
ORIGINAL PAPER

Comparative transcriptome analysis of early somatic embryo
formation and seed development in Brazilian pine, Araucaria
angustifolia (Bertol.) Kuntze

Paula Elbl • Bruno Silvestre Lira • Sonia Cristina Silva Andrade •

Leonardo Jo • Andre Luis Wendt dos Santos • Luiz Lehmann Coutinho •

Eny Iochevet Segal Floh • Magdalena Rossi

Received: 16 April 2014 / Accepted: 28 May 2014 / Published online: 11 June 2014

� Springer Science+Business Media Dordrecht 2014

Abstract Somatic embryogenesis (SE) is a method for

producing embryos in vitro and is considered a highly

promising approach for micropropagation and germplasm

conservation. However, the application of SE for genetic

breeding and ex situ conservation of certain species, such

as Brazilian pine, faces several technical challenges,

including the difficulty of inducing embryogenic cultures

using tissues of mature trees, the loss of embryogenic

competence of cell cultures and incomplete development of

somatic embryos. In order to understand the genetic factors

governing embryogenesis, a comparative transcriptome

analysis was performed to elucidate differences between

distinct cell cultures, early zygotic and somatic embryos

and, unorthodox seed developmental stages. A total of

64 GB of sequence derived from high-throughput Illumina

RNA-seq profiling was used for de novo transcriptome

assembly. The reference transcriptome resulted in 112,772

predicted unigenes with an average length of 825 bp and an

N50 of 1,638 bp. Sequence similarity searches using a

public protein database revealed 19,947 unigenes that

could be annotated with gene descriptions and gene

ontology terms. Analysis of differential gene expression

allowed pinpointing of genes whose products are predicted

to be involved in cell line embryogenic potential, early

somatic embryo formation and unorthodox seed develop-

ment. The results expand our understanding of the complex

molecular events that control embryogenesis suggesting

that the regeneration impairment of Araucaria angustifolia

cultures is consequence of the auxin signaling failure. The

generated data lay the foundation for future functional

genomic and evolutionary studies that will advance the

understanding of conifer biology and unorthodox seed

physiology.
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Introduction

Brazilian pine, Araucaria angustifolia (Bertol.) Kuntze, is

the only native conifer species in Brazil with economic

importance. The seeds have high nutritional value and are

consumed by both humans and wild fauna, while the

wood of adult trees is employed as both structural timber

in the building industry and in the manufacturing of

furniture (Steiner et al. 2008). Due to intense exploitation

of wood resources and the lack of reforestation, A. an-

gustifolia is classified as critically endangered, according

to the International Union of Conservation of Nature Red

List of Threatened Species (2013). Consequently, there is

considerable interest in establishing biotechnology tools

for germplasm conservation and genetic improvement in

order to support reforestation and conservation pro-

grammes. Given that the seeds of A. angustifolia are

unorthodox (i.e. they maintain high levels of water and

active metabolic rates at the mature stage resulting in a

rapid loss of viability), unlike those of most conifers, the

need for effective technological approaches is even more

pressing (Steiner et al. 2008). Somatic embryogenesis is a

highly desirable in vitro propagation system because

when optimized it yields high numbers of plants and can

be coupled with cryopreservation, bioreactors, synthetic

seed technologies and genetic transformation (Merkle and

Dean 2000). However, despite attempts to develop a

protocol for inducing somatic embryogenesis in A. an-

gustifolia, to date only somatic embryos in early devel-

opmental stages have been obtained (Schlögl et al. 2012;

Jo et al. 2014).

The difficulties in successfully establishing artificial

conditions allowing continuous embryo development to

maturity are associated with the fragmented knowledge

concerning the genetic programmes that regulate zygotic

embryogenesis. This in turn partly reflects the absence of

genomic or transcriptomic data for this species. However,

the development of next generation sequencing (NGS)

technologies and the concomitant availability of powerful

bioinformatic tools to process and analyze large sequence

data sets (Van Verk et al. 2013) have enabled low-cost and

high-throughput genome-scale DNA sequencing. For

example, RNA-sequencing (RNA-Seq) platforms allow the

assembly of short reads into genome-scale transcript pro-

files, providing a comprehensive and efficient means to

assess transcriptome composition, obtain RNA expression

patterns, and facilitate gene discovery. RNA-seq data can

be used for de novo transcriptome assembly in the absence

of a reference genome, which is particularly attractive for

organisms whose genomic sequences have not yet been

determined (Armengaud et al. 2014).

In this study, we used RNA-seq profiling to build a

reference transcriptome and perform a comparative

transcriptome profile analysis of A. angustifolia. Early

somatic embryo formation and seed development. Tran-

scriptome annotation revealed that Brazilian pine harbors a

repertoire of expressed genes with annotated functional

homologs in basal species of the Viridiplantae as well as

Angiosperms. Analyses of differentially expressed genes

provided insights into putative genetic determinants that

contribute to cell line embryogenic potential, somatic

embryo initiation, and differences in expression between

the initial stages of somatic and zygotic embryogenesis as

well as during seed development. Furthermore, the data

provide a broad gene catalog that should be of general

utility in the study of Brazilian pine biology.

