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Abstract
A number of studies show that combining somatic embryogenesis with environmental stimuli can induce plant 
defenses against abiotic stresses, offering a complementary strategy in tree breeding programs. In a previous 
study, we found that increasing/decreasing the standard temperature of 23 ˚C by 5 ˚C during maritime pine 
(Pinus pinaster) somatic embryo maturation resulted in epitypes, as the derived plants showed altered phenotypes 
regarding leaf histology, proline content, photosynthetic rates, and hormone profiles, and that also differentially 
respond after a short-term heat stress. To elucidate the mechanisms underlying these altered phenotypes, we 
sequenced the transcriptome of embryonal-suspensor masses (EMs) from the three epitypes, identifying 812 
differentially expressed genes (DEGs). Ten genes involved in epigenetic regulation were specifically up-regulated 
in EMs of the cold epitype. While some of these genes have been linked with somatic embryo maturation, the 
increased expression of three of these genes, histone deacetylases HDA9, a histone-lysine methyl-transferase (HKMT) 
and an Argonaute (AGO7), was found to be low temperature-induced epigenetic marks. Among the genes up-
regulated in the EMs from the warm epitype, we studied those related to abiotic stress response and observed 
greater variation in genes involved in abscisic acid (ABA)-mediated response such as those encoding Ras GTPase-
activating protein-binding (G3BP) proteins, an AAA-ATPase, and an aspartyl protease (APF2). We also found 
differential expression in genes encoding for RING-type E3 ubiquitin-transferases, and DNAJ and BAG chaperones. 
Additionally, the biosynthetic pathways of jasmonic acid, cytokinins and the diterpene pimaradiene were also 
altered in the warm epitype. However, the increased ABA and cytokinin content observed in the plants derived 
from this warm epitype cannot be fully explained by the EMs transcriptome profile. Conversely, in the cold 
epitype, we observed downregulation of genes encoding for an ABA receptor (PYL3), and a xyloglucan endotrans-
glucosylase/hydrolase (XTH6). These findings support the hypothesis that the previously reported heat-adapted 
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Introduction
Forests in Europe are mostly semi-natural (89%), the rest 
are covered by plantations. Global warming together 
with the increase in frequency of drought events in large 
areas of the Mediterranean, Central and Eastern Europe 
have caused one out of four trees in EU forests to show 
defoliation levels indicating damage [1]. Across Europe, 
tree canopy mortality is accelerating by 1.5% annually, 
doubling the observed rate in the late 20th century. This 
is equivalent to 1% of the EU-2 forest area dying yearly 
[2]. Climate model simulations give a collective picture 
of a substantial decline in effective rainfall and warming 
exceeding 4–5 ˚C in the Mediterranean region, especially 
in the summer [3]. In this context, there is an urgent need 
for forest-tree breeding programs to deploy superior 
individuals to improve the resilience of Mediterranean 
forests. However, breeding programs for conifers, which 
are among the longest-living organisms with long genera-
tion times, cannot rely on classical evolutionary means, 
such as mutation and natural selection, to respond rap-
idly to temperature increases driven by global climate 
change [4].

Among conifers, maritime pine (Pinus pinaster Ait.) is 
one of the most important species in southern Europe, 
having special ecological and economic relevance since it 
is often used for timber and resin. The maritime pine is 
distributed in a wide range of environmental conditions, 
displaying a high degree of adaptability [5]. Despite its 
phenotypic plasticity, maritime pine stands show symp-
toms of decline, mainly defoliation and low natural regen-
eration, in some areas of the Western Mediterranean [6]. 
The combination of human use and climate trends, which 
include increasing temperatures, number of summer 
days, frequency of drought events, and recurrent fires 
and pathogen attacks, may influence maritime pine for-
est health. In fact, competition in unthinned stands and 
water stress were reported to be major factors account-
ing for maritime pine decline [7]. The development of 
improved maritime pine varieties with superior adapta-
tive traits would be useful for afforestation and plantation 
purposes. For this goal to be achieved, it is important to 
study how environmental factors during embryo devel-
opment drive adaptive changes in gene expression in this 
species.

The role of epigenetic variation contributing to the 
phenotypic plasticity and adaptative capacity of forest 
tree species was first reviewed by Bräutigam et al. [8] 
and more recently by Kurpisz and Pawłowski [9], and 

Fossdal et al. [10]. Epigenetic marks are modifications of 
DNA and histones, and/or activity of small RNAs that 
affect transcriptional activity without changing the DNA 
sequence. DNA methylation, the most prominent DNA 
modification, can occur in different sequence contexts 
and be present at promoters, introns, and transposable 
elements. The histone N-terminal tails are easily accessed 
and modified with various covalent modifications, such 
as methylation, acetylation, ubiquitination, phosphory-
lation, etc. In turn, N6-methyladenosine is the most 
prevalent chemical modification identified in eukaryotic 
mRNAs [11]. These reversible modifications induced 
in gene expression are transmitted through mitosis and 
eventually also through meiosis [12]. It has been sug-
gested that these modifications together with the genetic 
component contribute to the phenotypic plasticity and 
adaptive potential of individuals and populations, there-
fore modulating plant fitness under environmental stress 
[8, 13].

Somatic embryogenesis (SE) has demonstrated itself 
to be a powerful tool for conifer propagation and the 
study of molecular and physiological mechanisms during 
embryo development, as well as its influence on environ-
mental constraints. Varying environmental conditions 
during SE in conifer species can produce epigenetic 
marks resulting in the formation of epitypes. In line with 
this, Yakovlev et al. [14] found differences in transcrip-
tomes between the genetically identical Norway spruce 
embryogenic tissues grown under two epitype-inducing 
temperatures. These differences accounted for and were 
explained by chromatin modifications, as some differen-
tially expressed genes encoded for proteins involved in 
epigenetic machinery that modulate phenotypes [14, 15], 
and have recently been associated with differences in the 
methylation of specific genes [16]. More recently, Tron-
tin et al. [17] studied the changes in DNA methylation 
induced by varying temperature during embryogenesis 
in a maritime pine somatic embryo genotype and in the 
shoot apical meristem of its 2-year-old derived somatic 
plants; these authors identified some genes that might be 
involved in the establishment of epigenetic marks, there-
fore suggesting that alterations were transmitted to the 
generated plants.

Previously, our group demonstrated that by adjusting 
temperatures during the SE phases (induction, prolifera-
tion and maturation), it is possible to improve maritime 
pine somatic embryo production [18]. We also found 
that applying heat pulses to the megagametophyte in the 

phenotype of plants derived from the cold epitype (characterized by a faster and higher proline increase, lower 
increases in ABA levels, no reduction in active cytokinins, and a better net photosynthesis rate recovery) could be 
attributed to low-temperature-induced epigenetic marks that were absent in the warm epitype.
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initial phase of SE produced plants with better adapta-
tion to short-term heat or drought stresses [19, 20]. In 
previous studies, following the approach employed by 
Yakovlev et al. [14] in Picea abies, we found that tempera-
ture variation (23 ± 5 ˚C) during Pinus pinaster somatic 
embryo maturation resulted in epitypes that generated 
altered phenotypes in 2-year-old somatic plants, in leaf 
histology, proline content, photosynthetic rates, and 
hormone profiles. These plants also respond differen-
tially after short-term heat stress, especially those gener-
ated after lowering temperatures during somatic embryo 
maturation. They were better adapted to stress, indicat-
ing a cross-tolerance effect [21]. To establish epigene-
tic-related environmental stress memory during early 
embryo development by abiotic stress exposure might 
induce new traits in conifers that would have consider-
able practical applications in forest breeding [13]. The 
potential link between natural epigenetic variation and 
phenotypic variability observed in trees is further sup-
ported by studies in ecotypes and in individual popula-
tions of specific herbaceous plant species [8].

The epigenetic and transcriptional regulation of Pinus 
pinaster zygotic embryo development was reported by 
Vega-Bartol et al. [22], whilst the transcriptome and small 
RNAs (sRNAs) profiles of developing somatic embryos 
were reported by Rodrigues et al. [23, 24]. More recently, 
Ávila et al. [4] described the transcriptome dynamics of 
zygotic and somatic embryogenesis, identifying meta-
bolic pathways regulated differentially in the two pro-
cesses. Transcriptomic changes throughout maturation 
were found to be more pronounced in somatic compared 
to zygotic embryos. To date, however, few studies have 
been addressed as to the effect of temperature on the 
transcriptome of the species. Thus, the objective of our 
present work was to investigate whether the altered phe-
notypes observed in maritime pine plants from different 
epitypes could be explained by transcriptional and epi-
genetic modifications induced by temperature variation 
during maturation of maritime pine embryonal-suspen-
sor masses (EMs). Insight into epigenetic variation and 
its relationship to phenotypic plasticity will contribute 
to the understanding of adaptive plant responses, and 
might help to evaluate the risk to conifers of temperature 
fluctuations in the environment that are relevant in the 
global warming scenario.

Materials and methods
Plant material, RNA extraction and sequencing
Maritime pine EMs were induced using megagameto-
phytes isolated from immature cones sampled in dif-
ferent mother trees (1007, 1046, and 1058) belonging 
to the Galician Tree Breeding Program (Conselleria do 
Medio Rural, Xunta de Galicia, Spain). Three EMs lines 
(1007P3a, 1046P1c and 1058P4c) were established as 

described in Arrillaga et al. [18], being the induction 
and proliferation phases performed at 28 ˚C. For matu-
ration, 100  mg aliquots of each line were transferred to 
maturation medium and incubated at 18, 23 or 28 ˚C 
as described in Arrillaga et al. [18], producing for each 
genotype three different epitypes. After 5 weeks in matu-
ration media, 150 mg of each epitype, containing a mix-
ture of EMs and somatic embryos at the precotyledonary 
stage (Supplementary Fig. 1), were sampled, frozen in liq-
uid nitrogen and stored at -80 ˚C. Total RNA was isolated 
from frozen samples (9 maturating lines: 3 genotypes × 
3 epitypes) using the Plant/Fungi Total RNA Purifica-
tion Kit (©Norgen Biotek Corp.). Genomic DNA was 
degraded by using the Recombinant DNase I (RNase-free, 
Takara Bio Inc., Shiga, Japan), following manufacturer’s 
instructions. Sequencing libraries were constructed by 
using 0.5–1.0 µg RNA per sample. The integrity of total 
RNA was assessed with the Fragment Analyzer (Agilent) 
using the DNF-471 RNA Kit (15 nt). Sequencing librar-
ies were generated using the TruSeq Stranded mRNA 
Library Prep Kit® (Illumina) following manufacturer’s 
recommendations with PolyA selection for ribosomal 
RNA depletion. Libraries were sequenced at the sequenc-
ing facilities of the University of Valencia (SCSIE-UV) on 
an Illumina NextSeq 500 platform and 75 bp single-end 
reads were generated. All raw reads were deposited in 
SRA-NCBI under BioProject PRJNA1077792 ( h t t p  s : /  / d a 
t  a v  i e w  . n c  b i . n  l m  . n i  h . g  o v / o  b j  e c t  / P R  J N A 1  0 7  7 7 9  2 ? r  e v i e  w e  r 
= a  0 o u  4 e k o  s l  h o 1 g 9 q o j f s d m 1 v a n).

