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Abstract

The timing of seed germination is crucial for seed plants and is coordinated by internal and external cues, reflecting 
adaptations to different habitats. Physiological and molecular studies with lettuce and Arabidopsis thaliana have 
documented a strict requirement for light to initiate germination and identified many receptors, signaling cascades, 
and hormonal control elements. In contrast, seed germination in several other plants is inhibited by light, but the 
molecular basis of this alternative response is unknown. We describe Aethionema arabicum (Brassicaceae) as a suit-
able model plant to investigate the mechanism of germination inhibition by light, as this species has accessions with 
natural variation between light-sensitive and light-neutral responses. Inhibition of germination occurs in red, blue, or 
far-red light and increases with light intensity and duration. Gibberellins and abscisic acid are involved in the con-
trol of germination, as in Arabidopsis, but transcriptome comparisons of light- and dark-exposed A. arabicum seeds 
revealed that, upon light exposure, the expression of genes for key regulators undergo converse changes, resulting 
in antipodal hormone regulation. These findings illustrate that similar modular components of a pathway in light-
inhibited, light-neutral, and light-requiring germination among the Brassicaceae have been assembled in the course 
of evolution to produce divergent pathways, likely as adaptive traits.
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Introduction

Proper timing of germination is a critical step for the survival 
and propagation of seed plants. Light is a major environmental 
factor regulating seed germination, which provides information 

about the position in the soil, the presence of competitors, day 
length, and the season. Plants living in various habitats have dif-
ferent optima for light conditions at the time of germination. 
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Seeds can be categorized based on their response to white light 
during germination (Takaki, 2001). Light-requiring (positive 
photoblastic) seeds germinate only after a minimal exposure 
to light, while light-inhibited (negative photoblastic) seeds 
germinate only in the dark. A  third category, light-neutral 
seeds, germinate in both light and darkness. The categories are 
not mutually exclusive: germination of the ricegrass species 
Oryzopsis miliacea and the salt cress (Thellungiella halophila) is 
promoted by a short period of illumination but inhibited by 
continuous light (Koller and Negbi, 1959; Negbi and Koller, 
1964; Li et al., 2015). The photoblastic classification considers 
only responses to the whole spectrum of white light, regard-
less of wavelength-specific effects. For example, germination 
of Brachypodium seeds and those of other monocotyledonous 
species is inhibited by blue light via cryptochrome receptors 
(Barrero et al., 2014) but induced by red light. In white light, 
the seeds germinate and therefore belong to the light-requiring 
seed category (Barrero et al., 2012). Seeds of many accessions 
of Arabidopsis thaliana and lettuce (Lactuca sativa), the model 
plants for research in this field, require a minimal light ex-
posure for complete germination. Therefore, most insight into 
the role of light for seed germination originates from these 
light-requiring seed types (Shropshire et al., 1961; Shinomura 
et al., 1994; Casal and Sanchez, 1998). Only a limited number 
of plant species with light-inhibited seeds have been described, 
for example, Phacelia tanacetifolia (Chen, 1968; Chen, 1970) or 
Citrullus lanatus, for which seed germination is inhibited by 
the whole spectrum, including white, blue, red, and far-red 
light (Botha and Small, 1988; Thanos et al., 1991). The different 
photoblastic responses are likely an adaptive trait to harsh or 
quickly changing habitats: species with light-inhibited seeds 
often grow on sea coasts or in deserts where germination on 
the surface might be risky or deleterious. Light-inhibited ger-
mination might be advantageous to avoid direct sunlight, so 
that germination occurs when the seeds are buried at various 
depths under shifting sand dunes (Koller, 1956; Thanos et al., 
1991; Lai et  al., 2016), although this germination strategy is 
not strictly correlated with specific habitats (Vandelook et al., 
2018).

In seeds of all photoblastic categories, light-regulated mo-
lecular changes during germination are associated with the 
perception of light through phytochromes, which regulates 
hormonal levels (Casal et al., 1998; Takaki, 2001). Gibberellic 
acid (GA) and abscisic acid (ABA) play a central role: GA in-
duces germination and helps to break seed dormancy, while 
ABA is involved in the establishment and maintenance of dor-
mancy. The balance of these two hormones determines seed 
fate (Finch-Savage and Leubner-Metzger, 2006). After light 
perception by phytochrome B (phyB), a cascade including sev-
eral transcription factors and repressors leads to GA synthesis 
and ABA degradation in light-requiring seeds (Seo et al., 2009). 
A dual role for light has been shown in salt cress, where weak 
light promotes GA accumulation, but strong light inhibits it 
(Li et al., 2015). In Arabidopsis, in red light, the expression of 
the GA biosynthesis genes GA3 OXIDASE 1 (AtGA3ox1) and 
GA3 OXIDASE 2 (AtGA3ox2) as well as the ABA-degrading 
CYTOCHROME P450 gene family member AtCYP707A2 
are enhanced, whereas the ABA biosynthesis gene NCED6 

and the GA-degrading GA2 OXIDASE 2 (AtGA2ox2) are 
repressed (reviewed in Seo et  al., 2009; Shu et  al., 2016). In 
contrast, knowledge about the molecular mechanisms of 
light-inhibited and light-insensitive germination is lacking, as 
no species with this seed trait has so far been established as a 
model for molecular and genetic approaches.

Aethionema arabicum (L.) Andrz. ex DC. (Brassicaceae) is an 
annual spring plant with a relatively small (203–240 Mbp), 
diploid genome that was recently sequenced (Franzke et  al., 
2011; Haudry et al., 2013). The Aethionemeae tribe, with ap-
proximately 57 species, is the earliest-diverged tribe within 
the Brassicaceae and shares 70–80% genetic information with 
Arabidopsis. Aethionema arabicum (hereafter Aethionema) is dis-
tributed in the Middle East and eastern Mediterranean regions. 

In this study, we show that the seeds of one Aethionema 
accession from Turkey (TUR) germinate well in light, while 
the seeds of another accession from Cyprus (CYP) are strongly 
inhibited by the entire spectrum of visible light, in a quan-
titative manner. We characterize the physiological and mo-
lecular properties of seed germination in these two accessions 
and demonstrate that inhibition of germination in light is as-
sociated with a decreased GA:ABA ratio, in contrast to the 
situation in light-requiring Arabidopsis. Transcriptome analysis 
revealed the involvement of similar regulatory components as 
in Arabidopsis but with opposite responses to light. In addition, 
we identified large natural variation of the photoblastic pheno-
type within the Aethionemeae tribe. This makes Aethionema 
a very suitable model to investigate the variation in seed ger-
mination responses to light that exist in closely related species.

