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Abstract
Main conclusion Gymnosperms respond differently to light intensity and R:FR; although some aspects of shade 
response appear conserved, yet underlying mechanisms seem to be diverse in gymnosperms as compared to 
angiosperms.

Shade avoidance syndrome (SAS) is well-characterized in the shade intolerant model species Arabidopsis thaliana whereas 
much less is known about shade tolerance response (STR), yet regulation of SAS and STR with reference to conifers remains 
poorly understood. We conducted a comparative study of two conifer species with contrasting responses to shade, Scots 
pine (shade-intolerant) and Norway spruce (shade-tolerant), with the aim to understand mechanisms behind SAS and STR 
in conifers. Pine and spruce seedlings were grown under controlled light and shade conditions, and hypocotyl and seedling 
elongation following different light treatments were determined in both species as indicators of shade responses. Red to far-
red light ratio (R:FR) was shown to trigger the shade response in Norway spruce. In Scots pine, we observed an interaction 
between R:FR and light intensity. RNA sequencing (RNA-Seq) data revealed that SAS and STR responses included changes 
in expression of genes involved primarily in hormone signalling and pigment biosynthesis. From the RNA-Seq analysis, we 
propose that although some aspects of shade response appear to be conserved in angiosperms and gymnosperms, yet the 
underlying mechanisms may be different in gymnosperms that warrants further research.

Keywords Gymnosperms · Light intensity · Norway spruce · Phytochrome B · Pigment synthesis · R:FR ratio · RNA 
sequencing · Scots pine · Seedling morphology

Abbreviations
ATERF  Arabidopsis thaliana ethylene 

responsive element binding factors
COT  Cotyledon

ELIP2  Early light-induced protein 2
HYP  Hypocotyl
JA  Jasmonic acid
LHC  Light-harvesting chlorophyll-binding 

protein complex
Phy/PHY  Phytochrome
R:FR  Red to far-red ratio
ROOT_HYPCOT  Lower (root) to upper (hypoco-

tyl + cotyledon) growth ratio
SA  Salicylic acid
SAS  Shade avoidance syndrome
STR  Shade tolerance response
TF  Transcription factor
TOTAL_LENGTH  Hypocotyl + root
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Introduction

Plants have developed sophisticated mechanisms to sense 
and respond to light duration, intensity and quality. Mul-
tiple wavelengths of the light spectrum are of biological 
significance in addition to the photosynthetically active 
radiation (PAR) (400–700 nm). The red (R, 660 nm) to far-
red (FR, 730 nm) ratio (R:FR) is an indicator of the degree 
of shade with low values activating both shade avoidance 
and tolerance responses (Ballare et al. 1987; Gommers 
et al. 2013). In a fully light exposed area at midday, the 
R:FR ratio was reported to be 1.2 (Warrington et al. 1989; 
Smith 1994), whereas under vegetative shade the R light 
is largely absorbed by the chlorophyll and other leaf pig-
ments while the FR is transmitted or reflected, resulting in 
a decrease in R:FR ratio to 0.2–0.8 (Ballare et al. 1987). 
Similarly, a decrease in R:FR ratio occurs during the twi-
light hours largely due to the longer path length of the light 
through the ozone layer which absorbs in the red–green 
region of the spectrum that results in a relative increase in 
blue and FR light (Attridge 1990).

Shade is perceived by the plants as decrease in the R:FR 
ratio, where there is higher FR than R. The study by Fern-
bach and Mohr (1990) on the Scots pine hypocotyl growth 
reported the absence of high irradiance response (HIR) 
(i.e., a lack of hypocotyl growth inhibition under FR), 
whereas presence of HIR under FR is a common feature 
in the angiosperms. Thus gymnosperms respond to light 
quality in a different way as compared to angiosperms. 
In gymnosperms as well as in angiosperms, the extent 
of vegetative response to shade differs between species 
depending on their level of tolerance to shade (Hoddinott 
and Scott 1996; Humbert et al. 2007). Shade tolerance is 
a function of the capacity of a particular species to effi-
ciently modify its morphology to adapt and respond to 
low light intensities and low R:FR ratio, in addition to 
change the carbon allocation from photosynthetic activity 
to elongation (Valladares and Niinemets 2008; Giertych 
et al. 2015). Comparative studies of species with different 
levels of shade tolerance have been proven as an optimal 
experimental set up to study the mechanisms governing 
response to shade in both angiosperms (Sefcik et al. 2006) 
and gymnosperms (Peer et al. 1999).

A significant amount of research has been devoted to 
study the eco-physiological consequences of exposure to 
shade in angiosperms (Valladares and Niinemets 2008) 
and conifers (Warrington et al. 1989; Hoddinott and Scott 
1996). In A. thaliana, the shade avoidance syndrome 
(SAS) is well-characterized and primarily involves the 
phytochromes, PhyA and PhyB, and the downstream genes 
required for the integration between the light and hormone 
signalling pathways (Yang and Li 2017). Shade reduces 

phyB activity, which increases the mRNA levels of basic 
helix–loop–helix (bHLH) transcription factors such as 
phytochrome interacting factors (PIF) (Lorrain et  al. 
2008). PIFs regulate a large number of genes encoding 
metabolic enzymes and genes in the signalling pathways of 
the phytohormones (Ballare and Pierik 2017). The shade 
tolerance response (STR) has so far attracted less atten-
tion (Gommers et al. 2013). Recently, a RNA sequencing 
comparative study between two Geranium species from 
different native light environments revealed that STR and 
SAS share a common phytochrome-mediated mechanism 
with contrasting patterns of gene expression for the con-
trol of immunity and shoot elongation (Gommers et al. 
2017). Genes involved in the SAS/STR in conifers remain 
unexplored, therefore we performed the whole-genome 
expression study using RNA sequencing (RNA-Seq) to 
get an overview of the biological pathways and molecular 
mechanisms that regulate SAS/STR and also to suggest 
potential candidates involved in the mechanism.

In this study, we aimed to advance our knowledge on the 
following: (1) Scots pine and Norway spruce as a model 
system for shade response studies, (2) the effect of R:FR 
and light intensity on the response to shade in seedlings and 
(3) the mechanism governing the SAS and the STR in coni-
fers. To address this, seeds from Scots pine and Norway 
spruce were grown under constant light with contrasting 
R:FR (SUN-like 1.2 and SHADE-like 0.2) and light inten-
sities. Hypocotyl (HYP), root (ROOT) and cotyledon (COT) 
lengths were determined in fully developed seedlings under 
the different light regimes, and the seedlings were analysed 
for whole genome expression using RNA-Seq.

Materials and methods

Seed material

Scots pine and Norway spruce seeds were collected from 
70 unrelated trees from a Swedish natural population in 
Kaunisvaara (67°N 5′N). To ensure low consanguinity and 
to capture a representation of the population diversity, trees 
were collected at a distance of minimum 50 meters from 
each other. Cones were dried with warm air to force release 
the seeds. Sound seeds were separated from the empty seeds 
by flotation. The percentage of germination was obtained by 
germinating soaked seeds on paper discs on a warm bench 
with controlled humidity and temperature. The percentage 
of germination was of 98% on a batch of 200 seeds (5 seeds 
per tree).
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Seed germination and light treatment

Stratified seeds (soaked in water at 4 °C overnight) were 
sown on water-saturated sterile vermiculite in growth 
boxes (Saveen Werner) and maintained at a constant 
temperature of 22 °C in Percival (LED-30 Elite series) 
growth cabinets. 70 sound seeds per treatment, latitude 
and species (one seed per sampled tree) were germinated 
under four light treatments (Table 1) and dark (DARK). 
Treatment A and C represented SHADE-like (SHADE) 
conditions having the same relative value of R to FR light 
(R:FR = 0.2) and differed in the total light intensity (36 
and 65 µmol m−2  s−1, respectively). Treatment B and D 
represented SUN-like (SUN) conditions having same R:FR 
ratio (R:FR = 1.2) but differed in total light intensity (65 
and 20 µmol m−2  s−1, respectively). Treatment B (SUN) 
had the same total light intensity as treatment C (SHADE). 
Treatment A (SHADE) and B (SUN) had the same FR 
intensity (30 µmol m−2  s−1). Treatment C (SHADE) and D 
(SUN) had the same R intensity (11 µmol m−2  s−1). Treat-
ment D had the lowest total light intensity of all four light 
treatments (20 µmol m−2  s−1). The rationale behind such 
an experimental design was to investigate whether inten-
sity of R/FR or the ratio between R and FR is the key fac-
tor responsible for the effect of shade avoidance response 
in the two conifer species with contrasting responses to 
shade. We considered only the R and FR light qualities 
in this experiment as these are the two main responsible 
elements that plants use to determine shade conditions and 
respond accordingly. Plants sense the shade as decrease in 
R (or decrease in R:FR); R is primarily absorbed by the 
pigments and FR is reflected thereby decreasing the R:FR 
ratio. We had technical limitations with attaining the exact 
sun conditions (with higher total light intensity) to test our 
hypothesis whether intensity of R/FR or the ratio between 
R and FR is the key factor responsible for the effect of 
shade response in conifers. However, this experimental 
design was able to trigger the shade avoidance and the 
shade tolerance response in both the conifer species which 

is evident from the morphological data analysis included 
in this work.

Seedling measurements

Length of hypocotyl (HYP), root (ROOT) and cotyledon 
(COT), the lower (root) to upper (hypocotyl + cotyledon) 
growth ratio (ROOT_HYPCOT) and hypocotyl + root 
(TOTAL_LENGTH) were scored at the mm precision for 
each seedling at the seedling developmental stage where 
hypocotyl was fully developed (Ranade and García-Gil 
2013).

RNA sequencing

Three biological replicates were prepared for each of the 
light treatments—A (SHADE), B (SUN) and DARK (con-
trol), for RNA extraction for Scots pine and Norway spruce. 
The biological replicates were prepared by pooling three 
seedlings per sample to reduce variation between replicates 
and to increase the statistical power of the analysis (i.e. 
increased sensitivity to detect genes that are differentially 
expressed between conditions).

Total RNA was isolated using Spectrum Plant Total RNA 
Kit (Sigma) following the manufacturer’s instructions. The 
mRNA concentration and quality was determined using 
NanoDrop-2000 spectrophotometer (Thermo Fisher Sci-
entific Inc.) and Bioanalyzer 2100 (Agilent Technologies 
Inc.), respectively. RNA library preparation and subsequent 
sequencing were performed at SciLifeLab (Stockholm, Swe-
den). Strand-specific RNA libraries for sequencing were 
prepared with TruSeq Stranded mRNA Sample prep kit of 
96 dual indexes (Illumina) according to the manufacturer’s 
instructions except for the following changes: the protocols 
were automated in Agilent NGS workstation (Agilent Tech-
nologies) using purification steps as described in Lundin 
et al. (2010) and Borgstrom et al. (2011). Clonal clusters 
were generated using cBot (Illumina) and sequenced on 
HiSeq 2500 (Illumina) according to manufacturer’s instruc-
tions. Bcl to Fastq conversion was performed with bcl2Fastq 
v1.8.3 from the CASAVA software suite. The quality scale 
was Sanger/phred33/Illumina 1.8 + . The obtained data was 
deposited to the ENA and is accessible under the accession 
number RJEB19683.

