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Light affects almost every aspect of plant development. It is 
perceived by photoreceptors, among which phytochromes 
(PHY) are responsible for monitoring the red and far-
red spectrum. Arabidopsis thaliana possesses five phy-
tochrome genes (phyA–phyE). Whereas functions of phyA 
and phyB are extensively studied, our knowledge of other 
phytochromes is still rudimentary. To analyze phyD func-
tion, we expressed it at high levels in different phytochrome-
deficient genetic backgrounds. Overexpressed phyD-YFP 
can govern effective light signaling but only at low tem-
peratures and in cooperation with functional phyC. Under 
these conditions, phyD-YFP accumulates to high levels, and 
opposite to phyB, this pool is stable in light. By compar-
ing the photoconvertible phyD-YFP and phyB levels and 
their signaling in continuous and pulsed irradiation, we 
showed that phyD-YFP is a less efficient photoreceptor than 
phyB. This conclusion is supported by the facts that only 
a part of the phyD-YFP pool is photoconvertible and that 
thermal reversion of phyD-YFP is faster than that of phyB. 
Our data suggest that the temperature-dependent func-
tion of phyD is based on the amount of phyD protein and 
not on its Pfr stability, as described for phyB. We also 
found that phyD-YFP and phyB-GFP are associated with 
strongly overlapping genomic locations and are able to 
mediate similar changes in gene expression; however, the 
efficiency of phyD-YFP is lower. Based on these data, we 
propose that under certain conditions, synergistic inter-
action of phyD and phyC can substitute phyB function in 
seedlings and in adult plants and thus increases the abil-
ity of plants to respond more flexibly to environmental
changes.
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Introduction

Plants are sessile organisms and depend on light as an energy 
source utilized by photosynthesis; thus, it is essential to opti-
mize their growth and development according to the surround-
ing light environment. In the dark, young seedlings undergo 
skotomorphogenesis developing long hypocotyls and small, 
closed, yellowish cotyledons, whereas under light irradiation 
photomorphogenesis takes place, resulting in seedlings hav-
ing short hypocotyls and large, opened, green cotyledons. 
To achieve this, plants possess light-sensing photoreceptor 
molecules perceiving radiation on a wide spectrum, including 
ultraviolet (UV) B by the UVB-RESISTANCE LOCUS 8 (Rizzini 
et al. 2011), blue/UV-A by cryptochromes (Wang and Lin 2020), 
phototropins (Briggs and Christie 2002) and the family of Light-
Oxygen-Voltage-sensing domain/F-box proteins (Demarsy and 
Fankhauser 2009). Phytochromes (PHY) are the sensors of red 
(R, 𝜆max ∼ 660 nm) and far-red (FR, 𝜆max ∼ 730 nm) light. Ara-
bidopsis thaliana, a widely used model plant, has five phy-
tochromes (phyA–phyE) (Quail 2002, Bae and Choi 2008). They 
appear as functional dimers of two ∼125 kDa monomers, each 
of them cradling a linear tetrapyrrol chromophore providing 
light sensitivity to the molecule. Phytochromes are synthesized 
in their inactive (Pr) form, and upon red-light (R) perception, 
they are converted to the biologically active Pfr conformer 
(Rockwell et al. 2006). Pfr is thermodynamically unstable, and 
it spontaneously converts back to Pr. This process is called ther-
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mal reversion and has key importance in the attenuation of light 
signaling in the dark or under low light conditions (Klose et al. 
2020). Furthermore, higher ambient temperature decreases Pfr 
levels by accelerating thermal reversion, allowing phytochrome 
B to act as a thermosensor (Jung et al. 2016, Legris et al. 2016, 
Kerbler and Wigge 2023).

All phytochromes are translocated to the nucleus upon 
formation of their Pfr conformer and localize to subnuclear 
complexes (photobodies) where they interact with different 
proteins, and these steps are necessary for most phytochrome 
functions (Fankhauser and Chen 2008, Klose et al. 2015, Kim 
et al. 2023). For example, Pfr phytochromes physically inter-
act with phytochrome-interacting factor (PIF) transcription 
factors, which have a central role in maintaining skotomor-
phogenic development, inducing their rapid degradation thus 
allowing the initiation of photomorphogenesis (Leivar et al. 
2008, Shin et al. 2009, Ni et al. 2014). Similarly, photoacti-
vated phyB directly interacts with the BRI1-EMS-SUPPRESSOR 1 
(BES1) transcription factor and represses its activity. This is how 
BES1-promoted brassinosteroid-dependent hypocotyl elonga-
tion, which occurs in the dark, is blocked at the onset of light 
(Sun et al. 2010; Wang et al. 2006, Wu et al. 2019).

