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Abstract

Cotyledonary somatic embryos (SEs) of maritime pine are routinely matured for 12 weeks before being
germinated and converted to plantlets. Although regeneration success is highly dependent on SEs quality, the
date of harvesting is currently determined mainly on the basis of morphological features. This empirical method
does not provide any accurate information about embryo quality with respect to storage compounds (proteins,
carbohydrates). We first analyzed SEs matured for 10, 12 and 14 weeks by carrying out biological (dry weight,
water content) and biochemical measurements (total protein and carbohydrate contents). No difference could be
found between collection dates, suggesting that harvesting SEs after 12 weeks is appropriate. Cotyledonary SEs
were then compared to various stages, from fresh to fully desiccated, in the development of cotyledonary zygotic
embryos (ZEs). We identified profiles that were similar using hierarchical ascendant cluster analysis (HCA).
Fresh and dehydrated ZEs could be distinguished, and SEs clustered with fresh ZEs. Both types of embryo
exhibited similar carbohydrate and protein content and signatures. This high level of similarity (94.5%) was
further supported by proteome profiling. Highly expressed proteins included storage, stress-related, late
embryogenesis abundant and energy metabolism proteins. By comparing overexpressed proteins in developing
and cotyledonary SEs or ZEs, some (23 proteins) could be identified as candidate biomarkers for the late,
cotyledonary stage. This is the first report of useful generic protein markers for monitoring embryo development
in maritime pine. Our results also suggest that improvements of SEs quality may be achieved if the current
maturation conditions are refined.

Key words
Carbohydrates; 2-D gel electrophoresis; Embryo quality; Maturation; Protein markers; Somatic embryogenesis;
Zygotic embryogenesis.

Abbreviations
ABA, abscisic acid; Cl, confidence interval; DW, dry weight; EMs, embryonal masses; Fru, fructose; FW, fresh
weight; Glc, Glucose; HSP, heat shock proteins; LEA, late embryogenesis abundant; SE, somatic embryo; ZE,
zygotic embryo

Introduction

Softwood species (mainly conifers) accounted for more than 77 % of total timber harvests in Europe in 2011
(375 million m3). This constitutes the main source of timber supplying an industry which nevertheless continued
to be a net importer of both roundwood and pulpwood during that period. In the context of increasing demand
for softwood logs worldwide, an important priority for maritime pine (Pinus pinaster Ait.), a major species with
broad industrial applications (Sanz et al. 2006), is to accelerate the development of more productive varieties for
use in sustainable forest plantation.

One way to facilitate the capture of the best genetic stocks from breeding populations is to increase the
efficiency of selection for elite genotypes. This can be achieved through early identification of genes (marker-
assisted selection), prediction of breeding values (genomic selection) or field comparison of vegetative
propagules from different trees (clonal testing). Vegetative propagation is also an effective way of deploying
better adapted varieties in long-term plantation forestry, as it facilitates utilization of the whole genetic variance
available for a trait of interest, i.e. both additive and non-additive genetic variance. Traditional genetic
evaluations approaches, and even the more recently developed genomic prediction methods, are usually based on
models that either ignore, or give only an estimate of, non-additive effects (Su et al. 2012). Because of these
limitations, conifer breeding would greatly benefit from the implementation of vegetative propagation methods
both for selection and for the deployment (Park 2002) in commercial plantation forestry of varieties derived from
individuals selected for desirable characteristics. This process is referred to as clonal forestry or, more
descriptively, multivarietal forestry. Conifers are usually recalcitrant to clonal propagation (Bonga et al. 2010),
in contrast to those tree species (e.g. poplar) that respond spontaneously and cost-effectively to classical methods
(e.g. cuttings), even when trees are in their adult vegetative or reproductive phase. Major advances in forest
biotechnology have considerably extended the opportunities available for the clonal propagation of woody trees
(reviewed in Nehra et al. 2005), especially for somatic embryogenesis in conifers (reviewed in Lelu-Walter et al.
2013).

Somatic embryogenesis provides a powerful tool which offers clear advantages for the rapid renewal of
genetically improved varieties and for scaling up production. The process is often restricted to the use of juvenile
explants (various stages in the development of zygotic embryos, ZEs) but the amenability of embryogenic tissue
to long-term storage at very low temperature (-196 °C) has opened up the way towards efficient, retroactive
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clonal propagation of selected, mature trees. In addition, cryopreservation of embryogenic tissue makes it
possible to establish long-term collections of improved, native and/or endangered genetic resources in a juvenile
state. Somatic embryogenesis is also considered to be a key technique for plant regeneration in research using
reverse genetics through genetic transformation of conifers (Trontin et al. 2013). In forest trees, functional
genomics is making an increasing contribution to the discovery of markers associated with valuable traits such as
wood quality (Mauriat et al. 2014). This is a prerequisite for the development of more efficient methods of
selection for breeding programs (e.g. marker-assisted selection). For these reasons, somatic embryogenesis has
gradually become the preferred method for the clonal propagation of conifers (Lelu-Walter and Paques 2009;
Hargreaves et al. 2009; Lelu-Walter et al. 2013).

The past decade has seen significant progress in the elucidation of intricacies in the physiology and molecular
basis of somatic embryogenesis in both angiosperms (reviewed in Yang and Zhang 2010; Zavattieri et al. 2010)
and gymnosperms species (reviewed in Cairney and Pullman 2007; Vestman et al. 2011). Although many genes
involved in the initiation and development of somatic embryos (SEs) have been identified and functionally
characterized, the basis of the molecular regulation of somatic embryogenesis remains largely unknown (Elhiti et
al. 2013).

In maritime pine, somatic embryogenesis was first reported by Jarlet-Hugues (1989), with effective plant
regeneration being described 10 years later (Lelu et al. 1999). Extensive research on various steps in the process
has since been undertaken in France (Ramarosandratana et al. 2001; Breton et al. 2005; Lelu-Walter et al. 2006),
Portugal (Miguel et al. 2004), and Spain (Humanez et al. 2012). Improved protocols are now available for stages
ranging from the initiation and proliferation of embryogenic tissue (Park et al. 2006) to somatic plant
regeneration (Lelu-Walter et al. 2006). Field trials established in France from somatic plant material have
consistently revealed that SEs develop at a lower initial growth rate than that of control seedlings (Trontin et al.
2011). In maritime pine high initial growth of seedlings is vital to cope with rapid weed development. A better
understanding of embryo maturation in maritime pine is therefore required in order to produce high-quality,
vigorous somatic plants. Current maturation protocols usually result in the development of cotyledonary SEs
within 12 weeks. The optimal duration of maturation has hitherto been determined mainly on the basis of
morphological features (i.e. visual selection of SEs resembling cotyledonary ZEs), culture productivity (yield of
cotyledonary SEs) and the ability of SEs to germinate and convert into plantlets. However, this empirical
approach does not provide any accurate information about the quality of the harvested SEs with respect to
critical factors such as water content and the accumulation of storage reserves. Certain histological,
histochemical or molecular differences between cotyledonary SEs and ZEs have been reported previously (Jordy
and Favre 2003; Pérez-Rodriguez et al. 2006; Tereso et al. 2007). These results suggested that harvested SEs
could be either substantially different from SEs, or correspond to any of the specific stages in the development of
cotyledonary ZEs, from maturation to desiccation. In orthodox seeds, full embryo maturity results from the
acquisition of desiccation tolerance during maturation followed by a desiccation phase (Kermode 1990).

There is therefore a need to identify biochemical and/or molecular markers for i) monitoring the development
and the quality of cotyledonary SEs during maturation and ii) implementing alternative procedures which will
allow SEs to attain the quality of ZEs and thus facilitate optimal conversion to field-grown plants. Qualitative
and quantitative variations in carbohydrates and proteins (including the accumulation of storage reserves) are
key factors contributing to the whole embryogenesis process, especially cotyledonary embryo development and
maturity (reviewed in Lipavska and Konradova 2004). One approach to discovering markers related to embryo
quality is to establish the pattern of accumulation of these compounds in maturing cotyledonary ZEs.
Interpretation of such patterns could result in the discovery of biochemical markers (carbohydrates and protein
content) and molecular markers (expressed genes and proteins) which could be used to monitor the maturation of
SEs.

The pattern of carbohydrate accumulation during the maturation of ZEs has been reported in conifer species such
as Picea abies (Konradova et al. 2002) and Pinus taeda (Pullman and Buchanan 2008). Detailed comparative
analyses of developmental stages in ZEs and SEs have been reported only in Picea abies (Gosslova et al. 2001;
Konradova et al. 2002). Significant variations in carbohydrate profiles were observed during the development of
SEs compared to ZEs. These differences may be due to the specific carbohydrate composition of the maturation
medium, which has been shown to affect storage reserve accumulation and germination in SEs (Businge et al.
2013).

Storage protein gene expression and accumulation during SE and ZE maturation have been described for conifer
species including Picea abies (Hakman 1993), Pinus strobus (Klimaswezska et al. 2004) and Pinus taeda
(Brownfield et al. 2007). Vicilin- and legumin-like proteins are usually considered to be the main storage
proteins in conifers (Klimaszewska et al. 2004). Protein content is often lower in SEs than in ZEs; however, the
content in ZEs is highly dependent upon maturation conditions and developmental stage. Storage protein
concentration has been put forward as a putative biochemical marker of SE quality in pine species such as Pinus
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strobus (Klimaszewska et al. 2004), Pinus sylvestris (Lelu-Walter et al. 2008) and Pinus pinaster (Tereso et al.
2007).

The development of novel methods for the analysis of genome-wide protein variations (proteomics) has further
increased the possibility of systematic screening for proteins putatively involved in embryo maturation and
quality. In recent years, proteomics has significantly contributed to an improved understanding of plant somatic
embryogenesis (Ehliti et al. 2013; Rocha and Domelas 2013). In conifers, changes in protein expression have
been reported to occur during SE maturation in Cupressus sempervirens (Sallandrouze et al. 1999), Picea glauca
(Lippert et al. 2005), and Larix x eurolepis (Teyssier et al. 2011, 2014). Early changes in protein expression
during maturation of SEs were also recently studied in maritime pine (Morel et al. 2014), making it possible to
propose predictive protein markers for SE development and for the adaptive response of a culture to maturation
conditions. However, none of these proteomic studies included a comparison with zygotic embryogenesis as a
reference, nor did they provide information which could lead to methods making it possible to produce SEs of a
standard equal to that of cotyledonary, mature ZEs.

