gellan gum during maturation. In the tested conditions, the yield of 603 
abnormal shooty embryos decreased from ca. 350-420 SEs g-1 f.m. (6 g L-1) to 150-300 SEs g-604 
1 (8 g L-1) and less than 100 SEs g-1 (10 g L-1).  605 
Besides a significant gellan gum concentration effect, cell density also had a significant impact 606 
on maturation yield and quality of cotyledonary SEs, although this effect was less important 607 
than that observed for gellan gum concentration. Reducing the cell density to 50 mg f.m. per 608 
filter significantly reduced the frequency of abnormal shooty cotyledonary embryos, 609 
concomitantly increasing the yield of normal cotyledonary SEs. We previously showed that 610 
EMs proliferation appeared to be reduced on high gellan gum maturation medium. The effect 611 
of low water availability as a culture constraint to activate ABA-mediated molecular and 612 
physiological responses to promote embryo development (Morel et al. 2014a) could be even 613 
more important when EMs are plated at low density, in a more uniform cell layer. Plating cells 614 
in a thin layer is thought to increase the likelihood that most cells are exposed to the physical 615 
and chemical conditions necessary for maturation. 616 
 617 
Secondary somatic embryogenesis from cotyledonary SEs as a way to improve maturation 618 
ability of low-performance embryogenic lines 619 
 620 
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The success of somatic embryogenesis typically rapidly declines in conifer species with age 621 
and/or phase-change related effects (Klimaszewska et al. 2016; Trontin et al. 2016b). Using 622 
cotyledonary SEs, a high induction frequency of EMs has been obtained in Larix × 623 
leptoeuropaea (98%, Saly et al. 2002), as well as in maritime pine (13.6-81.8%, Klimaszewska 624 
et al. 2009), whereas comparatively low rates have been obtained in Abies numidica (5.5–9.0%, 625 
Vooková and Kormuták 2006). In this work, we initiated secondary somatic embryogenesis 626 
from cotyledonary SEs in Douglas-fir. All tested genotypes responded to the initiation 627 
treatment, although initiation rates were quite low, i.e. in the range 2.4-25.3%. Our results 628 
confirmed previous observations that secondary EMs can be induced following careful 629 
examination of explants to avoid false-positive lines (i.e. regrowth of residual embryonal cells 630 
attached to cotyledonary SEs, Klimaszewska et al. 2009). Interest in secondary somatic 631 
embryogenesis is about enhancing the embryogenic potential of the embryogenic cultures, as 632 
demonstrated in hybrid larch and maritime pine (Lelu et al. 1994; Klimaszewska et al. 2009). 633 
It is also a way to restore the embryogenic potential of lines affected by ageing effects after 634 
subculturing for several months, as observed in some conifer species such as pine. This can be 635 
particularly useful if the line is not cryopreserved or if the cryopreserved stock must be carefully 636 
managed (Klimaszewska et al. 2009). In Douglas-fir we did not detect any ageing effect after 637 
continuous culture of lines for 5 years. Therefore, possible practical applications of secondary 638 
somatic embryogenesis in this species relate to enhancing embryogenic potential. Secondary 639 
lines displayed significantly higher embryogenic potential when the original lines exhibited 640 
poor maturation ability, i.e. SD4 (mean of 1343 vs 478 SEs g -1 f.m.), and TD17 (148 vs 30 SEs 641 
g-1 f.m.). In contrast, no improvement could be obtained for already highly productive lines 642 
(TD1, TD15) with both primary and secondary lines producing over 1000 cotyledonary SEs g-643 
1 f.m. In maritime pine, Klimaszewska et al. (2009) described a similar variable effect of 644 
secondary somatic embryogenesis on embryogenic potential of original lines compared with 645 
primary lines.  646 
Improved embryogenic potential of the less productive genotypes after a second cycle of 647 
somatic embryogenesis initiation may result from differential expression of embryogenesis-648 
related genes through epigenetic mechanisms. Genetic mechanisms (accumulation of mutations 649 
in embryogenesis-related genes) during somatic embryogenesis cannot be excluded (reviewed 650 
in Miguel et al. 2016), but these are unlikely to affect multiple embryogenesis-related genes 651 
simultaneously.  652 
 653 
The question of SEs quality has changed little over the years. It is generally accepted that good 654 