Although phytochromes do not possess DNA-binding 
domains, distinct regions of the genome were identified as bind-
ing sites of phyB-containing protein complexes, suggesting that 
this is a direct step by which light modifies gene transcription 
(Chen et al. 2014, Jung et al. 2016).

Phytochromes are categorized into two groups based on 
their stability in light. phyA, the only type I phytochrome, 
is unstable in R, acts exclusively as homodimers and medi-
ates responses at very low light intensities (very low-fluence 
responses) and in continuous FR (high-irradiance responses). 
Type II phytochromes (phyB-phyE) are more stable under irra-
diation than phyA. They regulate R/FR reversible low-fluence 
responses, and among them, phyB has the most important role 
(Nagy and Schäfer 2002). It was demonstrated that phyB, the 
most abundant and important type II phytochrome, accumu-
lates to higher levels in dark-grown plants than in light-grown 
plants because the Pfr form of phyB degrades faster than Pr (Ni 
et al. 2014).

Being the dominant phytochromes for most light responses, 
phyA and phyB signaling is in the spotlight of phytochrome 
research. However, studies examining single- and higher-order 
phytochrome mutants revealed that despite having subtle roles, 
phyC–phyE do mediate light responses (Strasser et al. 2010, Hu 
et al. 2013, Sánchez-Lamas et al. 2016). These phytochromes 
take part in seedling development, flowering induction, shade 
avoidance and germination responses, but their effects are 
obscured in the presence of phyA or phyB (Aukerman et al. 
1997, Devlin et al. 1998, 1999, Franklin et al. 2003, Halliday 
and Whitelam 2003, Monte et al. 2003). It was also reported 
that whereas endogenous phyB and phyD form homodimers, 
phyC and phyE form obligate heterodimers with phyB and 
phyD (Sharrock and Clack 2004, Clack et al. 2009, Liu and 
Sharrock 2013), although other studies showed that phyC and 

phyE homodimers are functional, indicating that the issue of 
homo/heterodimerization of these phytochromes needs fur-
ther investigations (Clack et al. 2009, Ádám et al. 2013, Viczián 
et al. 2020).

Together with the studies performed using null mutants, 
overexpression of phyC–phyE was also used to study their 
functions. Overexpressed and tagged phyC, phyD and phyE 
are functional photoreceptors and are able to mediate more 
pronounced light responses than their genomic counterparts 
(Kircher et al. 2002, Sharrock et al. 2003a, Fernández et al. 
2005, Ádám et al. 2013). These responses are also induced by 
overexpressed N-terminal fragments of these phytochromes, 
demonstrating their activity in red-induced photomorphogen-
esis and indicating that their C-terminal domain is not required 
for signaling (Ádám et al. 2013).

Expression of phyC–phyE fused to fluorescent proteins as 
chimeras allowed to monitor their intracellular localization. 
Similarly to phyA and phyB, light irradiation triggers their 
nuclear accumulation, but only phyC and phyE form photo-
bodies under R irradiation (Kircher et al. 2002, Ádám et al. 
2013). A recent study demonstrated that the hyperactive 
mutant version of phyD can also localize to photobodies dur-
ing photomorphogenic development, indicating that these 
structures are linked with active phyD signaling (Viczián et al.
2020).

PhyD appeared late during phytochrome evolution by a 
Brassicaceae-specific gene duplication of phyB (Mathews 2005, 
Mathews and McBreen 2008). Although the phytochrome B 
and D proteins share high-sequence homology, the two phy-
tochromes function differently because phyD accumulates to 
lower levels and the differences in their protein sequences 
have signaling consequences. Despite its low expression level, 
phyD plays a role in the regulation of many different develop-
mental programs, including germination, seedling photomor-
phogenesis or flowering (Sharrock et al. 2003a, 2003b, Ádám
et al. 2013).