Materials and methods

Plant material
Experiments were conducted with Aethionema arabicum (L.) Andrz. ex 
DC.  accessions TUR ES1020 and CYP (obtained from Eric Schranz, 
Wageningen), Iran8456-1, Iran8456-2, and Iran8458 (obtained from 
Setareh Mohammadin, Wageningen), Aethionema carneum (Banks & Sol.) 
B.Fedtsch. accession KM2496, and Aethionema heterocarpum Trev. ac-
cessions KM2491 and KM2614 (obtained from Klaus Mummenhoff, 
Osnabrück). All seed material was produced by plants grown under 16 h 
light/19  °C and 8 h dark/16  °C diurnal cycles, under ~50 μmol m−2 
s−1 light intensity. Indehiscent and dehiscent fruits encompassing non-
mucilaginous and mucilaginous seeds, respectively, were manually separ-
ated and sieved. After seed harvesting, seed stocks were kept dry at 24 °C 
for a minimum of 2 months.

Germination test
All germination tests were conducted at the optimal temperature of 14 °C 
in Petri dishes on four-layer filter paper wetted with distilled H2O and 
supplemented with 0.1% plant preservative PPM (Plant Cell Technology). 
Germination assays shown in Fig. 6 were carried out with the addition of 
10 µM GA4 + 7 (Duchefa), 10 µM fluridone, 10 µM norflurazon (Sigma 
Aldrich and Duchefa), or ABA (Cayman Chemical) as indicated. All as-
says were done in triplicate with a minimum of 15–20 seeds each. Except 
for the experiments reported in Fig. 1C and D and Fig. 2, white, red, and 
blue light exposure was uniformly set to 100 μmol m−2 s−1 light intensity, 
and far-red exposure was set to 15 μmol m−2 s−1 for all experiments. For 
dark treatments, seeds were placed on wet filter paper in complete dark-
ness. Diurnal and high-light tests were carried out under an LED NS1 
lamp with a wide sun-like spectrum (Valoya). Light spectra and intensity 
were measured by using an LED Meter MK350S (UPRtek). Except for 
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Fig. 1. Light inhibition of seed germination in Aethionema arabicum accession CYP. (A) Eight-week-old A. arabicum TUR (Turkey) and CYP (Cyprus) 
plants grown in a growth chamber. (B) Percentage of germinating seeds kept in darkness or under 100 μmol m−2 s−1 white light, scored over time. (C) 
Percentage of germinating seeds kept at various light intensities: (0.8, 1.74, 4, 9.2,23, 62, 80, 100, 150 and 180 μmol m−2 s−1 white light) or in darkness 
(indicated as 0 μmol m−2 s−1), scored after 6 d. (D) Percentage of germinating TUR seeds kept in darkness or under 1600 μmol m−2 s−1 white light, 
scored over time. (E) Percentage of germinating seeds in continuous white, red, blue, or far-red light, dark, or exposed to 5 min far-red light followed by 
darkness, scored after 6 d. (F) Percentage of germinating CYP seeds after various light treatments. The left panel indicates the treatment; the right panel 
indicates the percentage of germinating seeds, scored after 6 d. Red, dark red, and cream rectangles indicate red, far-red, and white light exposure, 
respectively. Grey bars indicate dark periods. Short and long red/far-red rectangles indicate 5 min and 24 h exposure, respectively. (G) Percentage of 
germinating seeds from different A. arabicum accessions and closely related species, kept in the dark (black columns), light (yellow columns), or in the 
dark after a 5 min far-red pulse at imbibition (red columns), scored after 6 d. Error bars represent SD (three independent replicates).
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the seeds shown in Supplementary Fig. S1 at JXB online, only mucilagi-
nous seeds were used for all germination assays.

Quantitative RT–PCR
Before imbibition, seeds were sterilized with chlorine gas for 10 min-
utes. After 23 h incubation in darkness or light, seeds with intact seed 
coats were collected for RNA extraction (three biological replicates for 
each sample). RNA was extracted as described by Oñate-Sánchez and 
Vicente-Carbajosa (2008). Total RNA (3  µg) was treated with DNase 
I  (Thermo Scientific) and precipitated with 1/10 volume of 3 M so-
dium acetate (pH 5.2) and 2.5 volumes of ethanol. DNase I-treated 
RNA (1 µg) was used for cDNA synthesis with random hexamer pri-
mers using the RevertAid H Minus First Strand cDNA Synthesis kit 
(Thermo Scientific). Quantitative reverse transcription–PCR (qRT–
PCR) reactions were performed in a Lightcycler® 96 System (Roche) 
in duplicate, using FastStart Essential DNA Green Master mix (Roche) 
and primer pairs listed in Supplementary Table S2, with the following 
parameters: 95 °C for 10 min, 45 cycles of 95 °C for 10 s and 60 °C for 
30 s, and one cycle of 95 °C for 10 s, 60 °C for 30 s, and 97 °C for 1 s 
to obtain the melting curve for each reaction. Cycle threshold values 
were calculated using Lightcycler® 96 Software (Roche). The geometric 
mean of Aethionema orthologs of ACTIN2 (AearACT2, AA26G00546), 
POLYUBIQUITIN10 (AearUBQ10, AA6G00219), and ANAPHASE-
PROMOTING COMPLEX2 (AearAPC2, AA61G00327) was used for 
normalization. For each gene, the expression level under white light is 

presented as fold change relative to the level of the dark-treated samples 
where the mean expression was set to a value of 1.

Aethionema arabicum genome and annotations
Genome scaffolds and the accompanying gene feature format file of 
the A. arabicum genome version 2.5 was obtained from Haudry et al. 
(2013). The gene models were searched against the non-redundant 
database of NCBI (release 13-05-2015) using BLAST (Altschul et al., 
1990). Gene ontology (GO) terms were retrieved using BLAST2GO 
version 2.5 (Conesa et  al., 2005) along with the best hit and its de-
scription. The coding DNA sequence of each gene model was trans-
lated into amino acid sequence using the R package biostrings version 
2.32.0 (https://www.bioconductor.org/packages/release/bioc/
html/Biostrings.html) and then searched against the uniprot data-
base (release 2015_10) and The Arabidopsis Information Resource 
(TAIR, TAIR10_pep_20110103_representative_gene_model_up-
dated) using BLAST for extracting the best hit and its description. 
Results were filtered for having at least 80% query coverage, according 
to Rost (1999), to unambiguously detect homologous sequences. 
Sequence data from A. arabicum can be found in the CoGe database 
(https://genomevolution.org/coge/) under the following genome 
ID: v2.5, id33968. Accession numbers used in this study are listed in 
Supplementary Table S3. RNA-Seq information and files are deposited 
on GEO with accession number GSE125854 (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE125854).
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RNA extraction for RNA-Seq
Light incubation of seed material was done as for the qRT–PCR. Total 
RNA was isolated as described by Chang et al. (1993). Genomic DNA 
was removed by DNase-I (Qiagen) digestion in solution, followed by 
additional purification using columns (Qiagen RNeasy Kit). RNA 
quantity and purity were determined using a NanoDrop™ spectropho-
tometer (ND-1000, Thermo Scientific™, Wilmington, DE, USA) and 
an Agilent 2100 Bioanalyzer with the RNA 6000 Nano Kit (Agilent 
Technologies, CA, USA) using 2100 Expert Software to calculate RNA 
Integrity Number values. At least three biological replicate RNA samples 
were used for downstream applications. Sequencing was performed at the 
Vienna BioCenter Core Facilities GmbH Next Generation Sequencing 
Unit, Vienna, Austria (www.vbcf.ac.at). Libraries were sequenced in 
50  bp single-end mode on Illumina HiSeq 2000 Analyzers using the 
manufacturer’s standard cluster generation and sequencing protocols.