Pre‑processing of RNA‑Seq data and differential 
expression analyses

The data pre-processing was performed as described here: 
http://www.epige nesys .eu/en/proto cols/bio-infor matic 
s/1283-guide lines -for-rna-seq-data-analy sis. Briefly, the 
quality of the raw sequence data was assessed using FastQC 
(http://www.bioin forma tics.babra ham.ac.uk/proje cts/fastq 

Table 1  Light treatments

Treatment Light conditions

A R:FR 0.2 (36 µmol m−2  s−1)
R (6 µmol m−2  s−1):FR (30 µmol m−2  s−1)

B R:FR 1.2 (65 µmol m−2  s−1)
R (35 µmol m−2  s−1):FR (30 µmol m−2  s−1)

C R:FR = 0.2 (65 µmol m−2  s−1)
R (11 µmol m−2  s−1):FR (54 µmol m−2  s−1)

D R:FR 1.2 (20 µmol m−2  s−1)
R (11 µmol m−2  s−1):FR (9 µmol m−2  s−1)

DARK Absence of light

http://www.epigenesys.eu/en/protocols/bio-informatics/1283-guidelines-for-rna-seq-data-analysis
http://www.epigenesys.eu/en/protocols/bio-informatics/1283-guidelines-for-rna-seq-data-analysis
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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c/). Residual ribosomal RNA (rRNA) contamination was 
assessed and filtered using SortMeRNA (v2.1; (Kopylova 
et al. 2012); settings –log –paired_in –fastx–sam –num_
alignments 1) using the rRNA sequences provided with 
SortMeRNA (rfam-5s-database-id98.fasta, rfam-5.8s-data-
base-id98.fasta, silva-arc-16s-database-id95.fasta, silva-bac-
16s-database-id85.fasta, silva-euk-18s-database-id95.fasta, 
silva-arc-23s-database-id98.fasta, silva-bac-23s-database-
id98.fasta and silva-euk-28s-database-id98.fasta). Data was 
then filtered to remove adapters and trimmed for quality 
using Trimmomatic (v0.32; (Bolger et al. 2014); settings 
TruSeq 3-PE-2.fa:2:30:10 SLIDINGWINDOW:5:20 MIN-
LEN:50). After both filtering steps, FastQC was run again to 
ensure that no technical artefacts were introduced. Filtered 
reads were aligned to v1.0 of the P. abies genome (retrieved 
from the PopGenIE resource; Sundell et al. 2015) using 
STAR (v2.4.0f1; Dobin et al. 2013); non- default settings: 
–outSAMstrandField intronMotif –readFilesCommand zcat 
–outSAMmapqUnique 254 –quantMode TranscriptomeSAM 
–outFilterMultimapNmax 100 –outReadsUnmapped Fastx 
–chimSegmentMin 1 –outSAMtype BAM SortedByCoor-
dinate –outWigType bedGraph –alignIntronMax 11000). 
The annotations obtained from the P. abies v1.0 GFF file 
contain only one transcript per gene-model, and as such, 
did not need to be modified to generate ‘synthetic’ gene 
models. This GFF file and the STAR read alignments were 
used as input to the HTSeq (Anders et al. 2015) htseq-count 
python utility to calculate exon-based read count values. The 
htseq-count utility takes only uniquely mapping reads into 
account. The Scots pine samples were processed similarly, 
but aligned to the v1.01 of the P. taeda genome (Zimin et al. 
2014) and its annotation retrieved from http://pineg enome 
.org/piner efseq /. The biological relevance of the data—e.g. 
biological replicates similarity—was assessed by Principal 
Component Analysis (PCA) and other visualisations (e.g. 
heatmaps), using custom R scripts.

Statistical analysis

Seedling morphology traits

Seedling morphology data were converted into percentage of 
change with respect to DARK (100%). Analysis of variance 
(ANOVA) was applied to estimate the significance of the 
light treatment effect. Principal Component Analysis (PCA), 
ANOVA and Duncan post hoc tests were conducted using R 
software (R Development Core Team 2015).

Differential expression analysis

Genes involved in shade avoidance syndrome (SAS) were 
defined as those that were significantly differentially 
expressed between treatments A (SHADE, R:FR = 0.2) 

and B (SUN, R:FR = 1.2) in Scots pine (shade-intolerant), 
while not being differentially expressed in Norway spruce 
(shade-tolerant). Genes involved in shade tolerance response 
(STR) were defined as those that were significantly differ-
entially expressed between the treatments A and B in Nor-
way spruce (shade-tolerant), while not being differentially 
expressed in Scots pine (shade-intolerant). A third group of 
genes refers to those that were significantly differentially 
expressed between the treatments A and B in both species, 
but in opposite direction (i.e., up-regulated under SHADE 
in Scots pine and down-regulated under SHADE in Norway 
spruce (Pine_up_Spruce_down) or down-regulated under 
SHADE in Scots pine and up-regulated under SHADE in 
Norway spruce (Pine_down_Spruce_up)). The third group 
of genes would refer to those genes that were functionally 
active in shade response in both species.

Statistical analysis of single-gene differential expres-
sion was performed in R (v3.3.0; R Development Core 
Team 2015) using the Bioconductor (v3.3; Gentleman et al. 
2004) DESeq 2 package (v1.12.0; Love et al. 2014). FDR 
adjusted P values were used to assess significance; a com-
mon threshold of 1% was used throughout. For the data qual-
ity assessment (QA) and visualisation, the read counts were 
normalised using a variance stabilizing transformation as 
implemented in DESeq 2.

Alignment of PHYA and PHYB

Multiple alignment of PHYA and PHYB respectively was 
carried out using CLUSTAL 2.1 multiple sequence align-
ment program. We used amino acid sequences from several 
shade tolerant and shade intolerant species from both angio-
sperms and gymnosperms.

Results

Effect of shade on seedling morphology

Treatment A and C represent SHADE conditions, and treat-
ments B and D represent SUN conditions (Table 1). The 
mean (proportion of change from DARK), standard error 
(SE) and Duncan post hoc test results for hypocotyl (HYP), 
root (ROOT) and cotyledon (COT) lengths and lower to 
upper ratio (ROOT_HYPCOT) across light treatments are 
shown in Fig. 1a and Suppl. Table S. Bar graph with mean 
raw values of HYP, ROOT, COT lengths and ROOT_HYP-
COT in spruce and pine is represented in Suppl. Fig. S1. In 
Scots pine, both SHADE treatments (A and C) significantly 
enhanced HYP growth compared to treatment B (SUN) 
(Fig. 1a). This response is in agreement with the shade-
intolerant nature of this species and it also demonstrates that 
our experimental shade conditions trigger the SAS response. 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://pinegenome.org/pinerefseq/
http://pinegenome.org/pinerefseq/
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In Norway spruce, HYP elongation was not enhanced by the 
SHADE treatments (A and C) when compared to treatment 
B (SUN), which is also in accordance with the shade-tolerant 
nature of Norway spruce (i.e., no HYP growth enhancement 
in response to shade). In Scots pine and Norway spruce, the 
effect of treatments A (SHADE) and C (SHADE) where 
the R:FR is 0.2 in both conditions, did not significantly dif-
fer. However, treatment D (LOW SUN) where the R:FR is 
1.2, significantly enhanced HYP elongation in both species, 
especially in Norway spruce where HYP was the longest 
compared to the other three light treatments. HYP enhance-
ment by treatment D could be explained by the low light 
intensity value (20 µmol m−2  s−1) of the treatment which was 
the lowest among all the different light treatments. Together, 
these results indicate that low R:FR and low intensity both 
are indicators of shade; however, they may trigger different 
molecular mechanisms.

Overall, ROOT was longer in Norway spruce than in 
Scots pine (Fig. 1a). In both species, SHADE (A and C) 
inhibited ROOT as compared to SUN (B). In Scots pine, 
treatment A (SHADE) showed a significantly higher inhib-
itory effect compared to the treatment C (SHADE) indicat-
ing that ROOT is more sensitive to the light intensity than 
HYP. In Norway spruce, however, both SHADE treatments 
had similar inhibitory effect on ROOT growth. Overall, 

ROOT was inhibited by SHADE in both species, which 
does not support a distinction between species on their 
level of shade tolerance. In the case of Norway spruce, 
inhibition of ROOT by treatment D was similar to both 
SHADE treatments, whereas in Scots pine treatment D 
inhibitory effect resembled treatment C. Similar to HYP, 
these results support the importance of light intensity as a 
factor determining seedling development.

COT length was longer in treatment B and C as com-
pared to treatment A and D in Scots pine (Fig. 1a). In 
Norway spruce, COT length was similar in all treatments 
except for treatment B (SUN); COT length was longer 
under treatment B compared to all other treatments. Fur-
ther, under treatment A and D, COT length was similar 
in both species. In Scots pine, COT was inhibited by 
SHADE, but more intensively by treatment A as compared 
to treatment C. In Norway spruce, both SHADE treat-
ments equally inhibited COT elongation. As in the case 
of ROOT, COT response to SHADE did not agree with the 
species claimed differential response to SHADE. In Scots 
pine, treatment D inhibited COT elongation similarly to 
treatment A, whereas in Norway spruce the inhibitory 
effect of treatment D was equal to that of both SHADE 
treatments (A and C). Once again, these results support 
the role of light intensity as a key factor in the control of 

Fig. 1  a Bar plot with mean and ± SE of the proportion of change 
from DARK for hypocotyl (HYP), root (ROOT) and cotyledon (COT) 
lengths, and lower (root) to upper (hypocotyl + cotyledon) growth 
ratio (ROOT_HYPCOT). Treatments A and C represent SHADE 
conditions, and treatments B and D represent SUN conditions. b 

Line plot with mean and ± SE for patterns of the TOTAL_LENGTH 
(hypocotyl + root) in response to SHADE (treatments A and C) versus 
SUN (treatment B) in Scots pine and Norway spruce. *, ** denotes P 
value = 0.01
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seedling growth even under contrasting R:FR values (see 
the effect of A and D with respect to B).

Irrespective of treatment, the ROOT_HYPCOT was 
higher in Norway spruce (Fig. 1a). In both species, the 
ROOT_HYPCOT decreased in a similar manner in response 
to both SHADE treatments (A and C). Also for this trait (as 
in case of ROOT), the differential effect of shade and sun 
did not reveal the difference in the level of shade tolerance 
between both species. In the case of Norway spruce, the 
effect of treatment D was significantly higher as compared 
to treatments A and C, indicating that this trait is very sen-
sitive to low intensity. In the case of Scots pine, treatment 
D caused a decrease in the trait value at similar and inter-
mediate level between SUN treatment B and the SHADE 
treatments. Thus, ROOT_HYPCOT also revealed the role 
of light intensity as a shade factor that interacts with the 
light quality composition (even if treatment A and D both 
have low intensity, depending on the trait they show similar 
or dissimilar effects).

ANOVA and Duncan post hoc test revealed two different 
patterns of the TOTAL_LENGTH in response to SHADE 

(treatments A and C) versus SUN (treatment B) (Fig. 1b; 
Suppl. Table S2). In Scots pine, treatment C (SHADE) 
caused a significant increase of the TOTAL_LENGTH as 
compared to treatment B (SUN) and treatment A (SHADE, 
low light intensity), both A and B having similar effect 
on the TOTAL_LENGTH (Suppl. Table S2). Instead, in 
Norway spruce, both the SHADE treatments decreased 
the TOTAL_LENGTH equally with respect to the SUN 
treatment. Overall, it indicates that Scots pine responds to 
SHADE by reallocating resources (i.e., increase in hypocotyl 
is compensated by a repression of root elongation), while 
Norway spruce responds to shade by decelerating seedling 
growth (i.e., maintaining hypocotyl length similar to sun 
conditions and repressing root elongation). RNA sequenc-
ing was performed using pine and spruce seedlings grown 
under treatment A (SHADE) and B (SUN) as the phenotypic 
response (e.g. hypocotyl elongation) under these treatments 
in both species was determined to be the strongest among all.