Materials and methods

Plant material

Seeds of A. angustifolia were collected in the Parque Es-

tadual de Campos do Jordão, located in Campos do Jordão,

São Paulo, Brazil. The seed samples were harvested from

the same tree (22� 41.7920 south; 045� 29.3930 west,

1.529 m) on three different dates between December 2011

and June 2012, to obtain the three zygotic embryo devel-

opmental stages analysed: globular (GZE), late cotyledonal

(CZE) and mature (MZE), as well as their respective

megagametophyte (MG). For each stage, three pools of

seeds from three different megastrobiles were made,

allowing a random sampling of embryos. Each pool was

considered to be a biological replicate. Two somatic

embryogenic cultures were used, SE1 and SE6. These cell

lines were previously selected by Jo et al. (2014), based on

different responses under maturation conditions (MSG

medium (Becwar et al.1989) supplemented with abscisic

acid (ABA), maltose and PEG 4000). The SE1 cell culture

produced precotyledonary embryos that eventually reached

the early cotyledonary stage however, these somatic

embryos did not develop further. The SE6 cell line is

blocked and does not develop somatic embryos. For tran-

scriptome analyses, SE1 and SE6 cultures were allowed to

proliferate for 21 days on MSG medium before harvesting.

The SE1 culture was additionally grown for 90 days on

maturation medium (subcultured every 30 days) for

development of globular somatic embryos (SE1M). The

morphology of embryos, megagametophytes and cell cul-

tures is shown in Fig. 1.

RNA isolation, quality control and sequencing

RNA was extracted, using the PurelinkTM RNA Mini Kit

(Life Technologies, Carlsbad, CA, USA) following the

manufacturer’s protocol, from three biological replicates
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(1, 2 and 3) of each sample resulting in 24 samples. The

RNA samples were quantified spectrophotometrically

using a NanoDrop (Thermo Scientific, Wilmington, DE,

USA). Samples with 260/280 nm and 260/230 nm ratios

between 1.8–2.2 and 1.6–2.2, respectively, were considered

to be of sufficient purity. The integrity of the total RNA

(1 lg) was further confirmed by a 1 % (w/v) agarose gel

electrophoresis and using the RNA 6000 Nano LabChip Kit

and a Bioanalyzer 2100 (Agilent Technologies Inc., Santa

Clara, CA, USA). RNA samples with RNA integrity

number C6 were stored at -70 �C until further processing.

For each sample, libraries with an insert size of approxi-

mately 200 bp were obtained with the TruSeq RNA Sam-

ple Preparation Kit v2, Set A (catalog # RS-122-2001,

Illumina Inc., San Diego, CA, USA). Paired-end sequences

of 100 bp were generated via the Illumina HiScanSQ

platform at the Centro de Genômica Funcional Aplicada a

Agropecuária e Agroenergia, ESALQ, USP, Piracicaba,

São Paulo, Brazil.

Sequence trimming and de novo assembly

Raw sequences were filtered to remove adaptor sequences

and low quality reads using SeqyClean (v.1.3.12) (https://

bitbucket.org/izhbannikov/seqyclean/get/stable.zip) with

the 28 and 26 Phred quality parameter for maximum

average error and maximum error at end, respectively.

Only high quality paired-end sequences were used for

further analyses. Contaminant sequences were identified

and removed with the Bowtie2 (v.2.1.0, 02-21-2013) pro-

gram (Langmead and Salzberg 2012). The contaminant

bank encompassed a total 29 GB of data including 2,150

microbial genomes; 999,366 sequences of arthropoda;

14,203,228 sequences of nematode; 20,747,849 sequences

of flatworms, 25,479,398 ribosomal sequences and the

complete genomes of Bos taurus (5,734,511,467 bp), Ixo-

des scapularis (411,892,114 bp) and Tribolium castaneum

(190,173,473 bp). Sequence normalization was performed

with the Trinity software package using the

Fig. 1 Araucaria angustifolia

seeds at different developmental

stages and morphology of

somatic embryogenic cultures

used for RNAseq. a Zygotic

embryos and the corresponding

megagametophytes at three

different developmental stages

were collected. Samples for

transcriptome analyses are

highlighted with a black box

and named by an abbreviation.

Stage 1: megagametophyte with

globular zygotic embryo (GZE).

Stage 2: zygotic embryo at the

late cotyledonal stage (CZE)

and the corresponding

megagametophyte (MG2).

Stage 3: mature zygotic embryo

(MZE) and the corresponding

megagametophyte (MG3).

b Somatic embryogenic cultures

were established from different

immature zygotic embryos, and

two were selected based on their

differential response under

maturation conditions (Jo et al.

2014). Samples for

transcriptome analyses were:

ABA-responsive embryogenic

culture (SE1), ABA-non

responsive embryogenic culture

(SE6) and ABA-responsive

embryogenic culture grown

under maturation conditions

showing a globular somatic

embryo (SE1M)
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normalize_by_kmer utility (release 02-25-2013) with 30

defined as the maximum coverage (Grabherr et al. 2011).

De novo transcriptome assembly was performed using

Trinity and TransAbySS (assembly by short sequences)

(v.1.3.4) (Robertson et al. 2011). For the latter, 13 values of

k-mers between 52 and 64 were used. The complete sets of

high quality reads are available at NCBI Sequence Read

Archive (SRA) under accession numbers: Bioproject

PRJNA240554; Project SRP039545; GZE: SRS567549,

SRS567553 and SRS567554; CZE: SRS567550, SRS567

551 and SRS567552; MG2: SRS567555, SRS567556 and

SRS567557; MZE: SRS567561, SRS567562 and SRS567

563; MG3: SRS567558, SRS567559 and SRS567560; SE1:

SRS567564, SRS567565 and SRS567566; SE6: SRS567

567, SRS567568 and SRS567569; SE1 M: SRS567570,

SRS567571 and SRS567572.