RNA-Seq data trimming and filtering
The cDNA sequence libraries were processed using Trimmomatic 
(Bolger et al., 2014) with the options ‘ILLUMINACLIP:adaptors:2:20:8, 
SLIDINGWINDOW:4:15, TRAILING:15, HEADCROP:12, 
MINLENGTH:20’ to remove poor quality, adapters, and other tech-
nical sequences. Chloroplast, mitochondrial, and ribosomal RNA 
sequences were filtered out using Bowtie 2 version 2.2.3 (Langmead 
and Salzberg, 2012) and by mapping the reads against the chloroplast 
(GenBank: AP000423.1), mitochondrial (GenBank: Y08501.2), and 
rRNA (GenBank: X52320.1) sequences of A. thaliana.

Read mapping and feature counting
Trimmed and filtered reads were mapped against the Aethionema 
genome version 2.5 using Bowtie2. Uniquely mapped reads were re-
tained. Mapped reads per feature were counted using HTSeq-count ver-
sion 0.6.1 (Anders et al., 2015).

Differentially expressed genes
R (http://www.R-project.org) and the Bioconductor packages Deseq2 
version 1.14.1 (Love et al., 2014), edgeR version 2.18 (Robinson et al., 
2010), and NOISeq version 3.16.5 (Tarazona et al., 2011) were used in 
combination with the feature counts to identify differentially expressed 
genes. For Deseq2, edgeR (classic approach, ‘exactTest’) and NOISeq de-
fault parameters were used. Adjusted p-value (q-value) cut-offs were set 
to 0.001 for Deseq2 and edgeR. For NOISeq, which uses probabilities 
of differential expression, a cut off value of >0.9 was used. The overlap 
(strict consensus) of the output from the three packages was used for 
further analysis.

Heatmap and GO term enrichment
Heatmaps were created using Morpheus visualization software  
(https://software.broadinstitute.org/morpheus). GO term enrichment 
was analyzed using AGI gene identifiers of the Arabidopsis orthologs of 
Aethionema genes in ThaleMine (https://apps.araport.org/thalemine/
begin.do). P values indicate Benjamini–Hochberg test correction.

Phylogenetic analysis
To verify the ortholog status of phytochromes and gibberelin-2-
oxidases in Aethionema, Arabidopsis query protein sequences were 
searched with BLASTP (Altschul et  al., 1990) against a plant-specific, 
custom-made protein database that included genomes of the species 
listed in Supplementary Dataset S7. Results were filtered for having at 
least 80% query coverage according to Rost (1999). Resulting sequences 
were aligned using MAFFT version 7.037b (Katoh and Standley, 2013) in 
automatic mode, and resulting alignments were inspected manually and 
trimmed using Jalview version 2.8 (Clamp et al., 2004). Based on these 
alignments, neighbor-joining guide trees were built using quicktree_sd  

(http://hdl.handle.net/10013/epic.33164.d001) with 1000 bootstrap 
samples. Sequences with very long branches, potentially representing 
flawed gene models, were removed upon inspection of initial trees. 
Afterwards, the appropriate models were selected based on AIC/BIC 
using ProtTest 3.4 (Guindon and Gascuel, 2003; Darriba et  al., 2011). 
Final phylogenies were constructed by Bayesian inference using Mr. 
Bayes 3.2.5 (Ronquist et al., 2012). Bayesian inference analysis was run 
with two hot and two cold chains, discarding 25% of trees as burn-in, 
for 1  688  500 generations (standard deviation of split frequencies 
0.009992) and 2  000  000 generations (standard deviation of split fre-
quencies 0.063371) for phytochrome and gibberellin-2-oxidase family 
trees, respectively. Trees were displayed, colored, and midpoint-rooted 
with FigTree version 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

Measurement of hormone levels
For ABA and GA analysis, seed samples were collected as described for 
RNA extraction, except that five biological replicates were prepared per 
sample. For ABA analysis, 13 mg of seed material was homogenized and 
extracted for 1 h in 1 ml ice-cold methanol/water/acetic acid (10/89/1, 
v/v). Deuterium-labelled standard (20 pmol of (+)-3′,5′,5′,7′,7′,7′-2H6-
ABA) was added to each of the samples. The homogenates were cen-
trifuged at 30  000  × g for 5  min at 4  °C, and the pellets were then 
re-extracted in 0.5  ml extraction solvent for 30  min. The combined 
extracts were purified by solid-phase extraction on Oasis® HLB cart-
ridges (60 mg, 3 ml, Waters, Milford, MA, USA) and then evaporated to 
dryness in a Speed-Vac (UniEquip). Subsequently, the evaporated sam-
ples were methylated, purified by ABA-specific immunoaffinity extrac-
tion (Hradecka et  al., 2007), and analyzed by UPLC-ESI(+)-MS/MS 
(Tureckova et al., 2009).

The sample preparation and analysis of GAs was performed as de-
scribed by Urbanová et  al. (2013), with some modifications. Briefly, 
13 mg of seed material per sample was homogenized in 1 ml ice-cold 
80% acetonitrile containing 5% formic acid. After adding 17 internal 
GA standards ([2H2]GA1, [2H2]GA3, [2H2]GA4, [2H2]GA5, [2H2]GA6, 
[2H2]GA7, [

2H2]GA8, [
2H2]GA9, [

2H2]GA15, [
2H2]GA19, [

2H2]GA20, [
2H2]

GA24, [
2H2]GA29, [

2H2]GA34, [
2H2]GA44, [

2H2]GA51 and [2H2]GA53; pur-
chased from Lewis Mander, Australia), the samples were extracted over-
night at 4  °C. The homogenates were centrifuged at 36  670  × g for 
10 min at 4 °C. Supernatants were further purified using reversed-phase 
and mixed-mode solid phase extraction cartridges (Waters, Milford, MA, 
USA) and analyzed by ultra-high-performance chromatography–tandem 
mass spectrometry (UHPLC-MS/MS; Micromass, Manchester, UK). GAs 
were detected using multiple-reaction monitoring mode of the transition 
of the ion [M–H]- to the appropriate product ion. MassLynx 4.1 soft-
ware (Waters, Milford, MA, USA) was used to analyze the data, and the 
standard isotope dilution method (Rittenberg and Foster, 1940) was used 
to quantify the levels of GAs.