Transcriptome assembly and functional annotation
The quality of raw reads was checked using FastQC and 
MultiQC [25, 26]. Adapters, low-quality and short reads 
were filtered out using Trimmomatic v.0.39 [27] with the 
following parameters: SLIDINGWINDOW:4:20 LEAD-
ING:3 TRAILING:3 MINLEN:30. Cleaned reads were 
de novo assembled into transcripts using Trinity v2.12 
[28] with default parameters. The initial assembly was 
then processed using EvidentialGene tr2aacds pipeline 
2022.01.20 [29], which provides the subset of most accu-
rate coding genes and alternative transcripts. Quality sta-
tistics of the assembly were obtained with TrinityScan, 
and completeness of the transcriptome was assessed 
with BUSCO 5.4.5 [30] using Viridiplantae_Odb10 and 
Embryophyta_Odb10 databases.

Transcripts were functionally annotated by sequence 
homology search using BlastP against UniProt TrEMBL, 
Swissprot and Arabidopsis thaliana genome (Araport 
11) (all databases downloaded 2023-03-03). Functional 
descriptions were processed and summarized using 
AHRD ( h t t p  s : /  / g i t  h u  b . c  o m /  g r o u  p s  c h o o f / A H R D) with 
weights of 100, 90 and 30 for SwissProt, Araport11 
and TrEMBL annotation respectively. Gene ontology 
(GO) annotations were retrieved from the European 

https://dataview.ncbi.nlm.nih.gov/object/PRJNA1077792?reviewer=a0ou4ekoslho1g9qojfsdm1van
https://dataview.ncbi.nlm.nih.gov/object/PRJNA1077792?reviewer=a0ou4ekoslho1g9qojfsdm1van
https://dataview.ncbi.nlm.nih.gov/object/PRJNA1077792?reviewer=a0ou4ekoslho1g9qojfsdm1van
https://github.com/groupschoof/AHRD
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Bioinformatic Institute GO annotation database (GOA) 
(downloaded 2023-03-16) based on the best Blast match 
against UniProt. Protein domain homology was obtained 
with HMMER v.3.3 (http://hmmer.org) against Pfam-A 
release 35 [31], and structural information of signal pep-
tides and transmembrane motifs were predicted using 
Signal-P v 4.1 [32] and tmhmm v.2 [33], respectively. 
KEGG ontology terms were assigned to transcripts using 
BLastKOALA [34]. Additionally, homology searches 
using BlastP against the Pinus tadea reference genome 
[35] and the ProCoGen assembly of Pinus pinaster [36] 
were conducted.

Differential expression analysis
The transcriptome assembly served as the reference 
for read mapping. Cleaned reads from individual sam-
ples were mapped to the reference using Bowtie2 [37], 
using the “sensitive” mode and allowing a maximum of 
2 mismatches and a 0.1 mismatch rate. Read counts for 
each transcript were quantified using RSEM v1.3.1 [38]. 
Counts were normalized using a trimmed mean of M-val-
ues (TMM) using the R package edgeR [39]. Expression 
values were explored using a generalized principal com-
ponent analysis (GLM-PCA) using the R package glmpca 
and a hierarchical clustering based on the Pearson Cor-
relation distance of the 1000 most variable genes. Both 
analyses were performed using the R functions ‘prcomp’ 
and ‘heatmap.2’ of the package gplots. Differentially 
expressed genes were detected using a linear model with 
genotype and temperature treatment as factors, using the 
GLM approach in the R package edgeR. Additionally, sta-
tistical contrasts among pairs of temperature treatments 
were performed (18 vs. 23 ˚C, 23 vs. 28 ˚C and 18 vs. 28 
˚C). Genes with a false discovery rate (FDR) ≤ 0.05 were 
considered as differentially expressed genes (DEGs). To 
specifically study the genes highly up- or downregulated, 
only those with an absolute Log2 fold-change ≥ 2 (Log2-
FC) adjusted P ≤ 0.01 were considered. GO enrichment 
analysis and KEGG enrichment analysis of differentially 
expressed genes were performed with the R packages 
topGO [40] and clusterProfiler [41].

We performed three independent BLAST searches 
against the de novo maritime pine transcriptome, in order 
to find sets of genes of interest that could be differen-
tially expressed. First, we found transcripts that matched 
P. pinaster genes previously described to be involved in 
embryogenesis regulation [42], such as LEAFY COTY-
LEDON (LEC1), BABYBOOM (BBM), and SOMATIC 
EMBRYOGENESIS RECEPTOR-like KINASE (SERK), 
as well as genes from the WUSCHEL-related HOMEO-
BOX (WOX) family and from the homeobox transcrip-
tion factor (KNOX) family [43, 44]. Second, a list of 
genes related with epigenetic regulation was built based 
on their putative importance from literature review [23, 

45]. Additionally, we searched for genes in Arabidopsis 
thaliana annotated with the GO term GO0006306 (DNA 
methylation), which includes positive and negative regu-
lation of DNA methylation and DNA-methyltransferase 
activity, and searched against the de novo transcriptome 
in order to find the orthologs in P. pinaster. Third, we 
searched among DEGs up-regulated in samples from the 
28 ˚C treatment for genes related with cell response to 
abiotic stress, and phytohormones, terpenes or phenols 
metabolism.

Validation of DEGs
Differential expression rates estimated for 25 genes were 
validated by real-time PCR. For this, RNA samples were 
used for synthesising cDNA using the PrimeScriptTM 
RT Reagent Kit (Perfect Real Time, Takara Bio Inc.), fol-
lowing manufacturer’s instructions. Quantitative reverse-
transcription PCR amplifications were performed in a 
StepOne Plus (Applied Biosystems, CA, USA), using a 
final volume of 20 µL containing 0.3 µM of each primer 
and 10 µL of SYBR Green I Master mix (Takara Bio Inc.) 
in triplicate for each sample. Amplification conditions 
were 10 min at 95 ˚C, and 40 cycles of 15 s at 95 ˚C and 
60  s at 55 ˚C. Relative expression of each gene was cal-
culated by the ΔΔCt method (Ct = threshold cycle) using 
the gene coding for Histone 3 as the reference [22]. Genes 
and primer details are given in Supplementary Table 1.

Statistical analyses
Gene expression results were subjected to ANOVA when 
data showed a normal distribution, and mean compari-
son was performed by Tukey-b post-hoc test. Non-para-
metric Kruskal-Wallis ANOVA was used when data did 
not show a normal distribution. All tests were performed 
using SPSS v25 software (IBM Statistics, USA).

Results
Variation in maturation temperature did not affect the 
developmental stage of P. pinaster somatic embryos, 
being most of them at the precotyledonary stage (Sup-
plementary Fig.  1) at the time of sampling. Therefore, 
the generated transcriptomes (Table 1) corresponded to 
embryogenic tissues with somatic embryos at the pre-
cotyledonary stage, and the altered genetic expression 
patterns observed are likely temperature-specific adap-
tive changes. On average, 35  million raw reads were 
obtained for each library. After quality filtering, the de 
novo assembly produced a transcriptome comprising a 
total of 57,054 transcripts, which corresponded to 37,919 
genes (named as Ppinas) with a N50 of 1,881  bp for all 
transcripts and an N50 for the 90% of the most expressed 
(Ex90N50) of 2,418  bp. Transcriptome completeness, 
assessed with BUSCO, showed that 90.6% (62.4% as 
single copy and 28.2% duplicated) of the 1,614 genes 

http://hmmer.org


Page 5 of 17Montero-Pau et al. BMC Genomics          (2025) 26:467 

included in embryophyta_odb10 were present, and 3.7% 
were present as fragmented. On average, 88.0% of the 
clean reads mapped against the transcriptome (Table 1). 
Of the gene loci, 24,401 (64%) of them are coding loci 
with regular-sized proteins, and 13,518 are putative loci 
with small proteins (smORF < 120 aa). The 27% (10,128) 
of genes present at least one alternate transcript, with a 
median of 2 and an average of 2.8 transcripts per locus, 
reaching a maximum of 24 transcripts. From the 37,919 
coding genes detected, 22,736 (60%) have complete pro-
teins and 15,183 have partial proteins. After functional 
annotation, 16,264 genes were assigned to KEGG terms 
and 36,710 to GO terms.

DEG enrichment
Differential expression analysis identified 812 differen-
tially expressed genes (DEGs) (FDR < 0.05) in response to 
variation in temperature during somatic embryo matura-
tion (Supplementary Table 2). Differences in the expres-
sion profiles could be observed to be affected by the 
genotype and the maturation temperature (Supplemen-
tary Fig.  2). In general, these genes presented opposite 
expression patterns in EMs maturated at 18 and 28 ˚C, 
while those maturated at 23 ˚C showed an intermedi-
ate response (Fig.  1). Enrichment analysis of GO terms 
for the 812 DEGs revealed significant enrichment in 
biological processes associated with nucleosome assem-
bly and protein biosynthesis, stabilization, and degrada-
tion, as well as with the regulation of cellular respiration 
(Fig. 2A). Differentially expressed genes with Log2 FC ≥ 2, 
that is, highly up-regulated, in EMs of the 18 ˚C epi-
type encoded proteins with molecular functions related 
mainly to chromatin structure, protein heterodimeriza-
tion activity, DNA-binding and oxidative stress response 
(Fig. 2B). In contrast, DEGs highly up-regulated DEGs in 
EMs of the 28 ˚C epitype were genes coding for fatty acid 
metabolism, cell wall structure and protein catabolism 
(Fig.  2C). The contrast comparing the two more differ-
ent temperatures (18 vs. 28 ˚C) revealed a total of 2,988 
DEGs (Supplementary Table 2, Fig.  3A). The enrich-
ment analysis of this set of genes showed that variation 

in gene expression between the cold and warm epitypes 
was related with nucleosome assembly, pectin catabolic 
process and translation, as well as with auxin-activated 
signaling pathway, among others (Fig.  3B). These DEGs 
encoded proteins with molecular functions mainly 
related with chromatin structure, protein heterodimer-
ization and aspartyl esterase activity (Fig. 3C).

Effect of temperature on genes regulating embryo 
development
First, we confirmed that temperature did not affect the 
maturation stage of our EMs, which could bias the tran-
scriptome profiles, by searching against the P. pinaster 
transcriptome for transcripts annotated as regulators 
of different embryogenesis phases. We identified three 
WOX genes (WOX2, WOX3 and WOX13), four KNOX 
homeobox transcription factors (KN1, KN4, KN5 and 
KN6), and two Leafy cotyledon 1 (LEC1) genes, as well as 
a BABY BOOM (BBM), and a SOMATIC EMBRYOGEN-
ESIS RECEPTOR-like KINASE (SERK) genes. Four of 
these genes, WOX3, KN4, KN5, and KN6 were detected 
at very low rates. No significant differences among epi-
types could be detected for the expression rates of any of 
these genes (Supplementary Table 3).