Principal component analysis (PCA) results by treat-
ment (A + C versus B + D) for each species were in con-
cordance with the distinct level of the species shade 

Fig. 2  Principal component 
analysis (PCA) on seedling 
phenotypic data by treatment 
(SHADE: A + C versus SUN: 
B + D) for Scots pine and Nor-
way spruce
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tolerance. PCA did not reveal distinct clusters for SUN 
and SHADE in Norway spruce, a species considered 
to be shade-tolerant (Fig. 2), whereas in Scots pine, a 
shade-intolerant species, the SUN and SHADE clusters 
show low overlapping (Fig. 2). Hypocotyl (HYP) and 
growth rate between lower and upper parts of the seed-
lings (ROOT_HYPCOT) were the factors contributing the 
most to the SUN and SHADE light clusters separation.

Genes involved in shade avoidance (SAS) 
and tolerance (STS) in conifers

We compared the effect of treatment A (SHADE) and treat-
ment B (SUN) to analyse the genes involved in SAS and 
STR in the two conifer species as the phenotypic response 
was the strongest under these treatments. PCA and Heat-
maps based on all four gene categories (SAS, STR, Pine_up_
Spruce_down and Pine_down_Spruce_up) (Figs. 3, 4) and 

Fig. 3  PCA including all four groups of genes in a  Scots pine and 
b Norway spruce. SAS genes significantly associated to the SAS, STR 
genes significantly associated to the STR, Pine_down_Spruce_up 
genes down-regulated by SHADE in Scots pine and up-regulated by 

SHADE in Norway spruce, Pine_up_Spruce_down genes up-reg-
ulated by SHADE in Scots pine and down-regulated by SHADE in 
Norway spruce

Fig. 4  Heatmaps for all four groups of genes in a  Scots pine and 
b Norway spruce. SAS genes significantly associated to the SAS, STR 
genes significantly associated to the STR, Pine_down_Spruce_up 
genes down-regulated by SHADE in Scots pine and up-regulated by 

SHADE in Norway spruce, Pine_up_Spruce_down genes up-reg-
ulated by SHADE in Scots pine and down-regulated by SHADE in 
Norway spruce
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the entire transcriptome (Suppl. Fig. S2 and Suppl. Fig. S3) 
reveal that both species respond to shade by changing the 
expression level of multiple genes. In the case of the PCA 
results, similar conclusion was reached by analysing only 
the significant genes (SAS, STR, Pine_up_Spruce_down 
and Pine_down_Spruce_up) or the entire transcriptome. We 
found 905 genes significantly associated to the SAS (i.e. 
genes differentially expressed between SUN and SHADE in 
Scots pine, while unaffected by SHADE in Norway spruce) 
(Suppl. Table S3) and 443 to the STR (i.e. genes differ-
entially expressed between SUN and SHADE in Norway 
spruce, but unaffected by SHADE in Scots pine) (Suppl. 
Table S4).

Chi-square analysis supported a higher number of the 
SAS genes being down-regulated by SHADE (661) as 
compared to the genes up-regulated by SHADE (271) (P 
value < 0.0001), whereas there were similar number of 
the STR genes which were found to be down-regulated 
by SHADE (247) and up-regulated by SHADE (201) 
(P value = 0.10). We also detected a few genes that were 

differentially regulated between the SUN and SHADE con-
ditions in both species. We classified them into two groups, 
one refers to the genes that were up-regulated by SHADE 
in Scots pine and down-regulated by SHADE in Norway 
spruce (Pine_up_Spruce_down, Suppl. Table S5); there 
were 12 such genes. The other group involves genes that 
were down-regulated by SHADE in Scots pine and up-reg-
ulated by SHADE in Norway spruce (Pine_down_Spruce_
up, Suppl. Table S6); there were 22 genes in this category. 
An overview of the data, including raw and post-QC read 
counts, and alignment rates is provided in Suppl. Table S7. 
A total of 84518 and 70736 expressed genes were sequenced 
in Scots pine and Norway spruce, respectively.

With reference to the SAS and STR, GO molecular 
function (Fig. 5) pie charts reveal similar enrichment for 
“hydrolase and kinase activity” together with “nucleic 
acid binding” and “protein binding”. GO biological pro-
cess (Suppl. Fig. S4) shows increase in the “developmen-
tal processes” and “DNA or RNA metabolism” in STR. 
With reference to GO cellular components (Suppl. Fig. 

Fig. 5  Gene ontology (GO) molecular function: functional catego-
rization by annotation—pie charts for all four groups of genes. SAS 
genes significantly associated to the SAS, STR genes significantly 
associated to the STR, Pine_down_Spruce_up genes down-regulated 
by SHADE in Scots pine and up-regulated by SHADE in Norway 
spruce, Pine_up_Spruce_down genes up-regulated by SHADE in 

Scots pine and down-regulated by SHADE in Norway spruce. Per-
centage denotes Number of annotations to terms in the GOslim cat-
egory × 100/number of total annotations to terms in the ontology. 
Number in the parenthesis denotes number of genes in the respective 
functional category
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S4), there is an increase in cell wall, cytosol, ER, extra-
cellular, Golgi apparatus, nucleus and plasma membrane 
involvement in STR as compared to SAS, whereas there 
is a lower enrichment in the chloroplast, plastid and ribo-
some activity in the STR.

We compared the SAS response in Scots pine to the 
well-characterized shade-intolerant A. thaliana but since 
STR appears to be less explored in this context, there are 
limitations to compare the genes involved in STR with a 
well-studied model system.

Analysis of the classical SAS genes in conifers

Typical response to shade in model systems such as A. thali-
ana is characterised by decreased accumulation of chloro-
phyll and reduced expression of distinct genes involved in 
photosynthesis (e.g. PSI, PSII and LHC). The SAS response 
model with reference to the findings of the current research 
(Fig. 6) summarizes the typical genes which are differen-
tially regulated in response to shade in the shade intolerant 
pine and represents how the final output of shade response 
in pine is similar to the well-studied shade-intolerant A. 

Fig. 6  SAS response. Comparison of the typical SAS responsive gene expression in A. thaliana and Scots pine
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thaliana. Modulation of chlorophyll biosynthesis in response 
to shade is mostly regulated by an overall down-regulation 
of genes involved in chlorophyll biosynthesis (McLaren 
and Smith 1978; Smith and Whitelam 1997) and to a lesser 
extent to an up-regulation of genes associated with chlo-
rophyll degradation (Brouwer et al. 2014) in A. thaliana. 
Similarly, reduced chlorophyll content has also been asso-
ciated to shade in Scots pine (Razzak et al. 2017). Light-
harvesting chlorophyll-binding protein complex I subunit 
A4 (LHCA4), a pigment apoprotein that conforms PSI was 
found to be down-regulated in Scots pine. This was similar 
to reduction in the amount of PSI which caused a reduc-
tion in chlorophyll content in Nicotiana tabacum (Hans-
son et al. 2007). Likewise, other LHC genes which were 
found to be down-regulated in Scots pine include LHCA1, 
LHCA3 and LHCB7. Chlorophyll a–b binding family pro-
tein (LIL3:1), high chlorophyll fluorescence phenotype 173 
(HCF173), protochlorophyllide oxidoreductase C (PORC), 
magnesium-protoporphyrin IX methyltransferase (CHLM), 
magnesium chelatase i2 (CHL) and coproporphyrinogen 
III oxidase (CPO), a group of genes involved in chloro-
phyll biosynthesis (Chatterjee and Kundu 2015), were also 
detected to be down-regulated in Scots pine. HCF244 and 
HCF136 involved in PSII assembly and photosynthesis/
plastid organization, respectively, were found to be down-
regulated under shade in Scots pine which earlier reported 
to be differentially regulated in the two Geranium species 
with contrasting responses to shade (Gommers et al. 2017). 
In Norway spruce, a chlorophyll a–b binding family protein 
(ELIP2) was down-regulated; while protochlorophyllide 
oxidoreductase B (PORB) which is involved in chlorophyll 
biosynthesis (Runge et al. 1996) was up-regulated. ELIP2 
was reported to play a protective role in A. thaliana exposed 
to high levels of light and its constitutive expression results 
in the decrease in the chlorophyll content of the chloroplasts 
(Tzvetkova-Chevolleau et al. 2007). In summary, pine and 
spruce show contrasting effects on the expression levels of 
chlorophyll and photosynthesis-related genes in response 
to shade where pine demonstrates similar response to what 
has been described in A. thaliana. Thus, a down regulation 
of photosynthesis appears to be a conserved SAS response 
between angiosperms and conifers.

Multiple studies have shown a decrease in anthocyanin 
synthesis in response to low R:FR in angiosperms (Alokam 
et al. 2002; Cagnola et al. 2012). In gymnosperms, antho-
cyanin synthesis in response to shade seems to be species 
dependent; reduced anthocyanin accumulation was observed 
in Sequoia sempervirens (Peer et al. 1999) in contrast to 
increased anthocyanin accumulation reported in Scots pine 
(Razzak et al. 2017). Razzak et al. (2017) demonstrated that 
anthocyanin level increased gradually with increase in light 
intensity for both R and FR light in Scots pine (monochro-
matic light treatments); anthocyanin accumulation increased 

significantly under SHADE condition (R:FR 0.25) as com-
pared to the SUN condition (R:FR 1.2). Likewise, dihy-
droflavonol 4-reductase (DFR), involved in anthocyanin 
biosynthesis pathway was found to be up-regulated in pine, 
whereas it was downregulated in spruce under shade. Ribo-
nuclease 1 (RNS1) was reported to inhibit anthocyanin accu-
mulation in A. thaliana (Bariola et al. 1999); congruently, 
we found RNS1 to be down-regulated in Norway spruce. On 
the other hand, flavanone 3-hydroxylase (F3H) and leucoan-
thocyanidin dioxygenase (ANS/LDOX) which are involved in 
anthocyanin biosynthesis (Petroni and Tonelli 2011), were 
down-regulated by shade in Norway spruce. Overall, our 
results are not conclusive about the possible role of antho-
cyanin in shade tolerance in conifers.

None of the candidate genes selected by Gommers et al. 
(2017) from the transcriptome analysis in response to low 
R:FR in Geraniums, were found to be associated with SAS 
or STR in the current study in conifers. Yet, few genes that 
were listed to be differentially expressed in the two Gera-
nium species were found to be associated with SAS in 
Scots pine; genes that were down-regulated under shade in 
Scots pine include—ONE-HELIX PROTEIN 2 (associated 
with PSI), PHOTOSYSTEM II SUBUNIT P-1 (associated 
with PSII), RIBULOSE BISPHOSPHATE CARBOXYLASE 
SMALL CHAIN 1A (photosynthetic activity) and SIGMA 
FACTOR E (plastid gene regulation).

Transcription factors (TF) involved in SAS and STR

Figure 7 represents the number transcription factors (TF) 
(GO:0003700) grouped according to the TF family which 
were found to be involved in SAS and STR. Higher number 
of TFs were found to be associated with SAS (Total 51: 
33 up-regulated under shade and 18 down-regulated under 
shade) as compared to STR (Total 33: 17 up-regulated under 
shade and 16 down-regulated under shade). Transcription 
factors from the family MYB and bHLH were mainly found 
to be associated to SAS and STR in both the conifer species.