Functional annotation and classification

The homology of the A. angustifolia assembled unigene

sequences to sequences from three specific taxonomic

groups: Viridiplantae (taxa ID 33090, VP), Monocotyle-

dons (taxa ID 4447, MC) and two families of core Eudi-

cotyledons, Brassicaceae (taxa ID 3700) and Solanaceae

(taxa ID 4070) (BS) was evaluated using the BLASTX

program of the BLAST suite (Camacho et al. 2013),

searching against the Entrez protein system database

(www.ncbi.nlm.nih.gov/protein). The e-value threshold

was set as 1e-10 with a 100 bp as a minimum alignment.

Functional annotation was performed based on BLASTX

results using Blast2GO (www.blast2go.com) (Conesa et al.

2005). Transcription factor were annotated using Plant-

TFDB 3.0 (Jin et al. 2014).

Differential expression analysis

For sample-specific expression analysis, the reads obtained

from each of the 24 sequenced samples were mapped to the

49,081 assembled contigs that displayed BLASTX results

derived from the Viridiplantae protein database using

Bowtie2 (v.2.1.0) (Langmead and Salzberg 2012). Before

mapping, contigs were filtered using CD-HIT (v.4.6,

2012-04-25) (Li and Godzik, 2006) to eliminate redundant

sequences with sequence similarity [95 %. To identify

differentially expressed genes (DEGs), five pairwise com-

parisons were performed: SE1 versus SE6, SE1 versus

SE1M, GZE versus (CZE?MG2), (CZE?MG2) versus

(MZE?MG3) and SE1M versus GZE. The significance of

differential gene expression was assessed with the edgeR

(v.3.2.4) program (Robinson et al. 2010), according to

standard protocols outlined in the package manual. These

analyses were run in R/Bioconductor (v.3.0.2; Gentleman

et al. 2004) and for each comparison analyses were

conducted separately. To account for differences in

sequencing effort and proportionality across libraries,

count data were first normalized by TMM (Robinson and

Oshlack 2010) using the calcNormFactors() function, while

common dispersions were calculated with the

Fig. 2 Schematic pipeline of the workflow for de novo assembly of

the A. angustifolia transcriptome. Step 1: RNA extraction. Step 2:

library construction. Step 3: paired-end sequencing using the Illumina

platform HiScanSQ. Step 4: removal of low quality and adapter

sequences. Step 5: removal of undesirable sequences. Step 6:

normalization to eliminate redundancy. Step 7: assembly with two

different platforms: Trinity (Grabherr et al. 2011) and TransABySS

(Robertson et al. 2011)
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estimateCommonDisp() function (Robinson and Smyth

2008). Gene wise exact tests for differences in the means

between two groups of negative-binomially distributed

counts were then computed. The threshold for evaluating

significance was obtained by applying a p \ 0.05, false

discovery rate (FDR) B0.001 and log2 fold change ratio

C2 as a threshold for determining significance levels. GO

functional enrichment analysis of DEGs was performed by

Fisher’s exact test (FDR \ 0.05).

Results

Sequencing, quality trimming and de novo assembly

To obtain a global and comprehensive gene expression

profile of A. angustifolia embryogenesis, RNA was

extracted from three stages of seed development, as well as

from embryogenic cell lines growing on proliferation and

maturation culture medium. Twenty four mRNA libraries

corresponding to three biological replicates for each of

eight different samples (Fig. 1) were sequenced. In total,

642 million (64 GB) raw reads with a length of 100 bp

were produced. The raw sequences were submitted to fil-

tering processes to exclude low quality reads, adaptor

sequences and contaminants, which together constituted

about 40 % of the raw data.

Gymnosperm genomes are relatively large, highly het-

erozygous and abundant in repetitive elements (Nystedt

et al. 2013). Therefore, to reduce redundancy and increase

assembly efficiency, the sequences were normalized using

the Trinity normalization utility, resulting in 56 million

paired-end sequences that were further used for assembly.

A schematic pipeline of the workflow for preprocessing

raw data and the precise number of paired-end sequences

per sample during the different steps is presented in Fig. 2

and Table 1, respectively. In order to compare assembly

performance between programs, the transcriptome data

were reconstructed by pooling the sequences of the eight

samples and analyzing them with two different software

packages: Trinity and TransABySS. The former program

turned out to be more robust than TransABySS, as it pro-

duced fewer and larger contigs, as well as a higher N50

value (Table 2).

In order to evaluate the diversity of transcripts in the

different samples and developmental stages analyzed,

separate assemblies were performed with Trinity. The

algorithm of this program builds clusters that represent the

full transcriptional complexity for a given gene or locus,

thereby determining the total number of contigs. The most

representative isoforms from each cluster, termed unig-

enes, were quantified to evaluate the abundance of different

Table 1 Summary of read numbers based on the RNA-Seq data from developing embryos, megagametophytes and embryogenic cell cultures of

Araucaria angustifolia

No. of readsa/

sampleb
GZE CZE MG2 MZE MG3 SE1 SE6 SE1M Total

Total raw reads 39,151,199 43,024,487 39,540,636 37,151,129 43,998,525 39,810,327 38,921,137 44,928,558 326,525,998

High quality readsc 26,820,553 32,897,235 23,358,249 26,528,040 30,638,412 29,927,826 28,223,579 31,520,372 229,914,266

High quality

decontaminated

readsd

22,860,589 32,145,153 21,363,224 25,072,812 18,460,733 25,972,496 25,436,732 17,049,973 188,361,712