quality SEs correspond to embryos with a very high germination rate, producing vigorous 655 
somatic seedlings. Thus, SE quality is often assessed by the yield of normal-shaped SEs 656 
produced and their ability to germinate. However, depending on the species, the ability to 657 
germinate does not necessarily indicate the future vigour of the somatic seedlings, as shown by 658 
the germination frequencies in this study of Douglas fir. It was very close to 100%, whatever 659 
the maturation stage of the SEs (Table 3). However, numerous studies have shown that an 660 
analysis of the content, and more precisely of the storage reserves, allows prediction of the final 661 
behaviour of the germinated embryos and their vigour, since these parameters are correlated. 662 
This is why seed producers often consider the weight of 1000 seeds (International Seed Testing 663 
Association recommendation). Recently, Noa et al. (2013) also stated that maturation is a 664 
critical feature for evaluating the potential quality and viability of somatic seedlings. Thus, in 665 
this study we measured the protein content in SEs during maturation. It increased during the 666 
last weeks of maturation, reaching a maximum at 7 weeks. Beyond this time, the content was 667 
stable or decreased. This phenomenon was more marked in green embryos that had already 668 
started germinating, as previously reported in Scots pine (Lelu-Walter et al. 2008). This process 669 
leads to a degradation of the storage proteins as confirmed by the corresponding protein profile 670 
(Fig. 8). Based on these two results, we could conclude that the Douglas-fir SEs completed their 671 
maturation after 7 weeks. Even if the SEs, after 5 or 6 weeks of maturation, appeared 672 
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morphologically similar, their intrinsic quality was lower on the basis of their protein content. 673 
Nevertheless, at the end of the maturation process, the 7-week SEs of Douglas-fir had a much 674 
lower protein content than that in mature ZEs or megagametophyte of dry seeds. This difference 675 
observed between both types of embryos differed from previous reports for Scots pine (Lelu-676 
Walter et al. 2008), and hybrid larch (Teyssier et al. 2014; von Aderkas et al. 2015). Aberlenc-677 
Bertossi explained such a difference on the basis of a lower accumulation of storage transcripts 678 
in SEs and protease activity, for storage mobilization, present throughout somatic 679 
embryogenesis but absent in the zygotic counterpart (Aberlenc-Bertossi et al. 2008). More 680 
basically, the difference would have been reduced if the comparison had been made with ZEs 681 
from fresh seeds (Morel et al. 2014b). The electrophoretic comparison of the proteins present 682 
in 7-week SEs and mature ZEs confirmed their equivalent quality, with major storage proteins 683 
present. We identified them and confirmed their hypothetical identities in the ZEs and 684 
megagametophyte in Douglas-fir (Green et al. 1991) as vilicin-like protein and legumin-like 685 
protein (Fig. 8). 686 
Seeds can exhibit high levels of germination followed by low seedling vigour. We observed 687 
this in our study, with a significant difference in the total number of plantlets according to the 688 
duration of maturation (P <0.0004), whilst the level of germination exhibited no difference. 689 
More surprisingly the SEs that had accumulated more storage proteins (7 weeks maturation) 690 
produced fewer plantlets than SEs matured for 5 weeks (Table 4). The maturation process 691 
consists of a phase of cell development leading to the production of cotyledonary embryos and 692 
a strict maturation phase during which the cotyledonary SEs accumulate energy reserves (see 693 
the increase in the protein content between 5 and 7 weeks) and acquire tolerance to desiccation. 694 
In the seed, the embryo then enters dormancy, and germination cannot take place before the 695 
dormancy is broken by stratification. We can then assume that the increase in protein content 696 
is counteracted by onset of dormancy. When storage reserves were high (7-week SEs), 697 
germination followed by plantlet conversion was less affected by SEs desiccation (Table 3). 698 
Another factor to consider is the progressive and sequential mobilization of the storage proteins 699 