Expression of PHY genes in the conifer species, 
the major contributors to SAS in A. thaliana

The SAS molecular control is well-characterized in A. thali-
ana (Devlin et al. 2003; Franklin et al. 2003; Martinez-Gar-
cia et al. 2014), whereas little is known about the molecular 
mechanisms that control shade tolerance, and the lack of 
knowledge is even more evident with reference to both types 
of shade responses (tolerance and avoidance) in conifers. 
Gommers et al. (2013) suggested three hypothetical models 
for the molecular regulation of shade tolerance, one of which 
involves alterations in the molecular structure of PHYA to 
increase phyA stability and, consequently, suppression of 
hypocotyl elongation antagonistically to the PhyB-mediated 
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SAS response. In addition, in A. thaliana both PHYA and 
PHYB expressions are known to be rapidly up-regulated 
following exposure to shade (Devlin et al. 2003; Martinez-
Garcia et al. 2014). Our RNA-Seq data revealed no changes 
in PHYN/A expression in either species, while PHYP2/B was 
found to be down-regulated by shade in the shade-intolerant 
species (Scots pine) and up-regulated in the shade tolerant 
species (Norway spruce). The results are in contrast to what 
has been reported in A. thaliana thus leaving the intrigu-
ing possibility that the phytochrome differentially regulates 
shade response in angiosperms and gymnosperms. Associa-
tion of differentially expressed PHYB under low R:FR light 
in the two Geranium species with contrasting responses to 
shade was reported by Gommers et al. (2017). We conducted 
an alignment of both PHYN/A and PHYP/B gene sequences 
where we included multiple angiosperm and gymnosperm 
species from both the shade response categories—shade 
tolerant and shade intolerant (Suppl. Fig. S5). This exercise 
revealed multiple non-synonymous polymorphic sites asso-
ciated to their shade response category rather than to their 
phylogenetic one, thus indicating that even if there is no 
co-relation between the mode of phytochrome expression in 
response to shade between angiosperms and gymnosperms, 
it is still possible that they share a similar mode of action 

which warrants further research. Moreover, a few amino acid 
positions in the PHYA and PHYB were conserved among 
the angiosperms and among the gymnosperms, irrespective 
of the shade response category. A polymorphism I143L in 
PHYB of A. thaliana is associated with variation in red light 
response (Filiault et al. 2008); presence of leucine at the cor-
responding position in all the gymnosperm species included 
in the alignment indicates that gymnosperms will respond 
to red light in a different manner than the angiosperms. This 
suggests that due to the sequence variability, phytochromes 
may attain a different conformation leading to distinct bio-
chemical properties and functions in the two groups.

Jasmonic acid (JA) and salicylic acid (SA) pathways

Suppression of JA-mediated defence against biotic stress is 
a strategy to prioritize the SAS over other stresses (de Wit 
et al. 2013; Leone et al. 2014; Xu et al. 2016). The Skp1/
Cullin/F-box E3 ubiquitin ligase complex  (SCFCOI1) con-
taining coronatine-insensitive protein 1 (COI1) activates 
JA-dependent responses (Devoto et  al. 2002).  SCFCOI1 
degrades jasmonate-zim-domain (JAZ) proteins, which are 
known repressors of JA signalling (Kazan and Manners 
2012). Jasmonate-zim-domain protein 3 (JAZ3), known to 

Fig. 7  Transcription factors 
involved in SAS in Scots pine 
and STR in Norway spruce
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act as a negative regulator of JA signalling (Kazan and Man-
ners 2012) was found to be down-regulated in Scots pine in 
response to shade which seems contradictory to the shade 
intolerant nature of the species.

Arabidopsis thaliana ethylene responsive element 
binding factors (ATERFs) are primarily involved in biotic 
stress responses; however, some ERFs have also been 
characterized as being responsive to abiotic stress such 
as temperature, drought and wounding (Fujimoto et al. 
2000). ATERF1 is a downstream element of the ethylene 
and jasmonate pathways, and participates in the regulation 
of defence-related genes (Lorenzo et al. 2003). Like-wise, 
basic endochitinase B (CHI-B) encodes a basic chitinase 
involved in ethylene/JA-mediated signalling pathway, 
which renders defence against chitin-containing fungal 
pathogens (Thomma et  al. 1998). Down-regulation of 
ATERF5 in spruce and up-regulation of ATERF1 expres-
sion in pine in response to shade again contradicts the 
suppression of JA-mediated defence in SAS. However, 
up-regulation of CHI-B in spruce and insignificant CHI-B 
expression in pine under shade is in accordance with the 
suppression of defence mechanism during SAS response.

Salicylic acid (SA) pathway is also known to be repressed 
under shade (de Wit et  al. 2013). Arabidopsis thaliana 
methyl esterase 1 (ATMES1) and other members of the 
ATMES gene family regulate interaction between SA and 
JA through regulation of the levels of their respective meth-
ylated derivatives (Dempsey et al. 2011). ATMES1 which is 
involved in SA hydrolysis (Vlot et al. 2008) was found to be 
down-regulated in Scots pine, challenging the known sup-
pression of SA in the SAS. Arabidopsis thaliana phytoalexin 
deficient 4 (ATPAD4) functions in SA-dependent defence 
signalling by interacting with another lipase-like protein (A. 
thaliana enhanced disease susceptibility 1, AtEDS1), in a 
positive feedback loop to promote SA biosynthesis (Glaze-
brook et al. 1997). ATPAD4 was down-regulated by shade in 
the shade-intolerant Scots pine supporting its role in the SAS 
activation through diminishing SA signal. To the best of our 
knowledge, this gene has not been previously associated to 
the SAS. In Norway spruce, phenylalanine ammonia-lyase 
2 (PAL2), a gene that mediates SA synthesis (Chen et al. 
2009), was detected to be up-regulated by shade suggesting 
a role of SA in the STR.

Genes related to defence response

Analysis of the genes that belong to GO categories such 
as defence response, immune response and acquired resist-
ance shows a higher number of defence-related genes being 
down-regulated by SHADE (48) as compared to the genes 
up-regulated by SHADE (28) (P value = 0.02) in pine, 
whereas similar number of genes were down-regulated (18) 

and up-regulated by SHADE (26) (P value = 0.23) in spruce. 
Therefore, from the expression analysis we speculate that 
SAS in conifers is associated with reduced defence response 
making the plant prone to diseases which is in accordance 
with the studies in A. thaliana where it was demonstrated 
that low R:FR light down-regulates the defence pathways 
making the plant more susceptible to pathogens (Cerrudo 
et al. 2012; de Wit et al. 2013; Chico et al. 2014).

Comparison between gene expression patterns 
in response to shade in A. thaliana and conifers

Table 2 summarises the genes which have well-defined 
expression patterns with reference to shade response in 
A. thaliana and the related genes in conifers, which were 
found to be significant in response to shade. The regulation 
of some genes [e.g. auxin response factor (ARF), gibberellin 
(GA)-related, ATERF] appeared to be conserved in the shade 
intolerant pine and A. thaliana. Expression of few genes in 
spruce was in opposite direction (e.g. A. thaliana home box 
gene, ATHB) or insignificant [e.g. Gretchen Hagen 3 (GH3), 
ARF] as compared to A. thaliana, which may be due to the 
contrasting response to shade in the two species.

Discussion

Shade avoidance and shade tolerance are different plant 
strategies to optimize photosynthesis in response to shade. 
These two shade-response strategies are also found in coni-
fer species, where pine species are considered to have a 
lower level of shade tolerance compared to spruce species 
(Warrington et al. 1989; Hoddinott and Scott 1996). R:FR 
ratio is considered a reliable indicator of the degree of shade 
and its low values are associated with shade avoiding and 
shade tolerance responses. Here we demonstrate the distinct 
morphological and transcriptional changes in response to 
shade in two conifer species with contrasting levels of shade 
tolerance; Scots pine, shade-intolerant, and Norway spruce, 
shade-tolerant.

In our comparative system, Scots pine versus Norway 
spruce, hypocotyl and total seedling elongation in response 
to shade reflect the level of the species shade tolerance, 
whereas this is not the case for root, cotyledons and root to 
aerial tissue ratio responses, suggesting that hypocotyl and 
seedling elongation should be the shade response markers 
for further physiological studies in conifers. Previous stud-
ies with simulated shade reported plant elongation asso-
ciated to shade intolerant species as compared to tolerant 
ones in angiosperms (Gommers et al. 2017) and gymno-
sperms (Hoddinott and Scott 1996). Furthermore, our results 
indicate that differences in shade tolerance between both 
conifer species could be related to differences in carbon re 
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allocation. In Scots pine, carbon accumulates in the stem 
at the expense of root and cotyledon development. On the 
contrary, Norway spruce seems to respond to shade with an 
overall decrease in biomass production. This interpretation 
agrees with the previously proposed “carbon gain hypoth-
esis” that defines shade-tolerant species and involvement of 
maximization of light capture (i.e., increase in specific leaf 
area and chlorophyll content) together with a scant trunk 
elongation and growth as compared to the shade-intolerant 
species where stem elongation aims to outreach light as a 
strategy to survive (Valladares and Niinemets 2008; Hallik 
et al. 2009; Modrzynski et al. 2015).

We investigated the relative effect of R:FR and light 
intensity in seedling development in both conifer species. 
Scots pine and Norway spruce were exposed to two simu-
lated shade conditions (SHADE, R:FR = 0.2) with differ-
ent light intensities (36 and 65 µmol m−2  s−1, treatment A 
and C, respectively) and two simulated sunny conditions 
(SUN, R:FR = 1.2) with contrasting light intensities (65 
and 20 µmol m−2  s−1, treatment B and D, respectively). Our 
results suggest that response to shade is essentially triggered 
by changes in R:FR; low light intensity under shade (low 
R:FR) can amplify the shade response, at least in the case 
of Scots pine, and can also trigger the shade response even 
under low light intensity with sunny conditions (high R:FR). 
In a recent study in Scots pine, the role of light intensity 
in the modulation of response to FR and R wavelengths 
was demonstrated (Razzak et al. 2017). In Norway spruce, 
however, the low R:FR value overrides the effect of light 
intensity, at least for the assayed conditions, as the seed-
ling growth responds similarly to both SHADE treatments 
(despite differences in light intensity).

Our third research question was to identify the potential 
candidate genes involved in the regulation SAS and STR in 
conifers; we compared the expression profiling (RNA-Seq) 
between seedlings of Scots pine (shade intolerant) and Nor-
way spruce (shade tolerant). As a first exploratory approach 
of the RNA-Seq data, the gene count already revealed inter-
esting results. Firstly, 67% of the genes showing a signifi-
cant response to shade were associated to the SAS; secondly, 
among those genes, 63% were down-regulated, whereas 
among the STR genes the proportion of up-regulated and 
down-regulated genes was similar. These two outcomes pro-
vide evidences that the shade-tolerant species also adapts to 
shade by altering the transcriptional level of multiple genes 
(see PCA and Heatmaps). However, there are clear differ-
ences in the extent and main direction of those transcrip-
tional alterations.

Our transcriptome analysis provides evidences about the 
involvement of pigment and hormone biosynthetic path-
ways in SAS and STR responses in conifers in a comparable 
way to what has been previously described in angiosperms 
(Nozue et al. 2015; Gommers et al. 2017; Yang and Li 2017). 