Effect of temperature on genes regulating epigenetic 
modifications
A BLAST search against the maritime pine transcrip-
tome found 37 genes orthologs of Arabidopsis annotated 
genes related with DNA methylation, and 36 genes previ-
ously reported as epigenetic marks regulators in P. pin-
aster genes [23, 45]. This resulted in a set of 61 Ppinas 
genes potentially involved in epigenetic modifications 
(Supplementary Table 4). Among them, 10 genes showed 
differential expression levels between the 18 and 28 ˚C 
epitypes, being 5 of them differentially expressed also 
among the three epitypes. Four of these genes encoded 
for histones: Ppinas12549 (Fig.  4A) and Ppinas16086 
(Fig.  4B) coding for histone H1.2, and Ppinas17915 
(Fig.  4C) and Ppinas18587 (Fig.  4D) coding for histone 
H2A. Two genes encoded for the histone deacetylases 

Table 1 General statistics of number of Raw sequences, clean Reads, and mapped reads against the de Novo transcriptome of 
maritime pine embryonal-suspensor masses maturating at different temperatures
Genotype Maturation temp. (˚C) Raw reads Clean reads % Clean read (q > 30) Mapped reads % Mapped
1058P4c 18 40,150,641 40,146,887 92.7 35,297,813 87.9

23 37,802,613 37,800,448 92.8 33,259,627 88.0
28 33,337,959 33,330,015 92.6 29,175,723 87.5

1046P1c 18 37,028,524 37,025,709 93.1 32,252,468 87.1
23 30,667,851 30,666,528 91.5 27,171,306 88.6
28 31,028,680 31,023,497 92.4 27,291,159 88.0

1007P3a 18 35,842,315 35,840,580 92.1 31,584,819 88.1
23 38,929,841 38,927,801 92.4 34,447,670 88.5
28 34,754,864 34,751,970 92.2 30,649,883 88.2
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HDA9 and HDA2C encoded by Ppinas06362 (Fig.  4E) 
and Ppinas15640 (Fig.  4F), respectively. Another two 
genes were related to DNA methylation: Ppinas08395 
(Fig. 4G), coding for a histone-lysine methyl-transferase 
(HKMT), and Ppinas01529 coding for Variant in Meth-
ylation 1, VIM1 (Fig. 4H). Finally, two genes involved in 
post-transcriptional regulation, Ppinas00647 (Fig.  4I), 
which encodes for an Argonaute (AGO7) protein, and 
Ppinas06195 (Fig. 4J), which encodes a Dicer-like protein 
1 (DCL1), were also found to be differentially expressed 
in at least two of the three epitypes. The same expression 
pattern was observed for all these 10 genes: embryogenic 
lines maturated at lower temperature (18 ˚C) showed 

higher expression levels as compared to expression rates 
determined in lines maturated at 28 ˚C.

Amplifications of these 10 genes by real-time PCR cor-
roborated the RNA-seq results, confirming significant 
differences in their expression levels between embryo-
genic lines from the cold and warm epitypes. Further-
more, opposite expression ratios were estimated (Fig. 5) 
in these epitypes referred to standard temperature (23 
˚C). The expression of seven genes was up-regulated 
(Log2-FC ≥ 1) in embryogenic lines maturated under cold 
conditions, while three genes were significantly repressed 
(Log2-FC ≤ -1) in the warm epitype.

Fig. 1 Expression heatmap of maritime pine (Pinus pinaster) based on all the differentially expressed genes in embryonal-suspensor masses (EMs) from 3 
genotypes (1007P3a, 1058P4c and 1046P1c) maturated at 18, 23 or 28 ˚C
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Effect of temperature on genes regulating stress responses
Among the 812 maritime pine DEGs, 277 genes were 
highly up-regulated in EMs of the 28 ˚C epitype as com-
pared with those of the 18 ˚C epitype. From these, we 
found 20 genes that also matched specific GO terms 
(Table 2). Fourteen of these genes matched genes anno-
tated with GO terms associated with cell response to 
stress (GO:0009737, response to ABA; GO:0009414, 
response to water deprivation; GO:0009651, response to 
salt stress; GO:0009408, response to heat; GO:0009409, 
response to cold). These genes coded for three Ras 
GTPases-activating protein-binding G3BPs proteins, 

an aspartic protease, a DNAJ chaperone and an ABA 
receptor. Four maritime pine transcripts matched 
genes with GO terms related with phytohormones; 
GO:0010337, regulation of salicylic acid metabolic pro-
cess; GO:0019139 cytokinin dehydrogenase activity; 
GO:0009733, response to auxin; GO:0009695 and jas-
monic acid biosynthetic process. Finally, a gene was 
associated to secondary metabolism (GO:0016102 diter-
penoid biosynthesis pathway), and a gene coding for a 
multicopper oxidase was involved in diphenol activity 
(GO:0016682).

Fig. 2 Maps of the GO terms enrichment analysis from 812 DEGs detected among transcriptomes of maritime pine embryonal-suspensor masses (EMs) 
of 3 genotypes maturated at 18, 23 or 28 ˚C. (A) Enriched biological processes; (B) molecular functions of DEGs up-regulated (Log2-FC ≥ 2) in EMs of the 
18 ˚C epitypes; and (C) molecular functions of DEGs up-regulated in the 28 ˚C epitypes
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We could validate by real-time PCR the expression 
rates of 15 of these genes. For all three genotypes, differ-
ential expression ratios were observed for these 15 genes 
in EMs from the cold and/or warm epitypes as compared 
to the standard temperature condition (23 ˚C), although 
variation among genotypes was detected. In EMs from 
the 1007P3a genotype, 13 genes were up-regulated 
(Log2-FC ≥ 1) at 28 ˚C, and 14 were repressed (Log2-
FC ≤ -1) at 18 ˚C (Fig.  6A). In EMs from the 1046P1c 
genotype, 13 genes were up-regulated in EMs from the 
warm epitype and 12 were repressed in the cold epitype 
(Fig.  6B). A gene coding for a RING-type E3 ubiquitin-
transferase (Ppinas19579) was, however, up-regulated in 
both epitypes. Finally, results from the 1058P4c genotype 
showed that the 15 analyzed genes were up-regulated in 
EMs of the warm epitype, and only 6 genes were signifi-
cantly repressed in the cold epitype (Fig. 6C).

Among the genes with the most more contrasting 
expression levels in EMs between cold and warm epi-
types (mean difference in Log2-FC > 4), we found three 
genes coding for Ras GTPase-activating protein-binding 
(G3BP) proteins (Ppinas019236, Ppinas027976 and Ppi-
nas014455) and one gene (Ppinas21581) encoding a pro-
tein of the aspartyl protease family (APF2), which are 
associated with ABA and water deprivation response. 
The MPIM1_PINCO gene (Ppinas13796), which is 
involved in the biosynthesis of pimaradiene, and the 
LPR1 gene (Ppinas23368), which encodes a multicopper 
oxidase involved in phenolic activity, also showed also 
wider differential expression between epitypes.

Some genes were up-regulated at 28 ˚C in EMs from 
the three genotypes, such as a gene coding for an AAA-
ATPase (Ppinas05414), a gene encoding for a RING-type 
E3 ubiquitin-transferase (Ppinas19579), and the FAO3 
gene (Ppinas01805), which encodes a long-chain-alcohol 
oxidase involved in the cell response to cold, and two 

genes involved in heat response regulation, Ppinas14550 
and Ppinas02627, which encode a DNAJ-domain con-
taining protein and a BAG-family protein, respectively. 
This trend was also observed for the OPR gene (Ppi-
nas07079), which encodes a 12-oxophytodienoate reduc-
tase involved in the biosynthesis of jasmonic acid. In 
contrast, three maritime pine genes, Ppinas19983, which 
encodes a transcription factor MBF1, Ppinas12399, 
encoding a XYLOGLUCAN ENDOTRANS-GLUCO-
SYLASE/HYDROLASE (XTH6), and Ppinas31584, which 
codifies for an ABA receptor-like protein (PYL3) showed 
different patterns of expression in the three genotypes.

Discussion
In recent years, an increasing number of studies have 
identified the genetic and epigenetic molecular compo-
nents that regulate stress response and plant stress mem-
ory [10, 46]. Epigenetic mechanisms represent a set of, 
often inherited, molecules that modify DNA accessibility 
to enzymes, thereby influencing gene expression and pat-
terns of mRNA splicing [47].

In conifers, first evidence of stress memory was 
reported by Johnsen et al. [48] who demonstrated that 
temperature during zygotic embryogenesis and seed mat-
uration affected climatic adaptation in Norway spruce. 
Since somatic embryogenesis mimics zygotic embryo-
genesis, this technology, combined with environmen-
tal and chemical stimuli, is increasingly being used to 
enhance plant defences against abiotic and biotic stresses. 
This strategy serves to compliment conventional breed-
ing programs. For example, our group has generated 
Pinus pinaster plants with better adaptation to subse-
quent stress conditions by altering culture conditions or 
by “priming”, at the somatic embryogenesis induction [19, 
20]. Also, in previous work we reported that two-year-old 
maritime pine plants generated from EMs maturated at 

Fig. 3 Venn diagram showing the numbers of DEGs detected in pairwise comparisons between the transcriptomes of maritime pine embryonal-suspen-
sor masses (EMs) maturated at 18, 23 or 28 ˚C (A). Maps of GO enrichment analysis of the 2,988 DEGs detected between EMs of the 18 and 28 ˚C epitypes: 
biological processes (B), and molecular functions (C) of these DEGS

 



Page 9 of 17Montero-Pau et al. BMC Genomics          (2025) 26:467 

18, 23 or 28 ˚C presented constitutive phenotypic differ-
ences and altered response to heat stress [21]. Surpris-
ingly, plants derived from the cold epitype showed better 
performance when subjected to subsequent heat stress, 
as demonstrated by its faster and higher proline increase, 
lower increases in ABA levels, no reduction in active 
cytokinins, and a better net photosynthesis rate recovery. 

In turn, plants derived from the warmer epitype dis-
played higher basal levels of ABA and total cytokinin 
before heat stress [21]. To study the epigenetic modi-
fications induced in EMs which underlay these altered 
phenotypes, in the present work we sequenced the tran-
scriptomes of maritime pine EMs from the three epitypes 

Fig. 4 Expression rates (Log2) estimated for 10 Pinus pinaster genes annotated as regulators of epigenetic modifications, in 3 EMs (1007P3a, 1046P1c 
and 1058P4c) maturated at 18, 23 or 28 ˚C. * Denotes significantly different expression rates among the three epitypes, while the remaining genes were 
differentially expressed between 18 (cold) and 28 ˚C (warm) epitypes
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Table 2 List of Pinus pinaster genes detected as differentially expressed (Log2 fold change > 2) in embryonal-suspensor masses (EMs) 
maturating at 28 ˚C as compared to EMs maturating at 18 ˚C, and annotated with GO terms associated to cell response to stress. For 
each gene the information of KEGG and GO annotation, as well as if it has been checked using qPCR, is shown
Ppinas Log2-FC Gene KEGG GO Terms qPCR
19,236 6.2 Ras GTPase-activating protein-binding protein 2 (G3BP) AT5G60980 GO:0009737 +
27,976 5.8 +
14,455 5.5 +
10,458 4.5 RING-type E3 ubiquitin-transferase AT3G46620 GO:0009737 GO:0009414
05414 2.3 AAA-ATPase (AATP) AT5G40010 GO:0009737 GO:0009409 GO:0009651 GO:0009414 +
21,581 4.5 APF2, Aspartyl protease family protein AT3G18490 GO:0009737 GO:0009414 +
19,983 2.1 MBF1, Multiprotein-bridging factor 1 AT3G24500 GO:0009737 GO:0009408 GO:0009414 +
12,399 2.8 Xyloglucan endotrans-glucosylase/hydrolase (XTH6) AT5G65730 GO:0009414 +
31,854 3.2 PYL3- ABA receptor Osa 4,328,916 GO:0009409 GO:0009414 +
12,480 5.6 Fatty acyl-CoA reductase AT3G44540 GO:0009651
19,579 3.9 RING-type E3 ubiquitin-transferase (R3UT) AT2G40830 GO:0009651 +
14,550 2.7 DNAJ-domain containing protein (DNAJ) Tmel_0087 GO:0009408 +
02627 2.0 BAG-family molecular chaperone (BAG) AT2G46240 GO:0009408 +
01805 2.1 FAO3, Long-chain-alcohol oxidase CAP15762 GO:0009409 +
07079 3.3 OPR, 12-oxophytodienoic acid reductase Osa 4,345,762 GO:0009695 +
26,033 5.5 Auxin-responsive protein AT5G20820 GO:0009733
25,173 5.6 Peptidase A1 domain-containing protein AT5G33340 GO:0010337
11,489 5.5 CKX5, Cytokinin dehydrogenase AT1G75450 GO:0019139
13,796 4.8 MPIM1_PINCO, Monofunctional pimaradiene synthase GO:0016102 +
23,368 5.6 LPR1, Multicopper oxidase AT1G23010 GO:0016682 +

Fig. 5 Differential expression rates (Log2-fold-change referred to expression level at control temperature, 23˚C) in maritime pine embryonal-suspensor 
masses maturated at 18 or 28 ˚C, as determined by qPCR for 10 genes related with epigenetic modulation. From left to right: HI1/5a (Ppinas12549), HI1/5b 
(Ppinas16086), H2Aa (Ppinas17915), H2Ab (Ppinas18587), HDA2C (Ppinas15640), HDA9 (Ppinas06362), HKMT (Ppinas08395), VIM1 (Ppinas01529), AGO7 
(Ppinas00647), and DCL1 (Ppinas06195). Data are mean ± SE of 3 biological replicates analysed in triplicate. * Denotes significant up/down-regulation 
(Log2-FC ≥ 1/ Log2-FC ≤ -1)
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generated by varying the standard temperature during 
somatic embryo maturation by ± 5 ˚C.