High quality

normalized readse
6,023,494 12,054,475 6,046,849 7,881,108 3,631,177 8,508,661 7,312,449 4,538,222 55,996,435

a For every sample, read numbers correspond to the total of three replicates. Numbers represent only paired-end sequences
b Samples according to Fig. 1
c After Seqyclean trimming
d After removal of contaminating reads. These sequences were used for further assembly
e After Trinity normalization. These sequences were used for further assembly

Table 2 Comparison of assembly platform performance

Parameters Trinity TransABySS

N 149,519 226,426

N50 1,638 1,195

Minimum contig length 201 98

Maximum contig length 17,372 16,572

Mean contig length 825 239

Standard deviation of contig length 965 758

Median contig length 380 239

N = total number of contigs

N50 = statistically weighted average such that 50 % of the entire

assembly is formed by contigs of equal size or larger than this value

Minimum = size of the shortest contigs obtained in the respective

assembly

Maximum = size of the largest contigs obtained in the respective

assembly
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expressed genes. With a mean number of 7 million nor-

malized paired-end sequences, a mean number of 68,968

contigs and 54,435 unigenes were obtained. No major

differences were observed in the number of contigs or

unigenes between zygotic and somatic tissues. However, it

is worth noting that the cell line containing precotyledo-

nary somatic embryos (SE1 M), even with the second

lowest number of input sequences, displayed the highest

number of unique unigenes (83,170). This could be the

result of a low-quality assembly, as evidenced by the

lowest N50, rather than a greater diversity in the transcript

profile. A similar number of transcript variants (contigs)

per locus (unigenes) were observed for all set of sequences,

ranging from 1.1 to 1.4. In total, we identified 149,510

transcripts representing 112,772 expressed loci, which

were used for further annotation and differential expression

analyses (Table 3).

Functional annotation

The 149,510 transcripts associated with A. angustifolia

embryogenesis were annotated using BLASTX based on

three taxonomic groups: Liliopsida (monocots, MC), two

families of core eudicots combined (Brassicaceae and

Solanaceae, BS) and Viridiplantae (including MC and BS,

VP). Of these, a total of 49,081 transcripts from the merged

assembly had positive matches. Despite the pronounced

difference in the number of protein entries between dat-

abases, the numbers of A. angustifolia sequences that

showed BLASTX hits were similar but, as expected, a

slight higher annotation rate was observed for VP database

(Table 4). Further analysis revealed that 20,373 of the

annotated unigenes are ubiquitous in VP as they have

homologs in all three analyzed databases. In contrast, 667

and 813 A. angustifolia unigenes were annotated based on

sequences from the VP and MC or VP and BS databases,

respectively. Furthermore, 2,328 sequences showed

homology to VP genes from species other than those

included in the MC and BS data sets (Fig. 3). The 47 and

55 unigenes that were annotated exclusively based on the

MC and BS databases, as well as 11 common sequences are

missannotations that were deposited in the Entrez protein

database (www.ncbi.nlm.nih.gov/protein) without a refer-

ence to the taxonomic origin within the Viridiplantae.

Of the 24,181 sequences that showed BLASTX hits

against the VP database, 19,947 unigenes displayed asso-

ciated gene anthology terms (GOs) that were subsequently

separated in three main groups (‘biological process’,

‘molecular function’ and ‘cellular component’) (Table 5)

and classified into 45 functional categories at level 2 using

Blast2GO. The most highly represented categories, which

comprised at least 4,000 genes, were ‘metabolic process’,

‘cellular process’, ‘single-organism process’ and ‘response

to stimulus’ for the biological process category; ‘catalytic

activity’ and ‘binding activity’ for the molecular function

Table 3 Parameters for sample and developmental stage-specific assemblies

Parameters GZE CZE MG2 MZE MG3 SE1 SE6 SE1M MERGED

N 62,350 93,412 69,801 80,309 34,865 54,051 64,046 92,908 149,519

N50 1,352 1,970 1,280 1,428 1,189 1,874 1,517 772 1,638

Minimum contig length 201 201 201 201 201 201 201 201 201

Maximum contig length 7,607 11,887 6,735 15,765 11,769 14,047 6,777 12,228 17,372

Mean contig length 786.06 1,047.16 761.72 757.27 737.83 1,104.15 874.08 523.30 825

Standard deviation of contig length 739.96 1,109.94 708.54 827.38 706.58 1,040.51 814.30 563.16 965

Median contig length 439 522 439 365 437 706 502 295 380

Unigenesa 48,996 67,439 52,911 64,253 30,521 39,623 48,567 83,170 112,772

GZE, CZE, MG2, MZE, MG3, SE1, SE6, SE1M are the code of the samples and developmental stages analyzed according to Fig. 1

N = total number of contigs

N50 = statistically weighted average such that 50 % of the entire assembly is formed by contigs of equal size or larger than this value

Minimum = size of the shortest contig obtained in the respective assembly

Maximum = size of the largest contig obtained in the respective assembly
a The most representing transcriptional variation at a single gene or locus

Table 4 Annotation results and database information

VPa MCb BSc

Protein sequencesd 2,862,257 847,772 450,303

Number of species 80,320 17,027 2,524

BLASTX hits 15,472,304 10,118,935 7,546,895

Contigs with BLASTX hit 49,081 43,890 44,249

Unigenes with BLASTX hit 24,181 21,098 21,252

a Viridiplantae
b Monocots
c Brassicaceae and Solanaceae
d Number of sequences in the entrez protein database
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category; and ‘cell’, ‘organelle’ and ‘membrane’ for the

cellular component category (Fig. 4).