Although we suggest a few potential candidates involved in 
the SAS/STR mechanisms in conifers, further investigation 
is required to resolve the phenomenon. We have identified a 
number of major gene family players associated to SAS or 
STR in conifers which were previously found to be associ-
ated to the SAS in angiosperms, e.g. pathways involving 
auxin/indole-3-acetic acid (AUX/IAA), brassinosteroid, eth-
ylene, gibberellins (GAs), JA and SA. Some of those gene 
families, such as SAUR s and auxin response factors (ARFs) 
from the AUX/IAA pathways, seemed to involve a highly 
dynamic feedback mechanism that regulates the auxin cel-
lular levels characterized by a rapid and transient enrichment 
in these genes (Ciolfi et al. 2013; Ren and Gray 2015) which 
indicates that the experimental design also in terms of dura-
tion of the light treatment will affect the level of expression. 
Similar feed-back regulatory evidences were also detected 
in gene families from the other hormonal and anthocya-
nin biosynthesis pathways. For example, up-regulation of 
GA20OX3 is described as conditional to the amount of gib-
berellin hormone, where high levels of gibberellin inhibit 
GA20OX3 expression (Sun 2008). Association of SAS with 
suppression of JA and SA mediated responses involved in 
plant defence against insect/pathogen and disease resistance 
is well characterised in A. thaliana; JA-mediated defences 
are repressed by low R:FR in shade-intolerant but enhanced 
in shade-tolerant wild species (Gommers et al. 2017). In the 
current work, although the expression of few genes (JAZ3, 
ATERF, ATMES1) related to JA/SA-pathway was found to be 
contradictory with reference to SAS/STR, analysis of genes 
that belong to the GO categories related to defence response 
supports that SAS in conifers is associated with reduced 
defence response, whereas defence mechanism remains 
unaffected in STR. Thus, the suppression of defence mecha-
nism appears to be conserved in conifers but the underlying 
regulatory network differs from angiosperms. Although sig-
nificant progress have been made to decipher the complex 
regulatory mechanisms that operate through the interaction 
of JA–SA signalling which controls the defence strategies 
in angiosperms, the molecular mechanisms in conifers still 
needs to be explored.

Consistently with previous studies where reduction in 
chlorophyll content has been associated to shade avoid-
ance in A. thaliana (McLaren and Smith 1978; Smith and 
Whitelam 1997) and in Scots pine (Razzak et al. 2017), 
we have found several genes from the chlorophyll bio-
synthesis pathway, which were down-regulated in pine: 
LHCA1, LHCA3, LHCA4, LHCB7, LIL3:1, HCF173, 
PORC, CHLM, CHL and CPO. Moreover, down-regula-
tion of pheophytinase (PPH) and accelerated cell death 
2 (ACD2) in Scots pine, two genes known to mediate 
chlorophyll-breakdown (Eckhardt et  al. 2004; Zhang 
et al. 2014), suggests that chlorophyll synthesis during the 
SAS is also affected by feedback regulatory mechanisms. 
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The LHC genes associated with SAS in the current study 
were different than those which were found to be dif-
ferentially expressed under low R:FR light in the two 
Geranium species with contrasting responses to shade 
(LHCA6, LHCB4.1, LHCB5) (Gommers et al. 2017). Our 
study has also contributed with evidences about chloro-
phyll accumulation during the STR, concluded from the 
expression pattern observed for ELIP2 and PORB genes. 
In the literature, increased chlorophyll content has been 
suggested as an adaptive mechanism exhibited by the 
shade-tolerant species which involves maximization of 
light capture (Valladares and Niinemets 2008). Increase 
in chlorophyll content contrasts with a lower number of 
GO cellular components such as chloroplast activity in 
STR as compared to SAS. One possible interpretation is 
that during the process of plant response to shade the aim 
is to optimize light acquisition while maintaining growth 
to a low rate (Loach 1967; Valladares and Niinemets 2008; 
Hallik et al. 2009; Modrzynski et al. 2015). In A. thaliana, 
ELIP2 was reported to be associated to FR response (Lei-
var et al. 2012a), whereas, to our knowledge, HCF173, 
CHL, LHCA4, CPO, PORB, LIL3:1, CHLM and PORC 
have not been previously linked to shade response.

LATE ELONGATED HYPOCOTYL (LHY), a TF from 
MYB family was found to be repressed by shade in asso-
ciation with SAS in pine; LHY plays key role in the circa-
dian oscillator in A. thaliana and its involvement in shade 
avoidance in A. thaliana is not established (Mizoguchi 
et al. 2002), but an ortholog of LHY was down-regulated 
under shade in maize (Wang et al. 2016). PHYTOCLOCK 
1 (PCL1), a G2-like TF family member, which is charac-
terised as circadian clock gene (Onai and Ishiura 2005), is 
found to be up-regulated by shade with reference to SAS. 
LEAFY (LFY TF family) is a meristem identity regula-
tor and it targets LATE MERISTEM IDENTITY2 (LMI2) 
(MYB TF family) that has a role in the meristem identity 
transition. Thus, LFY plays a role in floral meristem devel-
opment and promotes transition from vegetative growth 
to flowering (Pastore et al. 2011). Both LEAFY and LMI2 
were up-regulated in pine in response to shade. STERILE 
APETALA (SAP) is a transcription regulator essential for 
the maintenance of floral identity acting in a similar man-
ner as APETALA1 (Byzova et al. 1999), which was found to 
be co-expressed with LHY under shade in pine. Changes to 
the circadian clock and early flowering are one of the major 
components of the shade avoidance response as reported 
in A. thaliana (Adams et al. 2009; Ciolfi et al. 2013); thus 
involvement of circadian and flowering genes in shade 
avoidance response appears to be conserved in pine and A. 
thaliana. Circadian rhythm associated TF was not detected 
in association to STR. However, TEMPRANILLO (TEM) 1 
was found to be down-regulated and, one of the homolog of 
TEM1 and APETALA 2 (AP2) were up-regulated by shade in 

spruce. TEM1 along with TEM2 delays flowering in A. thali-
ana until the plant is ready for this process by accumulating 
enough reserves or has reached the appropriate growth stage 
(Matias-Hernandez et al. 2014). Involvement of AP2 is not 
restricted to establishment of the floral meristem and floral 
organ identity, but it also plays a general role in the control 
of A. thaliana development (Jofuku et al. 1994). This can be 
interpreted as postponing the process of flowering associated 
to STR in spruce at the seedling stage.

From previous studies it is known that low R:FR trig-
gers the SAS morphological and physiological changes to 
improve light capture; a response mediated primarily by the 
phytochromes (Martinez-Garcia et al. 2010). Shade reduces 
phyB activity and, consequently, increases the mRNA lev-
els of the bHLH transcription factors such as phytochrome 
interacting factors (PIF) (Lorrain et al. 2008). PIFs regu-
late a large number of genes encoding metabolic enzymes 
and genes in the phytohormones signalling pathway such 
as auxin (AUX/IAA) (Hersch et al. 2014), ethylene (Jeong 
et al. 2016), brassinosteroids (BRs) (Oh et al. 2012), and gib-
berellins (Schwechheimer 2011), which control low R:FR-
induced shade avoidance responses.

In A. thaliana, role of PHYA and PHYB in shade avoid-
ance is well-documented and involves up-regulation of 
PHYA and PHYB in response to low R:FR (Devlin et al. 
2003; Franklin et al. 2005; Martinez-Garcia et al. 2014). 
Our study reveals that PHYP2/B is down-regulated by low 
R:FR light in Scots pine (shade intolerant) and up-regulated 
in Norway spruce (shade tolerant), whereas no change was 
detected in the expression level of PHYN/A. In Scots pine, 
down-regulation of PHYP2/B could result in a decrease in 
the absolute value of phyP2/B active form leading to the 
activation of the downstream cascade that mediates hypoco-
tyl elongation. On the controversy, in Norway spruce, up-
regulation of PHYP2/B could result in an increase in the 
absolute value of phyP2/B active form and the consequent 
prevention of the SAS activation. In contrast to A. thali-
ana, where PHYA and PHYB are rapidly up-regulated in 
response to shade (Devlin et al. 2003; Martinez-Garcia et al. 
2010, 2014), our expression study does not support a role for 
PHYN/A in shade avoidance or tolerance in conifers.

Moreover, in A. thaliana up-regulation of the PHYs 
does not result in an increase in phyA and phyB activity, 
instead, SAS is initiated with the FR-mediated conver-
sion of the phyB into its inactive form and the degrada-
tion of its antagonistic protein, phyA (only under very low 
R:FR values phyA is stabilized mediating the so-called 
FR high irradiance response (FR-HIR) (Martinez-Garcia 
et al. 2010, 2014). It could be speculated that, despite 
the expression pattern of the two PHYs differ between A. 
thaliana and the two conifer species, they may still share 
similar patterns of protein activity regulation. In fact, 
alignment of PHYA and PHYB gene sequences from five 
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different species (A. thaliana, Populus, Eucalyptus, Gly-
cine max, Scots pine, Picea glauca and Norway spruce) 
reveals multiple non-synonymous polymorphisms associ-
ated to the species level of shade tolerance (tolerant versus 
intolerant) rather than to their phylogenetic classification 
(angiosperm versus gymnosperm). It remains to be inves-
tigated if this is an evidence of a shared functional role 
of the phytochrome proteins in angiosperms and gym-
nosperms with reference to shade tolerance. Conserved 
amino-acids positions in PHYA and PHYB within angio-
sperms and within gymnosperms suggests that there is a 
possibility of altered function due to sequence variabil-
ity as in the case of cryptochrome 2 in A. thaliana (El-
Assal et al. 2001), due to which the mode of action of 
phytochromes may differ in the two groups. Thus, from 
the phytochrome (phyA and phyB) amino-acid sequence 
patterns that either categorise the plant species by their 
type of shade response (shade tolerant or shade intoler-
ant) or by the plant group (angiosperm or gymnosperm), 
we conclude that the phytochromes may possess a com-
mon functional role with reference to shade response and 
simultaneously, also mediate shade response in a different 
fashion due to altered conformation. In this context, the 
polymorphism I143L in PHYB of A. thaliana is associated 
with variation in red light response (Filiault et al. 2008); 
and from the alignments it is seen that in all the gymno-
sperm species there is Leucine at the corresponding posi-
tion indicating that gymnosperms will respond to red light 
in a different manner than the angiosperms.

Whereas a lack of correspondence between the expression 
level and protein activity may be the case in PHYP2/B, it is 
interesting to mention that PHYN/A gene expression was 
previously shown to remain steady in dark- and light- grown 
spruce seedlings (Clapham et al. 1999). This apparent lack 
of induced PHYA expression in response to shade could be 
related to the absence of FR high irradiance response (FR-
HIR) (known to be regulated by phyA) previously described 
in several conifer species including pine and Ginkgo (Fern-
bach and Mohr 1990; Mathews and Tremonte 2012) or pres-
ence of mild FR-HIR in Scots pine (Razzak et al. 2017). 
Clapham et al. (1998) suggested the PHYA light-mediated 
self-regulation as a character which was acquired late in 
phytochrome evolution, after the separation of the gymno-
sperms and angiosperms lineages, which together with the 
results of this study suggest that such a role may not have 
been acquired by the PHYN/A in conifers. In this respect, 
phylogenetic study of FR-HIR distribution by Mathews and 
Tremonte (2012), supports FR-HIR to be ancestral in living 
seed plants. The authors also presented evidences of several 
episodes of positive selections in PHYA, early in the history 
of angiosperms that resulted in the acquisition of new roles 
of FR-HIR, such as the control of seedling de-etiolation, 
and that could have resulted in a divergent evolution of 

PHYA function between gymnosperms and angiosperms. In 
contrast, PHYB lineage has been less affected by selection 
(Mathews et al. 2003; Mathews 2010). In the present study, 
we contribute with the evidence that PHYA did not change 
its expression level in response to shade, but a change in 
the expression of PHYB was detected in both the conifer 
species. In conclusion, our study supports a major putative 
role of PHYB in response to shade in conifers, where further 
research must be conducted to solve the role of PHYA.