Altering temperatures during the early maturation 
of somatic embryos led to substantial variation in the 
transcriptome profile of the cold and warm epitypes 
(Fig.  1). The transcriptome analysis of maritime pine 
EMs from the three epitypes identified 812 genes that 

were differentially expressed (DEGs), exhibiting oppo-
site expression trends across the temperature gradient. 
Genes up-regulated at low temperature conditions and 
down-regulated in the warm epitype were functionally 
annotated mainly in relation with chromatin structure, 
protein heterodimerization activity, DNA-binding and 
oxidative stress response (Fig. 2B). Conversely, genes with 

Fig. 6 Differential expression rates (Log2-fold-change referred to expression level at control temperature, 23 ˚C) in maritime pine EMs maturated at 18 
or 28 ˚C, as determined by qPCR for 15 genes related with abiotic stress response. Data are mean ± SE of 3 replicates performed for 3 genotypes: 1007P3a 
(A), 1046P1c (B), and 1058P4c (C). * Denotes significant up/down-regulation (Log2-FC ≥ 1/ Log2-FC ≤ -1)
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increasing expression levels as temperature raised -those 
up-regulated in EMs of the warm epitype and down-
regulated in the cold epitype- were related with fatty acid 
metabolism, cell wall structure and protein catabolism 
(Fig. 2C).

Our transcriptome analysis identified 10 DEGs related 
to epigenetic modifications, which were up-regulated 
in EMs of the cold epitype and down-regulated in those 
of the warm epitype. The set of epigenetic regulators 
detected in our study included genes coding for his-
tones, a histone methyltransferase, two histone deacety-
lases (HD2C and HDA9), and a Variant in Methylation 
(VIM1), as well as for 2 genes involved in RNA silenc-
ing (AGO7 and DCL1). For seven out of the 10 genes, 
the results were validated by qPCR (Fig.  5). Histone 
allelic variants can alter nucleosome properties, leading 
to changes in nuclear processes such as transcription 
and epigenetic states, which in turn results in signifi-
cant modification of plant biology [49]. Our qPCR anal-
ysis confirmed that three out the four histone encoding 
genes- HI1/5a (Ppinas12549), HI1/5b (Ppinas16086), and 
H2Aa (Ppinas17915)- were up-regulated in EMs maturat-
ing at 18 ˚C, with H2Aa exhibiting the most pronounced 
differential expression between epitypes. The expression 
of the fourth histone, a putative H2Ab (Ppinas18587), 
which contains a histone methylase domain but differs 
in its C-terminal motif, did not change when compared 
with control conditions (23 ˚C), but it varied significantly 
between the two extreme temperatures (Fig. 5). Norway 
spruce has many variants of histone H2A, which possi-
ble roles in epigenetic regulation are still unknown [10], 
while accumulation of histone H2A was referred to be 
implicated in heat memory in Monterey pine (Pinus radi-
ata) [50]. The differential expression– up-regulation at 
18 ˚C and down-regulation at 28 ˚C- of a lysine-methyl-
transferase HKMT (Ppinas08395) was also confirmed 
by qPCR. This gene is homologous to ARABIDOPSIS 
TRITHORAX-RELATED PROTEIN 6 (ATXR6), a plant-
specific H3K27 methyltransferase (Supplementary Table 
4). In Arabidopsis, ATXR6 plays an integral role in con-
necting epigenetic silencing with genomic stability [51] 
and it is also related to cold stress response [52]. There-
fore, up-regulation of HKMT could be involved in main-
taining genome stability during SE maturation at 18 ˚C. 
These results agree with those referred by Trontin et al. 
[17], who recently reported that cytosine methylation 
marks induced by changing temperature during somatic 
embryogenesis of a maritime pine genotype (PN519), 
were found preferentially in genes as compared to pro-
moters, and maintained at post-embryonic phases.

With regard to the two histone deacetylases, qPCR 
confirmed the upregulation of HDA2C, which belongs to 
a plant-specific gene family that is emerging as a crucial 
player in different aspects of plant growth, development, 

and in response to different environmental stresses [53]. 
The other histone deacetylase, HDA9, is known to trans-
duce heat signals from the cytoplasm to the nucleus, 
positively regulating heat responses in Arabidopsis [54], 
and it has also been reported to repress stress toler-
ance response by interacting with and regulating the 
DNA-binding and transcriptional activity of WRKY53, 
a high-hierarchy positive regulator of stress response 
[55]. However, despite its significant signal in the tran-
scriptome analysis, the differential expression of this 
gene in the cold and warm epitypes referred to standard 
temperature conditions could not be validated by qPCR 
(Fig.  5). The putative Variant in Methylation 1 (VIM1) 
gene was found to be up-regulated under cold condi-
tions in the qPCR analysis. The VIM1 gene encodes a 
methyl cytosine-binding protein that promotes CpG 
methylation, leading to gene silencing and mediating the 
memory of epigenetic states [56]. Finally, regarding the 
genes involved in plant RNA silencing machinery, only 
a putative Argonaute 7 gene (AGO7) was confirmed to 
be up-regulated in EMs at 18 ˚C. The ARGONAUTE 
family of effector proteins work in sRNA-guided gene 
silencing pathways, regulating gene expression and trans-
poson activity. The AGOs facilitate cleavage of tran-
scripts, translational repression, RNA-directed DNA 
methylation, and siRNAs synthesis. These proteins also 
influence miRNA accumulations, thereby regulating 
phytohormone signaling pathways and the expression of 
specific target genes by miRNAs, in a highly stimulus-
dependent manner [57].

Previous studies in maritime pine and other conifers 
have reported the importance of epigenetic regulation 
on zygotic embryogenesis irrespective of maturation 
temperature. Rodrigues et al. [23] found higher expres-
sion levels at early zygotic embryogenesis for most of the 
epigenetic regulation-related DEGs, while Vega-Bartol et 
al. [45] reported that maintenance of chromatin silenc-
ing, specific histone modifications, and DNA methylation 
were co-regulated functions during early zygotic embryo-
genesis. In our study, performed with somatic embryos at 
the precotyledonary stage, the higher expression levels 
of epigenetic regulation-related genes were observed in 
the cold epitype, but we found altered expression profiles 
for specific genes, since both histone deacetylase- cod-
ing genes HDA2C and HD9 showed the same pattern 
of expression, while Vega-Bartol et al. [45] referred 
increasing transcription along embryo development for 
HDA9, as well as for an ortholog of a gene coding for a 
histone lysine methyltransferase and two putative argo-
naute (AGO1 and AGO9) genes, while transcription of 
HDA2C and a Dicer Like 1 (DCL1) protein-coding gene 
decreased towards embryo maturation. A putative Vari-
ant in Methylation 1 (VIM1) gene, was also referred to 
be up-regulated at early and late embryogenesis, being 
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down-regulated specifically at mid embryogenesis. In 
contrast, Rodrigues et al. [23] found maximum expres-
sion of the VIM1 gene at early embryogenesis that 
decreased towards mature embryo. Therefore, up-regu-
lation of HDA9, HKMT, and AGO7 in EMs of the cold 
epitype would be low temperature-induced epigenetic 
marks.

Our results partially align with those reported by 
Yakovlev et al. [14, 58] who studied temperature-induced 
differential transcriptomes at early embryogenesis in 
Norway spruce. They found that the main mechanisms 
for establishing a temperature-induced epigenetic mem-
ory were DNA and histone methylation, and chromatin 
remodeling, functions that were up-regulated under cold 
(18 ˚C) conditions as compared to warm (28 ˚C or 30 ˚C) 
epitype-inducing embryogenesis conditions. In radiata 
pine, DNA methylation was associated with the establish-
ment of epigenetic stress memory; however, the authors 
did not address the putative (epi)genetic determinism of 
such a memory [59]. Conversely, Norway spruce tran-
scriptomic and sequencing studies evidenced that the 
entire complex of epigenetic regulation may be involved 
in temperature-induced memory [14, 60]. Furthermore, 
Yakovlev and Fossdal [60] discovered that this memory 
was based on differentially expressed sRNA populations 
that regulate gene expression by modulating the epigen-
etic machinery of the cell. Therefore, applying low tem-
peratures during somatic embryogenesis in both Norway 
spruce and maritime pine resulted in increased expres-
sion of genes coding for regulators of gene expression 
that act at both transcriptional and post-transcriptional 
levels, and that mediate plant developmental processes 
and stress responses. For instance, histone deacetylation 
has been linked to gene repression, and both HDAs and 
AGOs have been recently reported to be involved in het-
erochromatin stabilization during heat stress [61]. The 
up regulation of both genes in the cold epitype might be 
responsible for the heat-tolerant maritime pine pheno-
type previously reported in the derived somatic plants 
[21]. We already reported higher expression rates for a 
HDA9 gene in heat-primed maritime pine EMs, as well as 
for a gene coding for a WRKY transcription factor [19]. 
Interestingly, some expression patterns differed from the 
results found in Norway spruce epitypes by Yakolev et al. 
[14]. For example, a DNA methyl transferase (PaDMT) 
and a histone acetyltransferase (PaNAT1) were up-regu-
lated in the cold Norway spruce epitype, whereas most of 
the genes involved in epigenetic regulation, including an 
argonaute (AGO9) and a histone-lysine-n-methyl trans-
ferase (SUVR4) were up-regulated in the warm ecotype. 
These differences on the transcriptomic profiles of Nor-
way spruce and maritime pine needs further investiga-
tion, but we suggest that the geographical distribution 
of both species, and thereby the habitat temperature, 

colder for the spruce and warmer for maritime pine, 
activates epigenetic marks when exposure to contrasting 
temperatures.