during germination according to the nature of the storage protein (Forward et al. 2001), first the 700 
vicilin-like protein and then the legumin-like protein, the latter being more abundant. It is, 701 
therefore, to be expected that the total protein content has a greater influence on the number of 702 
plantlets obtained than the number of germinated SEs. 703 
According to Terskikh et al. (2005) “Seedling vigour and the potential for early growth 704 
following germination is ultimately dependent upon processes that occurred earlier (during 705 
conifer seed development)…”. In crops where seedling vigour is crucial, monitoring of the SEs 706 
maturation by storage protein deposition has been reported (Sterk and de Vries 1993). 707 
Therefore, in the field of conifer reproduction, any development of maturation protocol should 708 
be accompanied by a physiological analysis of SEs. 709 
Current experiments are being conducted to examine improvement in the quality of plantlets 710 
prior to transfer to the ex-vitro environment in order to increase the likelihood of successful 711 
acclimatization. 712 
 713 
 714 
Conclusions 715 
 716 
In this work, somatic embryogenesis protocol for Douglas-fir was refined, resulting in enhanced 717 
embryogenic potential at the maturation step. Key factors include: high gellan gum content, low 718 
cell density per filter paper disc on the maturation medium and also initiation of secondary 719 
embryogenic lines. We demonstrated, for the first time in this species, that secondary somatic 720 
embryogenesis can be induced from mature, cotyledonary SEs. Interestingly, secondary EM 721 
cultures were able to produce a significantly higher number of cotyledonary SEs compared with 722 
the original, primary EM cultures. This effect was highlighted in the specific case of the less 723 
productive genotypes (TD17, SD4 in this study) and must now be confirmed for a wider range 724 
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of embryogenic lines. Significant practical implications are expected as a result of the work in 725 
our laboratories in France and New Zealand, since low embryogenic potential is one of factors 726 
affecting breeding (field archives, clonal tests) and deployment of improved varieties (varietal 727 
testing, production up-scaling) through somatic embryogenesis in Douglas-fir and other 728 
conifers (Lelu-Walter et al. 2013, 2016).  729 
 730 
Based on the above and previously published data (Reeves et al. in press), an efficient method 731 
for production of large quantities of plants from a number of genotypes was developed and is 732 
available in the public domain. We recommend the following:  733 
 734 
• Culturing of immature zygotic embryos on Glitz induction medium supplemented with 735 
2.3 μM 2,4-D, 2.2 μM BA, 0.087 M sucrose and solidified with 3 g L-1 of gellan gum 736 
(Phytagel®), without subculturing during the whole initiation period. 737 
• Proliferation of the EMs on a filter paper disc to obtain a rapid increase in tissue fresh 738 
mass, using Glitz medium supplemented with 4.5 μM 2,4-D, 2.2 μM BA, 0.087 M maltose and 739 
solidified with 4 g L-1 of gellan gum. 740 
• Maturation in darkness on a filter paper disc for 8 weeks on Glitz basal medium 741 
supplemented with 0.2 M sucrose, 60 µM ABA and 10 g L-1 gellan gum. No subculturing is 742 
necessary during the entire maturation period. Cell density on the filter may be adjusted in the 743 
range 50-100 mg per filter. 744 
• For poorly-productive embryogenic lines, we recommend initiating secondary somatic 745 
embryogenesis. Cotyledonary SEs 5-6 weeks old are transferred to induction medium i.e. Glitz 746 
supplemented with 4.5 μM 2,4-D, 4.4 μM BA, 0.087 M sucrose and solidified with 4 g L-1 of 747 
gellan gum. 748 
• Mature cotyledonary SEs are harvested after 7 weeks of maturation, the best period to 749 
achieve the desired results. 750 
• Germination of cotyledonary SEs on plant growth regulator-free Glitz medium, in 751 
darkness for an initial 7 days, followed by exposure to dim light.  752 
• Transfer of plants from the Petri dishes to ex-vitro conditions during the vigorous growth 753 
phase, and acclimatization under shade house conditions (initially with high relative humidity). 754 
We were able to acclimatize a number of plants, however, further optimization of this step is 755 
required. 756 
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50: 785-788 985 