Conclusion

Our comparative study of two conifers with contrasting lev-
els of shade tolerance unveils conifer seedlings as a suitable 
system to study the mechanism of shade response, where 
hypocotyl elongation is the morphological feature that bet-
ter reflects the differences in shade tolerance between both 
species. Seedling total length reveals that the shade toler-
ant species (Norway spruce) has adopted a mechanism to 
improve light capture while decreasing biomass production, 
whereas in the shade intolerant species (Scots pine), light 
use optimization is achieved through elongation to escape 
the shade. We also conclude that low light intensity can trig-
ger similar morphological shade response as low R:FR. In 
Norway spruce, R:FR is the main factor determining seed-
ling development under shade, whereas in Scots pine we 
observed an interaction between light intensity and R:FR. 
The comparative RNA-Seq analysis sheds light on our 
understanding of the involvement of light and hormone sig-
nalling pathways that control both processes, the SAS and 
the STR. Most of the genes show a role that was exclusive to 
one of the processes and a large proportion of them are novel 
while genes expressed in opposite directions in each species 
seem less abundant. There are other interesting features that 
also differentiate both responses such as the higher number 
of genes found in relation to the SAS and a clear preference 
towards gene down-regulation in SAS as compared to the 
STR. Our results revealed that PHYB may play a central role 
in the control of SAS and STR in conifers as compared to A. 
thaliana where both PHYA and PHYB are known to respond 
to shade. Overall, the SAS and STR seem to be regulated by 
a complex mechanism where negative feedback loops and 
antagonistic effects play an important role to modulate the 
extent of the response to shade, especially, in the control 
of the hormone levels. It is therefore sensible to conclude 
that the full understanding of the mechanism behind shade 
response in conifers warrants further research.

Author contribution statement SSR contributed with experi-
ment performance, data collection, data analysis and inter-
pretation, and manuscript writing. ND contributed with 
experimental design and bioinformatics support. MRGG 



315Planta (2019) 250:299–318 

1 3

contributed with experimental design, data analysis and 
interpretation, and manuscript writing. All authors read and 
approved the manuscript.

Acknowledgements The authors thank the UPSC bioinformatics facil-
ity (https ://bioin fomat ics.upsc.se) for technical support with regards 
to the RNA-Seq data pre-processing and analyses. We acknowledge 
the support from Science for Life Laboratory (SciLifeLab), the Knut 
and Alice Wallenberg Foundation, the National Genomics Infrastruc-
ture funded by the Swedish Research Council, and Uppsala Multidis-
ciplinary Centre for Advanced Computational Science for assistance 
with massively parallel sequencing and access to the UPPMAX com-
putational infrastructure. We thank the personals from Wallenberg 
greenhouse at SLU, Umeå for help with the handling of plants. This 
work was supported by the Kempe Foundation (JCK-1311) and Kungl. 
Skogs- och Lantbruksakademien (KSLA- H14-0150-ADA). We also 
acknowledge Swedish Research Council (VR) and Swedish Govern-
mental Agency for Innovation Systems (VINNOVA) for their support.

Compliance with ethical standards 

Conflict of interests sAuthors declare that they have no competing 
interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Adams S, Allen T, Whitelam GC (2009) Interaction between the 
light quality and flowering time pathways in Arabidopsis. Plant J 
60(2):257–267. https ://doi.org/10.1111/j.1365-313X.2009.03962 
.x

Alokam S, Chinnappa CC, Reid DM (2002) Red/far-red light medi-
ated stem elongation and anthocyanin accumulation in Stellaria 
longipes: differential response of alpine and prairie ecotypes. Can 
J Bot 80(1):72–81

Anders S, Pyl PT, Huber W (2015) HTSeq—a Python framework 
to work with high-throughput sequencing data. Bioinformatics 
31(2):166–169. https ://doi.org/10.1093/bioin forma tics/btu63 8

Attridge TH (1990) Light and plant responses. Edward Arnold, a divi-
sion of Hodder & Stoughton, Great Britain

Ballare CL, Pierik R (2017) The shade-avoidance syndrome: mul-
tiple signals and ecological consequences. Plant, Cell Environ 
40(11):2530–2543. https ://doi.org/10.1111/pce.12914 

Ballare CL, Sanchez RA, Scopel AL, Casal JJ, Ghersa CM (1987) 
Early detection of neighbor plants by phytochrome perception 
of spectral changes in reflected sunlight. Plant, Cell Environ 
10(7):551–557. https ://doi.org/10.1111/j.1365-3040.1987.tb018 
35.x

Bariola PA, MacIntosh GC, Green PJ (1999) Regulation of S-like 
ribonuclease levels in Arabidopsis. Antisense inhibition of 
RNS1 or RNS2 elevates anthocyanin accumulation. Plant Physiol 
119(1):331–342

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trim-
mer for Illumina sequence data. Bioinformatics 30(15):2114–
2120. https ://doi.org/10.1093/bioin forma tics/btu17 0

Borgstrom E, Lundin S, Lundeberg J (2011) Large scale library genera-
tion for high throughput sequencing. PLoS One 6(4):e19119. https 
://doi.org/10.1371/journ al.pone.00191 19

Brouwer B, Gardestrom P, Keech O (2014) In response to partial plant 
shading, the lack of phytochrome A does not directly induce leaf 
senescence but alters the fine-tuning of chlorophyll biosynthesis. 
J Exp Bot 65(14):4037–4049. https ://doi.org/10.1093/jxb/eru06 0

Byzova MV, Franken J, Aarts MGM, de Almeida-Engler J, Engler G, 
Mariani C, Campagne MMV, Angenent GC (1999) Arabidopsis 
STERILE APETALA, a multifunctional gene regulating inflores-
cence, flower, and ovule development. Gene Dev 13(8):1002–
1014. https ://doi.org/10.1101/gad.13.8.1002

Cagnola JI, Ploschuk E, Benech-Arnold T, Finlayson SA, Casal JJ 
(2012) Stem transcriptome reveals mechanisms to reduce the ener-
getic cost of shade-avoidance responses in tomato. Plant Physiol 
160(2):1110–1119

Cerrudo I, Keller MM, Cargnel MD, Demkura PV, de Wit M, Pat-
itucci MS, Pierik R, Pieterse CM, Ballare CL (2012) Low red/
far-red ratios reduce Arabidopsis resistance to Botrytis cinerea 
and jasmonate responses via a COI1-JAZ10-dependent, salicylic 
acid-independent mechanism. Plant Physiol 158(4):2042–2052. 
https ://doi.org/10.1104/pp.112.19335 9

Chatterjee A, Kundu S (2015) Revisiting the chlorophyll biosyn-
thesis pathway using genome scale metabolic model of Oryza 
sativa japonica. Sci Rep 5:14975

Chen Z, Zheng Z, Huang J, Lai Z, Fan B (2009) Biosynthesis of 
salicylic acid in plants. Plant Signal Behav 4(6):493–496

Chico JM, Fernandez-Barbero G, Chini A, Fernandez-Calvo P, Diez-
Diaz M, Solano R (2014) Repression of jasmonate-dependent 
defenses by shade involves differential regulation of protein 
stability of MYC transcription factors and their JAZ repres-
sors in Arabidopsis. Plant Cell 26(5):1967–1980. https ://doi.
org/10.1105/tpc.114.12504 7

Ciolfi A, Sessa G, Sassi M, Possenti M, Salvucci S, Carabelli M, 
Morelli G, Ruberti I (2013) Dynamics of the shade-avoidance 
response in Arabidopsis. Plant Physiol 163(1):331–353. https 
://doi.org/10.1104/pp.113.22154 9

Clapham DH, Dormling I, Ekberg I, Eriksson G, Qamaruddin M, 
Vince-Prue D (1998) Latitudinal cline of requirement for far-
red light for the photoperiodic control of budset and exten-
sion growth in Picea abies (Norway spruce). Physiol Plant 
102(1):71–78

Clapham DH, Kolukisaoglu HU, Larsson CT, Qamaruddin M, Ekberg 
I, Wiegmann-Eirund C, Schneider-Poetsch HAW, von Arnold S 
(1999) Phytochrome types in Picea and Pinus. Expression patterns 
of PHYA-related types. Plant Mol Biol 40(4):669–678. https ://doi.
org/10.1023/a:10062 04318 499

de Wit M, Spoel SH, Sanchez-Perez GF, Gommers CMM, Pieterse 
CMJ, Voesenek L, Pierik R (2013) Perception of low red:far-red 
ratio compromises both salicylic acid- and jasmonic acid-depend-
ent pathogen defences in Arabidopsis. Plant J 75(1):90–103. https 
://doi.org/10.1111/tpj.12203 

Dempsey DA, Vlot AC, Wildermuth MC, Klessiga DF (2011) Salicylic 
acid biosynthesis and metabolism. In: Arabidopsis Book, vol 9. 
American Society of Plant Biologists, p e0156

Devlin PF, Yanovsky MJ, Kay SA (2003) A genomic analysis of 
the shade avoidance response in Arabidopsis. Plant Physiol 
133(4):1617–1629. https ://doi.org/10.1104/pp.103.03439 7

Devoto A, Nieto-Rostro M, Xie D, Ellis C, Harmston R, Patrick E, 
Davis J, Sherratt L, Coleman M, Turner JG (2002) COI1 links 
jasmonate signalling and fertility to the SCF ubiquitin-ligase com-
plex in Arabidopsis. Plant J 32(4):457–466

https://bioinfomatics.upsc.se
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1365-313X.2009.03962.x
https://doi.org/10.1111/j.1365-313X.2009.03962.x
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1111/pce.12914
https://doi.org/10.1111/j.1365-3040.1987.tb01835.x
https://doi.org/10.1111/j.1365-3040.1987.tb01835.x
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1371/journal.pone.0019119
https://doi.org/10.1371/journal.pone.0019119
https://doi.org/10.1093/jxb/eru060
https://doi.org/10.1101/gad.13.8.1002
https://doi.org/10.1104/pp.112.193359
https://doi.org/10.1105/tpc.114.125047
https://doi.org/10.1105/tpc.114.125047
https://doi.org/10.1104/pp.113.221549
https://doi.org/10.1104/pp.113.221549
https://doi.org/10.1023/a:1006204318499
https://doi.org/10.1023/a:1006204318499
https://doi.org/10.1111/tpj.12203
https://doi.org/10.1111/tpj.12203
https://doi.org/10.1104/pp.103.034397


316 Planta (2019) 250:299–318

1 3

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, 
Batut P, Chaisson M, Gingeras TR (2013) STAR: ultrafast uni-
versal RNA-seq aligner. Bioinformatics 29(1):15–21. https ://doi.
org/10.1093/bioin forma tics/bts63 5

Eckhardt U, Grimm B, Hörtensteiner S (2004) Recent advances in 
chlorophyll biosynthesis and breakdown in higher plants. Plant 
Mol Biol 56(1):1–14. https ://doi.org/10.1007/s1110 3-004-2331-3

El-Assal SED, Alonso-Blanco C, Peeters AJM, Raz V, Koornneef M 
(2001) A QTL for flowering time in Arabidopsis reveals a novel 
allele of CRY2. Nat Genet 29(4):435–440

Fernbach E, Mohr H (1990) Coaction of blue/ultraviolet-A light and 
light absorbed by phytochrome in controlling growth of pine 
(Pinus sylvestris L.) seedlings. Planta 180:212–216

Filiault DL, Wessinger CA, Dinneny JR, Lutes J, Borevitz JO, Weigel 
D, Chory J, Maloof JN (2008) Amino acid polymorphisms in 
Arabidopsis phytochrome B cause differential responses to light. 
P Natl Acad Sci USA 105(8):3157–3162. https ://doi.org/10.1073/
pnas.07121 74105 