Differential expression analysis

In order to better understand the genetic bases of initiation and

progression of embryogenesis, a differential expression ana-

lysis was performed. Five highly stringent (FDR \ 0.001)

pairwise comparisons were performed and the numbers of

differentially expressed genes is shown in Table 6. DEGs

were defined as those that were exclusively identified, or

showed differences in transcript abundance in one of the

samples in each pairwise comparison. Further annotation and

GO functional enrichment analysis by Blast2GO allowed the

identification of the putative function of the DEGs (Table S2

to Table S6) and the most highly represented GO categories

within each comparison (Fig. 5).

The comparative analysis of the two embryogenic cul-

tures, responsive (SE1) and non-responsive (SE6) to mat-

uration, showed the highest number of DEGs, which

displayed a very broad spectra of functions. While SE6

expressed transcripts related to DNA replication, tran-

scription, translation and cell division at high levels, the

SE1 cell culture showed elevated expression of genes

associated with defense, as well as cell wall and secondary

metabolite biosynthesis (Fig. 5, Table S2). Additionally, a

wide range of embryo development related genes and

transcription factors (TFs) were differentially expressed

(Fig. 5, Table S2). Within the 67 identified TFs, ERF

(ethylene responsive factor) and NAC (NAM/ATAF/CUC)

were the most represented families that showed distinct

pattern of trancriptional regulation, in both cell culture,

SE1 and SE6 (Table S7).

The expression of 1,242 genes was modified during

maturation of the SE1 culture. A GO category enrichment

analysis indicated active metabolism while growing in

proliferation media, which is substantially reduced upon

ABA, maltose and PEG 4000 treatment (see Materials and

Methods). The abundance of ‘developmental process’

associated genes decreased following the treatment, while

genes related to transposable element expression were

exclusively present in the SE1M mature culture (Fig. 5,

Table S3). Furthermore, the composition of expressed TFs

differed between both growth conditions (Table S7). It is

worth mentioning the upregulation of TFs belonging to

ERF family in SE1M culture.

During the progression of zygotic development, the gene

expression profile of the embryo and its corresponding

megagametophyte showed little change: only 13 genes were

differentially expressed from early embryogenesis (GZE) to

the late cotyledonal (CZE?MG2) stage (Table 6). The GZE

was characterized by genes involved in carbohydrate bio-

syntheses and storage, whereas embryos in the CZE?MG2

sample expressed genes associated with secondary metabo-

lite production, as well as an ERF (Table S4, Table S7). No

GO category was differentially represented at a statistically

significant level. A comparison between CZE?MG2 and the

mature stage (MZE?MG3) identified 78 DEGs (Table 6). At

the cotyledonal stage, transcripts associated to ‘develop-

mental process’ and ‘cell division’ categories were upregu-

lated including an ERF TF (Table S5, Table S7).

Interestingly, the MZE?MG3 expression profile was char-

acterized by a high abundance of transcripts associated with

photosystem and chlorophyll metabolism, suggesting the

assembling of the photosynthetic machinery (Fig. 5, Table

S5).

VP MC

BS

667

813

55

2,328 47

11

20,373

Fig. 3 Venn diagram representing the number of A. angustifolia

unigenes annotated using three different databases. Viridiplantae

(VP), monocotyledons (MC) and Brassicaceae and Solanaceae (BS)

Table 5 Summary of functional annotation

Comparisons VPa Exclusive

VP

VP \
MCb

VP \
BSc

Unigenes with BLASTX hits 24,181 2,328 667 813

Unigenes with associated GO

terms

19,947 537 312 333

Total number of GO terms 100,721 1,248 1,030 1,144

Unigenes associated to

biological process

14,515 311 209 196

Unigenes associated to

molecular function

15,896 462 266 256

Unigenes associated to

cellular component

13,260 103 126 143

a Unigenes annotated with Viridiplantae
b Unigenes annotated with Viridiplantae and Monocots
c Unigenes annotated with Viridiplantae and Brassicaceae/

Solanaceae
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When comparing SE1M with its zygotic counterpart

(GZE), 151 and 454 genes were upregulated, respectively.

TFs were highly abundant in the SE1M transcriptome, being

ERF and HD-ZIP (homeodomain leucine zipper motif) the

most representative families (Table S7), while GZE showed

elevated expression of mRNAs related to chloroplast and

phosphorous metabolism (Fig. 5, Table S6).

Discussion

There are approximately 1,026 extant species of gymno-

sperms (conifers, cycads, genetophytes and ginkgo)

(Christenhusz et al. 2011). Their genome sizes range from

18 to 35 GB, which is on average [200 times the size of

the Arabidopsis thaliana genome (Mackay et al. 2012).

Despite their economical and ecological importance, little

is known about Gymnosperm genome structures (e.g.

polyploidy) and molecular physiology compared to those

of angiosperms. Indeed, the first whole-genome draft

sequences of two Gymnosperms (Picea abies and Picea

glauca) were only recently published, and these have

genome sizes of approximately 20 GB (Nystedt et al. 2013;