In the work presented here, we performed a comparative study of cotyledonary SEs matured for 10-14 weeks
and cotyledonary ZEs at various stages of maturity, from fresh embryos collected from green cones to fully
developed, desiccated embryos collected from mature cones. Using hierarchical ascendant cluster analysis of
quantitative data (content of water, carbohydrates and total protein), we demonstrated that cotyledonary SEs
matured for 12 weeks are more similar to fresh cotyledonary ZEs than to ZEs at other stages of development.
Proteome profiling confirmed that these two embryo types are roughly equivalent, containing similar cohorts of
overexpressed proteins. Some of these proteins are potential biomarkers for the cotyledonary stage of embryos.
In addition to providing new insights into molecular events involved in the development of SEs in maritime pine,
this is the first report of useful generic protein markers for monitoring embryo development in this species. Our
results also suggest that improvements in the quality of maritime pine SEs may be expected if maturation
conditions are refined to specifically promote desiccation tolerance in SEs before subjecting harvested embryos
to a desiccation phase.

Material and methods

Plant material

Cotyledonary somatic embryos (SES)

Experiments were conducted with two embryogenic lines of Pinus pinaster (FCBA collection) of contrasting
genetic origin, a “Landes x Morocco” polycross family (line AAY06006) and a “Landes x Landes” full-sib
family (line NL04048). Both AAY06006 and NL04048 are among our best and similarly performing lines (rate
+ 95% CI) for germination (91.3 £ 0.9% and 92.8 + 5.7%, respectively), acclimatization (74.0 £ 5.3% vs 67.5
6.9%) and final conversion rate of harvested cotyledonary SEs into field-transferable plants (67.6 + 4.7% vs 62.9
+8.2%).

Embryonal Masses (EMs) initiated from immature ZEs (Park et al. 2006) were proliferated every two weeks in
darkness (23 £ 1 °C) using a modified Litvay (mLV) basal formulation (Litvay et al. 1985). The proliferation
medium was mLV supplemented with 3 g I gellan gum (Gelrite, Sigma, St Louis, MO, USA), 0.087 M sucrose,
2 UM 2,4-dichlorophenoxyacetic acid (2,4-D, Sigma) and 1 pM benzyladenine (BA, Sigma). The EMs were
matured in darkness (23 + 1°C) according to Lelu-Walter et al. (2006). Briefly, vigorous EMs grown for one
week on proliferation medium were dissociated in mLV containing no growth regulator, and the resulting cell
suspension was poured over a filter paper disc (Whatman N°2, 70 mm in diameter) using a Bichner funnel. The
filter with its dissociated EMs, approximately 100 mg fresh weight (FW) per filter, was transferred onto mLV
maturation medium supplemented with 0.2 M sucrose, 80 LM cis-trans (£) abscisic acid (ABA, Sigma)and 9 g I’
! gellan gum (Gelrite, Sigma). After 12 weeks of maturation, cotyledonary SEs were counted to estimate the
embryogenic potential of the EMs (expressed as number of SEs per g FW). Cotyledonary SEs were also sampled
after 10, 12 and 14 weeks for subsequent measurements.

Cotyledonary zygotic embryos (ZEs)

Open-pollinated cones from the AAY06006 mother tree were collected in Région Aquitaine, France, on 26 July,
3 and 8 August, 20 September, 12 October, 23 November and 09 December, 2011. The sample collection dates
covered the full maturation phase, from recently differentiated cotyledonary ZEs in green cones (fresh ZEs) to
mature ZEs in desiccated cones. Cones were stored in plastic bags at 4 °C until required for dissection. Seeds
were extracted from the scales with sterile forceps (Lelu-Walter et al. 2006). On each collection date,
cotyledonary ZEs were excised from the surrounding megagametophyte. Samples were immediately frozen in
liquid nitrogen prior to storage at -80 °C for subsequent protein and carbohydrate assays.
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Dry weight and water content of SEs and ZEs

Samples (SEs, ZEs, approximately 100 mg FW) were immediately weighed to determine their FW. Dry weight
(DW) was determined after oven-drying at 70 °C for 24 h and % DW was calculated by multiplying the DW to
FW ratio by 100 (Teyssier et al. 2011). Water content was determined as (FW — DW)/ DW and expressed as g
H,0 g DW (Dronne et al. 1997). Five biological replicates of each embryo type and time-point were used for
each assay.

Determination of carbohydrate and total protein contents

Carbohydrates

Soluble sugars were extracted as described by Black et al. (1996). Cotyledonary SEs and ZEs (approximately 40
mg FW) were ground in 1 ml 80 % aqueous ethanol containing 2.5 mg ml™ melezitose as an internal standard,
and the extracts were heated for 15 min at 80 °C. After 2 successive extractions with 80 % ethanol without
melezitose, the supernatants were combined, and a 0.5 ml aliquot of the total extract was shaken with 0.5 ml
water and 0.5 ml chloroform in order to remove lipids. An aliquot of the aqueous phase was freeze-dried and the
dried extract was dissolved in 100 pl distilled water, filtered through a 0.45 um pore filter (Nalgene, Rochester,
NY, USA), and then analyzed by HPLC. Samples (10 ul) were injected and eluted with 80:20 (v/v)
acetonitrile/H,0 at a flow rate of 1 ml min™ using a Spectra Series P100 pump (Thermo Fisher Scientific, TFS,
Illkirch, France) on a 200 x 4.6 mm Spherisorb-NH2 column (TFS). The eluents were analyzed with a
differential refractometer (Rl Plus Detector, TFS) and the peak areas were electronically integrated using
ChromQuest 5.0 (TFS). The various sugars were identified by co-elution with standards (Sigma, St Louis, MO,
USA). Results were expressed as pg mg™ DW and corresponded to the mean of 3 measurements + 95 %
confidence interval (Cl).

Total protein assay

Total protein extracts were prepared as five replicates for each type of sample (SEs, ZEs). Frozen material (25-
50 mg FW) was homogenized with 0.5 ml of lysis buffer (10 % (v/v) glycerol; 2 % (w/v) SDS; 5 % (v/v) 2-
mercapto-ethanol; 2 % (w/v) poly(vinyl) polypyrrolidone; 50 mM Tris pH 6.8). The samples were incubated for
5 min at 95 °C, and then centrifuged for 10 min at 13,500 rpm. The resulting pellets were re-extracted once and
the two supernatants were pooled. Protein concentration was determined using the Bradford assay with bovine
serum albumin as a standard. Each of the results, which were expressed as pg mg™* DW, corresponded to the
mean of 5 measurements + 95 % CI.

1D gel electrophoresis

The extracted proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) on a 12 % gel with a stacking gel (4 %) according to standard protocols. The gels were stained for
proteins with colloidal Coomassie Brilliant Blue G-250 (CBB-G). The main protein bands observed for SEs (12
weeks maturation) and ZEs (29 September), were cut from a 10 % gel (see excised bands Fig. 3) and subjected
to LC-MS/MS identification (see the protocol applied to significant spots during 2-D gel analysis).

2-D gel proteomic analysis

Proteomic study design

Three samples were investigated during the first proteomic analysis: SEs from line AAY 06006 collected after 1
(immature stage) and 12 weeks (cotyledonary stage) of maturation, and cotyledonary ZEs collected on 08
August. The second proteomic analysis included 4 samples: SEs collected after 1 (immature stage) and 12 weeks
(cotyledonary stage) of maturation for both embryogenic lines (AAY06006 and NL04048).

2-D PAGE

Total protein extracts were prepared as 5 replicates from each sample (approximately 400 mg FW) as previously
described in Teyssier et al. (2014). Briefly, after phenol precipitation (Isaacson et al. 2006), protein extracts were
assayed as described in Teyssier et al. (2011). First dimension separation was performed with 300 pg protein
loaded onto 24-cm IPG strips, pH 4-7 (Protean IEF Cell system, Bio-Rad, France), and the second dimension
PAGE was performed with 11 % polyacrylamide gels. Gels were stained with colloidal CBB-G and analysed
with the Progenesis software (Nonlinear Dynamics, United Kingdom) as described in Teyssier et al. (2014). The
significance was set at a high level of expectation in the second proteomic study when comparing mature vs
immature SEs from both lines: only spots showing significant changes, i.e. at least 1.8-fold, and with a
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normalized spot volume of at least 5.10° were considered. This minimum spot volume requirement was not
applied in the first proteomic study.

Mass spectrometry and data analysis

Statistically significant spots were excised from the gel and washed in water. Destain was performed with 150
pL wash buffer (50 mM ammonium bicarbonate in water/acetonitrile (50:50, v/v)). Gel pieces were then dried in
acetonitrile for 10 min. After acetonitrile removal, digestion was performed by incubating the gel overnight at
37°C with trypsin at 10 ng pL™ in ammonium bicarbonate 40 mM/ acetonitrile 10% (v/v). The resulting peptides
were extracted from the gel by incubation once in ammonium bicarbonate 40 mM; acetonitrile 10% (v/v) and
twice in H,O/acetonitrile/formic acid 47.5:47.5:5 (by vol.). All three supernatants were pooled, concentrated
down to 25 pL using a vacuum centrifuge and acidified with 1.5 puL of formic acid. Peptide mixtures were
analysed by on-line capillary HPLC (LC Packings, Amsterdam, The Netherlands) coupled to an ion trap mass
spectrometer (LCQ Deca XP Plus, Thermo-Finnigan, San Jose, CA, USA) in the case of 2-D PAGE spots or to
an Orbitrap mass spectrometer (LTQ-Orbitrap XL, Thermo Scientific, Bremen, Germany) in the case of SDS-
PAGE protein bands. Ten microliters of peptide digests were loaded onto a 300 um x 5 mm C18 PepMap™ trap
column (Dionex, The Netherlands) at a flow rate of 30 L min™. The peptides were eluted from the trap column
onto an analytical 75 pm x 15 cm C18 PepMap™ column (Dionex, The Netherlands) with a 5-40 % linear
gradient of solvent B in 35 min (solvent A was 0.1 % formic acid in 5 % acetonitrile, and solvent B was 0.1 %
formic acid in 80 % acetonitrile). The separation flow rate was set at 200 nl min™. lon trap data were acquired in
a data-dependent mode alternating a scan survey over the range m/z 300-1700 and 3 ion trap MS/MS scans with
Collision Induced Dissociation (CID) as activation mode. MS/MS spectra were acquired using a 2-m/z unit ion
isolation window and a normalized collision energy of 35. Dynamic exclusion duration was set to 30 s with a
repeat count of 2. On the Orbitrap, the data-dependent cycle alternates a 60000-resolution MS scan survey over
the range m/z 300-1700 and 6 CID MS/MS. Dynamic exclusion was also enabled for 30 s. Singly-charged ions
were rejected from fragmentation.