Results

Light inhibits seed germination in Aethionema 
arabicum

The Aethionema accession TUR originates from Konya, 
Turkey (accession ES1020) and was used to generate the ref-
erence genome (Haudry et  al., 2013) and to characterize its 
interesting seed and fruit dimorphism (Lenser et al., 2016). The 
Aethionema accession CYP comes from the Kato-Moni re-
gion of Cyprus (Mohammadin et  al., 2018). Both accessions 
were propagated for several generations under the same con-
ditions in a growth chamber (Fig. 1A). Seeds of both acces-
sions germinate optimally at 14 °C, and all experiments were 
performed at that temperature. Testing the light dependence, 
we found that TUR seeds germinated under white light or 
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in darkness. CYP seeds germinated well in darkness but were 
strongly inhibited under white light (Fig. 1B). Comparing the 
dimorphic seed types, we did not find any difference between 
mucilaginous and non-mucilaginous seeds in response to light, 
therefore we used mucilaginous seeds for further experiments 
(see Supplementary Fig. S1). Species with light-requiring seeds 
need various periods of illumination for germination induction, 
ranging from seconds to days (Bewley et al., 2013). Conversely, 
in light-inhibited seeds, light inhibition of germination can be 
exerted with a wide range of photon irradiance, from a rela-
tively weak ~17 µmol m−2 s−1 light intensity in Citrullus lanatus 
(Botha and Small, 1988) to strong irradiance with 1000 µmol 
m−2 s−1 in some desert plants (Botha and Small, 1988; Lai 
et al., 2016). Therefore, we tested the germination of TUR and 
CYP seeds with different light intensities ranging from 0.8 to 
180 µmol m−2 s−1 (Fig. 1C). Increased light intensity gradually 
decreased the proportion of CYP seeds that germinated: at 
62 µmol m−2 s−1 only ~10% of the seeds germinated, and at 
80 µmol m−2 s−1 the inhibition was complete. Germination of 
TUR seeds was light-neutral in this range (Fig. 1C). As the ir-
radiance can be much stronger at the geographic origin of the 
species, we further tested the germination of TUR seeds under 
1600 µmol m−2 s−1 white light with a wide, sun-like spectrum. 
Although the germination of TUR seeds was slower, almost all 
seeds germinated under this strong light, therefore we categor-
ized TUR seeds as neutral to light (Fig. 1D).

Light-dependent germination often requires exposure to a 
specific part of the light spectrum. Therefore, we tested whether 
the inhibition of CYP seed germination was wavelength-
dependent. Continuous monochromatic blue, red, and far-red 
light were equally effective at inhibiting the germination of 
CYP seeds (Fig. 1E), while TUR seeds could germinate under 
any light condition, including continuous far-red light, which 
inhibits phytochrome-mediated light-induced germination 
in Arabidopsis and lettuce (Borthwick et al., 1952; Shropshire 
et al., 1961). A short (5 min) far-red pulse also effectively in-
hibits germination in Arabidopsis and lettuce, as it converts 
phyB to the inactive form, while a following red pulse allows 
germination again by converting phyB to the active form 
(Borthwick et al., 1952; Shropshire et al., 1961). Importantly, a 
short (5 min) or longer (24 h) exposure to either far-red or red 
light at the time of imbibition, followed by 6 days in darkness, 
allowed CYP seeds to germinate equally well (Fig. 1F). This 
indicates that (i) the induction of germination is independent 
of the active form of phyB and (ii) the light inhibition is not 
established in this time scale (Fig. 1E, F).

TUR and CYP accessions cluster closely together in a net-
work analysis of several A. arabicum accessions (Mohammadin 
et al., 2018). To determine whether the inhibition of CYP seed 
germination by light is a unique trait in the genus Aethionema, 
we investigated the germination phenotype of other avail-
able accessions, including the closest relatives, Aethionema 
heterocarpum and Aethionema carneum (Lenser et  al., 2016; 
Mohammadin et  al., 2018; Supplementary Table S1), after 
propagating the seeds under the same controlled conditions as 
for TUR and CYP. None of the tested accessions required light, 
as all of them germinated similarly well in constant darkness or 
after a 5 min far-red pulse followed by darkness (Fig. 1G). We 

observed variations in the response to white light: germination 
of A. carneum and two A. arabicum (Iran 8456-1 and KM2397) 
accessions was clearly light-inhibited, one A.  heterocarpum 
accession (KM2491) had light-neutral seeds, while the ger-
mination of three accessions (A. arabicum Iran 8458 and Iran 
8456-2, and A. heterocarpum KM2614) was partially inhibited 
by light (Fig. 1G). These findings reveal the presence of natural 
variation for the negative or neutral photoblastic phenotype, 
suggesting that light-inhibited or light-neutral seed germin-
ation may be an adaptive trait in the Aethionemeae tribe, 
and provides interesting material for genetic analysis of the 
phenomenon.

Diurnal regulation of CYP seed germination

To better understand the ecological relevance of light-inhibited 
germination of CYP seeds, we also tested germination under 
different diurnal conditions. Again, TUR seeds were unaffected 
and germinated well under any day length. Interestingly, at a 
lower range of light intensity, the CYP seeds germinated well 
under short-day conditions (cycles of 8 h light/16 h darkness, 
LD8/16), compared to 12 h light/12 h dark cycles (LD12/12), 
which produced partial inhibition, or long-day conditions 
(16 h light/8 h dark cycles, LD16/8), which resulted in com-
plete inhibition (Fig. 2A). Remarkably, at higher light intensity, 
similar to conditions in the plant’s natural habitat (1600 µmol 
m−2 s−1), ~40% of the CYP seeds still germinated under short-
day conditions (Fig. 2B). Gradual inhibition was also observed 
with hourly alternating light exposure (Fig. 2C). However, 
longer uninterrupted light periods resulted in stronger inhib-
ition than more frequent alternations between light and dark, 
despite equal daily fluence in LD12/12 compared with 30 min 
light/30 min dark cycles (Fig. 2A and Fig. 2C). These data indi-
cate that CYP seeds integrate the regime, duration, and inten-
sity of illumination into their germination regulation.