Franklin KA, Praekelt U, Stoddart WM, Billingham OE, Halliday KJ, 
Whitelam GC (2003) Phytochromes B, D, and E act redundantly 
to control multiple physiological responses in Arabidopsis. Plant 
Physiol 131(3):1340–1346. https ://doi.org/10.1104/pp.102.01548 
7

Franklin KA, Larner VS, Whitelam GC (2005) The signal transducing 
photoreceptors of plants. Int J Dev Biol 49(5–6):653–664. https 
://doi.org/10.1387/ijdb.05198 9kf

Fujimoto SY, Ohta M, Usui A, Shinshi H, Ohme-Takagi M (2000) 
Arabidopsis ethylene-responsive element binding factors act as 
transcriptional activators or repressors of GCC box-mediated gene 
expression. Plant Cell 12(3):393–404

Ge Y, Yan F, Zourelidou M, Wang M, Ljung K, Fastner A, Hammes 
UZ, Di Donato M, Geisler M, Schwechheimer C, Tao Y (2017) 
SHADE AVOIDANCE 4 is required for proper auxin distribution 
in the hypocotyl. Plant Physiol 173(1):788–800

Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, 
Ellis B, Gautier L, Ge Y, Gentry J, Hornik K, Hothorn T, Huber 
W, Iacus S, Irizarry R, Leisch F, Li C, Maechler M, Rossini AJ, 
Sawitzki G, Smith C, Smyth G, Tierney L, Yang JY, Zhang J 
(2004) Bioconductor: open software development for computa-
tional biology and bioinformatics. Genome Biol 5(10):R80. https 
://doi.org/10.1186/gb-2004-5-10-r80

Giertych MJ, Karolewski P, Oleksyn J (2015) Carbon allocation in 
seedlings of deciduous tree species depends on their shade toler-
ance. Acta Physiol Plant 37:216

Glazebrook J, Zook M, Mert F, Kagan I, Rogers EE, Crute IR, Holub 
EB, Hammerschmidt R, Ausubel FM (1997) Phytoalexin-deficient 
mutants of Arabidopsis reveal that PAD4 encodes a regulatory 
factor and that four PAD genes contribute to downy mildew resist-
ance. Genetics 146(1):381–392

Gommers CM, Visser EJ, St Onge KR, Voesenek LA, Pierik R (2013) 
Shade tolerance: when growing tall is not an option. Trends Plant 
Sci 18(2):65–71. https ://doi.org/10.1016/j.tplan ts.2012.09.008

Gommers CM, Keuskamp DH, Buti S, van Veen H, Koevoets IT, 
Reinen E, Voesenek LA, Pierik R (2017) Molecular profiles of 
contrasting shade response strategies in wild plants: differential 
control of immunity and shoot elongation. Plant Cell 29(2):331–
344. https ://doi.org/10.1105/tpc.16.00790 

Hallik L, Niinemets U, Wright IJ (2009) Are species shade and drought 
tolerance reflected in leaf-level structural and functional differenti-
ation in Northern Hemisphere temperate woody flora? New Phytol 
184(1):257–274. https ://doi.org/10.1111/j.1469-8137.2009.02918 
.x

Hansson A, Amann K, Zygadlo A, Meurer J, Scheller HV, Jensen PE 
(2007) Knock-out of the chloroplast-encoded PSI-J subunit of 
photosystem I in Nicotiana tabacum. FEBS J 274(7):1734–1746

Hersch M, Lorrain S, de Wit M, Trevisan M, Ljung K, Bergmann 
S, Fankhauser C (2014) Light intensity modulates the regula-
tory network of the shade avoidance response in Arabidopsis. P 
Natl Acad Sci USA 111(17):6515–6520. https ://doi.org/10.1073/
pnas.13203 55111 

Hoddinott J, Scott R (1996) The influence of light quality and carbon 
dioxide enrichment on the growth and physiology of seedlings of 
three conifer species. 1. Growth responses. Can J Bot-Revue Can 
Bot 74(3):383–390

Humbert L, Gagnon D, Kneeshaw D, Messier C (2007) A shade toler-
ance index for common understory species of northeastern North 
America. Ecol Indicators 7:195–207

Jeong J, Kim K, Kim ME, Kim HG, Heo GS, Park OK, Park YI, Choi 
G, Oh E (2016) Phytochrome and ethylene signaling integration 
in Arabidopsis occurs via the transcriptional regulation of genes 
co-targeted by PIFs and EIN3. Front Plant Sci 7:1055. https ://doi.
org/10.3389/fpls.2016.01055 

Jofuku KD, Denboer BGW, Vanmontagu M, Okamuro JK (1994) Con-
trol of Arabidopsis flower and seed development by the home-
otic gene APETALA2. Plant Cell 6(9):1211–1225. https ://doi.
org/10.1105/tpc.6.9.1211

Kazan K, Manners JM (2012) JAZ repressors and the orchestration of 
phytohormone crosstalk. Trends Plant Sci 17(1):22–31

Kopylova E, Noe L, Touzet H (2012) SortMeRNA: fast and accurate 
filtering of ribosomal RNAs in metatranscriptomic data. Bioin-
formatics 28(24):3211–3217. https ://doi.org/10.1093/bioin forma 
tics/bts61 1

Leivar P, Monte E, Cohn MM, Quail PH (2012a) Phytochrome sign-
aling in green Arabidopsis seedlings: impact assessment of a 
mutually negative phyB-PIF feedback loop. Mol Plant 5(3):734–
749. https ://doi.org/10.1093/mp/sss03 1

Leivar P, Tepperman JM, Cohn MM, Monte E, Al-Sady B, Erick-
son E, Quail PH (2012b) Dynamic antagonism between phy-
tochromes and PIF family basic helix-loop-helix factors induces 
selective reciprocal responses to light and shade in a rapidly 
responsive transcriptional network in Arabidopsis. Plant Cell 
24(4):1398–1419. https ://doi.org/10.1105/tpc.112.09571 1

Leone M, Keller MM, Cerrudo I, Ballaré CL (2014) To grow or 
defend? Low red: far-red ratios reduce jasmonate sensitivity in 
Arabidopsis seedlings by promoting DELLA degradation and 
increasing JAZ10 stability. New Phytol 204(2):355–367

Li L, Yu X, Thompson A, Guo M, Yoshida S, Asami T, Chory J, 
Yin Y (2009) Arabidopsis MYB30 is a direct target of BES1 
and cooperates with BES1 to regulate brassinosteroid-induced 
gene expression. Plant J 58(2):275–286. https ://doi.org/10.1111/
j.1365-313X.2008.03778 .x

Loach K (1967) Shade tolerance in tree seedlings: I. Leaf photo-
synthesis and respiration in plants raised under artificial shade. 
New Phytol 66:607–621

Lorenzo O, Piqueras R, Sanchez-Serrano JJ, Solano R (2003) 
ETHYLENE RESPONSE FACTOR1 integrates signals from 
ethylene and jasmonate pathways in plant defense. Plant Cell 
15(1):165–178. https ://doi.org/10.1105/tpc.00746 8

Lorrain S, Allen T, Duek PD, Whitelam GC, Fankhauser C (2008) 
Phytochrome-mediated inhibition of shade avoidance involves 
degradation of growth-promoting bHLH transcription fac-
tors. Plant J 53(2):312–323. https ://doi.org/10.1111/j.1365-
313X.2007.03341 .x

Love MI, Huber W, Anders S (2014) Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. Genome 
Biol 15(12):550. https ://doi.org/10.1186/s1305 9-014-0550-8

Lundin S, Stranneheim H, Pettersson E, Klevebring D, Lundeberg J 
(2010) Increased throughput by parallelization of library prepa-
ration for massive sequencing. PLoS ONE 5(4):e10029. https ://
doi.org/10.1371/journ al.pone.00100 29

https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1007/s11103-004-2331-3
https://doi.org/10.1073/pnas.0712174105
https://doi.org/10.1073/pnas.0712174105
https://doi.org/10.1104/pp.102.015487
https://doi.org/10.1104/pp.102.015487
https://doi.org/10.1387/ijdb.051989kf
https://doi.org/10.1387/ijdb.051989kf
https://doi.org/10.1186/gb-2004-5-10-r80
https://doi.org/10.1186/gb-2004-5-10-r80
https://doi.org/10.1016/j.tplants.2012.09.008
https://doi.org/10.1105/tpc.16.00790
https://doi.org/10.1111/j.1469-8137.2009.02918.x
https://doi.org/10.1111/j.1469-8137.2009.02918.x
https://doi.org/10.1073/pnas.1320355111
https://doi.org/10.1073/pnas.1320355111
https://doi.org/10.3389/fpls.2016.01055
https://doi.org/10.3389/fpls.2016.01055
https://doi.org/10.1105/tpc.6.9.1211
https://doi.org/10.1105/tpc.6.9.1211
https://doi.org/10.1093/bioinformatics/bts611
https://doi.org/10.1093/bioinformatics/bts611
https://doi.org/10.1093/mp/sss031
https://doi.org/10.1105/tpc.112.095711
https://doi.org/10.1111/j.1365-313X.2008.03778.x
https://doi.org/10.1111/j.1365-313X.2008.03778.x
https://doi.org/10.1105/tpc.007468
https://doi.org/10.1111/j.1365-313X.2007.03341.x
https://doi.org/10.1111/j.1365-313X.2007.03341.x
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1371/journal.pone.0010029
https://doi.org/10.1371/journal.pone.0010029


317Planta (2019) 250:299–318 

1 3

Martinez-Garcia JF, Galstyan A, Salla-Martret M, Cifuentes-
Esquivel N, Gallemi M, Bou-Torrent J (2010) Regulatory com-
ponents of shade avoidance syndrome. Adv Bot Res 53:65–116

Martinez-Garcia JF, Gallemi M, Molina-Contreras MJ, Llorente 
B, Bevilaqua MR, Quail PH (2014) The shade avoidance syn-
drome in Arabidopsis: the antagonistic role of phytochrome A 
and B differentiates vegetation proximity and canopy shade. 
PLoS ONE 9(10):e109275. https ://doi.org/10.1371/journ 
al.pone.01092 75

Mathews S (2010) Evolutionary studies illuminate the structural-func-
tional model of plant phytochromes. Plant Cell 22(1):4–16. https 
://doi.org/10.1105/tpc.109.07228 0

Mathews S, Tremonte D (2012) Tests of the link between functional 
innovation and positive selection at phytochrome A: the phyloge-
netic distribution of far-red high-irradiance responses in seedling 
development. Int J Plant Sci 173:662–672

Mathews S, Burleigh JG, Donoghue MJ (2003) Adaptive evolution in 
the photosensory domain of phytochrome A in early angiosperms. 
Mol Biol Evol 20(7):1087–1097. https ://doi.org/10.1093/molbe 
v/msg12 3

Matias-Hernandez L, Aguilar-Jaramillo AE, Marin-Gonzalez E, 
Suarez-Lopez P, Pelaz S (2014) RAV genes: regulation of floral 
induction and beyond. Ann Bot-London 114(7):1459–1470. https 
://doi.org/10.1093/aob/mcu06 9

McLaren JS, Smith H (1978) The function of phytochrome in the 
natural environment. VI. Phytochrome control of the growth and 
development of Rumex obtusifolius under simulated canopy light 
environments. Plant, Cell Environ 1:61–67

Mizoguchi T, Wheatley K, Hanzawa Y, Wright L, Mizoguchi M, Song 
HR, Carre IA, Coupland G (2002) LHY and CCA1 are partially 
redundant genes required to maintain circadian rhythms in Arabi-
dopsis. Dev Cell 2(5):629–641. https ://doi.org/10.1016/S1534 
-5807(02)00170 -3