 986 
 987 
Figure legends 988 
 989 
Fig. 1 Genetic origin of the Douglas-fir plant material analysed in this work (primary and 990 
secondary embryogenic lines). Embryonal masse (EM) initiation during secondary somatic 991 
embryogenesis is shown at the base of the hypocotyl region, above the embryonal root cap (red 992 
star). 993 
 994 
Fig. 2 Cytological aspects of the proliferating Douglas-fir embryonal mass.  995 
a- Extensive polyembryogenic centre with meristematic cells (m) joined to intact suspensor 996 
cells (s); Space among loosely arranged suspensor cells located below intact suspensor cells is 997 
filled with mucilaginous extracellular matrix (star); arrowheads point to disintegrated dead 998 
mass anchoring the polyembryogenic centre within the embryonal mass. 999 
b - Individual embryo with embryonal head (eh) joined to compact long suspensor (s); 1000 
suspensor cells are linked up with mucilaginous extracellular matrix (star). 1001 
c - Smaller polyembryogenic centre with loosely arranged suspensor cells (s). Note the 1002 
mucilaginous extracellular matrix among these cells (star). 1003 
d,e -Two successive sections of a polyembryogenic centre showing meristematic cells (m) and 1004 
tightly joined outer suspensor cells (d) and loosely arranged suspensor cells inside the cell 1005 
“package” of the polyembryogenic centre (e).  1006 
Paraffin sections stained with Alcian Blue/ Nuclear Fast Red; Scale bars: a = 500 µm; b, c, d,e 1007 
= 200 µm 1008 
m - meristem, s- suspensor cells, arrowheads - dead cellular mass, star (asterisks) - 1009 
mucilaginous extracellular matrix 1010 
 1011 
Fig. 3 Viability of cells in proliferating Douglas-fir early somatic embryos. 1012 
Large (a) and smaller (b) polyembryogenic centres with highly viable meristematic cells and 1013 
less viable suspensor cells growing out of the dead cell mass (note the red spots indicating 1014 
nuclei of dead cells). 1015 
(c) Individual, somatic embryo with highly viable meristematic cells and a mosaic of viable and 1016 
dead cells within the suspensor. 1017 
(d) Small embryos with highly viable meristematic and suspensor cells growing near or out of 1018 
the dead mass. 1019 
Green: fluorescence of fluorescein produced from FDA in viable cells. 1020 
Red: fluorescence of PI-DNA complexes in non-viable or dead cells 1021 
Scale bars = 100 µm 1022 
 1023 
Fig. 4 Somatic embryo of Douglas-fir after maturation for 8 weeks. 1024 
(a) Cotyledonary somatic embryos of high-quality morphological standard. 1025 
(b) Abnormally developed somatic embryos with a shooty aspect. Note the poorly developed 1026 
and/or inflated hypocotyl as well as poorly elongated and cotyledons turning a greenish colour. 1027 
Scale bars: 3 mm (a), 2 mm (b) 1028 
 1029 
Fig. 5 Effects of gellan gum concentration (8 and 10 g L-1) and cell density on the filter paper 1030 
(50 and 100 mg f.m. per filter) during maturation of somatic embryos for seven embryogenic 1031 
lines of Douglas-fir (TD1, TD2, TD6, TD13, TD15, TD17 and SD4). (a) Number of 1032 
cotyledonary SEs g-1 f.m. (= embryogenic potential); (b) Number of shooty SEs g-1 f.m. 1033 
 1034 