To further study the role of phyD and its interaction with 
other phytochromes, we overexpressed phyD-YFP in differ-
ent higher-order phytochrome mutant backgrounds. We found 
that whereas this chimeric protein alone cannot effectively 
mediate photomorphogenesis, it can cooperate with phyC, and 
under low temperatures, phyD-YFP accumulates to high lev-
els, aggregates to photobodies and promotes de-etiolation effi-
ciently. Moreover, we found that light signaling mediated by 
phyB and phyD is similar, and after a short red-light treatment, 
these photoreceptors are associated with strongly overlapping 
genetic loci and change transcription of similar target genes. 
However, our results also suggest that phyD-YFP is a less efficient 
photoreceptor than phyB because (i) only part of the phyD-YFP 
pool is photoactivable (ii) and its signaling is less efficient likely 
because the thermal reversion of phyD-YFP is faster. Conclu-
sively, our results suggest that under specific conditions, phyD 
can substitute or complement the activity of phyB, thereby 
increasing the flexibility of plants’ responses to environmental 
changes.
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Results

phyC and low temperature are required for 
efficient induction of seedling 
photomorphogenesis by phyD-YFP
To examine the role of phyD, we expressed phyD-YFP under 
the control of the strong constitutive 35S promoter in quin-
tuple phytochrome mutant A. thaliana Landsberg erecta (Ler) 
ecotype (abcde). The line that expressed phyD-YFP to the high-
est level (PHYD-YFP/abcde) was selected and used for further 
studies and crossings. To assess the function of the transgene, 
we examined its efficiency in the inhibition of hypocotyl elon-
gation response under R irradiation at low and high ambient 
temperatures (17∘C and 27∘C, respectively) (Fig. 1). The PHYD-
YFP/abcde seedlings showed no significant hypocotyl length 
shortening throughout the red-light fluence rate range, indi-
cating that phyD-YFP alone cannot mediate this response. We 
crossed the 35S:PHYD-YFP transgene to a background having 
no functional phytochromes except phyC, obtaining the PHYD-
YFP/abCde transgenic line. Interestingly, PHYD-YFP/abCde 
inhibited hypocotyl elongation as efficiently as the wild-type 
(WT) Ler line at 17∘C, whereas it showed no response at 
27∘C. Endogenous phyD alone (abcDe) or together with phyC 
(abCDe) showed no effective photomorphogenic response at 
either temperature, suggesting that a high phyD-YFP level was 
required for efficient response (Fig. 1). Thus, we concluded that 
in young seedlings, phyD-YFP can efficiently mediate photo-
morphogenesis only at low temperature and in the presence of 
phyC.

PHYD-YFP protein accumulation depends on the 
temperature and the presence of phyC
As photoreceptors are positive regulators of light signaling, their 
abundance has a direct effect on the intensity of light responses. 
Therefore, we measured whether the amounts of PHYD-YFP 
protein correlate with the observed phyD-YFP-dependent phe-
notypes. We found that in the abcde background, PHYD-YFP 
accumulates to higher amounts at 17∘C than at 27∘C in the 
light- but not in dark-grown plants (Fig. 2A), whereas in the 
abCde background, PHYD-YFP levels were higher at 17∘C than 
at 27∘C in both light- and dark-grown plants (Fig. 2B, C). Inter-
estingly, the amount of PHYD-YFP was higher under all tested 
light and temperature conditions in the abCde than in the 
abcde background (Fig. 2B, C). Thus, we concluded that the 
amounts of phyD-YFP are correlated with photomorphogenic 
responses, and the highest amount of phyD-YFP and the most 
pronounced photomorphogenesis were observed in the abCde 
background at 17∘C. Additionally, we found that short red irra-
diation does not significantly alter the amount of PHYD-YFP 
(Supplementary Fig. S1), but a temperature shift of 3 d results 
in similar amounts of protein as the growth of 5 d at the same 
temperature (Supplementary Fig. S2).