Birol et al. 2009). However, transcriptome analyses using a

NGS approach provide a powerful tool for gene discovery

and transcriptional regulation studies associated with

0

2000

4000

6000

8000

10000

12000

14000

m
et

ab
ol

ic
 p

ro
ce

ss
ce

llu
la

r 
pr

oc
es

s
si

ng
le

-o
rg

an
is

m
 p

ro
ce

ss
re

sp
on

se
 to

 s
tim

ul
us

bi
ol

og
ic

al
 r

eg
ul

at
io

n
lo

ca
liz

at
io

n
ce

llu
la

r 
co

m
po

ne
nt

 o
rg

an
iz

at
io

n 
or

 b
io

ge
ne

si
s

de
ve

lo
pm

en
ta

l p
ro

ce
ss

m
ul

tic
el

lu
la

r 
or

ga
ni

sm
al

 p
ro

ce
ss

re
pr

od
uc

tio
n

si
gn

al
in

g
m

ul
ti-

or
ga

ni
sm

 p
ro

ce
ss

gr
ow

th
im

m
un

e 
sy

st
em

 p
ro

ce
ss

rh
yt

hm
ic

 p
ro

ce
ss

bi
ol

og
ic

al
 a

dh
es

io
n

lo
co

m
ot

io
n

ce
ll 

ki
lli

ng

ca
ta

ly
tic

 a
ct

iv
ity

bi
nd

in
g

tr
an

sp
or

te
r 

ac
tiv

ity
nu

cl
ei

c 
ac

id
 b

in
di

ng
 tr

an
sc

rip
tio

n 
fa

ct
or

 a
ct

iv
ity

st
ru

ct
ur

al
 m

ol
ec

ul
e 

ac
tiv

ity
el

ec
tr

on
 c

ar
rie

r 
ac

tiv
ity

m
ol

ec
ul

ar
 tr

an
sd

uc
er

 a
ct

iv
ity

en
zy

m
e 

re
gu

la
to

r 
ac

tiv
ity

re
ce

pt
or

 a
ct

iv
ity

pr
ot

ei
n 

bi
nd

in
g 

tr
an

sc
rip

tio
n 

fa
ct

or
 a

ct
iv

ity
an

tio
xi

da
nt

 a
ct

iv
ity

nu
tr

ie
nt

 r
es

er
vo

ir 
ac

tiv
ity

m
et

al
lo

ch
ap

er
on

e 
ac

tiv
ity

pr
ot

ei
n 

ta
g

tr
an

sl
at

io
n 

re
gu

la
to

r 
ac

tiv
ity

ch
an

ne
l r

eg
ul

at
or

 a
ct

iv
ity ce

ll
or

ga
ne

lle
m

em
br

an
e

m
ac

ro
m

ol
ec

ul
ar

 c
om

pl
ex

ex
tr

ac
el

lu
la

r 
re

gi
on

m
em

br
an

e-
en

cl
os

ed
 lu

m
en

ce
ll 

ju
nc

tio
n

sy
m

pl
as

t
nu

cl
eo

id
ex

tr
ac

el
lu

la
r 

m
at

rix
vi

rio
n

Biological process Molecular function Cellular component

GO categories

N
º 

of
 u

ni
ge

ne
s 

as
so

ci
at

ed
 w

ith
 c

at
eg

or
y

Fig. 4 Functional annotation of the embryogenesis reference transcriptome of A. angustifolia. The histograms represent the number of unigenes

associated to level 2 GO categories

Table 6 Differentially expressed genes (DEGs) between somatic and zygotic embryos at different developmental stages

SE1 versus

SE6

SE1 versus

SE1M

GZE versus

(CZE?MG2)

(CZE?MG2) versus

(MZE?MG3)

SE1M versus

GZE

SE1 SE6 SE1 SE1M GZE CZE?MG2 CZE?MG2 MZE?MG3 SE1M GZE

Exclusive 25 10 32 0 0 4 0 0 124 0

Up-regulateda 1,469 1,488 652 1,143 33 7 59 42 1,116 679

Exclusive with associated GO terms 20 7 23 0 0 1 0 0 82 0

Up-regulated with associated GO termsa 1,120 1,030 503 739 9 4 46 32 151 454

a Exclusive unigenes are also counted in the up-regulated category
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specific organs or physiological/developmental programs

in non-model species for which genome information is not

available. This current study aimed to create the tran-

scriptome profile of A. angustifolia embryogenesis to better

understand the process and to help establish new strategies

for Araucariaceae in vitro culture improvement. Eight

transcriptomes from different developmental stages were

constructed; specifically from in vitro embryogenic cell

cultures, zygotic embryos and their corresponding mega-

gametophytes (Fig. 1). Per sample, the mean number of

input reads comprised 23.8 million cleaned high quality

paired-end sequences, which resulted in an average of

68,968 transcripts representing 54,435 unigenes (Tables 1,

3). For comparison, the transcriptome reconstruction of the

embryogenic cell culture of the Gymnosperm, Larix le-

ptolepis, resulted in 65,115 assembled unigenes (Zhang

et al. 2012). Using a similar approach to that used in this

study (Illumina platform, paired-end protocol, 100 cycles

and the Trinity assembler) Francis et al. (2013) analyzed

the assembly performance of the mouse (Mus musculus)
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sequence-specific DNA binding
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SE1M
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Fig. 5 GO functional enrichment within differentially expressed

genes (DEGs). The histograms represent a multilevel chart of the

most specific GO terms for biological process, cellular component or

molecular function categories, which showed differential abundance

according to Fisher’s exact test (FDR \ 0.05). Values are expressed

as percentage of the total upregulated genes in the sample.

a Comparison between SE1 and SE6. b Comparison between SE1

and SE1M. c Comparison between CZE?MG2 and MZE?MG3.

d Comparison between SE1 M and GZE. The comparisons between

GZE and CZE?MG2 did not result in statistical differences. The list

of the DEGs and the corresponding annotation are provided in Table

S2, Table S3, Tables S5 and Table S6 for a, b, c and d, respectively
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heart transcriptome with an increasing number of input

sequences. They observed that this program reaches a

performance plateau for contig and unigene counts when

using [40 million reads. Similar results were obtained for

the reconstruction of the Schizosaccharomyces pombe and

Drosophila melanogaster transcriptomes, where the maxi-

mum number of assemblies by Trinity was reached with 22

and 25 millon paired-end sequences, respectively (Zhao

et al. 2011). Based on these results the transcriptomes built

here can be considered robust and deep-coverage. The

observed differences in the numbers of assembled contigs

and unigenes therefore probably reflect the actual diversity

of loci being expressed in each sample and developmental

stage analysed (Table 3). Our data indicate that the number

of input sequences did not affect the number of transcript

variants per locus assembled by Trinity, in accordance with

the results of Francis et al. (2013).