In the warm epitype, an up-regulation of genes associ-
ated with abiotic stress responses such as genes involved 
in water deprivation or ABA signaling pathways was 
observed. Among them, three genes coding for Ras-
GTPase-activating protein-binding proteins (G3BPs) 
were significantly up-regulated at 28 ˚C (Fig.  6A and B, 
and 6C). In Arabidopsis, G3BPs have been localized into 
stress granules upon heat shock. Stress granules are cyto-
plasmic RNA-protein storage sites formed in response to 
adverse conditions with mostly translationally inactive 
mRNAs. When these structures disassemble, mRNAs are 
released, therefore RasGAP binding proteins coordinate 
receptor-mediated signal transduction with RNA metab-
olism [62]. We also observed significant up-regulation of 
genes coding for protein-processing regulators, such as 
a RING-type E3 ubiquitin-transferases, and DNAJ and 
BAG chaperones, which could be related with post-trans-
lational regulation of histones, a process that plays key 
roles in multiple plant development stages and in several 
abiotic stress responses [63]. For instance, monoubiqui-
tination of histone 2A has been associated with abiotic 
stress response [46], and chaperone BAG proteins modu-
late HSP70 activity in animals and plants [64]. High levels 
of heat-shock proteins (HSPs), which are involved in the 
epigenetic regulation of heat signaling, were also found 
in the warm epitype of Norway spruce embryogenic cells 
[58], a Pp48570 gene coding for a putative HSP protein 
has recently been described as a candidate gene for post-
embryonic memory of high temperature in P. pinaster 
[17]. Proteomic analysis of Pinus radiata heat-primed 
embryogenic lines also revealed higher expression lev-
els of proteins involved in direct stress response, such as 
HSPs and a DNAJ protein homolog, as well as in RNA 
processing and translation (AGO1D), and in protein fold-
ing/unfolding and transport processes [65]. Interestingly, 
de María et al. [66] referred that two chaperone-coding 
genes, HSP70 and DNAJ, were constitutively expressed in 
needles of drought-tolerant P. pinaster genotypes.

Two genes encoding for an AAA-ATPase (AATP, Ppi-
nas05414) and an aspartic protease (APF2, Ppinas21581), 
which are involved in seed development and germination, 
were also found to be up-regulated in maritime pine EMs 
maturating at 28 ˚C. The Arabidopsis AATP1 gene, which 
encodes a mitochondrial protein, has been observed to 
be highly expressed during seed maturation, and it is also, 
ABA-mediated, induced by abiotic stresses [67]. Genes 
coding for an AAA-ATPase and an aspartic protease have 
been referred to be involved in maize drought tolerance 
[68]. Upregulation of some genes involved in biosynthe-
sis of jasmonic acid (JA) (OPR, 12-oxophytodienoic acid 
reductase) and pimaradiene were found in EMs of the 
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warm epitype. Conversely, Trontin et al. [17], suggested 
that a member of the Cytochrome P450 monooxygenase 
gene, that blocks the active form of jasmonate (JA-Ile) 
and was activated during cold-maturation, is a candidate 
gene for the establishment of epigenetic memory dur-
ing embryo maturation in maritime pine. Jasmonic acid 
accumulation was observed in P. pinaster seedlings after 
drought stress, and this hormone was proposed to have a 
role in the environmental adaptation of the species [69, 
70], and also in the defence response against Fusarium 
circinatum [71]. In Arabidopsis, the ASPG1 (ASPARTIC 
PROTEASE IN GUARD CELL 1) gene has been proposed 
to function in drought avoidance through ABA signaling 
in guard cells [72]. Interestingly, some puzzling results 
were also found. For instance, the expression levels of 
the ABA receptor PYL3 and the xyloglucan endotrans-
glucosylase/hydrolase XTH6 were better explained by 
down-regulation in cold conditions than by induction in 
warm conditions (Fig. 6A and B). These were unexpected 
results, since XTH6 has been described to be induced 
by drought stress, and the PYL3 gene acts as a positive 
regulator of ABA-mediated inhibition of seed germina-
tion, and of tolerance to cold stress. Different PYL genes 
are activated depending on the tissue, the stage of plant 
development, and the environmental conditions [73]. 
Up-regulated expression of PYL3 was reported in rice 
and Arabidopsis plants exhibiting tolerance to cold and 
drought stresses [74, 75]. Regulation of core ABA signal-
ing components including PYLs, modulates the sensi-
tivity of tissues to this phytohormone, and is critical to 
managing excessive and detrimental defence responses 
to abiotic stress conditions, thus maintaining growth in 
non-optimal environments [76]. Therefore, the observed 
lower expression of the PYL3 gene in maritime pine EMs 
of the cold epitype might be explained by the need of 
maintaining embryo development under low tempera-
ture conditions. This could account also for the lower 
expression rates of the XTH6 gene observed under cold 
conditions. The XTH family genes codify for enzymes 
responsible of cell wall structural modification and rear-
rangement, which are involved in a variety of physiologi-
cal processes in plants, especially in cell elongation and 
abiotic stress responses. Different expression patterns 
have been observed for these genes, depending on the tis-
sue and the abiotic stress applied, in several woody plant 
species such as Populus trichocarpa [77], and Vitis vinif-
era [78] subjected to salt or drought stress, respectively, 
and in somatic embryos of Dimocarpus longan subjected 
to heat stress [79].

Given the above, our results show a clear correlation 
between the transcriptome of the maturing somatic 
embryos from the cold epitype and the heat-stress-
adapted phenotype of its derived plants, mediated 
by the up-regulation of genes involved in epigenetics 

marks. This up-regulation was observed in the 3 EMs 
lines tested, that were generated from 3 different mother 
trees. Recently, Trontin et al. [17] reported that cold was 
a stronger stimulus than heat when inducing tempera-
ture memory in maritime pine EMs, and also resulted 
in more significant phenotypic variations. In contrast, a 
comparison of the transcriptome profile of the EMs from 
the warm epitype with the previously reported pheno-
type of its derived plants with increased ABA and cyto-
kinin content [21] yielded unexpected results. In fact, a 
gene encoding a cytokinin dehydrogenase, the enzyme 
that inactivates cytokinin, was up-regulated in this epi-
type, probably to maintain hormone homeostasis needed 
for the establishment of the root stem cell niche during 
embryogenesis [80].

Conclusions
A number of studies in conifers demonstrated that 
altering temperature regimes during different somatic 
embryogenesis steps resulted in phenotypic plasticity in 
abiotic stress tolerance as a putative memory of tempera-
ture conditions.

The present study identifies the transcriptional changes 
that might activate the epigenetic machinery in maritime 
pine, and contributes to elucidating the molecular net-
work that coordinate the conifers’ mechanisms of adap-
tation to non-optimal temperatures. The results support 
that lowering the maturation temperature during somatic 
embryogenesis induces epigenetic memory mediated by 
histones and DNA-methylation marks that modify gene 
transcription, as well as by posttranslational processes 
that are maintained in its derived somatic plants. Addi-
tional studies regarding the specific genes affected by 
these epigenetic marks are needed. Further research will 
also enlighten whether these heat tolerant-induced phe-
notypes are long-term maintained. Then, our approach 
would provide a stable molecular basis to increase the 
adaptive potential of this conifer tree, which is crucial in 
the context of global climate change.

Supplementary Information
The online version contains supplementary material available at  h t t p  s : /  / d o i  . o  r 
g /  1 0 .  1 1 8 6  / s  1 2 8 6 4 - 0 2 5 - 1 1 6 1 0 - 0.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Supplementary Material 5

Supplementary Material 6

https://doi.org/10.1186/s12864-025-11610-0
https://doi.org/10.1186/s12864-025-11610-0


Page 15 of 17Montero-Pau et al. BMC Genomics          (2025) 26:467 

Acknowledgements
We thank to Alex Alborch, María Cano for technical assistance in tissue culture, 
to Willian Kelson for the English editing, and to the SCSIE (Central Service for 
Experimental Research, University of Valencia) for RNAseq data.

Author contributions
Conceptualization, I.A., E.S.; methodology, J. M-P, M.A.P-O., A. R-C., I.A. and 
E.S.; formal analysis, J.M-P.; E.S., M.A.P-O; investigation, J. M-P, M.A.P-O., A. R-C., 
I.A. and E.S; writing—original draft preparation M.A.P.-O., I.P., A.R-C. E.S., I.A; 
writing—review and editing, J.M., M.A.P-O., E.S. and I.A.; supervision, I.A. and 
E.S.; funding acquisition, I.A. All authors have read and agreed to the published 
version of the manuscript.

Funding
PID2020-112627RB-C31/AEI/ h t t p  s : /  / d o i  . o  r g /  1 0 .  1 3 0 3  9 /  5 0 1 1 0 0 0 1 1 0 3 3, the 
University of Valencia (predoctoral contract to M.A. Pérez-Oliver, Atracció de 
Talent 404) and EU (contract from Programa Investigo to A. Rodríguez-Cuesta).

Data availability
All raw reads were deposited in SRA-NCBI under BioProject PRJNA1077792  ( h t 
t  p s :  / / d a  t a  v i e  w . n  c b i .  n l  m . n  i h .  g o v /  o b  j e c t / P R J N A 1 0 7 7 7 9 2 ? r e v i e w e r = a 0 o u 4 e k o s l 
h o 1 g 9 q o j f s d m 1 v a n ) .  

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Institute Cavanilles of Biodiversity and Evolutionary Biology (ICBiBE), 
University of Valencia, Catedrático José Beltrán Martínez 2, Paterna  
46980, Spain
2Biotechnology and Biomedicine Institute (BiotecMed) and Plant Biology 
Department, Faculty of Pharmacy, University of Valencia, Av. Vicent 
Andrés Estellés s/n, Burjassot 46100, Spain
3Agrarian and Environmental Sciences Department, Institute for 
Research on Environmental Sciences (IUCA), University of Zaragoza. High 
Polytechnic School, Ctra. Cuarte s/n, Huesca 22197, Spain

Received: 8 January 2025 / Accepted: 17 April 2025

References
1. Maes J, Teller A, Erhard M, Condé S, Vallecillo S, Barredo Cano JI, Paracchini 

M, Abdul Malak D, Trombetti M, Vigiak O, Zulian G, Addamo A, Grizzetti B, 
Somma F, Hagyo A, Vogt P, Polce C, Jones A, Marin A, Ivits E, Mauri A, Rega 
C, Czucz B, Ceccherini G, Pisoni E, Ceglar A, De Palma P, Cerrani I, Meroni M, 
Caudullo G, Lugato E, Vogt J, Spinoni J, Cammalleri C, Bastrup-Birk A, San-
Miguel-Ayanz J, San Román S, Kristensen P, Christiansen T, Zal N, De Roo A, 
De Jesus Cardoso A, Pistocchi A, Del Barrio Alvarellos I, Tsiamis K, Gervasini E, 
Deriu I, La Notte A, Viñas A, Vizzarri R, Camia M, Robert A, Kakoulaki N, Garcia 
Bendito G, Panagos E, Ballabio P, Scarpa C, Montanarella S, Orgiazzi L. A., Fer-
nandez Ugalde, O. and Santos-Martín, F. 2020. Mapping and Assessment of 
Ecosystems and their Services: An EU ecosystem assessment. Joint Research 
Centre Policy Report, European Commission.  h t t p  s : /  / d o i  . o  r g /  1 0 .  2 7 6 0  / 7  5 7 1 8 3

2. Senf C, Sebald J, Seidl R. Increasing canopy mortality affects the future demo-
graphic structure of Europe’s forests. One Earth. 2021;4:749–55.  h t t p  s : /  / d o i  . o  r 
g /  1 0 .  1 0 1 6  / j  . o n  e e a  r . 2 0  2 1  . 0 4 . 0 0 8.

3. Giorgi F, Lionello P. Climate change projections for the mediterranean region. 
Glob Planet Chang. 2008;63:90–104. https://doi.org/10.1016/j.

4. Yakovlev I, Fossdal CG, Skrøppa T, Olsen JE, Jahren AH, Johnsen Ø. An adap-
tive epigenetic memory in conifers with important implications for seed 

production. Seed Sci Res. 2012;22:63–76.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 7  / S  0 9 6 0 2 5 8 5 
1 1 0 0 0 5 3 5.

5. Ávila C, Llebrés MT, Castro-Rodríguez V, Lobato-Fernández C, Reymond I, 
Harvengt L, Trontin JF, Cánovas FM. Identification of metabolic pathways dif-
ferentially regulated in somatic and zygotic embryos of maritime pine. Front 
Plant Sci. 2022;13:877960.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 8 9  / f  p l s . 2 0 2 2 . 8 7 7 9 6 0.