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Fig. 6 Significance of observed differences in embryogenic potential (mean yield in 1035 
cotyledonary somatic embryos (SE) after 8 weeks maturation) between primary (1) and 1036 
secondary (2) embryogenic lines from Douglas-fir genotypes SD4, TD1, TD15 and TD17.  1037 
Observed differences between primary and secondary embryogenic lines are significant for 1038 
SD4 (p = 2.4e-12), TD15 (p = 0.0017) and TD17 (p = 0.014) but not significant for TD1 (p = 1039 
0.14). 1040 
 1041 
Fig. 7 Final steps of somatic embryogenesis in Douglas-fir.  1042 
Cotyledonary somatic embryo germination (a, after 1 week in darkness) and conversion to 1043 
plantlets (b, after 8 weeks in light) on germination medium. 1044 
Acclimatized plantlets of Douglas-fir at the nursery propagation house (c, 6 months post 1045 
acclimatization) or planted in soil in the field nursery (d, 3.5 years old) 1046 
Scale bars: 7 mm (a), 10.3 mm (b), 40 mm (c), 150 mm (d) 1047 
 1048 
Fig. 8 SDS-PAGE total protein pattern of cotyledonary somatic embryos (SEs) from Douglas-1049 
fir embryogenic line TD1 collected after 5, 6, 7 or 8 weeks maturation. At the stage 8 weeks, 1050 
both normal and green SEs were analysed. The protein patterns of reference zygotic embryos 1051 
(ZEs) and megagametophyte (mega) from mature (dry) seeds of the same full-sib family (4474 1052 
× 4440) are shown. 1053 
The location in the protein pattern of major storage proteins identified by mass spectrometry in 1054 
SE matured for 7 weeks (see Table 5) is shown by arrows. 1055 
MM: protein size standard. 1056 
 1057 
 1058 
Supporting information 1059 
 1060 
Supplementary data 1: Mucilaginous extracellular matrix located between suspensor cells of 1061 
an early somatic embryo of Douglas-fir (stars); Scale bar = 50 µm; paraffin section stained with 1062 
Alcian Blue and Nuclear Fast Red. 1063 
 1064 
Supplementary data 2. Preliminary maturation N°1: effects of gellan gum concentration (6 1065 
and 8 g L-1), and embryonal masses density on the filter paper disc (50, 100 and 200 mg f.m. 1066 
per filter) during maturation on development of somatic embryos for 5 embryogenic lines of 1067 
Douglas-fir (TD1, TD2, TD6, TD15, TD17 and SD4). A: Number of cotyledonary SEs g-1 f.m. 1068 
(= embryogenic potential); B: Number of shooty SEs g-1 f.m. 1069 
 1070 
Supplementary data 3. Preliminary maturation N°2: effects of gellan gum concentration (6, 8 1071 
and 10 g L-1), embryonal masses density on the filter paper disc (50 and 100 mg f.m. per filter) 1072 
and abscisic acid (ABA) concentration (60 and 80 µM) on development of somatic embryos for 1073 
2 embryogenic lines of Douglas-fir (TD1        and TD15       ). A: Number of cotyledonary SEs 1074 
g-1 f.m. (= embryogenic potential); B: Number of shooty SEs g-1 f.m.  1075 
 1076 
Supplementary data 4. Germination and plantlet frequencies of cotyledonary somatic 1077 
embryos (SEs) of Douglas fir in the presence/absence of activated charcoal (AC) in the 1078 
germination medium.  1079 
 1080 
  1081 
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Table 1 Mean initiation rates of embryonal masses (EMs) from cotyledonary somatic 1082 