As we described earlier, in the Ler ecotype, in the quin-
tuple phytochrome mutant PHYD-YFP accumulated to higher 

levels and functioned more efficiently at low temperatures. To 
exclude the possibility that it is the specific feature of this trans-
genic line, we tested three independent transgenic plants that 
express phyD-YFP in the abCdE background (Viczián et al. 2020). 
We found that PHYD-YFP accumulates light- and temperature-
dependently in this background in a similar fashion as in the 
abCde (Fig. 2). We note that the phospho-state of serine 82 of 
phyD-YFP (S82A: non-phosphorylated, S82S: phospho-mimic) 
does not affect this accumulation pattern (Supplementary Fig. 
S3). We transformed 35S:PHYD-GFP into a different Arabidopsis
ecotype, Wassilewskija (Ws), that lacks functional phyD (PHYD-
GFP/Ws) (Aukerman et al. 1997), and then we studied PHYD-
GFP expression at 17∘C and 27∘C. We found that the PHYD-GFP 
protein accumulated to higher levels at low temperatures in 
both dark- and R-grown PHYD-GFP/Ws seedlings (Supplemen-
tary Fig. S4). PHYD-GFP also functioned in a temperature-
dependent manner in Ws, as the photomorphogenesis response 
of PHYD-GFP/Ws was stronger at 17∘C but not at 27∘C than in 
the control Ws plants (Supplementary Fig. S4).

Taken together, overexpressed phyD accumulates to higher 
levels and functions more efficiently at low temperatures in 
both Ler and Ws ecotypes when phyC is present.

Low temperature and phyC are required for 
photobody formation but not for nuclear 
localization of PHYD-YFP
Next, we examined the localization of phyD-YFP under various 
light and temperature conditions in different backgrounds. We 
observed nuclear phyD-YFP accumulation in both the abcde 
and abCde backgrounds at 17∘C and 27∘C, which is in good 
correlation with the previously published results obtained at 
22∘C (Ádám et al. 2013). Photobody formation is correlated 
to efficient light signaling. Interestingly, we could detect phyD-
YFP photobodies in the nucleus only when phyC was present 
(abCde background) and the seedlings were grown under R 
at 17∘C. Higher light fluence induced the formation of more 
photobodies than lower light intensity (Fig. 3).

Conclusively, both the amounts of phyD-YFP and photo-
body accumulation are elevated under those conditions when 
phyD-YFP-dependent signaling is active, i.e. at low temperatures 
and in the presence of phyC.

phyD mediates adult development and delays 
flowering together with phyC at low temperature
To investigate how phyD can regulate adult development 
and flowering, we grew different mutants and PHYD-YFP-
overexpressor transgenic plants under a short-day white light 
regime at 17∘C. The quintuple mutant (abcde) shows strong 
developmental defects under these conditions (Fig. 4A), 
whereas phyD-YFP together with phyC can complement this 
phenotype to a similar extent as phyB alone (aBcde). In contrast, 
phyD-YFP alone has a weaker, partial effect. In adult plants, 
like in seedlings, the amount of PHYD-YFP protein was much 
higher in the abCde background than in the abcde background 
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Fig. 1 PhyD-YFP modulates photomorphogenesis in the presence of phyC at lower temperatures. Seedlings were grown at either 17∘C (A) or at 
27∘C (B) for 4 d under different fluences of constant R light irradiation. Hypocotyl values relative to the corresponding dark controls are shown. 
n ≥ 30, error bars indicate standard errors. Asterisks denote significant differences between the PHYD-YFP/abCde and the abcde lines at the 
marked data points (Mann–Whitney U test, *P < 0.05; ***P < 0.001; ns.: not significant). 
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Fig. 2 Accumulation of PHYD-YFP depends on the temperature and the presence of phyC in the dark and under constant R irradiation. (A) 
Seedlings expressing 35S:PHYD-YFP either in the abcde or in the abCde genetic background were grown in the dark (D) or under constant R irradi-
ation (50 μmol m−2 s−1) (R) for 5 d at 17∘C or 27∘C. (B) The same seedlings as in (A) were grown in the dark for 5 d at the indicated temperatures. 
(C) The same seedlings as in (A) were grown under constant weak or strong R irradiation for 4 d at 17∘C or 27∘C. Amounts of PHYD-YFP protein 
are determined by immunoblotting using anti-GFP antibody and ACTIN is used as loading control in each panel. 
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Fig. 3 Intracellular localization of phyD-YFP in different genetic backgrounds. 35S:PHYD-YFP was expressed either in the abcde or in the abCde 
genetic background. These seedlings were grown at either 17∘C or 27∘C in the dark or under different fluences of constant monochromatic red-
light (R) illumination for 4 d, and then laser scanning confocal microscopy was performed to visualize the YFP-specific signal. White arrows point 
at selected nuclei containing phyD-YFP in diffuse distribution, whereas yellow arrows mark nuclei having phyD-YFP-containing subnuclear protein 
complexes (PBs). The signal intensity was set for optimal visualization and not for quantitation. White bars represent 25 μm. 