Peptides were identified by running the SEQUEST™ algorithm through the Proteome Discoverer 1.3 interface
(Thermo-Finnigan, Torrence, CA, USA) against a Pinus pinaster database consisting of GenoToul
(http://genotoul-contigbrowser.toulouse.inra.fr:9092/Pinus_pinaster3/index.html, following procedure described
in Morel et al. 2014) sequences translated in all 6 reading frames (1277568 entries). From the assignments made,
the corresponding proteins were identified by matching the m/z values of the peptide ion fragments against the
GenoToul or Blast2GO databases.

Spectra from peptides with molecular masses greater than 5000 Da or less than 350 Da were rejected. The search
parameters were as follows: the mass accuracy of the monoisotopic peptide precursor and peptide fragments was
set to 2 Da and 1 Da, respectively, for ion trap MS data and to 10 ppm and 0.8 Da for Orbitrap MS data. Only b-
and y-ions were considered for mass calculation. For spots, methionine oxidation (+16 Da) and cysteine
carbamidomethylation (+57 Da) were allowed as variable modifications. In the case of bands, only methionine
oxidation was allowed, again as a variable modification. In all cases, 2 missed trypsin cleavages were allowed.
Only “high confidence” peptides were retained, corresponding to a 1 % false positive rate at the peptide level. A
minimum of two different peptides was required for validation of protein identity.

Statistical analysis

Statistical analysis was carried out with R software (version 2.8.0; R Development Core Team, 2008. R: A
language and environment for statistical computing. R Foundation for Statistical Computing; Vienna, Austria).
Effects of the treatments on the DW, water content, carbohydrate and total protein contents were evaluated using
one-way ANOVA. Variations in these parameters during maturation were analysed using multiple comparisons
of means with Tukey contrasts (P < 0.05). For 2-D PAGE analysis, the intensity change for each spot was
analysed with Student's t-test on the basis of the normalized spot volume (P < 0.001). In order to compare stages
in embryo development, we grouped similar profiles by means of a hierarchical ascendant cluster analysis
(HCA) using the Ward’s minimum variance clustering method (Ward 1963), and the Euclidian distance as a
measure of similarity. Dataset clustering was carried out using the results of all the assays carried out (water
content, fructose, galactose, glucose, maltose, sucrose, stachyose and raffinose content and total protein content).
Each group produced by cluster analysis represented a set of assay results that showed a similar pattern of
variation between different stages in embryo development.
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Results

Various biological parameters (DW, water content, cotyledonary embryo yield) and quantitative and qualitative
biochemical data (contents of carbohydrates and total proteins; proteomic ,profiles) were determined in
cotyledonary SEs matured for 10, 12 or 14 weeks and maturing cotyledonary ZE sampled on 7 collection dates
(from 26 July to 09 December). SEs and ZEs were produced from closely related genetic backgrounds
(embryogenic line AAY06006 and half-sib progenies from the AAY06006 mother tree). To address any genetic
bias and confirm the results obtained from AAY06006, we also collected data from one unrelated embryogenic
line (NL04048).

Dry weight and water content of cotyledonary SEs and maturing cotyledonary ZEs

Transfer of EMs onto maturation medium resulted in the development of cotyledonary SEs after 10, 12 and 14
weeks for both embryogenic lines (AAY06006 and NL04048). After 12 weeks the embryogenic potential of
AAY06006 was significantly higher than that of NL04048 (125.9 + 47.3 and 49.5+ 22.6, respectively, mean +
95% CI). Throughout the maturation period (i.e. 10, 12 and 14 weeks) and regardless of line, cotyledonary SEs
did not show any significant variation in DW (26-32 % FW, Figs 1a, S1a) or in water content (2.24-2.83 g H,O
g DW, Fig. 1b), with the exception of line NLL04048, which showed significantly lower water content after 10
weeks (2.24 g H,0 g DW + 0.05, Fig. S1b).

Cotyledonary ZEs were collected from open pollinated cones of AAY06006. During the period of harvesting
(i.e. from 26 July to 09 December), a significant increase in DW was observed, from around 30 % (late
July/early August) to 60-65 % (from 12 October to December), with a peak of about 75 % in September (Fig.
1a). Concomitantly, a significant decrease in water content was observed, from more than 2 g H,0 g™ DW in
early August to around 0.5 g H,O g™ DW from 12 October onwards (Fig. 1b). We concluded that SEs matured
for 12 weeks were similar in DW and water content to fresh cotyledonary ZEs harvested before September.
There was no significant difference between maturing cotyledonary ZEs harvested on 26 July and 03 August. By
the end of the sampling period (December), ZEs showed significantly higher DW values (more than a 2-fold
increase; Fig. 1a) and lower water content (4.5 times less) than SEs (Fig. 1b).

Carbohydrate content in cotyledonary SEs and maturing cotyledonary ZEs

Cotyledonary SEs from both lines matured for 10, 12 and 14 weeks contained similar amounts of several
carbohydrates (Fig. 2a, Table S1), with sucrose (Su), which was in the range 11.75 to 14.91 pg mg™ DW, being
the most abundant. Monosaccharides such as fructose (Fru), glucose (Glc), galactose and the disaccharide
maltose were also detected, but at comparatively low levels (Tables 1, S1). Of the oligosaccharides from the
raffinose family (RFOs), raffinose was present at a very low level (around 0.4 pg mg™* DW,) whereas stachyose
was undetectable. As a result, the hexoses/Su and RFOs/Su ratios were both low and quite consistent (Fig. 2b,
Tables 1, S1).

In contrast, significant variations were observed during maturation of cotyledonary ZEs (Fig. 2a, Table 1).
Contents of galactose, maltose, fructose and sucrose (the main carbohydrates) decreased gradually from early
August to 29 September and were then quite stable until December, showing no significant changes. Mature ZEs
had very low and similar contents of galactose (0.19 ug mg™ DW), maltose (0.13 pg mg™ DW) and fructose
(0.14 pg mg™ DW), whereas sucrose was again the major carbohydrate (2.83 pg mg™ DW, Table 1). Glucose
was undetectable in fresh ZEs (July/August); it then slightly increased to levels similar to those observed for
other minor carbohydrates in mature ZEs (0.06 pg mg™ DW, Table 1). Interestingly, RFOs appeared during the
course of ZE maturation, with raffinose first being detectable on 03 August and stachyose on 29 September. The
RFOs/Su ratio significantly increased in cotyledonary ZEs from a low value in August (0.03-0.05) to 1.42 from
October to December (Fig. 2b). The Fru+Glc/Su ratio followed the opposite trend (Table 1). SEs matured for 10-
14 weeks were similar to fresh cotyledonary ZEs harvested before September with respect to the contents of
sucrose, maltose and RFOs and to the RFOs/Su ratio (Figs 2a, 2b).

Quantitative and qualitative changes in the protein contents of cotyledonary SEs and maturing cotyledonary ZEs

Total protein content increased significantly in cotyledonary SEs of line AAY06006 as a function of the duration
of maturation. SEs matured for 12-14 weeks accumulated more proteins (276.7-292.4 ug mg™) than SEs matured
for 10 weeks (223.6 pg mg™; Table 2). Total protein content is quite stable in SEs from line NL04048 (241.3-
249.7 pg mg™’, Table S2). In contrast, total protein content gradually increased during the maturation of
cotyledonary ZEs to become significantly higher in November than at the earliest sampling date and reaching a
maximum in December (357.1 pg mg™ DW, Table 2). As in the case of the carbohydrate and FW/DW data,
differences in total protein content between ZEs harvested from 08 August and 12 October, and ZEs harvested at
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the end of seed development (09 December) were highly significant. On the basis of these total protein data, SEs
matured for 10-14 weeks were again found to be similar to fresh cotyledonary ZEs (Table 2).

An electrophoretic analysis of total protein extracts was performed to produce a qualitative profile of protein
content in SEs and ZEs. While no change in protein profile was observed among SEs matured for 10, 12 or 14
weeks (Fig. S2), there were significant differences among ZEs collected from September to December (Fig. 3).
Numerous bands were detected in SEs, showing a protein profile very similar to that of fresh ZEs harvested in
early August. A few major bands were observed in the profiles of SEs (12 weeks maturation) and fresh ZEs
(August). The intensities of these bands increased in ZE profiles from late September to December. They were
excised from the gels for further identification by LC-MS/MS. The same storage proteins were identified in both
SEs and ZEs. They corresponded to vicilin-like protein, legumin-type protein, pine globulin-1 and/or albumin 3
(Table 3). Two of these protein identifications have been made by a unique peptide, but their MS/MS spectra of
its +2 and/or +3 charge state validated them (Fig. S3).

Cotyledonary SEs vs maturing cotyledonary ZEs: a synthesis of quantitative biological and biochemical data
Using the entire set of data available from line AAY06006 (water content, carbohydrate and protein content), a
hierarchical cluster analysis (HCA) was performed (Fig. 4) to make a tentative ranking of SE maturity (SE
matured for 12 weeks) against the complete range of cotyledonary ZE stages. Two clusters were observed,
corresponding to i) ZEs harvested from September (dehydrating ZEs) to December (mature ZEs) and ii) SEs
matured for 12 weeks and ZEs harvested in late July and early August (fresh, maturing ZEs). This result further
illustrated the fact that SEs matured for 12 weeks are more similar to fresh, maturing cotyledonary ZEs from
green cones than to ZEs at other stages of development.