Light-neutral and light-inhibited seeds differ in their 
transcriptomes

To better understand the light-inhibited seed germination 
phenotype in Aethionema, we performed transcriptome ana-
lysis of the TUR and CYP accessions. Seeds were imbibed and 
kept in darkness (D) or under 100 µmol m−2 s−1 white light 
(WL) for 23 h, which was determined as the start point for 
the completion of germination (~1% seeds in the responsive 
populations with emerged radicles). It is important to note that 
CYP seeds are fully able to germinate if transferred to darkness 
after 23 h of light exposure (Fig. 1F). Only seeds with intact 
seed coats were sampled and used for the preparation of RNA 
libraries. Comparison of dark- and light-exposed samples re-
vealed 168 differentially expressed genes in the TUR accession, 
comprising 51 up-regulated and 117 down-regulated genes 
in seeds kept in darkness compared with those kept in light 
(Fig. 3A; Supplementary Dataset S1). In the CYP accession, 
we found 214 differentially expressed genes, comprising 105 
up-regulated and 109 down-regulated genes in seeds kept in 
darkness (Fig. 3A; Supplementary Dataset S2). Considering the 
close relation between the accessions, the overlap of 93 genes 

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz146#supplementary-data
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Fig. 3. Transcriptome analysis of Aethionema TUR and CYP seeds by RNA-Seq. (A–C) Number of differentially expressed genes and Venn diagrams 
showing the proportion of overlapping genes in pairwise comparisons between TUR and CYP, and between exposure to darkness (D, grey seed icon), 
or white light (WL, yellow icon). Icons showing germinating seeds indicate the capability of samples for germination; note that the seeds had not yet 
germinated at the point of sampling. (D) Heatmap indicating the relative expression of the overlapping 87 genes in the four treatments. Coloring is based 
on reads per kilobase of transcript per million mapped reads (RPKM) values. A detailed list is provided in Supplementary Fig. S1. (E) Gene list of three 
selected GO terms with average RPKM values and relative expression differences, indicated by shades of blue (lowest RPKM value) or red (highest 
RPKM value).
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commonly differentially regulated in TUR and CYP was sur-
prisingly small, while 75 genes were light-dependent only in 
TUR, and 121 only in CYP (Fig. 3A). This comparison, how-
ever, did not consider the genetic differences between the two 
accessions. We therefore compared the transcriptome of each 
condition between the TUR and CYP samples. In seeds kept 
in darkness, 564 genes were differentially expressed between 
the two accessions (Fig. 3B; Supplementary Dataset S3). The 
number of differentially expressed genes between light-exposed 
TUR and CYP samples was much higher (969), matching the 
expectation of a larger difference upon light exposure and a 
different physiological state regarding the capability for ger-
mination. Among the 969 genes, 613 were expressed at higher 
levels in TUR and 356 were expressed at higher levels in CYP 
(Fig. 3B; Supplementary Dataset S4). Nearly half of the genes 
(469) were found in the overlap between the two genotypes, 
indicating transcriptional differences independent of the light 
conditions. However, these genes might undergo further light 
regulation that could contribute to the phenotypes. 

To distinguish these possibilities, we hypothesized that the 
light-inhibited germination in CYP should be associated with 
genes that are (i) light-regulated in CYP seeds and (ii) dif-
ferentially expressed in light-exposed TUR and CYP seeds. 
This selection would include genes that are possibly also light-
regulated in TUR seeds, to a lesser extent than in CYP seeds, 
or genes whose induction/repression would be similar in both 
accessions but their absolute level results in different expres-
sion upon light induction. Both criteria were fulfilled for 87 
genes (Fig. 3C, D; Supplementary Dataset S5, Supplementary 
Fig. S2). Of the 87 genes, 16 were up-regulated and 66 
were down-regulated in light-exposed CYP seeds (Fig. 3D). 
Interestingly, 15 of the 87 genes were also significantly up- or 
down-regulated in light-exposed TUR seeds, and the direction 
of the changes in transcript levels was the same in both acces-
sions (Fig. 3D; Supplementary Dataset S5, Supplementary Fig. 
S2). For 85 of the 87 genes we could identify the Arabidopsis 
orthologs (Supplementary Dataset S5). Based on the TAIR10 
database description, 10 of these genes are linked to light 
stimuli and 11 to cell wall organization or biogenesis (Fig. 3E). 
Additionally, 10 genes are involved in hormonal signaling or 
response (Fig. 3E). Genes associated with ABA biosynthesis 
or degradation were not present among these genes (Fig. 
3E; Supplementary Dataset S5). However, the most strongly 
up-regulated transcript [>50-fold induction in CYP seeds ex-
posed to white light (CYP WL in Fig. 3)] was AA18G00108, 
encoding a gibberellin-2-oxidase. Phylogenetic analysis and 
synteny (Supplementary Fig. S3) of the genomic position 
confirmed that Aethionema AA18G00108 is the ortholog of 
Arabidopsis AtGA2ox3 (AT2G34555), which encodes a pro-
tein with C-19 gibberellin 2-beta-dioxygenase activity that is 
involved in the degradation of GA, and therefore expected to 
negatively influence germination.

Transcriptome analysis reveals differences in light-
mediated hormonal responses

In most species, the balance of the hormones GA and ABA 
is an important component of light-regulated germination. 

We therefore tested individual changes in the transcript levels 
of genes involved in GA and ABA biosynthesis in dark- and 
white light-germinated TUR and CYP seeds. Overall, upon 
light exposure of seeds, we found slightly increased transcript 
levels of the genes encoding ABA biosynthetic enzymes and 
a decrease of the main GA biosynthetic enzymes (Fig. 4A, B). 
Expression of the Aethionema orthologs of ABA1, ABA2, 
and ABA3 was slightly but significantly up-regulated upon 
light exposure, in both the light-neutral TUR and the light-
inhibited CYP seeds (Fig. 4A). NCED6 and NCED9, which 
encode the 9-cis epoxycarotenoid dioxygenase gating the ca-
talysis of 9′-cis neoxanthin, the rate-limiting step of ABA syn-
thesis, are known to be transcriptionally down-regulated in 
Arabidopsis upon red light induction (Seo et al., 2006, 2009; 
Oh et  al., 2007). AearNCED5 was significantly up-regulated 
in both TUR and CYP accessions, and AearNCED6 only in 
CYP seeds kept in light. The level of AearNCED9 was similar 
in dark and light (Fig. 4A). In contrast, expression of the gene 
for the ABA-deactivating enzyme AearCYP7072A was also 
elevated, in this case matching the observations in Arabidopsis 
seeds (Fig. 4A) (Seo et al., 2006; Oh et al., 2007).

Light-induced GA accumulation in Arabidopsis seeds is 
mediated by the enhanced expression of GA biosynthetic en-
zymes, encoded by AtGA3ox1 and AtGA3ox2, and the de-
crease of the GA-deactivating gibberellin-2-oxidase encoded 
by AtGA2ox2 (Yamaguchi et  al., 1998; Seo et  al., 2006). We 
found a reciprocal situation in Aethionema seeds: the expres-
sion of both AearGA3ox1 and AearGA3ox2 was decreased on 
exposure to white light (Fig. 4B). In good agreement with 
the RNA-Seq results, the expression of AearGA2ox3 was in-
creased upon illumination with white light in both accessions 
(Fig. 4B). Remarkably, the repression of AearGA3ox1 was con-
siderably more pronounced in the light-inhibited CYP seeds 
than in TUR seeds (Fig. 4B). This also suggests that the TUR 
and CYP accessions might differ in the regulatory network 
upstream of GA-related genes. Therefore, we further investi-
gated the transcriptome for regulation by factors known to be 
involved in light-mediated hormonal responses in seeds.