6. Ribeiro S, Cerveira A, Soares P, Fonseca T. Natural regeneration of maritime 
Pine: a review of the influencing factors and proposals for management. 
Forests. 2022;13:386.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 9 0  / f  1 3 0 3 0 3 8 6.

7. Prieto-Recio C, Martín-García J, Bravo F, Diez JJ. Unravelling the associations 
between climate, soil properties and forest management in Pinus pinaster 
decline in the Iberian Peninsula. Ecol Manag. 2015;356:74–83.  h t t p  s : /  / d o i  . o  r g /  
1 0 .  1 0 1 6  / j  . f o  r e c  o . 2 0  1 5  . 0 7 . 0 3 3.

8. Bräutigam K, Vining KJ, Lafon-Placette C, Fossdal CG, Mirouze M, Gutiérrez-
Marcos J, Fluch S, Fernandez-Fraga M, Guevara MA, Abarca D, Johnsen 
Ø, Maury S, Strauss SH, Campbell MM, Rohde A, Díaz-Sala C, Cervera MT. 
Epigenetic regulation of adaptive responses of forest tree species to the 
environment. Ecol Evol. 2013;3:399–415.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 2  / e  c e 3 . 4 6 1.

9. Kurpisz B, Pawłowski TA. Epigenetic mechanisms of tree responses to Climatic 
changes. Int J Mol Sci. 2022;23:13412.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 9 0  / i  j m s 2 3 2 1 1 3 4 1 
2.

10. Fossdal CG, Krokene P, Olsen JE, Strimbeck R, Viejo M, Yakovlev I, Mageroy MH. 
Epigenetic stress memory in gymnosperms. Plant Physiol. 2024;195:1117–33.  
h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 9 3  / p  l p h y s / k i a e 0 5 1.

11. Zhang H, Zhu JK. Epigenetic gene regulation in plants and its potential 
applications in crop improvement. Nat Rev Mol Cell Biol. 2025;26:51–67.

12. Thiebaut F, Hemerly AS, Ferreira PCG. A role for epigenetic regulation in 
the adaptation and stress responses of non-model plants. Front Plant Sci. 
2019;10:246.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 8 9  / f  p l s . 2 0 1 9 . 0 0 2 4 6.

13. Trontin JF, Raschke J, Rupps A. Tree memory: new insights on tempera-
ture-induced priming effects during early embryogenesis. Tree Physiol. 
2021;41:906–11.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 9 3  / t  r e e p h y s / t p a a 1 5 0.

14. Yakovlev IA, Carneros E, Lee Y, Olsen JE, Fossdal CG. Transcriptional profiling of 
epigenetic regulators in somatic embryos during temperature induced for-
mation of an epigenetic memory in Norway Spruce. Planta. 2016;243:1237–
49.  h t t p  s : /  / w w w  . j  s t o  r . o  r g / s  t a  b l e / 4 8 7 2 6 4 8 9.

15. Carneros E, Yakovlev I, Viejo M, Olsen JE, Fossdal CG. The epigenetic memory 
of temperature during embryogenesis modifies the expression of bud burst-
related genes in Norway Spruce epitypes. Planta. 2017;246:553–66.  h t t p  s : /  / d o 
i  . o  r g /  1 0 .  1 0 0 7  / s  0 0 4 2 5 - 0 1 7 - 2 7 1 3 - 9.

16. Viejo M, Tengs T, Yakovlev I, Cross H, Krokene P, Olsen JE, Fossdal CG. Epitype-
inducing temperatures drive DNA methylation changes during somatic 
embryogenesis in the long-lived gymnosperm Norway Spruce. Front. Plant 
Sci. 2023;14:1196806.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 8 9  / f  p l s . 2 0 2 3 . 1 1 9 6 8 0 6.

17. Trontin JF, Sow MD, Delaunay A, Modesto I, Teyssier C, Reymond I, Canlet F, 
Boizot N, Le Metté C, Gibert A, Chaparro C, Daviaud C, Tost J, Lelu-Walter MC, 
Maury MA S. Epigenetic memory of temperature sensed during somatic 
embryo maturation in 2-year-old maritime pine trees. Plant Physiol. 2024.  h t t 
p  s : /  / d o i  . o  r g /  1 0 .  1 0 9 3  / p  l p h y s / k i a e 6 0 0. kiae600.

18. Arrillaga I, Morcillo M, Zanón I, Lario F, Segura J, Sales E. New approaches 
to optimize somatic embryogenesis in maritime pine. Front Plant Sci. 
2019;10:138.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 8 9  / f  p l s . 2 0 1 9 . 0 0 1 3 8.

19. Pérez-Oliver MA, Haro JG, Pavlović I, Novák O, Segura J, Sales E, Arrillaga I. 
Priming maritime pine megagametophytes during somatic embryogenesis 
improved plant adaptation to heat stress. Plants. 2021;10:446.  h t t p  s : /  / d o i  . o  r g /  
1 0 .  3 3 9 0  / p  l a n t s 1 0 0 3 0 4 4 6.

20. Pérez-Oliver MA, González-Mas MdC, Renau-Morata B, Arrillaga I, Sales E. 
Heat-priming during somatic embryogenesis increased resilience to drought 
stress in the generated maritime pine (Pinus pinaster) plants. Int J Mol Sci. 
2023;24:9299.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 9 0  / i  j m s 2 4 1 1 9 2 9 9.

21. Sales E, Cañizares E, Pereira C, Pérez-Oliver MA, Nebauer SG, Pavlović I, Novák 
O, Segura J, Arrillaga I. Changing temperature conditions during somatic 
embryo maturation result in Pinus pinaster plants with altered response to 
heat stress. Int J Mol Sci. 2022;23:1318.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 9 0  / i  j m s 2 3 0 3 1 3 1 8.

22. Vega-Bartol JJ, Santos RR, Simoes M, Miguel CM. 20213a. Normalizing gene 
expression by quantitative PCR during somatic embryogenesis in two rep-
resentative conifer species: Pinus pinaster and Picea abies. Plant Cell Rep 32, 
715–29.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 7  / s  0 0 2 9 9 - 0 1 3 - 1 4 0 7 - 4

23. Rodrigues AS, De Vega JJ, Miguel CM. Comprehensive assembly and analysis 
of the transcriptome of maritime pine developing embryos. BMC Plant Biol. 
2018;18:379.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 8 6  / s  1 2 8 7 0 - 0 1 8 - 1 5 6 4 - 2.

https://doi.org/10.13039/501100011033
https://doi.org/10.2760/757183
https://doi.org/10.1016/j.oneear.2021.04.008
https://doi.org/10.1016/j.oneear.2021.04.008
https://doi.org/10.1016/j
https://doi.org/10.1017/S0960258511000535
https://doi.org/10.1017/S0960258511000535
https://doi.org/10.3389/fpls.2022.877960
https://doi.org/10.3390/f13030386
https://doi.org/10.1016/j.foreco.2015.07.033
https://doi.org/10.1016/j.foreco.2015.07.033
https://doi.org/10.1002/ece3.461
https://doi.org/10.3390/ijms232113412
https://doi.org/10.3390/ijms232113412
https://doi.org/10.1093/plphys/kiae051
https://doi.org/10.1093/plphys/kiae051
https://doi.org/10.3389/fpls.2019.00246
https://doi.org/10.1093/treephys/tpaa150
https://www.jstor.org/stable/48726489
https://doi.org/10.1007/s00425-017-2713-9
https://doi.org/10.1007/s00425-017-2713-9
https://doi.org/10.3389/fpls.2023.1196806
https://doi.org/10.1093/plphys/kiae600
https://doi.org/10.1093/plphys/kiae600
https://doi.org/10.3389/fpls.2019.00138
https://doi.org/10.3390/plants10030446
https://doi.org/10.3390/plants10030446
https://doi.org/10.3390/ijms24119299
https://doi.org/10.3390/ijms23031318
https://doi.org/10.1007/s00299-013-1407-4
https://doi.org/10.1186/s12870-018-1564-2


Page 16 of 17Montero-Pau et al. BMC Genomics          (2025) 26:467 

24. Rodrigues AS, Chaves I, Costa BV, Lin YC, Lopes S, Milhinhos A, Van de Peer Y, 
Miguel CM. Small RNA profiling in Pinus pinaster reveals the transcriptome of 
developing seeds and highlights differences between zygotic and somatic 
embryos. Sci Rep. 2019;9:11327.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 3 8  / s  4 1 5 9 8 - 0 1 9 - 4 7 7 8 9 - y.

25. Andrews S, Krueger F, Segonds-Pichon A, Biggins L, Krueger C, Wingett S. 
2012. FastQC: a quality control tool for high throughput sequence data. Avail-
able at  h t t p  : / /  w w w .  b i  o i n  f o r  m a t i  c s  . b a  b r a  h a m .  a c  . u k / p r o j e c t s / f a s t q c

26. Ewels P, Magnusson M, Lundin S, Käller M. MultiQC: summarize analysis 
results for multiple tools and samples in a single report. Bioinformatics. 
2016;32:3047–8.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 9 3  / b  i o i  n f o  r m a t  i c  s / b t w 3 5 4.

27. Bolger AM, Lohse M, Usadel B. Trimmomatic: A flexible trimmer for illumina 
sequence data. Bioinformatics. 2014;30:2114–20.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 9 3  / b  i o i  
n f o  r m a t  i c  s / b t u 1 7 0.

28. Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I, Adiconis 
X, Fan L, Raychowdhury R, Zeng Q, Chen Z, Mauceli E, Hacohen N, Gnirke 
A, Rhind N, di Palma F, Birren BW, Nusbaum C, Lindblad-Toh K, Friedman N, 
Regev A. Full-length transcriptome assembly from RNA-seq data without a 
reference genome. Nat Biotechnol. 2011;29:644–52.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 3 8  / 
n  b t . 1 8 8 3.

29. Gilbert D. 2013. Gene-omes built from mRNA seq not genome DNA. Avail-
able from  h t t p  : / /  a r t h  r o  p o d  s . e  u g e n  e s  . o r  g / E  v i d e  n t  i a l  G e n  e / a b  o u  t / E  v i g  e n e R  N A  
2 0 1 3 p o s t e r . p d f;  h t t  p : / /  g l o  b a  l h e  a l t h  . n d  . e  d u / 7 t h - a n n u a l - a r t h r o p o d - g e n o m i c 
s - s y m p o s i u m / ;  h t t p  s : /  / d o i  . o  r g /  1 0 .  7 4 9 0  / f  1 0 0  0 r e  s e a r  c h  . 1 1 1 2 5 9 4 . 1

30. Manni M, Berkeley MR, Seppey M, Simão FA, Zdobnov EM. BUSCO update: 
novel and streamlined workflows along with broader and deeper phyloge-
netic coverage for scoring of eukaryotic, prokaryotic, and viral genomes. Mol 
Biol Evol. 2021;38:4647–54.

31. Mistry J, Chuguransky S, Williams L, Qureshi M, Salazar GA, Sonnhammer ELL, 
Tosatto SCE, Paladin L, Raj S, Richardson LJ, Finn RD, Bateman A. Pfam: the 
protein families database in 2021. Nucleic Acids Res. 2020;49:D412–9.  h t t p  s : /  / 
d o i  . o  r g /  1 0 .  1 0 9 3  / n  a r / g k a a 9 1 3.

32. Nielsen H. Protein Function Prediction. In: Kihara D editor. Methods in 
Molecular Biology. Springer. 2017;161:59–73.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 7  / 9  7 8 -  1 - 4  
9 3 9 -  7 0  1 5 - 5 _ 6

33. Krogh A, Larsson B, von Heijne G, Sonnhammer EL. Predicting transmem-
brane protein topology with a hidden Markov model: application to com-
plete genomes. J Mol Biol. 2001;305:567–80.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 6  / j  m b i . 2 0 0 
0 . 4 3 1 5.