embryos (SEs) of Douglas-fir according to 2.4-D concentration and embryogenic line. 1083 

Line 2,4-D concentration 
(µM) 

No of SEs 
cultured 

No SEs with EMs 

   Total % 

TD1 4.5 80 10 12.5 

 9 160 11 6.8 

   
TD15 4.5 70 2 2.8 

 9 110 6 5.4 

   
TD17 4.5 60 7 11.6 

 9 30 0   

   
SD4 4.5 100 31 31.0 

 9 70 12 17.1 

Differences between genotypes: χ2 = 39.69, p = 5×10-4; differences between 2,4-D concentration: χ2 = 8.86, p = 1084 

0.11. 1085 

 1086 
 1087 
Table 2 Mean yield of cotyledonary somatic embryos (SEs) developed after 8 weeks of 1088 
maturation from primary (TD1, TD15, TD17, SD4) and secondary (TD1-2, TD15-1, TD15-2, 1089 
TD17-3, SD4-1, SD4-4, SD4-7) embryogenic lines of Douglas-fir. 1090 
 1091 

Line 
 

No of SEs (g-1 f.m.) 
(± 95% C.l.) 

Primary  
TD1 1744 ± 323 
TD15 1659 ± 339 
TD17 30 ±  19 
SD4 478 ± 139 

  
Secondary  

TD1-2 2069 ± 346 
TD15-1 1117 ± 282 
TD15-2 931 ± 312 
TD17-3 148 ±  92 
SD4-1 1065 ± 242 
SD4-4 1646 ± 292 
SD4-7 1319 ± 185 

Significance of observed differences between primary and secondary lines is illustrated 1092 
in Fig. 6  1093 
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Table 3 Germination and plantlet frequencies of cotyledonary somatic embryos (SEs) of 1094 
Douglas fir according to maturation duration. 1095 
 1096 

Genotype Maturation 
(week) 

No SEs germinated No of Plant * 

  Total %  Total % 

TD1 5 60 100  59 98 

 6 58 97  44 76 

 7 59 98  53 89 

      

TD13 5 59 98  55 93 

 6 60 100  44 73 

 7 60 100  32 53 

 8 58 97  40 69 

      

TD15 5 59 98  54 91 

 6 60 100  42 70 

 7 60 100  44 73 

 8 59 98  50 85 

Test of differences between genotypes at the germination stage: χ2 = 0.041, p = 0.98 (non-1097 

significant); at the plantlet stage: χ2 = 16.571, p = 0.28 (non-significant). Test of differences between 1098 

maturation duration classes at the germination stage: χ2 = 2.795, p = 0.593 (non-significant); at the 1099 

plantlet stage: χ2 = 59.83, p = 0.0004 (significant). 1100 

* Germination rate was estimated after 4 weeks and conversion rate after 10 weeks on germination 1101 

medium. SEs were considered germinated as soon as radicle elongation occurred. Germinated SEs 1102 

were considered to have become plantlets as soon as epicotyl development was observed.  1103 

 1104 
  1105 
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Table 4 Total protein content in cotyledonary somatic embryos (SEs) from two Douglas-fir 1106 
embryogenic lines (TD1, TD15) according to maturation duration and with reference to 1107 
protein content in zygotic embryos (ZEs) and megagametophytes from mature dry seeds 1108 
(same full-sib family as SEs).  1109 
 1110 

Embryo 
 

Maturation 
duration 
(week) 

 

Protein content (µg mg-1 f.m.) 
 

SEs - TD1 5 74,93 ± 7 b 
 6 96,42 ± 9,5 c 
 7 120,87 ± 12,2 de 
 8 120,38 ± 6,8 de 
 8 green 50,44 ± 6 a 
   

SEs - TD15 5 105,84 ± 9,3 cd 
 6 108,58 ± 11 cd 
 7 150,71 ± 12,4 f 
 8 130,52 ± 4,5 e 
   

ZEs  295,25 ± 
 

31,3 g 

megagametophytes  551,46 ± 23,4 h 
Values are means of five repetitions ± standard error. Significant differences (p <0.05) in a multiple comparison 1111 

of means are indicated by different letters. 1112 

 1113 
  1114 



V
er

si
on

 p
os

tp
rin

t

Comment citer ce document :
Lelu-Walter, M.-A. (Auteur de correspondance), Gautier, F., Eliášová, K., Sanchez , L.,

Teyssier, C., Lomenech, A.-M., Le Metté, C., Hargreaves, C., Trontin, J.-F., Reeves, C. (2018). High
gellan gum concentration and secondary somatic embryogenesis: two key factors to improve somatic

embryo development in Pseudotsuga menziesii [Mirb.]. Plant Cell, Tissue and Organ Culture, 132
(1), 137-155.  DOI : 10.1007/s11240-017-1318-0

 
Version définitive du manuscrit publié dans / Final version of the manuscript published in :  
Plant Cell, Tissue and Organ Culture, 2018, 132(1) 137-155        http://dx.doi.org/10.1007/s11240-017-1318-0 

 

 

M
an

u
sc

ri
t 

d
’a

u
te

u
r 

/ 
A

u
th

o
r 

M
an

u
sc

ri
p
t 

  
  
  
  
  
  
  

M
an

u
sc

ri
t 

d
’a

u
te

u
r 

/ 
A

u
th

o
r 

M
an

u
sc

ri
p
t 

  
  