In Arabidopsis, upon light reception, the active Pfr form of 
phyB interacts with PIL5, a basic helix-loop-helix (bHLH) 
protein, facilitating its degradation by the 26S proteasome (Oh 
et al., 2004, 2007; Shen et al., 2008). Under conditions of dark-
ness or far-red light, PIL5 mediates the stable expression of 
GAI and RGA, two genes encoding DELLA proteins, which 
are negative components of GA signaling (Oh et  al., 2007; 
Piskurewicz et al., 2009). In parallel, PIL5 directly stimulates the 
expression of SOM (SOMNUS), a negative regulator of light-
dependent germination that controls the expression of ABA 
and GA metabolic genes (Kim et al., 2008). Both pil5 and som 
mutants of Arabidopsis germinate in a light-insensitive manner 
(Oh et al., 2004; Kim et al., 2008). The link between SOM and 
the GA3ox1/2 genes is formed by the two jumonji-domain 
proteins JMJ20 and JMJ22 that are directly repressed by SOM 
and support germination by removing the repressing histone H4 
arginine 3 methylation from GA3ox1/2, allowing their expres-
sion (Cho et al., 2012). Another negative regulator of seed ger-
mination is DAG1 (DOF AFFECTING GERMINATION1), 
which is under indirect positive control downstream of PIL5 
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and directly represses the transcription of GA3ox1 and DAG2, 
which was recently identified as a positive regulator of light-
induced germination (Gabriele et al., 2010; Boccaccini et al., 
2014; Santopolo et  al., 2015). We found significant changes 
in the transcript levels of the Aethionema orthologs of RGA, 
GAI, SOM, DAG1, and JMJ20 in light-exposed seeds com-
pared with those in the dark, either in both TUR and CYP 
accessions or only in CYP (Fig. 4C). The expression of DAG1 
was decreased in light-exposed seeds of both accessions, similar 
to its response in Arabidopsis (Fig. 4C). PHYTOCHROME 
RAPIDLY REGULATED 1 and 2 (PAR1 and PAR2) were 
both down-regulated in seeds exposed to white light (Fig. 3E; 
Supplementary Dataset S5). In Arabidopsis, PAR1 and PAR2 
are negative factors in shade avoidance (Roig-Villanova et al., 
2007) and promote seedling de-etiolation under different light 
conditions, likely through interaction with PIF proteins (Zhou 
et al., 2014). Their role during seed germination has not been 
elucidated, although available transcriptome data suggest that 
PAR2 is repressed by PIL5 and up-regulated in seeds exposed 
to red light (Shi et al., 2013). Importantly, we also confirmed 
the RNA-Seq results that AearPAR1 and AearPAR2 are down-
regulated in seeds exposed to white light (Figs 3E and 4C; 
AA21G00074 and AA61G00301).

Germination under unfavorable conditions can be avoided 
by the establishment of seed dormancy, which is strongly cor-
related with the key dormancy protein DOG1 (DELAY OF 
GERMINATION 1) (Bentsink et al., 2006, 2010; Footitt et al., 
2011; Graeber et al., 2014; Kerdaffrec et al., 2016). The expres-
sion of the DOG1 gene is regulated by environmental sig-
nals and highly variable among Arabidopsis accessions (Chiang 
et  al., 2011; Kendall et  al., 2011; Finch-Savage and Footitt, 
2017). Therefore, we tested whether the exposure of TUR or 
CYP seeds to light enhances DOG1 expression. AearDOG1 
was indeed among the light-responsive genes up-regulated in 
CYP (Fig. 3E, AA6G00020). qRT–PCR data confirmed that 
DOG1 expression was significantly enhanced in both accessions 
in light-exposed seeds, but the increase was more pronounced 
in the light-inhibited CYP seeds (Fig. 4D). These results indi-
cate that light can indeed influence the level of dormancy of 
light-responsive seeds. The expression of Aethionema orthologs 
of ABA-responsive transcription factors linked to dormancy, 
including ABI3, ABI4, and ABI5 (ABA INSENSITIVE 3, 4, 
5) (Shu et al., 2013; Dekkers et al., 2016) showed significant, 
but only moderate, differences in light-exposed CYP seeds 
(Fig. 3D). Taking these findings together, (i) Aethionema uses 
similar key regulatory components to control germination as 
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Arabidopsis, but (ii) the direction of change of transcript levels 
for several genes in light-exposed seeds are opposite in seeds of 
both Aethionema accessions compared with Arabidopsis, and 
(iii) at least two genes related to GA biosynthesis or degrad-
ation (GA3ox1 and GA2ox3) show a much more pronounced 
response in the light-inhibited CYP seeds compared with the 
light-neutral TUR seeds and might be responsible for the ob-
served contrasting effect of light on germination.

The GA:ABA ratio decreases during light inhibition of 
Aethionema seed germination

To test whether the differential expression of the GA- or ABA-
related genes would indeed affect the levels of the respective 
bioactive hormones, we compared GA and ABA levels in TUR 
and CYP seeds during the different germination regimes. For 
induction of germination of Arabidopsis seeds, the most active 
form of GA is GA4, among other GAs studied (Derkx et al., 
1994). The absolute GA4 hormone level was similar in both 
Aethionema accessions in seeds kept in darkness and in light-
exposed TUR seeds (Fig. 5A). In contrast, and in good correl-
ation with the light-induced repression of GA3ox1 expression 
(Fig. 4B), we observed the lowest level of the bioactive GA4 in 

CYP seeds exposed to light for 23 h (Fig. 5A; Supplementary 
Fig. S4). Moreover, the level of GA9, the biosynthetic precursor 
of GA4, was also significantly higher in light-exposed CYP 
seeds compared with TUR seeds, indicating that the GA9 → 
GA4 conversion might be less efficient in CYP seeds exposed 
to light (Fig. 5A). Given the enhanced expression of the cata-
bolic GA2ox3 in light-exposed CYP seeds, we expected an 
increased level of the catabolic GA34 in CYP seeds. We did 
not observe this tendency during the 23  h period, but this 
might have been due to the slower turnover of GA (Fig. 5A). 
Absolute ABA levels were higher in CYP than TUR seeds 
under both regimes, in agreement with the later onset of CYP 
germination in the dark compared with TUR and significantly 
higher ABA levels in light-exposed CYP seeds compared with 
light-exposed TUR (Fig. 5B). 