The global transcriptome of A. angustifolia embryogen-

esis, constructed by merging the sequences obtained in all

samples, produced 112,772 unigenes with high quality

assembly parameters (N50 = 1,638 and mean contig

length = 825) compared with previous reports of conifer

transcriptomes (Zhang et al. 2012; Canales et al. 2013). Of

these 24,181 (21 %) had BLASTX hits when searching VP

database. Recent reports describing de novo assemblies of

non-Gymnosperm species have shown that the annotation

capability resulting from a BLAST search against the non-

redundant protein database ranges from 43 to 68 % of

assembled unigenes (Shi et al. 2011; Sangwan et al. 2013;

Lai and Lin 2013; Xie et al. 2013). In contrast, for Gymno-

sperm transcriptomes the number was reported to be only 34

and 47 % for L. leptolepis (Zhang et al. 2012) and Pinus

pinaster (Canales et al. 2013), respectively. The difficulty in

annotating genes in Gymnosperm data sets is in large part

due to insufficient genomic information (Nystedt et al. 2013;

Birol et al. 2009) or information regarding expressed

sequences, which is commonly not annotated (Zhang et al.

2012; Rigault et al. 2011; Ralph et al. 2008, Futamura et al.

2008). This problem is magnified by the scarcity of func-

tional genomic data (Schlögl et al. 2012; Steiner et al. 2012;

Cairney and Pullman, 2007; Hedman et al. 2013), which

makes it difficult to experimentally confirm predicted gene

functions or discover novel functions. It is also worth noting

that most of the available sequence information regarding

nuclear encoded mRNAs from Gymnosperm species was

obtained from members of the Pinaceae, a family that is

remotely related to the Araucaria clade (Burleigh et al.

2012). However, despite the relatively small amount of

publically available data, some interesting results were

obtained from the differential BLASTX analysis performed

in this study. Most of the A. angustifolia unigenes represent

common basal functions present throughout the Viridiplan-

tae. However, 2,328 unigenes retrieved BLASTX hits only

found in the VP database. Of these, 15, 32 and 39 % showed

homology to genes from basal Viridiplantae (Bryophytes

and Chlorophytes), Gymnosperms and Eudicotyledoneae

(other than Solanaceae and Brassicaceae) species, respec-

tively (Table S1). This suggests that these genes represent:

ancestral functions that were lost or whose sequences

changed substantially following divergence of the Gymno-

sperms (15 %), Gymnosperms novelties (32 %) or, ancestral

functions lost or whose sequences diverged in the terminal

Monocotyledoneae and Eudicotyledoneae species that are

represented in the MC and BS databases (39 %). Interest-

ingly, A. angustifolia also express unigenes that are exclu-

sively shared with either Monocotyledoneae or

Eudicotyledoneae species, and which might represent

functions that arose between basal Viridiplantae and Gym-

nosperms (Fig. 3).

A total of 19,947 unigenes from the embryogenesis

reference transcriptome of A. angustifolia had associated

GO terms and could be assigned to a wide range of func-

tions, indicating a broad functional diversity. Again, the

functional transcriptome annotation of an embryogenic

culture from Japanese larch (L. leptolepis) a basal Pinaceae

genus (Burleigh et al. 2012), showed similar numbers to

those presented in this study, comprising 20,324 unigenes

that were classified into 51 functional categories. More-

over, the distribution profile of the categorized L. leptolepis

transcripts (Zhang et al. 2012) closely resembles the profile

obtained for A. angustifolia. A cotton (Gossypium hirsu-

tum) embryogenesis transcriptome analysis has also been

described and the entire reference transcript profile was

reported to comprise 20,220 genes (Jin et al. 2013), which

is a similar size to that of A. angustifolia and L. leptolepis.

The DEG analysis described here aimed to improve the

knowledge of key genetic factors involved in A. angusti-

folia cell line embryogenic potential, somatic embryo for-

mation and the developmental block observed during

somatic embryo maturation. A comparison between SE1

and SE6 A. angustifolia embryogenic cell lines showed

diverse transcriptional profiles, with 2,150 annotated DEGs

(Table 6, Fig. 5, Table S2). Several TFs belonging to the

NAC, WRKY, ERF, MYB, HD-ZIP and bZIP families,

which have been associated with embryogenesis and stress

responses induced by in vitro culture conditions (Xu et al.