To summarize this part of the work, cotyledonary SEs from 2 genetically contrasted lines matured for 12 weeks
(i.e. cotyledonary SEs at the stage at which they are routinely collected for germination) did not differ markedly
from those matured for 10 or 14 weeks, according to various biological (DW, water content) and biochemical
data (carbohydrate, protein contents). Using hierarchical cluster analysis of quantitative biological and
biochemical data, we showed that cotyledonary SEs matured for 12 weeks are most similar to fresh, maturing
cotyledonary ZEs collected in late July/early August (Fig. 4). A number of storage proteins expressed at similar
levels in cotyledonary SEs and fresh cotyledonary ZEs have also been identified.

2-D gel proteomic analysis of cotyledonary SEs and fresh maturing cotyledonary ZEs

To gain further insights into putative qualitative differences between SEs and ZEs, we performed a proteomic
comparison of cotyledonary SEs matured for 12 weeks (line AAY06006) with fresh maturing cotyledonary ZEs
(harvested 08 August) from the same group, as revealed by the hierarchical cluster analysis (Fig. 4). A total of
976 reproducible spots were obtained in the corresponding 2-D gels (Fig. S4). Of the 52 spots that showed
statistically significant differences (P<0.001, ratio e 1.8 between the normalized spot volumes) between SEs and
ZEs, 43 were successful at protein identification. A total of 17 of these corresponded to proteins overexpressed
in SEs whereas 26 spots represented protein overexpressed in ZEs (Table 4). The proteins identified were
classified into functional categories with Blast2GO (Fig. S5). Proteins involved in cellular processes, responses
to stimulus and metabolic processes were well represented in both types of embryos. We concluded that there
was a similar functional distribution among the proteins identified in cotyledonary SEs matured for 12 weeks old
(AAY06006) and in fresh, maturing cotyledonary ZEs.

Identification of candidate protein markers for the fresh, cotyledonary stage of embryo

We were interested in the discovery of proteins that are specifically overexpressed in SEs at the cotyledonary
stage and in ZEs that are of similar maturity according to our results (i.e. ZEs harvested on 08 August).
Biomarker inference from the results of proteomic analysis at a specific stage is a complex task, as the proteome
contains a high proportion of proteins with house-keeping functions. These housekeepers are present at all stages
of maturation in embryos of either somatic or zygotic origin. To reduce the background noise arising from these
proteins in somatic material, we performed a second proteomic study of immature (1 week maturation) and
cotyledonary (12 weeks maturation) SEs to identify spots in 2-D gels corresponding to proteins overexpressed
only at the cotyledonary stage. To obtain accurate and reliable candidate protein markers, we integrated data
from both AAY06006 and NL04048 lines. A total of 1430 reproducible spots were detected, including 225 spots
that were significantly (P<0.001) different between SEs matured for 1 week (immature SEs) or 12 weeks
(cotyledonary SEs; Fig. S6). Lists of the proteins overexpressed after 1 week and 12 weeks can be found in
Table S3 and Table 5, respectively. Among the significant spots over-expressed in SEs matured for 12 weeks, 68
proteins were identified for line AAY06006 and 72 for line NL04048. Most (43) of these spots were common to
both lines and of these, 36 proteins could be identified (Table 5, shaded lines). Among these proteins considered
to be specific to the cotyledonary stage of SE development, we identified small numbers of storage proteins
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(cupin domain-containing protein, legumin-like storage protein, vicilin-like storage protein) and proteins related
to embryo tolerance to desiccation (embryonic cell protein 63, late embryogenesis abundant (LEA)-like protein,
embryonic protein DC-8, seed maturation protein), two proteins involved in germination (protein MOTHER of
FT and TF 1, responsive to abscisic acid 28) and many heat shock proteins (HSP).

We then investigated the whole set of proteomic spots previously observed from fresh, maturing cotyledonary
ZEs (Fig. S4). To tentatively eliminate those spots corresponding to house-keeping proteins, we investigated
only spots that were significantly (P<0.001) different in ZEs when compared to immature SEs (AAY06006 at 1
week) that were analyzed during the same proteomic experiment (data not shown). We retained only spots
corresponding to proteins overexpressed in ZEs. A total of 56 spots corresponding to 45 proteins were found to
be overexpressed in cotyledonary ZEs.

By combining the list of the overexpressed spots revealed from our two proteomic studies, those of immature vs
cotyledonary SEs (Table 5) and immature SEs vs fresh, cotyledonary ZEs (data not shown), we were able to
identify robust putative generic markers of the fresh, cotyledonary stage of embryo maturation. The results are
presented in Table 6. Of the 36 overexpressed protein spots identified in cotyledonary SEs (Table 5, shaded
lines), 23 (around 80 %) were also overexpressed in fresh, cotyledonary ZEs. Most (14/23) of them were HSPs
(HSP18.2, HSP60, HSP70-4, class Il HSP17.6), LEA proteins (LEA-like protein, embryonic protein DC-8,
embryonic cell protein 63) and storage proteins (vicilin-like storage protein, legumin-like storage protein, cupin
domain-containing protein).

Discussion

Different embryogenic lines produced cotyledonary SEs of similar quality

The two embryogenic lines of maritime pine investigated in this study (AAY06006, NL04048) had different
genetic backgrounds. It is therefore no surprise that maturation yield (production of cotyledonary SEs) was
dependent on the embryogenic line used, as has been observed in virtually all conifer species (Park 2002). In
maritime pine, the influence of genotype on recovery of SEs has been previously reported for Portuguese
(Miguel et al. 2004) and French families (Lelu-Walter et al. 2006). Variation in maturation yield has been
demonstrated within and between families (Miguel et al. 2004; Lelu-Walter et al. 2006). With regard to SE
development, in our maturation conditions both lines matured in a similar way. We found no marked differences
in biological (DW, water content) and biochemical parameters (carbohydrates, total protein content). It can be
postulated from these data that maturation yield and intrinsic quality of SEs are unconnected in maritime pine as
suggested on larger number of representative genotypes (67 lines from 24 families) showing no correlation
between maturation yield and germination rate (Trontin unpublished results).

Quality of cotyledonary SEs did not vary as a function of the duration of maturation

Successful SE germination and conversion to plantlets depend on the recovery of high “quality” SEs. In hybrid
larch, duration of maturation had a negative impact on subsequent SE desiccation, germination and plant
recovery (Lelu et al. 1995). In Scots pine, the protein content of cotyledonary SEs drastically decreased when
maturation duration was extended from 8 to 12 weeks (Lelu-Walter et al. 2008). In our optimized culture
conditions for maritime pine, SEs matured for 10, 12 or 14 weeks were roughly similar with respect to DW
(28.31 % FW on average), water content (2.56 g H,O g DW on average), total protein (254.2 pug mg™* DW on
average) and carbohydrate contents (sucrose being the major carbohydrate present). In addition, no changes in
storage proteins could be detected in electrophoretic profiles. Using mass spectrometry, we identified some of
these proteins for the first time in maritime pine, including 7S vicilin-like protein, 11S legumin-like protein,
albumin 3 and pine globulin-1 protein. The latter has only previously been identified in Pinus strobus
(Klimaszewska et al. 2004); it is quite similar to 11S legumin-like protein, which is a closely related member
(though with a slight difference in size) of the globulin family. In angiosperm species, specific globulin-like
proteins have been reported to accumulate in SEs; they include citrin in Citrus sinensis (Koltunow et al. 1996)
and convicilin in Pisum sativum (Mihsra et al. 2012).

Interestingly, the water content of cotyledonary SEs remained at a similarly high level after 10, 12 or 14 weeks
culture (2.2-2.8 g H,0 g™ DW) on maturation medium supplemented with a high concentration of gellan gum (9
g I'"). Comparable water contents were measured in cotyledonary SEs of Larix x eurolepis matured under high
gellan gum conditions (8 g I, Teyssier et al. 2011). High gellan gum concentration was shown to result in
reduced availability of water from the culture medium in Pinus strobus (Klimaszewska et al. 2000) and Larix x
eurolepis (Teyssier et al. 2011). Such conditions induce desiccation, with a concomitant increase in the DW of
maturing SEs and an improved maturation yield in hybrid larch (Lelu-Walter and Paques 2009). Strikingly, low
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water availability during maturation was not perceived as a stressful condition for SE development in larch
(Teyssier et al. 2011). In maritime pine, a high gellan gum concentration is a pre-requisite for embryo
development. The induced desiccation is apparently stabilized at a stage as early as 10 weeks of maturation. In
contrast to larch, however, in maritime pine specific stress-related pathways were shown to be activated at an
early stage in SE development (1 week maturation; Morel et al. 2014) suggesting that our culture conditions
impose some constraints linked with water availability and that there are species-specific requirements.

Cotyledonary SEs resemble fresh, maturing cotyledonary ZEs

Maturation of cotyledonary ZEs of maritime pine from July to December is characterized by a significant
increase in DW (from 33.0 % FW in July/August to 67.8 % FW in September/December on average). This can
be partly attributed to a concomitant increase in total protein content (from 241 pg mg™ DW in August to 327 pg
mg™ DW in September/December on average). A decrease in the water content of ZEs was also clearly observed
during the collection period (Fig. 1), and this can be interpreted as reflecting a transition from maturation to the
desiccation phase. This transition apparently occurred mainly between 08 August and 29 September and it
resulted in a greatly reduced water content (0.49 g H,O g™ DW in September/December on average), enhanced
synthesis of storage proteins and increased content of carbohydrate members of the RFO family (stachyose,
raffinose) together with a high RFO/ Su ratio (1.4). RFO accumulation was previously observed in ZEs from
Picea abies, where it was considered to be a specific event occurring during late embryogenesis (Gosslova et al.
2001). Carbohydrates of the RFO family have also been regarded as being involved in desiccation tolerance
(Keller and Ludlow 1993), as they have been observed in the seeds of numerous species (Black et al. 1996,
1999; Corbineau et al. 2000; Bailly et al. 2001). Induction of oligosaccharide accumulation generally occurs
during the seed filling phase, and it has been shown to depend on the drying conditions used (Black et al. 1996;
Corbineau et al. 2000). In maritime pine, results obtained for maturation of ZEs are markedly different from
those for SEs, as no clear transition to the desiccation phase could be observed in cotyledonary SEs matured for
10-14 weeks.