34. Kanehisa M, Sato Y, Morishima K. BlastKOALA and GhostKOALA: KEGG tools 
for functional characterization of genome and metagenome sequences. J 
Mol Biol. 2016;428:726–31.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . j m b . 2 0 1 5 . 1 1 . 0 0 6.

35. Neale DB, Wegrzyn JL, Stevens KA, Zimin AV, Puiu D, Crepeau MW, Cardeno C, 
Koriabine M, Holtz-Morris AE, Liechty JD, Martínez-García PJ, Vasquez-Gross 
HA, Lin BY, Zieve JJ, Dougherty WM, Fuentes-Soriano S, Wu LS, Gilbert D, 
Marçais G, Robert M, Holt C, Yandell M, Davis JM, Smith KE, Dean JFD, Lorenz 
WW, Whetten RW, Sederoff R, Wheeler N, McGuire PE, Main D, Loopstra CA, 
Mockaitis K, deJong PJ, Yorke JA, Salzberg SL, Langley CH. Decoding the 
massive genome of loblolly pine using haploid DNA and novel assembly 
strategies. Genome Biol. 2014;15:R59.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 8 6  / g  b - 2 0 1 4 - 1 5 - 3 - r 
5 9.

36. Canales J, Bautista R, Label P, Gómez-Maldonado J, Lesur I, Fernández-Pozo 
N, Rueda-López M, Guerrero-Fernández D, Castro-Rodríguez V, Benzekri H, 
Cañas RA, Guevara MA, Rodrigues A, Seoane P, Teyssier C, More LA, Ehren-
mann F, Le Provost G, Lalanne C, Noirot C, Klopp C, Reymond I, García-Gutiér-
rez A, Trontin JF, Lelu-Walter MA, Miguel C, Cervera MT, Cantón FR, Plomion 
C, Harvengt L, Avila C, Gonzalo-Claros M, Cánovas FM. De Novo assembly of 
maritime pine transcriptome: implications for forest breeding and biotech-
nology plant Biotechnol. J. 2014;12:286–99.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 1 1  / p  b i . 1 2 1 3 
6.

37. Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. Nat 
Methods. 2012;9:357–9.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 3 8  / n  m e t h . 1 9 2 3.

38. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data 
with or without a reference genome. BMC Bioinformatics. 2011;12:323.  h t t p  s : /  
/ d o i  . o  r g /  1 0 .  1 1 8 6  / 1  4 7 1 - 2 1 0 5 - 1 2 - 3 2 3.

39. McCarthy DJ, Chen Y, Smyth GK. Differential expression analysis of multifactor 
RNA-Seq experiments with respect to biological variation. Nucleic Acids Res. 
2012;40:4288–97.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 9 3  / n  a r / g k s 0 4 2.

40. Alexa A, Rahnenfuhrer J. TopGO: enrichment analysis for gene ontology. R 
Package Version 2 48 0. 2022.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 8 1 2  9 /  B 9 . b i o c . t o p G O.

41. Yu G, Wang LG, Han Y, He QY. ClusterProfiler: an R package for comparing 
biological themes among gene clusters. OMICS J Integr Biol. 2012;16:284–7.  h 
t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 8 9  / o  m i . 2 0 1 1 . 0 1 1 8.

42. Trontin JF, Klimaszewska K, Morel A, Hargreaves C, Lelu-Walter MA. Molecular 
aspects of conifer zygotic and somatic embryo development: a review of 
genome-wide approaches and recent insights. In: Germanà MA, Lambardi M. 
editors. In Vitro Embryogenesis in Higher Plants, Methods in Molecular Biol-
ogy 1359, New York, USA. Springer Science + Business Media. 2016;167–207.  
h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 7  / 9  7 8 -  1 - 4  9 3 9 -  3 0  6 1 - 6 _ 8.

43. Alvarez JM, Bueno N, Cañas RA, Avila C, Cánovas FM, Ordás RJ. Analysis of the 
WUSCHEL-RELATED HOMEOBOX gene family in Pinus pinaster: new insights 
into the gene family evolution. Plant Physiol Biochem. 2018;123:304–18.  h t t p  
s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . p l  a p h  y . 2 0  1 7  . 1 2 . 0 3 1.

44. Bueno N, Alvarez JM, Ordás RJ. Characterization of the KNOTTED1-
LIKE HOMEOBOX (KNOX) gene family in Pinus pinaster Ait. Plant Sci. 
2020;301:110691.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . p l  a n t  s c i .  2 0  2 0 . 1 1 0 6 9 1.

45. Vega-Bartol JJ, Simões M, Lorenz WW, Rodrigues AS, Alba R, Dean JFD, Miguel 
CM. Transcriptomic analysis highlights epigenetic and transcriptional regula-
tion during zygotic embryo development of Pinus pinaster. BMC Plant Biol. 
2013b;13:123.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 8 6  / 1  4 7 1 - 2 2 2 9 - 1 3 - 1 2 3.

46. Ueda M, Seki M. Histone modifications form epigenetic regulatory networks 
to regulate abiotic stress response. Plant Physiol. 2020;182:15–26.  h t t p  s : /  / d o i  . 
o  r g /  1 0 .  1 1 0 4  / p  p . 1 9 . 0 0 9 8 8 ).

47. McCaw BA, Stevenson TJ, Lancaster LT. Epigenetic responses to temperature 
and climate. Integrat Comp Biol. 2020;60:1469–80.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 9 3  / i  c 
b / i c a a 0 4 9.

48. Johnsen Ø, Fossdal CG, Nagy N, Mølmann J, Dæhlen OG, Skrøppa T. 
Climatic adaptation in Picea abies progenies is affected by the temperature 
during zygotic embryogenesis and seed maturation. Plant Cell Environ. 
2005;28:1090–102.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 1 1  / j  . 1 3  6 5 -  3 0 4 0  . 2  0 0 5 . 0 1 3 5 6 . x.

49. Foroozani M, Holder DH, Deal RB. Histone variants in the specialization of 
plant chromatin. Ann Rev Plant Biol. 2022;73:149–72.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 4 6  / 
a  n n u  r e v  - a r p  l a  n t - 0 7 0 2 2 1 - 0 5 0 0 4 4.

50. Lamelas L, Valledor L, Escandón M, Pinto G, Cañal MJ, Meijón M. Integrative 
analysis of the nuclear proteome in Pinus radiata reveals thermopriming 
coupled to epigenetic regulation. J Exp Bot. 2020;71:2040–57.  h t t p  s : /  / d o i  . o  r g 
/  1 0 .  1 0 9 3  / j  x b / e r z 5 2 4.

51. Potok ME, Zhong Z, Picard CL, Liu Q, Do T, Jacobsen CE, Sakr O, Naranbaatar B, 
Thilakaratne R, Khnkoyan Z, Purl M, Cheng H, Vervaet H, Feng S, Rayatpisheh 
S, Wohlschlegel JA, O’Malley RC, Ecker JR, Jacobsen SE. The role of ATXR6 
expression in modulating genome stability and transposable element repres-
sion in Arabidopsis. Proc Natl Acad Sci U S A. 2022;119(e2115570119).  h t t p  s : /  / 
d o i  . o  r g /  1 0 .  1 0 7 3  / p  n a s . 2 1 1 5 5 7 0 1 1 9.

52. Shi L, Cui X, Shen Y. The roles of histone methylation in the regulation of 
abiotic stress responses in plants. Plant Stress. 2024;11:100303.  h t t p  s : /  / d o i  . o  r g 
/  1 0 .  1 0 1 6  / j  . s t  r e s  s . 2 0  2 3  . 1 0 0 3 0 3.

53. Tahir MS, Tian L. HD2-type histone deacetylases: unique regulators of plant 
development and stress responses. Plant Cell Rep. 2021;40:1603–15.  h t t p  s : /  / d 
o i  . o  r g /  1 0 .  1 0 0 7  / s  0 0 2 9 9 - 0 2 1 - 0 2 6 8 8 - 3.

54. Niu Y, Bai J, Liu X, Zhang H, Bao J, Zhao W, Hou Y, Deng X, Yang C, Guo L, Geng 
Z, Xie H, Wu H, Shen M, Lou X, Tang W, Liu X, Sun D, Cao X, Zheng S. HISTONE 
DEACETYLASE 9 transduces heat signal in plant cells. Proc Nat Acad Sci. 
2022;119:e2206846119.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 7 3  / p  n a s . 2 2 0 6 8 4 6 1 1 9.

55. Zheng Y, Ge J, Bao C, Chang W, Liu J, Shao J, Liu X, Su L, Pan L, Zhou D-X. His-
tone deacetylase HDA9 and WRKY53 transcription factor are mutual antago-
nists in regulation of plant stress response. Mol Plant. 2020;13:598–611.  h t t p  s : 
/  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . m o l p . 2 0 1 9 . 1 2 . 0 1 1.

56. Woo HR, Dittmer TA, Richards EJ. Three SRA-domain methylcytosine-binding 
proteins cooperate to maintain global CpG methylation and epigenetic 
Silencing in Arabidopsis. PLoS Genet. 2008;4:e1000156.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 3 7 
1  / j  o u r  n a l  . p g e  n .  1 0 0 0 1 5 6.

57. Pradhan M, Baldwin IT, Pandey SP. Argonaute7 (AGO7) optimizes arbuscular 
mycorrhizal fungal associations and enhances competitive growth in Nico-
tiana attenuata. New Phytol. 2023;240:382–98.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 1 1  / n  p h . 1 
9 1 5 5.

58. Yakovlev IA, Lee YK, Rotter B, Olsen JE, Skrøppa T, Johnsen Ø, Fossdal CG. 
Temperature-dependent differential transcriptomes during formation of an 
epigenetic memory in Norway Spruce embryogenesis. Tree Genet Genomes. 
2014;10:355–66.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 7  / s  1 1 2 9 5 - 0 1 3 - 0 6 9 1 - z.