Modrzynski J, Chmura DJ, Tjoelker MG (2015) Seedling growth and bio-
mass allocation in relation to leaf habit and shade tolerance among 
10 temperate tree species. Tree Physiol 35(8):879–893. https ://doi.
org/10.1093/treep hys/tpv05 3

Nozue K, Tat AV, Kumar Devisetty U, Robinson M, Mumbach MR, Ichi-
hashi Y, Lekkala S, Maloof JN (2015) Shade avoidance components 
and pathways in adult plants revealed by phenotypic profiling. PLoS 
Genet 11(4):e1004953. https ://doi.org/10.1371/journ al.pgen.10049 
53

Oh E, Zhu JY, Wang ZY (2012) Interaction between BZR1 and PIF4 
integrates brassinosteroid and environmental responses. Nature Cell 
Biol 14(8):802–809. https ://doi.org/10.1038/ncb25 45

Onai K, Ishiura M (2005) PHYTOCLOCK 1 encoding a novel GARP 
protein essential for the Arabidopsis circadian clock. Genes Cells 
10(10):963–972. https ://doi.org/10.1111/j.1365-2443.2005.00892 .x

Pastore JJ, Limpuangthip A, Yamaguchi N, Wu MF, Sang Y, Han SK, 
Malaspina L, Chavdaroff N, Yamaguchi A, Wagner D (2011) 
LATE MERISTEM IDENTITY2 acts together with LEAFY to 
activate APETALA1. Development 138(15):3189–3198. https ://doi.
org/10.1242/dev.06307 3

Peer WA, Briggs WR, Langenheim JH (1999) Shade-avoidance responses 
in two common coastal redwood forest species, Sequoia sempervi-
rens (Taxodiaceae) and Satureja douglasii (Lamiaceae), occurring in 
various light quality environments. Am J Bot 86(5):640–645

Petroni K, Tonelli C (2011) Recent advances on the regulation of antho-
cyanin synthesis in reproductive organs. Plant Sci 181(3):219–229. 
https ://doi.org/10.1016/j.plant sci.2011.05.009

R Development Core Team R (2015) R: A language and environment 
for statistical computing. R Foundation for Statistical Computing, 
Vienna, Austria, ISB

Ranade SS, García-Gil MR (2013) Ecotypic variation in response to light 
spectra in Scots pine (Pinus sylvestris L.). Tree Physiol 33(2):195–
201. https ://doi.org/10.1093/treep hys/tps13 1

Razzak A, Ranade SS, Strand A, Garcia-Gil MR (2017) Differential 
response of Scots pine seedlings to variable intensity and ratio of 
red and far-red light. Plant, Cell Environ 40(8):1332–1340. https ://
doi.org/10.1111/pce.12921 

Ren H, Gray WM (2015) SAUR proteins as effectors of hormonal and 
environmental signals in plant growth. Mol Plant 8(8):1153–1164

Runge S, Sperling U, Frick G, Apel K, Armstrong GA (1996) Distinct 
roles for light-dependent NADPH:protochlorophyllide oxidore-
ductases (POR) A and B during greening in higher plants. Plant J 
9(4):513–523

Schwechheimer C (2011) Gibberellin signaling in plants—the 
extended version. Front Plant Sci 2:107. https ://doi.org/10.3389/
fpls.2011.00107 

Sefcik LT, Zak DR, Ellsworth DS (2006) Photosynthetic responses to 
understory shade and elevated carbon dioxide concentration in four 
northern hardwood tree species. Tree Physiol 26(12):1589–1599

Sessa G, Morelli G, Ruberti I (1993) The Athb-1 and -2 HD-Zip domains 
homodimerize forming complexes of different DNA binding specifi-
cities. EMBO J 12:3507–3517

Smith H (1994) Sensing the light environment: the functions of the phy-
tochrome family. In: Kendrick R, Kronenberg G (eds) Photomor-
phogenesis in plants. Kluwer Academic, Dordrecht, pp 377–416

Smith H, Whitelam GC (1997) The shade avoidance syndrome: multiple 
responses mediated by multiple phytochromes. Plant, Cell Environ 
20(6):840–844. https ://doi.org/10.1046/j.1365-3040.1997.d01-104.x

Steindler C, Matteucci A, Sessa G, Weimar T, Ohgishi M, Aoyama T, 
Morelli G, Ruberti I (1999) Shade avoidance responses are medi-
ated by the ATHB-2 HD-zip protein, a negative regulator of gene 
expression. Development 126(19):4235–4245

Sun TP (2008) Gibberellin metabolism, perception and signaling 
pathways in Arabidopsis. Arabidopsis Book 6:e0103. https ://doi.
org/10.1199/tab.0103

Sundell D, Mannapperuma C, Netotea S, Delhomme N, Lin YC, Sjodin 
A, Van de Peer Y, Jansson S, Hvidsten TR, Street NR (2015) The 
plant genome integrative explorer resource: PlantGenIE.org. New 
Phytol 208(4):1149–1156. https ://doi.org/10.1111/nph.13557 

Swarup R, Péret B (2012) AUX/LAX family of auxin influx carri-
ers—an overview. Front Plant Sci 3:225. https ://doi.org/10.3389/
fpls.2012.00225 

Thomma BP, Eggermont K, Penninckx IA, Mauch-Mani B, Vogelsang R, 
Cammue BP, Broekaert WF (1998) Separate jasmonate-dependent 
and salicylate-dependent defense-response pathways in Arabidopsis 
are essential for resistance to distinct microbial pathogens. P Natl 
Acad Sci USA 95(25):15107–15111

Tzvetkova-Chevolleau T, Franck F, Alawady AE, Dall’Osto L, Carriere 
F, Bassi R, Grimm B, Nussaume L, Havaux M (2007) The light 
stress-induced protein ELIP2 is a regulator of chlorophyll syn-
thesis in Arabidopsis thaliana. Plant J 50(5):795–809. https ://doi.
org/10.1111/j.1365-313X.2007.03090 .x

Valladares F, Niinemets Ü (2008) Shade tolerance, a key plant fea-
ture of complex nature and consequences. Annu Rev Ecol Evol S 
39:237–257

Vlot AC, Liu PP, Cameron RK, Park SW, Yang Y, Kumar D, Zhou F, 
Padukkavidana T, Gustafsson C, Pichersky E, Klessig DF (2008) 
Identification of likely orthologs of tobacco salicylic acid-binding 
protein 2 and their role in systemic acquired resistance in Arabidop-
sis thaliana. Plant J 56(3):445–456

Wang ZY, Nakano T, Gendron J, He J, Chen M, Vafeados D, Yang Y, 
Fujioka S, Yoshida S, Asami T, Chory J (2002) Nuclear-localized 
BZR1 mediates brassinosteroid-induced growth and feedback sup-
pression of brassinosteroid biosynthesis. Dev Cell 2(4):505–513

Wang H, Wu GX, Zhao BB, Wang BB, Lang ZH, Zhang CY, Wang 
HY (2016) Regulatory modules controlling early shade avoid-
ance response in maize seedlings. BMC Genomics. https ://doi.
org/10.1186/s1286 4-016-2593-6

https://doi.org/10.1371/journal.pone.0109275
https://doi.org/10.1371/journal.pone.0109275
https://doi.org/10.1105/tpc.109.072280
https://doi.org/10.1105/tpc.109.072280
https://doi.org/10.1093/molbev/msg123
https://doi.org/10.1093/molbev/msg123
https://doi.org/10.1093/aob/mcu069
https://doi.org/10.1093/aob/mcu069
https://doi.org/10.1016/S1534-5807(02)00170-3
https://doi.org/10.1016/S1534-5807(02)00170-3
https://doi.org/10.1093/treephys/tpv053
https://doi.org/10.1093/treephys/tpv053
https://doi.org/10.1371/journal.pgen.1004953
https://doi.org/10.1371/journal.pgen.1004953
https://doi.org/10.1038/ncb2545
https://doi.org/10.1111/j.1365-2443.2005.00892.x
https://doi.org/10.1242/dev.063073
https://doi.org/10.1242/dev.063073
https://doi.org/10.1016/j.plantsci.2011.05.009
https://doi.org/10.1093/treephys/tps131
https://doi.org/10.1111/pce.12921
https://doi.org/10.1111/pce.12921
https://doi.org/10.3389/fpls.2011.00107
https://doi.org/10.3389/fpls.2011.00107
https://doi.org/10.1046/j.1365-3040.1997.d01-104.x
https://doi.org/10.1199/tab.0103
https://doi.org/10.1199/tab.0103
https://doi.org/10.1111/nph.13557
https://doi.org/10.3389/fpls.2012.00225
https://doi.org/10.3389/fpls.2012.00225
https://doi.org/10.1111/j.1365-313X.2007.03090.x
https://doi.org/10.1111/j.1365-313X.2007.03090.x
https://doi.org/10.1186/s12864-016-2593-6
https://doi.org/10.1186/s12864-016-2593-6


318 Planta (2019) 250:299–318

1 3

Warrington IJ, Rook DA, Morgan DC, Turnbull HL (1989) The influence 
of simulated shadelight and daylight on growth, development and 
photosynthesis of Pinus radiata, Agathis australis and Dacrydium 
cupressinum. Plant, Cell Environ 12(4):343–356

Xu Q, Truong TT, Barrero JM, Jacobsen JV, Hocart CH, Gubler F (2016) 
A role for jasmonates in the release of dormancy by cold stratifica-
tion in wheat. J Exp Bot 67(11):3497–3508

Yang C, Li L (2017) Hormonal regulation in shade avoidance. Front Plant 
Sci 8:1527. https ://doi.org/10.3389/fpls.2017.01527 

Yin Y, Vafeados D, Tao Y, Yoshida S, Asami T, Chory J (2005) A new 
class of transcription factors mediates brassinosteroid-regulated gene 
expression in Arabidopsis. Cell 120(2):249–259

Zhang W, Liu T, Ren G, Hörtensteiner S, Zhou Y, Cahoon EB, Zhang C 
(2014) Chlorophyll degradation: the tocopherol biosynthesis-related 

phytol hydrolase in Arabidopsis seeds is still missing. Plant Physiol 
166(1):70–79

Zimin A, Stevens KA, Crepeau MW, Holtz-Morris A, Koriabine M, Mar-
cais G, Puiu D, Roberts M, Wegrzyn JL, de Jong PJ, Neale DB, Salz-
berg SL, Yorke JA, Langley CH (2014) Sequencing and assembly 
of the 22-Gb loblolly pine genome. Genetics 196(3):875–890. https 
://doi.org/10.1534/genet ics.113.15971 5

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

https://doi.org/10.3389/fpls.2017.01527
https://doi.org/10.1534/genetics.113.159715
https://doi.org/10.1534/genetics.113.159715

	Transcriptome analysis of shade avoidance and shade tolerance in conifers
	Abstract
	Main conclusion 

	Introduction
	Materials and methods
	Seed material
	Seed germination and light treatment
	Seedling measurements
	RNA sequencing
	Pre-processing of RNA-Seq data and differential expression analyses
	Statistical analysis
	Seedling morphology traits
	Differential expression analysis
	Alignment of PHYA and PHYB


	Results
	Effect of shade on seedling morphology
	Genes involved in shade avoidance (SAS) and tolerance (STS) in conifers
	Analysis of the classical SAS genes in conifers
	Transcription factors (TF) involved in SAS and STR
	Expression of PHY genes in the conifer species, the major contributors to SAS in A. thaliana
	Jasmonic acid (JA) and salicylic acid (SA) pathways
	Genes related to defence response
	Comparison between gene expression patterns in response to shade in A. thaliana and conifers

	Discussion
	Conclusion
	Acknowledgements 
	References