As seed germination is determined by the balance of the 
two antagonistically acting hormones, we calculated the ratio 
of average GA and ABA levels. Interestingly, the GA:ABA ratio 
decreased in both accessions under light (Fig. 5C), but to a 
much larger extent in light-exposed CYP seeds, which had 
the lowest GA:ABA ratio of all. This indicates a threshold for 
the hormonal control below which germination of CYP seeds 
under continuous light exposure is not possible.
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GA and ABA are involved in light inhibition of CYP seed 
germination

In Arabidopsis, germination of far-red-exposed seeds can be 
rescued by removal of the seed coat and the endosperm layer, 
as these extraembryonal tissues release ABA in response to far-
red light, thereby inhibiting germination (Lee et al., 2012; Yan 
et al., 2014). Therefore, we tested whether the light inhibition 
of germination in Aethionema CYP seeds was also mediated 
by the seed coat and endosperm. Indeed, after mechanical re-
moval of the extraembryonal tissue 24 h after imbibition under 
light exposure, development of CYP and TUR seedlings was 
similar, and 100% of the seedlings grew normally, even under 
continuous light (Fig. 6A). These data indicate that although 
Arabidopsis and Aethionema CYP seeds respond differently to 

light, the role of the seed coat and endosperm, and likely the 
involvement of ABA, appear similar.

Germination of light-requiring lettuce seeds in the dark 
or under far-red light could also be rescued by the add-
ition of norflurazon [4-chloro-5-methylamino-2-(3-
trifluoromethylphenyl)pyridazin-3-one] (Widell et  al., 1981). 
Fluridone [1-methyl-3-phenyl-5-(3-trifluoromethyl-phenyl)-
4-(1H)-pyridinone] restored the germination of lettuce and 
other seeds at suboptimal temperatures (Yoshioka et al., 1998; 
Debeaujon and Koornneef, 2000; Argyris et  al., 2008). Both 
chemicals are inhibitors of carotenoid biosynthesis, which is re-
quired for de novo ABA synthesis (Bartels and Watson, 1978). We 
applied fluridone and norflurazon to both Aethionema acces-
sions under continuous light exposure. CYP seed germination 
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was completely rescued (Fig. 6B), indicating that de novo ABA 
synthesis induced by light is an important component of the 
negative control of germination in light-exposed CYP seeds.

The difference in the GA:ABA ratio between TUR and 
CYP seeds exposed to the dark (Fig. 5C) suggested that ex-
ogenously applied ABA might inhibit the germination of CYP 
seeds in darkness, which is otherwise optimal for the germin-
ation of both accessions. When this was tested by applying 
increasing concentrations of ABA, germination of CYP seeds 
was inhibited by 0.3 µM ABA while for TUR seeds 1 µM ABA 
was needed to produce the same level of inhibition (Fig. 6C).

Finally, we tested whether externally applied GA could 
overcome the inhibitory effect of light on germination. The 
addition of 10 µM GA4 + 7 allowed CYP seeds to germinate 
under continuous light, although the germination was slower 
than that of seeds treated with fluridone (Fig. 6D). These data 
suggest that GA and ABA are indeed involved in the control 
of germination, as in other plants. However, the signaling path-
ways downstream of light reception to the transcriptional con-
trol of these two key hormones must be antipodal to those in 
Arabidopsis.

Discussion

Ecological significance of light-regulated germination

The first observations on photoblastic differences were re-
ported more than a century ago (Kinzel, 1913), and since then, 
several species have been described to have a light-inhibited 
or light-neutral germination phenotype (Grime et al., 1981). 
Despite this, research in the past decades about the molecular 
control of seed germination focused nearly exclusively on the 
light-requiring germination of Arabidopsis. Here, we present 
an initial physiological and molecular characterization of light-
neutral and light-inhibited germination in two accessions of 
Aethionema, another Brassicaceae species.

The light requirement for seed germination is often con-
sidered to be a depth-sensing strategy associated with small seed 
size (Grime et al., 1981; Fenner and Thompson, 2005). As light 
penetrates only a few millimeters into the soil, light depend-
ence of small seeds ensures that the elongating hypocotyl will 
reach the surface before its resources are exhausted (Woolley 
and Stoller, 1978; Fenner and Thompson, 2005). Additionally, 
the light quality, sensed by the phytochrome photoreceptors 
as the ratio of red:far-red wavelengths, provides information 
about the leaf canopy, as leaves absorb more red than far-red 
light. Therefore, the minimum red:far-red ratio required for 
seed germination of a certain species may determine the op-
timal season when competition is reduced, as was shown for 
Cirsium palustre (Pons, 1984). 

In contrast, light-inhibited germination is plausible in spe-
cies originating from open, arid, or semi-arid habitats where 
high light intensity is likely coupled with drought conditions, 
which could be unfavorable for young seedlings (Thanos et al., 
1991; Lai et  al., 2016). These conditions occur at many ori-
ginal habitats of A. arabicum. Our data indicate that the light-
inhibitable germination of the CYP accession might be a 
photoperiod-sensing mechanism, as the seeds germinate well 

under short-day but not long-day conditions. Short-day con-
ditions correspond to the day length of early spring days, when 
Aethionema germinates in its natural habitat. As the average 
lifespan of Aethionema is around 4  months, germination in 
early spring is necessary in order to complete the life cycle and 
seed production before the dry and warm season. Similar to 
the CYP accession of Aethionema, seeds of the light-inhibited 
garden variant of Nemophila insignis germinate preferentially in 
short-day conditions (Black and Wareing, 1960; Chen, 1968). 
Seasonal adaptation of germination via opposite photoperiod 
sensitivity was described for arctic tundra species, which are 
inhibited by short days and prefer to germinate under long 
days, corresponding to the short summer season in Alaska 
(Densmore, 1997). Although only these few examples are 
known, photoperiod dependence of seed germination is likely 
more common for plants in habitats where optimal timing of 
germination is crucial.

Germination in most of the examined Aethionema species 
was at least partially inhibited by light, whereas the Turkish 
accession of Aethionema (TUR) and one A. heterocarpum ac-
cession germinated independently of light. The occurrence of 
both phenotypes among close relatives in the Aethionemeae 
indicates that it is likely an adaptive trait that appeared more 
than once during evolution, although the exact environmental 
cues that favor light-neutral germination is unknown. Given 
the limited number of Aethionema accessions available that 
have been propagated under controlled conditions, it is too 
early to conclude which of the phenotypes is ancestral. Based 
on the habitats of most Aethionema species and the identified 
transcriptome changes of key regulatory genes, in the same dir-
ection but to different degrees, in TUR and CYP, it is tempting 
to speculate that light-inhibited germination is the ances-
tral mechanism that has been desensitized in some instances. 
Collection and amplification of seed material and analysis of 
further Aethionema species and accessions for which detailed 
phylogenetic data are available (Mohammadin et al., 2017) are 
expected to provide an answer to this question.