59. Castander-Olarieta A, Pereira C, Sales E, Meijón M, Arrillaga I, Cañal MJ, Goicoa 
T, Ugarte MD, Moncaleán P, Montalbán IA. Induction of radiata pine somatic 
embryogenesis at high temperatures provokes a long-term decrease in DNA 
methylation/hydroxymethylation and differential expression of stress-related 
genes. Plants. 2020;9:1762.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 9 0  / p  l a n t s 9 1 2 1 7 6 2.

https://doi.org/10.1038/s41598-019-47789-y
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/nbt.1883
http://arthropods.eugenes.org/EvidentialGene/about/EvigeneRNA2013poster.pdf
http://arthropods.eugenes.org/EvidentialGene/about/EvigeneRNA2013poster.pdf
https://doi.org/10.7490/f1000research.1112594.1
https://doi.org/10.1093/nar/gkaa913
https://doi.org/10.1093/nar/gkaa913
https://doi.org/10.1007/978-1-4939-7015-5_6
https://doi.org/10.1007/978-1-4939-7015-5_6
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1016/j.jmb.2015.11.006
https://doi.org/10.1186/gb-2014-15-3-r59
https://doi.org/10.1186/gb-2014-15-3-r59
https://doi.org/10.1111/pbi.12136
https://doi.org/10.1111/pbi.12136
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1093/nar/gks042
https://doi.org/10.18129/B9.bioc.topGO
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1007/978-1-4939-3061-6_8
https://doi.org/10.1007/978-1-4939-3061-6_8
https://doi.org/10.1016/j.plaphy.2017.12.031
https://doi.org/10.1016/j.plaphy.2017.12.031
https://doi.org/10.1016/j.plantsci.2020.110691
https://doi.org/10.1186/1471-2229-13-123
https://doi.org/10.1104/pp.19.00988)
https://doi.org/10.1104/pp.19.00988)
https://doi.org/10.1093/icb/icaa049
https://doi.org/10.1093/icb/icaa049
https://doi.org/10.1111/j.1365-3040.2005.01356.x
https://doi.org/10.1146/annurev-arplant-070221-050044
https://doi.org/10.1146/annurev-arplant-070221-050044
https://doi.org/10.1093/jxb/erz524
https://doi.org/10.1093/jxb/erz524
https://doi.org/10.1073/pnas.2115570119
https://doi.org/10.1073/pnas.2115570119
https://doi.org/10.1016/j.stress.2023.100303
https://doi.org/10.1016/j.stress.2023.100303
https://doi.org/10.1007/s00299-021-02688-3
https://doi.org/10.1007/s00299-021-02688-3
https://doi.org/10.1073/pnas.2206846119
https://doi.org/10.1016/j.molp.2019.12.011
https://doi.org/10.1016/j.molp.2019.12.011
https://doi.org/10.1371/journal.pgen.1000156
https://doi.org/10.1371/journal.pgen.1000156
https://doi.org/10.1111/nph.19155
https://doi.org/10.1111/nph.19155
https://doi.org/10.1007/s11295-013-0691-z
https://doi.org/10.3390/plants9121762


Page 17 of 17Montero-Pau et al. BMC Genomics          (2025) 26:467 

60. Yakovlev IA, Fossdal CG. In Silico analysis of small RNAs suggest roles for novel 
and conserved MiRNAs in the formation of epigenetic memory in somatic 
embryos of Norway Spruce. Front Physiol. 2017;8:674.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 8 9  
/ f  p h y s . 2 0 1 7 . 0 0 6 7 4.

61. Yang F, Sun Y, Du X, Chu Z, Zhong X, Chen X. Plant-specific histone deacety-
lases associate with ARGONAUTE4 to promote heterochromatin stabilization 
and plant heat tolerance. New Phytol. 2023;238:252–69.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 
1 1  / n  p h . 1 8 7 2 9.

62. Abulfaraj AA, Hirt H, Rayapuram N. G3BPs in plant stress. Front. Plant Sci. 
2021;12:680710.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 8 9  / f  p l s . 2 0 2 1 . 6 8 0 7 1 0.

63. Shu K, Yang W. E3 ubiquitin ligases: ubiquitous actors in plant development 
and abiotic stress responses. Plant Cell Physiol. 2017;58:1461–76.  h t t p  s : /  / d o i  . o  
r g /  1 0 .  1 0 9 3  / p  c p / p c x 0 7 1.

64. Takayama S, Bimston DN, Matsuzawa S, Brian C, Freeman BC, Aime-Sempe 
C, Xie Z, Morimoto RI, Reed JC. BAG‐1 modulates the chaperone activity of 
Hsp70/Hsc70. EMBO J. 1997;16:4887–96.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 9 3  / e  m b o j / 1 6 . 1 
6 . 4 8 8 7.

65. Castander-Olarieta A, Pereira C, Montalbán IA, Mendes VM, Correia S, Suárez-
Álvarez S, Manadas B, Canhoto J, Moncaleán P. Proteome-wide analysis of 
heat-stress in Pinus radiata somatic embryos reveals a combined response of 
sugar metabolism and translational regulation mechanisms. Front Plant Sci. 
2021;12:631239.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 8 9  / f  p l s . 2 0 2 1 . 6 3 1 2 3 9.

66. de María N, Guevara MA, Perdiguero P, Vélez MD, Cabezas JA, López-Hinojosa 
M, Li Z, Díaz LM, Pizarro A, Mancha JA, Sterck L, Sánchez-Gómez D, Miguel 
C, Collada C, Díaz-Sala C, Cervera MT. Molecular study of drought response 
in the mediterranean conifer Pinus pinaster Ait.: differential transcriptomic 
profiling reveals constitutive water deficit-independent drought tolerance 
mechanisms. Ecol Evol. 2020;10:9788–807.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 2  / e  c e 3 . 6 6 1 3.

67. Baek K, Seo PJ, Park CM. Activation of a mitochondrial ATPase gene induces 
abnormal seed development in Arabidopsis. Mol Cells. 2011;31(4):361–9.  h t t p  
s : /  / d o i  . o  r g /  1 0 .  1 0 0 7  / s  1 0 0 5 9 - 0 1 1 - 0 0 4 8 - 0.

68. Waititu JK, Zhang X, Chen T, Zhang C, Zhao Y, Wang H. Transcriptome analysis 
of tolerant and susceptible maize genotypes reveals novel insights about the 
molecular mechanisms underlying drought responses in leaves. Int J Mol Sci. 
2021;22:6980.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 9 0  / i  j m s 2 2 1 3 6 9 8 0.

69. Cañas RA, Feito I, Fuente-Maqueda JF, Ávila C, Majada J, Cánovas FM. Tran-
scriptome-wide analysis supports environmental adaptations of two Pinus 
pinaster populations from contrasting habitats. BMC Genomics. 2015;16:909.  
h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 8 6  / s  1 2 8 6 4 - 0 1 5 - 2 1 7 7 - x.

70. Pedranzani H, Sierra-de-Grado R, Vigliocco A, Miersch O. Cold and water 
stresses produce changes in endogenous jasmonates in two population of 

Pinus pinaster Ait. Plant Growth Reg. 2007;52:111–6.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 7  / s  
1 0 7 2 5 - 0 0 7 - 9 1 6 6 - 2.

71. Hernandez-Escribano L, Visser EA, Iturritxa E, Raposo R, Naidoo S. The 
transcriptome of Pinus pinaster under Fusarium circinatum challenge. BMC 
Genomics. 2020;21:28.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 8 6  / s  1 2 8 6 4 - 0 1 9 - 6 4 4 4 - 0.

72. Yao X, Xiong W, Ye T, Wu Y. Overexpression of the aspartic protease ASPG1 
gene confers drought avoidance in Arabidopsis. J Exp Bot. 2012;63:2579–93.  
h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 9 3  / j  x b / e r r 4 3 3.

73. Fidler J, Graska J, Gietler M, Nykiel M, Prabucka B, Rybarczyk-Płonska A, 
Muszynska E, Morkunas I, Labudda M. PYR/PYL/RCAR receptors play a vital 
role in the abscisic-acid-dependent responses of plants to external or internal 
stimuli. Cells. 2022;11:1352.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 9 0  / c  e l l s 1 1 0 8 1 3 5 2.

74. Lenka SK, Muthusamy SK, Chinnusamy V, Bansal KC. Ectopic expression of 
rice PYL3 enhances cold and drought tolerance in Arabidopsis thaliana. Mol 
Biotechnol. 2018;60:350–61.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 7  / s  1 2 0 3 3 - 0 1 8 - 0 0 7 6 - 5.

75. Tian X, Wang Z, Li X, Lv T, Liu H, Wang L, Niu H, Bu Q. Characterization and 
functional analysis of pyrabactin resistance-like abscisic acid receptor family 
in rice. Rice. 2015;8:28.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 8 6  / s  1 2 2 8 4 - 0 1 5 - 0 0 6 1 - 6.

76. Chen K, Li GJ, Bressan RA, Song CP, Zhu JK, Zhao Y. Abscisic acid dynamics, 
signalling, and functions in plants. J Integr Biol. 2020;62:25–54.  h t t p  s : /  / d o i  . o  r g 
/  1 0 .  1 1 1 1  / j  i p b . 1 2 8 9 9.

77. Cheng Z, Zhang X, Yao W, Gao Y, Zhao K, Guo Q, Zhou B, Jiang T. Genome-
wide identification and expression analysis of the Xyloglucan endotransglu-
cosylase/hydrolase gene family in Poplar. BMC Genom. 2021;22:804.  h t t p  s : /  / d 
o i  . o  r g /  1 0 .  1 1 8 6  / s  1 2 8 6 4 - 0 2 1 - 0 8 1 3 4 - 8.

78. Qiao T, Zhang L, Yu Y, Pang Y, Tang X, Wang X, Li L, Li B, Sun Q. Identification 
and expression analysis of Xyloglucan endotransglucosylase/hydrolase (XTH) 
family in grapevine (Vitis vinifera L). Peer J. 2022;10:e13546.  h t t p  s : /  / d o i  . o  r g /  1 0 .  
7 7 1 7  / p  e e r j . 1 3 5 4 6.

79. Ma X, Chen Y, Liu M, Xue X, Zhang X, Xu L, Lai Z, Lin Y. Genome-wide analysis 
of the XTH gene family and functional analysis of DlXTH23.5/25 during early 
Longan somatic embryogenesis. Front Plant Sci. 2022;13:1043464.  h t t p  s : /  / d o i  . 
o  r g /  1 0 .  3 3 8 9  / f  p l s . 2 0 2 2 . 1 0 4 3 4 6 4.

80. Del Bianco M, Giustini L, Sabatini S. Spatiotemporal changes in the role of 
cytokinin during root development. New Phytol. 2013;199:324–38.  h t t p s :   /  / d o  
i .  o r  g  /  1 0  . 1 1   1 1  /  n p h . 1 2 3 3 8.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.3389/fphys.2017.00674
https://doi.org/10.3389/fphys.2017.00674
https://doi.org/10.1111/nph.18729
https://doi.org/10.1111/nph.18729
https://doi.org/10.3389/fpls.2021.680710
https://doi.org/10.1093/pcp/pcx071
https://doi.org/10.1093/pcp/pcx071
https://doi.org/10.1093/emboj/16.16.4887
https://doi.org/10.1093/emboj/16.16.4887
https://doi.org/10.3389/fpls.2021.631239
https://doi.org/10.1002/ece3.6613
https://doi.org/10.1007/s10059-011-0048-0
https://doi.org/10.1007/s10059-011-0048-0
https://doi.org/10.3390/ijms22136980
https://doi.org/10.1186/s12864-015-2177-x
https://doi.org/10.1186/s12864-015-2177-x
https://doi.org/10.1007/s10725-007-9166-2
https://doi.org/10.1007/s10725-007-9166-2
https://doi.org/10.1186/s12864-019-6444-0
https://doi.org/10.1093/jxb/err433
https://doi.org/10.1093/jxb/err433
https://doi.org/10.3390/cells11081352
https://doi.org/10.1007/s12033-018-0076-5
https://doi.org/10.1186/s12284-015-0061-6
https://doi.org/10.1111/jipb.12899
https://doi.org/10.1111/jipb.12899
https://doi.org/10.1186/s12864-021-08134-8
https://doi.org/10.1186/s12864-021-08134-8
https://doi.org/10.7717/peerj.13546
https://doi.org/10.7717/peerj.13546
https://doi.org/10.3389/fpls.2022.1043464
https://doi.org/10.3389/fpls.2022.1043464
https://doi.org/10.1111/nph.12338
https://doi.org/10.1111/nph.12338

	Temperature-induced variation in the transcriptome of maritime pine (Pinus pinaster Ait.) embryogenic masses modulates the phenotype of the derived plants
	Abstract
	Introduction
	Materials and methods
	Plant material, RNA extraction and sequencing
	Transcriptome assembly and functional annotation
	Differential expression analysis
	Validation of DEGs
	Statistical analyses

	Results
	DEG enrichment
	Effect of temperature on genes regulating embryo development
	Effect of temperature on genes regulating epigenetic modifications
	Effect of temperature on genes regulating stress responses

	Discussion
	Conclusions
	References