A hierarchical cluster analysis of the entire set of quantitative data (DW, water content, carbohydrates and total
protein contents) produced during this study resulted in separate groups for fresh and dehydrating ZEs. SEs were
shown to be included in the “fresh ZEs” group, which corresponds to green, immature cones collected in late
July to August. Interestingly, a transcriptomic analysis by Pullman et al. (2003) similarly demonstrated in Pinus
taeda that gene expression in the most advanced cotyledonary SEs obtained after appropriate culture time on
maturation medium did not conform to that of fully mature ZEs but to earlier, immature cotyledonary ZE stages.

Proteomics revealed similar protein profiles in SEs and in fresh ZEs

Proteomic analysis confirmed that there was a high degree of similarity between fresh ZEs collected on 08
August and cotyledonary SEs matured for 12 weeks. The number of significantly different spots was very low
(52) and represented less than 6 % of the spots detected (976). The proteins corresponding to these significant
spots (of which 43 proteins could be identified) were overexpressed in either SEs (17 proteins) or ZEs (26
proteins). Interestingly, the functional distribution of overexpressed proteins was quite similar for the two types
of embryo. Slight variations in the distribution of functional groups (cellular process, response to stimulus,
metabolic process) between the SEs and the ZEs could not be readily interpreted since the total number of
significant proteins was low. Nevertheless, we suggest that overexpression of certain proteins in ZEs is balanced
by overexpression of a different set of proteins from the same functional groups in SEs. These proteins are
mainly related to response to stress, accumulation of storage proteins and energy metabolism (Table 4).

Among the stress-related proteins, three HSPs were found to be overexpressed in SEs (two isoforms of HSP
18.2; HSP 81-1) and one in ZEs (class Il HSP 17.6). The presence of protein isoforms with different expression
patterns has been previously reported during seed maturation in barley (Finnie et al. 2006). HSP 18.2 and HSP
17.6 belong to a small HSP family (HSP 20) which has been detected in differentiated embryos in Cyclamen
(Rode et al. 2012), but their function is not yet known. Small HSPs have been also found to be upregulated from
early to mature stages of SE development in P. glauca (Lippert et al. 2005) and P. abies (Businge et al. 2013).
Some storage proteins (legumin-like storage protein; putative germin-like protein subfamily 1 member 9) were
apparently depleted in SEs compared to ZEs. The higher level of expression of these proteins observed in ZEs
collected on 08 August suggested that storage- and stress-related protein accumulation had been initiated by then
and would continue throughout the whole autumn desiccation phase (until December; see protein profiles, Fig.
3). A related observation is that of the accumulation in ZEs of proteins with homology to cupins (cupin domain-
containing protein and cupin family protein). These proteins belong to a very large family, which includes
globulin-like proteins, whose members are named on the basis of a conserved 2 -barrel fold. A BLAST search
revealed that the cupin domain-containing protein corresponded to vicilin-like protein, while the cupin family
protein matched globulin-like protein. High levels of storage proteins in ZEs harvested on 08 August further
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confirmed that by this stage the embryos had already entered the desiccation phase (see Fig. 1). Clearly this is
not the case for SEs matured for 12 weeks. However a number of the proteins overexpressed in SEs (omega-
hydroxypalmitate O-feruloyl transferase, embryonic protein DC-8) suggest that SEs are being prepared for the
desiccation phase. Omega-hydroxypalmitate O-feruloyl transferase has been detected during early desiccation in
seed coats of Arabidopsis (Gou et al. 2009). Embryonic protein DC-8 belongs to the LEA type 1 family, is ABA-
inducible and may be involved in seed desiccation, as described for Zea mays (Gong et al. 2013). This protein
may also play a role in late embryogeny (Franz et al. 1989).

A number of the proteins overexpressed in SEs are involved in the glycolysis pathway (malonate--CoA ligase;
glucose-1-phosphate adenylyltransferase small subunit; putative NDP-L-rhamnose synthase and alcohol
dehydrogenase 1). This suggests that energy metabolism is more active in SEs compared to ZEs, as previously
reported by Sghaier-Hammami et al. (2009) in mature SEs from Phoenix dactylifera L. Active energy
metabolism may explain why SEs matured for 12 weeks are capable of entering the germination phase without
undergoing the desiccation-induced dormancy program observed for ZEs. Previous molecular studies in
maritime pine have suggested that the germination program may be activated early during SE maturation (Perez-
Rodriguez et al. 2006).

Protein markers of the fresh cotyledonary embryo stage during somatic and zygotic embryogenesis

A comparative analysis of significant proteins that were found to be overexpressed in both cotyledonary SEs (2
lines investigated; AAY06006 and NL04048) and cotyledonary ZEs (collected on 08 August) resulted in a short
list of 23 proteins (Fig. S7) including five proteins annotated as HSPs (two isoforms of class Il HSP 17.6; HSP
18.2; HSP 60; HSP 70-4) and two other stress-related proteins (aldose reductase, 6-phosphogluconate
dehydrogenase family protein), four LEAs (embryonic protein DC-8; embryonic cell protein 63; LEA-like
protein; responsive to abscisic acid 28), five energy storage proteins (two isoforms of cupin domain-containing
protein; legumin-like storage protein; two isoforms of vicilin-like storage protein), two proteins involved in
purine metabolism, i.e. adenosine kinase 2 and S-adenosylmethionine (SAM) synthase, and five proteins of
unknown function. The simultaneous occurrence of members of the HSP, LEA and energy storage protein
families was observed in Brassica napus, where they were described as specific proteins accumulating in mature
ZEs (Hajduch et al. 2006). In addition, expression of each of these major protein families mentioned has been
reported to be specific to the late embryogenesis stage in gymnosperms as well as in angiosperms. These
proteins all contribute to the preparation of the embryo for subsequent desiccation and germination phases.
Stress-related proteins are generally overexpressed during the maturation stage in both angiosperms (Finnie et al.
2006) and gymnosperms (Lippert et al. 2005; Silveira et al. 2008; Shi et al. 2010; Teyssier et al. 2011, 2014;
Businge et al. 2013; Morel et al. 2014). Consistent with this observation, recent transcriptomic studies have also
revealed that several stress-related genes are up-regulated during early embryogenesis in maritime pine (Morel et
al. 2014) and late embryogenesis in Norway spruce (Vestman et al. 2011). HSPs are involved in the acquisition
of desiccation tolerance and they have been proposed as markers of ZE maturity in Phoenix dactylifera (Sghaier-
Hammami et al. 2009).

LEA proteins are known to be involved in protecting cellular components from severe dehydration. LEA protein
synthesis has been shown to occur at the late maturation stages of both somatic (Picea abies, Businge et al.
2013) and zygotic embryos (Cunninghamia lanceola, Shi et al. 2010; Araucaria angustifolia, Silveira et al.
2008), and in other species (Kermode and Finch-Savage 2002). A recent study also detected LEA transcripts in
both somatic and zygotic embryos from Pinus taeda (Lara-Chavez et al. 2012).

It is now well established that seed vigour and potential longevity continue to increase after physiological
maturity, and that the final stages in seed maturation are critical for maximizing seed quality. Storage proteins
could therefore potentially represent excellent markers of embryo quality. The main type of storage protein
present seems to be species dependent. While vicilin-like protein is abundant in Picea abies (Businge et al. 2013)
and Picea glauca (Lippert et al. 2005), it is pine globulin-1 and legumin-like proteins that predominate in Pinus
strobus (Klimaszewska et al. 2004). Similarly, in our study, pine globulin-1 and legumin-like proteins appeared
to be the major storage proteins in fresh, cotyledonary embryos of Pinus pinaster (Table 3).

Aldose reductase was also identified as a potential marker of the fresh cotyledonary stage of embryos in
maritime pine. To our knowledge this is the first time that this protein has been associated with embryo
maturation in conifers. Both the protein and the corresponding transcripts were previously detected in barley
during late embryogenesis and in relation to desiccation (Finnie et al. 2006). This enzyme is involved in the
synthesis of sorbitol, a component used as an osmolyte for regulating the osmotic potential of embryos during
desiccation. Interestingly, the synthesis of aldose reductase protein is ABA inducible.

The term purine salvage refers to the reutilization of purine bases and nucleosides derived from purine
containing compounds. This pathway seems to be closely linked to the growth and development of embryos
(Stasolla et al. 2001). Both SAM synthase and adenosine kinase 2 are involved in this salvage pathway,
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generating SAM and adenosine, respectively. These compounds contribute to the increase in size of the
nucleotide pool that is required at the onset of germination. This is consistent with the increase in adenosine
activity kinase observed during a partial drying treatment (Stasolla et al. 2001). The presence of SAM synthase
in cotyledonary SEs confirms the importance of methionine metabolism in seed development and germination
(Shi et al. 2010; Rajjou et al. 2012). Since upregulation of SAM synthase has been previously observed in
various conifers at stages from early to late embryogeny (Lippert et al. 2005; Jo et al. 2014; Teyssier et al. 2014),
it is likely that it contributes to enhanced amino-acid metabolism (Teyssier et al. 2014) as well as to alterations in
both polyamine content and ethylene biosynthesis (Jo et al. 2014).

A final protein highlighted in this study was annotated as 6-phosphogluconate dehydrogenase. This protein is
involved in the metabolism of sugars (specifically in pentose metabolism) as well as in the metabolism of
glutathione, a non-enzymatic scavenger protecting the cell from oxidative stress, which may occur in relation to
drought (see Teyssier et al. 2011 and references therein). 6-phosphogluconate dehydrogenase was found to be
overexpressed in developing and mature SEs in both maritime pine (Morel et al. 2014) and hybrid larch
(Teyssier et al. 2011, 2014), particularly in response to the reduced water availability in maturation medium that
results from high gellan gum concentration.

Few studies have previously identified molecular markers for monitoring embryo development in maritime pine.
Two glutamine synthetase gene isoforms (GSla, GS1b) represent useful molecular markers for checking the
quality of cotyledonary SEs in terms of both photosynthetic activity and the extent of vascular formation (Perez-
Rodriguez et al. 2006). More recently, predictive markers of SE differentiation (germin 16 like protein, ubiquitin
protein ligase) have been identified using a combined transcriptomic/proteomic approach (Morel et al. 2014).
The same study also reported on one biomarker (protein phosphatase 2C) of the adaptive response of a culture to
maturation conditions. This growing arsenal of molecular markers may be invaluable in facilitating the
refinement of somatic embryogenesis protocols for the effective implementation of multivarietal forestry in
maritime pine.