  
  

  
  

  
M

an
u
sc

ri
t 

d
’a

u
te

u
r 

/ 
A

u
th

o
r 

M
an

u
sc

ri
p
t

 

25 
 

Table 5 Identification of storage proteins from cotyledonary somatic embryos (SEs) matured 1115 
for 7 weeks (embryogenic line TD1), zygotic embryos (ZEs) and megagametophyte (mega) 1116 
from mature dry seed (same full-sib family as SEs) of Douglas-fir. The excised band number 1117 
refers to the band label indicated in Fig. 8. 1118 
 1119 

Band 
n° 

Tissue Accession Protein assignment Score % cov.a # pep.b MW 
(kDa)c 

1 SEs PSME_00010512-RA PREDICTED: vicilin-like 
antimicrobial peptides 2-2, partial 

409,2 52,61 30 51,66 

1 ZEs PSME_00010512-RA PREDICTED: vicilin-like 
antimicrobial peptides 2-2, partial 

622,1 58,26 34 51,66 

1 mega PSME_00010516-RA PREDICTED: vicilin-like 
antimicrobial peptides 2-2, partial 

1893,8 50,22 23 51,0 

2 SEs PSME_00024935-RA legumin-like storage protein 31,9 31,68 8 29,63 

2 SEs PSME_00010514-RA PREDICTED: vicilin-like 
antimicrobial peptides 2-2, partial 

90,2 34,72 14 51,41 

2 ZEs PSME_00016325-RA legumin-like storage protein 33,1 20,07 5 31,07 

2 ZEs PSME_00010514-RA PREDICTED: vicilin-like 
antimicrobial peptides 2-2, partial 

98,8 38,21 15 51,41 

2 mega PSME_00024935-RA legumin-like storage protein 100,0 55,73 15 29,6 

2 mega PSME_00026698-RA PREDICTED: vicilin-like 
antimicrobial peptides 2-2 

113,4 24,65 15 57,8 

3 SEs PSME_00021143-RA legumin-like storage protein 816,1 47,21 17 30,61 

3 ZEs PSME_00021143-RA legumin-like storage protein 700,3 35,69 14 30,61 

3 mega PSME_00025588-RA legumin-like storage protein 2014,7 58,78 20 29,6 

a% cov.: protein coverage percentage 1120 
b# pep.: number of matching peptides 1121 
cTheoretical molecular masses (MW) were taken from the protein used to make the assignment (in Douglas-fir). 1122 

  1123 
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 1124 
 1125 
 1126 
Fig.1 1127 
  1128 
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 1129 
 1130 
 1131 
Fig.2 1132 
 1133 
  1134 
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 1135 

 1136 
 1137 
Fig.3 1138 
 1139 
 1140 
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Supplementary data 4. Germination and plantlet frequencies of cotyledonary somatic 1195 
embryos (SEs) of Douglas fir according to the presence of activated charcoal (AC) in the 1196 
germination medium.  1197 
 1198 

Genotype AC 
(g L-1) 

Nb°of SEs 
introduced 

N° SEs germinated N° of Plant * 

   Total %  Total % 

TD1 0 146 140 96  138 98 

 10 117 113 96  109 96 

      

TD2 0 56 56 100  52 93 

 10 73 71 97  37 52 

      

TD6 0 21 20 95  17 85 

 10 27 25 93  17 68 

      

TD15 0 77 77 100  73 95 

 10 77 76 99  64 84 

Observed differences between genotypes are not significant for germination rates (χ2 = 9.065, p = 0.17) but are 1199 
significant for conversion rates (χ2 = 51.044, p = 0.0096).  1200 
Differences between AC levels are not significant for both germination (χ2 = 0.525, p = 0.77) and conversion rates 1201 
(χ2 = 13.73, p = 0.185). 1202 
* Germination rate was estimated after 4 weeks and conversion rate after 10 weeks on germination medium. SEs 1203 
were considered germinated as soon as radicle elongation occurred. Germinated SEs were considered to be 1204 
converted into plantlets as soon as epicotyl development was observed. 1205 
 1206 
 1207 
 1208 
 1209 