Light-dependent versus light-inhibited germination 
control

The species for which light inhibition of seed germination 
have been previously described (Chen, 1968, 1970; Botha and 
Small, 1988; Thanos et  al., 1991) are phylogenetically distant 
from the model plants lettuce and Arabidopsis, which show 
light-dependent germination. Some molecular aspects of light-
inhibited germination have been investigated for monocoty-
ledonous plants (Barrero et al., 2012; Hoang et al., 2014), and 
in both cases were clearly restricted to blue light. The com-
parisons within the triangle of closely related species with dif-
ferent germination phenotypes—light-requiring Arabidopsis, 
light-neutral Aethionema TUR, and Aethionema CYP that is 
inhibited by the full spectrum of visible light—may allow us 
to understand the mechanistic and evolutionary divergence of 
the light-controlled signaling network that induces germin-
ation. Previous studies in numerous species (Finch-Savage and 
Leubner-Metzger, 2006) together with the data presented here 
leave no doubt about the central role of ABA and GA in the 
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inhibition and stimulation, respectively, of germination. The 
positive, essential stimulus of light in Arabidopsis and its nega-
tive, blocking role in Aethionema CYP are expected to reflect a 
fundamental and qualitative difference between light reception 
and hormonal control. Although many other factors, including 
other hormones, are known to modulate germination (Argyris 
et al., 2008; Linkies and Leubner-Metzger, 2012; Meng et al., 
2016), the antipodal changes in transcript levels in Aethionema 
upon light exposure for some of the same ABA/GA key regu-
latory components as in Arabidopsis indicate a major source of 
the difference in this signaling pathway (Fig. 7). Among these 
components are AearSOM, AearABI3, AearABI5, AearABA1, 
AearNCED6, AearGA3ox1, AearGA3ox2, and AearGA2ox3. 
However, the expression of many other genes responds to 
light in a similar fashion in Aethionema and Arabidopsis (e.g. 
RGA, GAI, DAG1, CYP707A2, and JMJ20), indicating that 
the light response is partially conserved (Fig. 7). In Arabidopsis, 
PIL5/PIF1, a key regulator in the light-induced transcrip-
tional cascade, undergoes rapid protein degradation (Shen 
et al., 2008). As the antibody to Arabidopsis PIL5/PIF1 did not 
recognize the Aethionema protein from the orthologous gene 
(AA33G00286) (our unpublished results), we were unable to 
test its light-responsive protein degradation in Aethionema 
seeds. However, it is remarkable that the direct downstream 
target genes (DAG1, SOM, DELLAs, and ABI5) are either 
up- or down-regulated in Aethionema, whereas their tran-
scriptional repression by light is rather uniform in Arabidopsis 
(Fig. 7). A study based on chromatin immunoprecipitation in 
Arabidopsis with the PIL5/PIF1 antibody and microarray data 
revealed 166 genes that are under the direct control of PIL5/
PIF1 (Oh et al., 2009). The Aethionema orthologs of the direct 
PIL5 target genes that could be identified (132 out of the 
166) were found to have relatively stable and light-independent 
expression in Aethionema seeds; only eight genes in TUR and 
seven genes in CYP showed more than 2-fold changes in either 

direction (Supplementary Dataset S6). Therefore, one possible 
divergence between Arabidopsis and Aethionema might be in 
the regulation of PIL5/PIF1 protein activity or stabilization. 
The germination of Arabidopsis pil5 mutant seeds in darkness 
and far-red light further indicates that PIL5/PIF1 is the most 
upstream element in the network that is possibly associated 
with germination in the dark.

Light-independent versus light-inhibited germination 
control

Remarkably, among the 87 genes that were light-responsive 
in CYP and differentially regulated between the TUR and 
CYP accessions, 15 nevertheless showed the same direction 
of change in transcript levels in both accessions. One possible 
explanation for this observation might be a reduced sensitivity 
of germination of TUR seeds to light. In Arabidopsis, screens 
for light-hyposensitive mutants have often identified PHYB or 
PHYA mutations, indicating that the primary reason for the 
hyposensitive response may be variations within the phyto-
chrome protein. As in Arabidopsis, there are five phytochromes 
in Aethionema, which are highly conserved (Supplementary 
Fig. S5A). The protein sequences of PHYB, PHYC, and 
PHYD are identical in the CYP and TUR accessions, while 
the PHYA and PHYE proteins harbor a few missense single 
nucleotide polymorphisms (SNPs) (Supplementary Fig. S5B–
F). However, the second, light-inhibited accession from Turkey 
(KM2397) shares most of the same SNPs with the light-neutral 
TUR accession. It is therefore unlikely that allelic variations 
of phytochromes are responsible for the different responses 
(Supplementary Fig. S5B–F). Similarly, there are no SNPs 
in the PIL5/PIF1 coding sequences that would cause non-
synonymous amino acid changes and that diverge between 
the light-neutral TUR and the two light-inhibited accessions 
(Supplementary Fig. S6). A detailed analysis of phytochrome 
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actions may help to understand and identify the photorecep-
tors involved in light-inhibited germination.

As the qRT–PCR data indicated, many genes of the light-
regulated network are differentially expressed either slightly or 
strongly in TUR and CYP seeds under dark and light condi-
tions, resulting in substantial differences in AearGA3ox1 and 
AearGA2ox2 expression and lower levels of GA4 in CYP seeds 
under light. The differential GA:ABA ratio is likely determined 
by more than one upstream event early in the transcriptional 
cascade. Our data show that the PAR1 and PAR2 genes are 
significantly differentially expressed in TUR and CYP seeds 
under dark and light conditions. PAR1 and PAR2 both encode 
bHLH proteins, but do not possess DNA binding activity and 
are involved in the shade avoidance response (Wray et al., 2003; 
Roig-Villanova et al., 2007). Although their precise mechanism 
of action and role in seed germination is still unknown, it has 
been speculated that they form heterodimers with other bHLH 
proteins, such as PIFs, and modulate their activity as transcrip-
tional cofactors (Roig-Villanova et  al., 2007). Therefore, the 
differential expression of AearPAR1 and AearPAR2 in TUR 
and CYP seeds might play a role in the regulation of PIL5/
PIF1 activity, influencing the network downstream of PIL5/
PIF1.

While our data did not identify a unique point of diver-
gence in the molecular control of light over seed germination 
between the investigated Aethionema accessions, the identified 
natural variation within the genus, and the phylogenetic rela-
tionship with the conversely responding Arabidopsis, provide 
great opportunities to elucidate the mechanism of an ecologic-
ally important but underinvestigated trait. Based on the cur-
rent evidence, the basic components seem to be conserved but 
connected in a different cascade of events. Growth conditions, 
genome size, and generation time of Aethionema are similar 
to those of Arabidopsis, allowing for future forward mutant 
screens and genetic association studies.
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