2012; Jin et al. 2013), were differentially expressed, sug-

gesting their involvement in embryogenic potential. A

recent study of TF expression in cell cultures of Arabi-

dopsis thaliana identified 141 genes that display differen-

tial expression patterns between highly embryogenic and

non-embryogenic genotypes (Gliwicka et al. 2013). SE6

displayed high levels of DNA replication and cell division

related genes, which correlates with the higher growth rate

exhibited by this cell line compared to SE1 (Bueno and

Floh, unpublished). This also correlates with data from
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arrested cell lines of P. abies that are deficient in embryo

development, which showed a higher expression of meta-

bolic process related genes than cell lines grown under

normal conditions (Stasolla et al. 2004). We observed a

conspicuous induction of defense-responsive genes in the

SE1 line, which again is in agreement with the P. abies

study, where cell defense related genes were also expressed

at higher levels in a cell line with high embryogenic

potential (Vestman et al. 2011). In addition, biosynthesis of

secondary metabolites, in particular phenylpropanoids, has

previously been reported in Larix embryogenic cultures

(Zhang et al. 2012) and during embryogenesis in Oryza

sativa (Xu et al. 2012). It is possible, that the activation of

defense associated genes in cell lines with high embryo-

genic potential allows the adaptation to stressful conditions

imposed by the in vitro environment (Rutledge et al. 2013).

TFs belonging to the above mentioned families have been

demonstrated to induce different phenylpropanoid path-

ways in Pinus sylvestris (Ueche 2012), Lotus corniculatus

(Wang et al. 2013) and tomato (Solanum lycopersicum;

Butelli et al. 2008). In agreement with the diverse tran-

scriptional profile described here, Jo et al. (2014) observed

noticeable differences in protein and biochemical (poly-

amines, ethylene and reactive oxygen species) profiles

between SE1 and SE6 cultures. Interestingly, of the eight

proteins identified as SE1-specific, by an analysis using

two-dimensional electrophoresis coupled with mass spec-

trometry, upregulation of the corresponding mRNAs was

observed for three: an ATPase (AAD03392), an S-adeno-

sylmethionine synthase 3 (Q4LB22) and a hypothetical

protein SELMODRAFT_404503 (XP_002962607). Addi-

tionally, of the two SE6-exclusive proteins the mRNA

corresponding to a porin (AAD38145) was identified as up-

regulated in the SE6 cell culture transcriptome. We note

that SE1 and SE6 were established from different mother

trees and so the biochemical, proteomic and transcriptional

differences might be due to genetic diversity leading to a

differential response to in vitro culture conditions.

When the culture of the responsive genotype SE1 was

subjected to maturation conditions, most of the cell culture

structures, which are incapable of going through embryo-

genesis, collapsed as reflected in the reduction in expres-

sion of genes related to cell maintenance (Filonova et al.

2000) (Fig. 5). In contrast, SE1 showed transcriptional

induction of transposable elements (TEs), which have been

widely demonstrated to be induced in response to stressful

conditions (Chénais et al. 2012), but also to be associated

with morphogenetic processes, as described in early

zygotic embryogenesis of P. pinaster (Vega-Bartol et al.

2013).

The identity and reduced number of DEGs during the

progression of zygotic embryogenesis suggests that few

changes are present between GZE and CZE?MG2

trancriptional profiles (Table S4, Table S5, Table S7,

Fig. 5). However, from the CZE?MG2 to the MZE?MG3

stage, when the primary plant body has already been

established, the expression of several ‘developmental pro-

cess’ related genes was down-regulated, while genes

associated with photosynthetic machinery assembling

increased their expression. In contrast, a microarray study

comparing the transcriptional profile of zygotic embryos of

P. pinaster identified several TFs as being differentially

expressed from early embryogenesis to mature stages

(Vega-Bartol et al. 2013). These apparently contradictory

results can be explained by the different technical

approaches that were used. The stringent cutoff used in the

current study for the in silico DEG identification may have

masked the fluctuation in expression of low abundance

genes, such as those encoding TFs. However, it should be

noted that A. angustifolia seed is unorthodox, which may

involve different morphogenetical timing compared with

orthodox seeds (dos Santos et al. 2006), and the major

changes might therefore occur prior to the globular stage

analyzed here.

A comparison of DEGs between early somatic (SE1M)

and zygotic (GZE) embryos gave potential insights into the

developmental block observed in the somatic embryos

induced in SE1M. WUSCHEL, which belongs to the WOX

family of TFs, was highly expressed in the SE1M tran-

scriptome (9 fold change); whereas in GZE several genes

that are predicted to encode ARFs (auxin responsive fac-

tors) and IAAs (indoleacetic acid-induced protein) (Table

S7), genes associated with polar auxin transport (PAT) and

leaf morphogenesis were up-regulated. PAT is crucial for

normal embryo patterning in both Angiosperms and

Gymnosperms (Larsson et al. 2012). During somatic

embryo formation in P. abies, perturbations of PAT with

auxin inhibitors was reported to promote procambium

expansion, larger root apical meristem (Hakman et al.

2009), fused cotyledons and aborted shoot apical meris-

tems (Larsson et al. 2008). Similarly altered phenotypes

have been observed during somatic embryo maturation of

A. angustifolia, although without auxin inhibitor supple-

mentation (Steiner et al. 2008; Schlögl et al. 2012; Jo et al.

2014). Recently, a study of cotton embryogenic calli

demonstrated that WUSCHEL over-expression led to a

reduced mRNA level of ARF3, which alters polar auxin

flux, resulting in abnormal morphology (Zheng et al. 2014).

These data suggest that SE1M fails to establish the correct

auxin distribution, consequently jeopardizing embryo

development from early stages through maturity.

In addition to this hypothesis, the physiological differ-

ences between the samples may result from the actions of

some of the unannotated DEGs; information that will

eventually be revealed as functional genomics data is

generated. In conclusion, the comprehensive repository of
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sequences produced here constitutes a valuable resource

for improving our understanding of A. angustifolia physi-

ology. Moreover, it enlarges the conifer gene catalog for

further functional genomics, genetic diversity and evolu-

tionary studies aiming to elucidate Gymnosperm biology.
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