Conclusions

We conclude that cotyledonary SEs from different embryogenic lines can reach similar standards of quality on
the maturation medium used in this study. This quality did not vary as a function of the duration of maturation
within the range 10-14 weeks. Routine harvesting of SEs after 12 weeks of maturation therefore appears
appropriate on the basis of our biological and biochemical data.

Using hierarchical ascendant cluster analysis (HCA), we demonstrated that cotyledonary SEs matured for 12
weeks are most similar to fresh cotyledonary ZEs sampled from late July to early August (in terms of DW, water
content, sucrose, RFOs content, RFO/Su ratio) or at any time up to October (with respect to total protein). Thus,
under our experimental conditions, cotyledonary SEs did not reach a level of maturity equivalent to that of
cotyledonary ZEs from dried seeds.

The slight variations observed in the distribution of protein functional groups between SEs and ZEs could not be
interpreted unambiguously, since the total number (43) of significant proteins was low. Nevertheless it is
noteworthy that the overall classification of these identified proteins into functional groups was quite similar for
the two embryo types. This suggests that the overabundance of some proteins in ZEs is counterbalanced by
overabundance in SEs of other proteins involved in the same functional groups. This new information will be
useful in refining our maturation protocols to optimize the quality of seedlings, which is a prerequisite for
integrating somatic embryogenesis into the maritime pine breeding program in order to improve the efficiency of
both selection and the deployment of new varieties.

This is the first report on the identification of generic protein markers of the embryo cotyledonary stage during
somatic and zygotic embryogenesis in maritime pine. Combined proteomic analyses of developing, immature
SEs vs cotyledonary SEs or ZEs revealed a robust set of 23 candidate proteins that are upregulated at the
cotyledonary stage. Of these, 18 belonged to five large families of proteins including five HSPs, four LEA and
two other stress-related proteins (aldose reductase, 6-phosphogluconate dehydrogenase), five storage proteins
and two proteins involved in purine metabolism (adenosine kinase 2, SAM synthase). Subject to confirmation
through additional experimental studies, these biomarkers should be useful in monitoring embryo development
in maritime pine for purposes of research (e.g. functional validation of candidate genes), development (e.g.
scaling up the process of somatic embryogenesis) or practical applications (e.g. plant production).

Maturation conditions appeared to be of great importance for the subsequent steps. Recently Businge et al.
(2013) demonstrated that best maturation conditions produced SEs that did not germinate, which was related to
the intolerance to desiccation caused by the lack of storage reserves (LEA proteins, sucrose, raffinose). In
conifers it has been demonstrated that SE desiccation induced de novo ABA synthesis in hybrid larch (Dronne et
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al. 1997) and RFOs accumulation in Picea abies and P. mariana (KumstyYova et al. 2000; Bomal et al. 2002
respectively). In consequence to refine maturation of maritime pine SEs, we suggest to apply a desiccation
treatment. The rate of drying has been shown to be critical factor in acquisition of desiccation tolerance. In
general slow drying is essential as reported in carrot (Tetteroo et al. 1995), as well as in conifers such as spruce
and larch species (Lelu et al. 1995).
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Figure legends

Fig. 1 Biological characteristics of cotyledonary embryos of somatic (SE, line AAY06006, in white) or zygotic
origin (ZE, AAY06006 mother tree, in gray) as a function of time of harvest. Somatic embryos were collected
after 10, 12 or 14 weeks of maturation. Zygotic embryos were sampled on 7 collection dates from 26 July to 09
December 2011. (a) Dry weight; (b) Water content. Bars represent 95 % CI. Letters represent statistical groups
defined by the Multiple Comparisons of Means method (P<0.05, n = 10). DW= dry weight; FW= fresh weight

Fig. 2 Changes in carbohydrate content (a) and Raffinose + stachyose/sucrose ratio (b) in cotyledonary embryos
of somatic (SE O; line AAY06006) or zygotic origin (ZE @; AAY06006 mother tree) as a function of time of
harvest. Somatic embryos were collected after 10, 12 or 14 weeks of maturation. Zygotic embryos were sampled
at 7 collection dates from 26 July to 09 December 2011. Bars represent 95 % CI. Letters represent statistical
groups defined by the Multiple Comparisons of Means method (P<0.05, n = 3). DW= dry weight

Fig. 3 Representative SDS-PAGE gel, showing the total protein profile obtained from somatic embryos
matured for 12 weeks (SE 12w, line AAY06006) compared to that of maturing cotyledonary zygotic
embryos (ZE, AAY06006 mother tree, 6 collection dates). Molecular masses (kDa) of reference protein
markers are indicated (lane MM). Arrows and band numbers show the bands excised and the corresponding
proteins identified by mass spectrometry

Fig 4 Hierarchical clustering analysis of maturing cotyledonary zygotic embryos (ZE, AAY06006 mother tree)
sampled on 7 collection dates and cotyledonary somatic embryos (SE) matured for 12 weeks (line AAY06006).
Clustering was based on the whole quantitative dataset available (water content, fructose, galactose, glucose,
maltose, sucrose, stachyose and raffinose content and total protein content)
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Supplementary data legends

Table S1 Carbohydrate content of cotyledonary somatic embryos (embryogenic line NL04048) matured for 10,
12 and 14 weeks

Table S2 Quantitative analysis of total proteins in cotyledonary somatic embryos from embryogenic line
NL04048 matured for 10, 12 or 14 weeks

Table S3 Characteristics of proteins differentially expressed in somatic embryos from 2 embryogenic lines
(AAY06006, NL04048) matured for 1 or 12 weeks. Only those proteins overexpressed in embryogenic tissue
matured for one week are shown. Spot number refers to the corresponding excised spot marked in Fig. S6.
The protein assignments and accession numbers were retrieved from the GenoToul database (http://genotoul-
contigbrowser.toulouse.inra.fr;9092/Pinus_pinaster2/index.html) using the SEQUEST™ identification
engine. The most homologous protein in the UniProt database (http://www.uniprot.org/) and its species
affiliation are given. # pep.: number of matching peptides; % cov.: protein sequence coverage percentage

Fig. S1 Biological characteristics of cotyledonary somatic embryos (lines NL04048) matured for 10, 12 or 14
weeks. (a), Dry weight; (b), Water content. Bars represent 95 % CI. Letters represent statistical groups
defined by the Multiple Comparisons of Means method (P <0.05, n = 10). DW= dry weight; FW= fresh
weight

Fig.S2 Representative SDS-PAGE gel, showing the total protein profile in cotyledonary somatic embryos from 2
embryogenic lines (AAY06006, AAY; NL04048, NL) matured for 10 (10w), 12 (12w) and 14 weeks (14w).
Molecular masses (kDa) of protein markers are indicated (lane MM). Arrows and band numbers show the
excised bands and corresponding protein identification determined by mass spectrometry

Fig. S3 (a) MS/MS spectra of m/z 815,14832 ion precursor corresponding to 2-charge specie of
HNADNPEDADIYVR peptide from pine globulin-1 (band 3 of ZEs). (b) MS/MS spectra of m/z 543,74414
ion precursor corresponding to 3-charge specie of HNADNPEDADIYVR peptide from pine globulin-1 (band
3 of ZEs). (c) MS/MS spectra of m/z 487,87201 ion precursor corresponding to 3-charge specie of
GREEEEEEAVER peptide from albumin 3 (band 4 of SEs)

Fig. S4 2D gel separation of proteins obtained from cotyledonary zygotic embryos (harvested on 08 August).
The labeled spots showed significant differences in abundance (P <0.001) between somatic embryos matured
for 12 weeks (line AAY06006) and zygotic embryos. The protein identities of these spots are given in Table
4. Molecular masses of protein markers are indicated on the right

Fig S5 Functional classification of identified proteins overexpressed in somatic embryos (a) and zygotic
embryos (b), according to Blast2GO (http://www.blast2go.com/b2ghome). Within each category, the total
number of proteins is indicated in parentheses. Proteins involved in more than one process were assigned to
more than one category. Hence the sum of the numbers of proteins in the different classes exceeds the total
number of proteins identified

Fig. S6 2D gel separation of proteins obtained from cotyledonary somatic embryos matured for 12 weeks
(embryogenic line AAY06006). Labelled spots showed significant differences in abundance (P <0.001)
between the two somatic embryogenic lines (AAY06006 and NL04048). The protein identities of these spots
are given in Table 5 and Table S3. Molecular masses of protein markers are indicated on the right

Fig. S7 Venn diagram showing common proteins specific to certain stages in the development of both
cotyledonary somatic embryos (SE) and cotyledonary zygotic embryos (ZE). 12w>1w: proteins
overexpressed in SEs matured for 12 weeks vs SEs matured for 1 week for both embryogenic lines
(AAY006, NL04048); 08-Aug.>AAY06006 1w: proteins overexpressed in cotyledonary ZEs collected on 08
August vs immature SEs (1 week maturation)
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Table 1 Carbohydrate content of cotyledonary somatic embryos (SE, line AAY06006) matured for 10, 12 and 14 weeks and of maturing cotyledonary zygotic
embryos (ZE, AAY06006 mother tree, 7 collection dates)

Sample Collection Carbohydrate content (ug mg™ DW*)
date
Fructose Glucose Sucrose Galactose Maltose Raffinose Stachyose Ratio
(Fru) (Glc) (Su) (Raf) (Stac) (Fru+Glc)/Su
Somatic
SE 10 weeks 0.37+0.08°  0.33+0.21*  11.75+1.68°  0.24+0.3° 1.31+£0.16°  0.16 +0.27" nd 0.06 + 0.03°
SE 12 weeks 0.33+0.04*°  0.22+0.11% 12.67 + 0.96° 0.25 + 0.09° 1.42+0.1%® 0.49 +0.19% nd 0.04 +0.003"
SE 14 weeks 0.4 + 0.05° 0.36 +0.16° 12.65 % 0.6° 0.19+0.19°  1.33+0.06°  0.61+0.07* nd 0.06 +0.01°
Zygotic
ZE 26-Jul. 3.78+0.18" nd 8.05+0.16" 1.85+0.1° 0.73 +0.07° nd nd 0.47 £0.02°
ZE 03-Aug. 2.97 +£0.28° nd 9.93+1.07° 2.32+0.23" 1.74 £ 0.21° 0.31+0.31™ nd 0.3 £0.02°
ZE 08-Aug. 1.57 +0.2° nd 6.07 +0.37° 0.86 + 0.24° 1.08 +0.04° 0.32 +0.08™ nd 0.26 +0.03%
ZE 29-Sep. 0.18+0.13*  0.04 £0.05% 3.43+0.16° 0.09+0.07*  0.13+0.03° 1.11 £ 0.09% 0.18 +£0.3° 0.07 +£0.04°
ZE 12-Oct. 0.22+0.01°  0.17 £0.15% 2.69+0.19° 0.07+0.09°  0.08+0.01° 1.57 £0.22° 2.1+0.56" 0.14 + 0.05"
ZE 23-Nov. 0.18+0.07*  0.03%0.02° 2.92 +0.26° 0.05+0.02°  0.18 +0.05° 1.09 +0.14' 3.11+0.69"°  0.07+0.02°
ZE 09-Dec. 0.14+0.04°  0.06 +0.03" 2.83+0.11° 0.19+0.044  0.13+0.05° 0.66 +0.02° 3.25+0.24"  0.08+0.03"

*Values are means of 3 measurements + 95%CI; nd: not detected. Letters represent statistical groups defined by the Multiple Comparisons of Means method (P<0.05)
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Table 2 Quantitative analysis of total proteins in cotyledonary somatic embryos (SE, embryogenic line AAY06006)
matured for 10, 12 and 14 weeks, compared to cotyledonary zygotic embryos at different stages during maturation
(ZE, AAY06006 mother tree, 6 collection dates)

Sample

Collection date

Total protein content

(ug mg™ DW*)

SE
SE
SE

ZE
ZE
ZE
ZE
ZE
ZE
ZE

10
12
14

26-Jul.

03-Aug.
08-Aug.

29-Sep.
12-Oct.

23-Nov.
09-Dec.

223.6+21.1
276.7£16.2
292.4+16.2

nd

255.6 £10.1
2273+6.4
268 + 22
321.6+84
357.1+249
363.9+15.2

* Values are means of 5 measurements + 95 % CI
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Table 3 Identification of storage proteins from somatic embryos (SE, line AAY06006) matured for 12 weeks and fresh, maturing

cotyledonary zygotic embryos (ZE; AAY06006 mother tree) collected on 08 August. The number of each excised band refers to

the corresponding band labeled in Fig. 3. Theoretical molecular masses (Th. M,) were taken from those of the proteins used to

make the assignments. The most homologous protein in the UniProt database (http://www.uniprot.org/) and its species affiliation

are given # pep.: number of matching peptides; % cov.: protein coverage percentage

Band Assignment Accession Species Th.M, SE ZE
N° ID (kDa)
#pep.  %cov. #pep.  %cov.
1 vicilin-like storage protein Q40873 Picea glauca 50.2 1 33 11 29
2 pine globulin-1 Q41017 Pinus strobus 54.7 3 21 4 28
2 legumin-like storage protein Q40870 Picea glauca 57.4 9 19 9 19
3 pine globulin-1 Q41017 Pinus strobus 54.7 2 20 1 10
3 legumin-like storage protein Q40870 Picea glauca 57.4 6 11 8 14
4 albumin 3 Q40997 Pinus strobus 19.9 1 8 nd nd
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Table 4 Characteristics of differentially expressed proteins in cotyledonary somatic embryos (line AAY06006) matured for 12 weeks and fresh, maturing cotyledonary
zygotic embryos (AAY06006 mother tree, collection date 08 August). Spot number refers to the corresponding excised spot marked in Fig. S4. The protein assignments
and accession numbers were retrieved from the GenoToul database (http://genotoul-contigbrowser.toulouse.inra.fr;9092/Pinus_pinaster2/index.html) by the SEQUEST™
identification engine. The most homologous protein in the UniProt database (http://www.uniprot.org/) and its species affiliation are given. # pep. : Number of matching

peptides; % cov.: protein sequence coverage percentage

~N o OB W N e

[(eNee]

Putative proteins overexpressed in somatic embryos (17)

Spot Accession #pep. % cov. Homolog Protein assignment Species

nO

114 SC_METE_CATRO0.1.28 16 84 0i|15238686 5-methyltetrahydropteroyltriglutamate--homocysteine Arabidopsis thaliana
methyltransferase

142 SC_ADF6_ORYSJ.19.19 2 48 gi|18411410 actin depolymerizing factor 8 Arabidopsis thaliana

139 SC_ARF1_MAIZE.1.3 57 QI9LYJ3 ADP-ribosylation factor A1B Zea mays

123 SC_ADH1 PETHY.12.16 10 62 Q43300 alcohol dehydrogenase 1 Pinus banksiana

122 SC_LEAD8 DAUCA.1.1 11 52 P20075 embryonic protein DC-8 Daucus carota

119 SC_00001504.1.1 9 67 0i|18404934 Euonymus lectin S3 Arabidopsis thaliana

121 SC _GLGS _ARATH.1.1 14 74 BBLNV7 glucose-1-phosphate adenylyltransferase small subunit Picea sitchensis

140 SC_00149062.1.1 13 48 0i|15238509 heat shock protein 18.2 Arabidopsis thaliana

141 SC _00035783.1.1 10 41 0i|15238509 heat shock protein 18.2 Arabidopsis thaliana

103 SC_HSP81_ORYSI.2.25 2 59 Q0J4P2 heat shock protein 81-1 ?;g;ﬁiiz“"a subsp.

125 SC_00052234.1.1 1 65 gi|18401035 malonate--CoA ligase Arabidopsis thaliana

126 SC_00012145.1.1 4 46 gi[15234993 g'rg]tg'?‘[;"ke negative transcriptional regulator family Arabidopsis thaliana

108 SC_00001003.1.1 14 54 Q94CD1 omega-hydroxypalmitate O-feruloyl transferase Arabidopsis thaliana

107 SC PSB1_ARATH.1.8 10 50 AONMG7 proteasome subunit beta type-1 Picea sitchensis

111 SC_00014446.1.1 61 Q9SXZz2 protein FLOWERING LOCUS T Arabidopsis thaliana

127 SC_00003578.1.1 9 51 QILPG putative NDP-L-rhamnose synthase Arabidopsis thaliana

128 SC_00003578.1.1 10 51 QISYM5 putative NDP-L-rhamnose synthase Arabidopsis thaliana

Putative proteins overexpressed in zygotic embryos (26)
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Spot Accession # pep.  cov. Homolog Protein assignment Species

n°
136 SC _PSB6_ARATH.1.15 2 44 A9NLJ2 20S proteasome subunit PBA1 Picea sitchensis
130 SC_00027100.1.1 3 60 0i|15239993  aluminium induced protein with YGL and LRDR motifs Arabidopsis thaliana
117 SC_00000720.1.1 27 42 0i|15226314  chaperonin 60 subunit alpha 1, chloroplastic Arabidopsis thaliana
138 SC_00004359.1.1 5 36 0i|15239846 class Il heat shock protein 17.6 Arabidopsis thaliana
135 SC_00003455.1.1 4 36 0i|15226403  cupin domain-containing protein Arabidopsis thaliana
120 SC 00114051.1.1 2 38 gi|30690736  cupin family protein Arabidopsis thaliana
100 SC_GALK1 ARATH.1.7 7 48 Q9SEES galactokinase Arabidopsis thaliana
133 SC _00013762.1.1 5 56 0i|15222163  glutathione S-transferase DHAR2 Arabidopsis thaliana
134 SC_RANA1_TOBAC.6.20 4 52 gi|15240474  GTP-binding nuclear protein Ran-3 Arabidopsis thaliana
131 SC_00002599.1.1 3 55 0i|15228389  hydroxyacylglutathione hydrolase Arabidopsis thaliana
101 SC_GLUA1 ORYSJ.1.1 5 75 Q40870 legumin-like storage protein Picea glauca
115 SC_MAOX_VITVI.9.14 3 43 B8LRQS8 NADP-dependent malic enzyme 3 Picea sitchensis
110 SC_00007445.1.1 2 65 gi|30691729  peptidase M20/M25/M40 family protein Arabidopsis thaliana
112 SC_00000677.1.1 8 51 gi[15233455 ﬁ:ﬁgiﬁfﬂg;%drOXV'SOb”tyrate dehydrogenase-like 1, Arabidopsis thaliana
109 SC_UGPA _ SOLTU.12.20 1 79 0i|15228498  probable UTP--glucose-1-phosphate uridylyltransferase 2 Arabidopsis thaliana
104 SC_PDI_RICCO.1.8 16 65 0i|15219086  protein disulfide isomerase-like 1-1 Arabidopsis thaliana
105 SC_PDI_RICCO.2.8 1 71 0i|15223975  protein disulfide-isomerase 2 Arabidopsis thaliana
116 SC_00004333.1.1 2 60 gi|15231398  purple acid phosphatase 15 Arabidopsis thaliana
124 SC_00003318.1.1 14 37 0i|30679355  putative aldose reductase Arabidopsis thaliana
102 SC_00146588.1.1 7 65 gi|15241579  putative germin-like protein subfamily 1 member 9 Arabidopsis thaliana
132 SC _00016158.1.1 4 45 0i|15240946  putative phosphatidylethanolamine-binding protein Arabidopsis thaliana
106 SC_SYQ_LUPLU.1.3 3 76 gi|22329783  putative tRNA-glutamine ligase Arabidopsis thaliana
118 SC _00004441.1.1 3 61 D5A8K3 serine hydroxymethyltransferase 3 Picea sitchensis
129 SC_VATE_CITLI.1.8 9 40 gi|15222641  V-type proton ATPase subunit E3 Arabidopsis thaliana
113 SC_00134661.1.1 1 no hit
137 SC_00047153.1.1 1 no hit
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Table 5 Characteristics of proteins differentially expressed in somatic embryos (SE) from 2 embryogenic lines (AAY06006, NL04048) matured for 1 or 12 weeks. Only
proteins overexpressed in SE matured for 12 weeks are presented. Spot number refers to the corresponding excised spot marked in Fig. S6. The protein assignments and
accession numbers were retrieved from the GenoToul database (http://genotoul-contigbrowser.toulouse.inra.fr:9092/Pinus_pinaster2/index.html) using the SEQUEST™
identification engine. The most homologous protein in the UniProt database (http://www.uniprot.org/) and its species affiliation are given. # pep.: number of matching
peptides; % cov.: protein coverage percentage. Shaded lines indicate 35 proteins overexpressed in both embryogenic lines

Line AAY06006 (63 significant spots)

Spot n° Accession #pep. Yocov. Homolog Protein assignment Species
3 SC _00001921.1.1 11 52 0i|15225307 26S proteasome subunit RPT2B Arabidopsis thaliana
78 SC_00000677.1.1 8 51 0i[15233455 S;g:‘eoif]phog'“w“ate dehydrogenase family 5 -2idopsis thaliana
17 SC_00000826.1.1 5 66 0i|15242717 adenosine kinase 2 Arabidopsis thaliana
64 SC_ADH_FRAAN.26.30 9 69 0i|15223838 alcohol dehydrogenase 1 Arabidopsis thaliana
2 SC_00003605.1.1 3 34 XM_002530664 B:ft‘;rt‘ic\}éona' purine biosynthesis protein, Ricinus communis
67 SC_00101372.1.1 10 36 gi[79325071 ;fgtt’;f]y'ate clamp-tetratricopeptide repeat 12 qonsis thaliana
1 SC _00024527.1.1 25 71 BORNX1 chaperone clpb, putative Ricinus communis
36 SC_00004359.1.1 5 36 0i|15239846 class Il heat shock protein 17.6 Arabidopsis thaliana
37 SC 00146123.1.1 7 33 0i|15239846 class Il heat shock protein 17.6 Arabidopsis thaliana
44 SC_00100354.1.1 5 60 BOIEK6 coatomer subunit alpha-1 Populus trichocarpa
51 SC_00008563.1.1 5 66 0i|15226403 cupin domain-containing protein Arabidopsis thaliana
71 SC_00008563.1.1 2 66 0i|15226403 cupin domain-containing protein Arabidopsis thaliana
29 SC_0S02G0705400_ORYSJ.1.4 5 41 0i|30681471 desiccation responsive protein Arabidopsis thaliana
60 SC_00003529.1.1 6 72 QISKPO embryonic cell protein 63 (LEA) Arabidopsis thaliana
56 SC_LEAD8 DAUCA.1.1 7 52 0i|15228014 embryonic protein DC-8 Daucus carota
54 SC_0S01G0633200_ORYSJ.1.1 7 39 0i|15218369 factor of DNA methylation 1 Arabidopsis thaliana
70 SC_GLNA VIGAC.1.7 4 58 AINSW2 glutamine synthetase Picea sitchensis
14 SC_GSTX4 _TOBAC.1.23 10 43 D3YLT8 glutathione S-transferase TAU 19 Pinus brutia
9 SC _00035783.1.1 8 41 0i|15238509 heat shock protein 18.2 Arabidopsis thaliana
26 SC_00000077.1.1 39 13 0i|18410584 heat shock protein 101 Arabidopsis thaliana
35 SC_00035783.1.1 10 41 gi|15238509 heat shock protein 18.2 Arabidopsis thaliana
43 SC_HS181 ARATH.23.29 8 55 0i|15238509 heat shock protein 18.2 Arabidopsis thaliana
47 SC_00149062.1.1 13 48 gi|15238509 heat shock protein 18.2 Arabidopsis thaliana
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61 SC_IF4A3 ORYSJ.1.23 2 65 0i|18400210 translational initiation factor 4A-1 Arabidopsis thaliana
10 SC _00006198.1.1 13 75 BO9RHT3 uncharacterized protein Ricinus communis
24 SC_00026973.1.1 8 76 D7U9K4 uncharacterized protein Vitis vinifera

8 SC_VCLA GOSHI.1.2 11 53 Q40873 vicilin-like storage protein Picea glauca

62 SC_VCLA GOSHI.1.2 13 33 Q40873 vicilin-like storage protein Picea glauca

80 SC_00028328.1.1 4 40 0i|15222641 V-type proton ATPase subunit E3 Arabidopsis thaliana
25 SC_00038758.1.1 7 no hit

38 SC_00017068.1.1 4 no hit

39 SC_00087063.1.1 8 no hit

83 SC_00105062.1.1 8 no hit

Line NL04048 (58 significant spots)

Spot Accession # pep. % cov. Homolog Protein assignment Species

n°

78 SC_00000677.1.1 8 51 0i|15233455 6-phosphogluconate dehydrogenase family protein  Arabidopsis thaliana
81 SC_UMC2374_MAIZE.1.3 9 47 gi|18420789 6-phosphogluconolactonase Arabidopsis thaliana
16 SC_ARD4_ARATH.1.1 3 49 A9INPM8 acireductone dioxygenase 4 Picea sitchensis

66 SC_STAD RICCO.1.4 10 52 A9ONVD4 acyl-[acyl-carrier-protein] desaturase Picea sitchensis

28 SC_00022934.1.1 7 69 A9ONUD5 adenine phosphoribosyl transferase 1 Picea sitchensis

17 SC_00000826.1.1 5 66 0i|15242717 adenosine kinase 2 Arabidopsis thaliana
64 SC_ADH_FRAAN.26.30 9 69 0i|15223838 alcohol dehydrogenase 1 Arabidopsis thaliana
36 SC_00004359.1.1 5 36 0i|15239846 class Il heat shock protein 17.6 Arabidopsis thaliana
37 SC _00146123.1.1 7 33 0i|15239846 class Il heat shock protein 17.6 Arabidopsis thaliana
51 SC_00008563.1.1 5 66 0i|15226403 cupin domain-containing protein Arabidopsis thaliana
71 SC_00008563.1.1 2 66 0i|15226403 cupin domain-containing protein Arabidopsis thaliana
42 SC_00068972.1.1 3 51 gij42571377 desiccation-induced 1VOC-like protein Arabidopsis thaliana
68 SC_00002262.1.1 4 77 0i|18404397 DJ1-like protein B Arabidopsis thaliana
60 SC_00003529.1.1 6 72 QI9SKPO embryonic cell protein 63 (LEA) Arabidopsis thaliana
56 SC_LEAD8 DAUCA.1.1 7 52 0i|15228014 embryonic protein DC-8 Daucus carota

69 SC_FL3H_MALDO.13.23 7 76 gi|15230433 flavanone 3-hydroxylase Arabidopsis thaliana
70 SC_GLNA VIGAC.1.7 4 58 AONSW2 glutamine synthetase Picea sitchensis
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legumin-like storage protein
omega-hydroxypalmitate O-feruloyl transferase
peptidyl-prolyl cis-trans isomerase
proteasome subunit beta type

protein MOTHER of FT and TF 1
putative aldose reductase

putative betaine aldehyde dehydrogenase
putative phosphatidylethanolamine-binding protein
putative uncharacterized protein

putative uncharacterized protein

putative uncharacterized protein
responsive to abscisic acid 28

RNA recognition motif-containing protein
RNA recognition motif-containing protein
RNA-binding KH domain-containing protein
S-adenosylmethionine synthase 4

seed maturation protein (LEA)
SUMO-activating enzyme subunit 2
superoxide dismutase

translational initiation factor 4A-1
uncharacterized protein

Pinus brutia
Arabidopsis thaliana
Picea glauca
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Cucurbita maxima
Arabidopsis thaliana
Pinus pinaster

Picea sitchensis
Picea glauca
Selaginella moellendorffii
Picea sitchensis
Picea sitchensis
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Selaginella moellendorffii
Vitis vinifera
Selaginella moellendorffii
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Picea sitchensis
Arabidopsis thaliana
Arabidopsis thaliana
Picea sitchensis
Arabidopsis thaliana
Picea sitchensis
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32
62
57
79
80
25
38
83

SC_VCLA GOSHI.1.2
SC_VCLA_GOSHI.1.2
SC_VCLA GOSHI.1.2
SC_VATA_MAIZE.6.7
SC_VATE_CITLI.1.8
SC_00028328.1.1
SC_00038758.1.1
SC_00017068.1.1
SC_00105062.1.1

Postprint

Version définitive du manuscrit publié dans / Final version of the manuscript published in:

Planta, 2014,

11 53
3 53
13 33
3 70
9 40
4 40
7
4
8

http://dx.doi.org/10.1007/s00425-014-2125-z

Q40873
Q40873
Q40873
P49087
gi|15222641
0i[15222641
no hit

no hit

no hit

vicilin-like storage protein

vicilin-like storage protein

vicilin-like storage protein

V-type proton ATPase catalytic subunit A
V-type proton ATPase subunit E3

V-type proton ATPase subunit E3

Picea glauca
Picea glauca
Picea glauca
Zea mays

Arabidopsis thaliana
Arabidopsis thaliana

33



~Nooh~rwnN -

Postprint

Version définitive du manuscrit publié dans / Final version of the manuscript published in:
http://dx.doi.org/10.1007/s00425-014-2125-z

Planta, 2014,

Table 6 Significant spots (23) corresponding to proteins overexpressed both in
cotyledonary somatic embryos(lines AAY06006 and NL04048) matured for 12
weeks and fresh, cotyledonary zygotic embryos from green cones (AAY06006
mother tree, collection date 08 August). More information about each spot is given

in Table 5
Spot n° Assignment
78 6-phosphogluconate dehydrogenase family protein
17 adenosine kinase 2
36 class Il heat shock protein 17.6
37 class Il heat shock protein 17.6
71 cupin domain-containing protein
51 cupin domain-containing protein
60 embryonic cell protein 63
56 embryonic protein DC-8
43 heat shock protein 18.2
7 heat shock protein 60
15 heat shock protein 70-4
41 late embryogenesis abundant-like protein
40 legumin-like storage protein
12 putative aldose reductase
63 putative uncharacterized protein
74 putative uncharacterized protein
45 responsive to abscisic acid 28
34 RNA recognition motif-containing protein
73 S-adenosylmethionine synthase 4
8 vicilin-like storage protein
62 vicilin-like storage protein
38 no hit
83 no hit
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