(Fig. 4B). Furthermore, the shift of 3 d to low temperature 
results in higher PHYD-YFP protein levels, while the shift to high 
temperature leads to lower PHYD-YFP protein levels (Fig. 4C). 
These results indicate that similar molecular mechanisms con-
trol PHYD-YFP accumulation in seedlings and in adult plants 
(Supplementary Fig. S2). By comparing the adult phenotypes, 
the effect of endogenous phyD could also be studied. Interest-
ingly, endogenous phyD and phyC together (abCDe) comple-
ment the mutant phenotype better than the endogenous phyD 
(abcDe) or phyC (abCde) alone. Thus, phyC also cooperates 
with the endogenous phyD in adult plants despite the fact that 
we could not detect this functional interaction in the seedling 
state (Fig. 1). phyB-phyE delay flowering in Arabidopsis, and 
thus abcde plants flower at a very early stage (Sánchez-Lamas 
et al. 2016). Flowering time analysis of our mutants confirmed 
that phyD and phyC synergistically delay flowering at 17∘C. We 
observed partial mutant complementation in PHYD-YFP/abcde 
plants but full complementation in the PHYD-YFP/abCde line. 
Similarly to the rosette development phenotype, endogenous 
phyC and phyD together show better mutant complementa-
tion in flowering time tests than these phytochromes alone 
(Fig. 4D). These data corroborate the results of Sánchez-
Lamas et al. (2016) demonstrating that phyC and phyD syn-
ergistically interact to delay flowering in different Arabidopsis
ecotypes.

Thus, we conclude that phyD and phyC cooperate in medi-
ating photomorphogenesis in adult plants at low temperatures 
and, unlike in young seedlings, where overexpression of PHYD 
is required, this coaction can also be observed in plants that 
express only endogenous phytochromes.

PHYD-YFP/abCde mediates similar transcriptional 
reprogramming pathways as phyB
Phytochrome B alone (aBcde) is able to mediate photomor-
phogenesis in constant R at both low and high temperatures, 
whereas PHYD-YFP shows effective response only at 17∘C and 
in the presence of phyC (Supplementary Fig. S5). To unravel 
whether phyB and PHYD-YFP/abCde activate similar or differ-
ent transcriptional responses, we conducted comparative RNA- 
and ChIP-seq assays.

We performed RNA-seq on samples isolated from dark-
grown and R-treated (1 or 24 h) PHYD-YFP/abcde, PHYD-
YFP/abCde and aBcde plants grown at either 17∘C or 27∘C (Sup-
plementary Fig. S6A). Principal component analysis indicated 
that (i) the repeats are well clustered; (ii) the two tempera-
ture conditions separate the samples clearly into two major 
groups and (iii) those lines that show hypocotyl photomorpho-
genesis and undergo 24 h irradiation are separated well from 
the others (Supplementary Fig. S6B). Heat-map and correla-
tion analyses unraveled that the early (1 h light) transcriptional 
responses of PHYD-YFP/abCde and aBcde plants are similar at 
low but not at high temperatures. These samples were grouped 
on a heat map, and changes in their expression were corre-
lated (Pearson’s r = 0.57) only at 17∘C (Fig. 5). Although the 
transcriptional changes of PHYD-YFP/abCde and aBcde plants 
resembled each other at both temperatures after 24 h light, 
the similarity was higher at low temperature. At 17∘C, these 
samples were grouped on a heat map, and their transcrip-
tional changes showed a strong correlation (Pearson’s r = 0.72) 
(Supplementary Fig. S7). Moreover, after 24 h, the overlap 
between the differentially expressed genes of PHYD-YFP/abCde 

1722

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/65/10/1717/7730390 by guest on 23 January 2025



Plant Cell Physiol. 65(10): 1717–1735 (2024) doi:https://doi.org/10.1093/pcp/pcae089

Fig. 4 phyD and phyC act cooperatively controlling adult development and delaying flowering at lower temperatures. (A) Plants were grown on 
soil under a short-day light regime (8 h white light/16 h dark) at 17∘C for 60 d. Scale bar indicates 50 mm. (B) The amount of PHYD-YFP protein 
in the leaves of 60-day-old plants was determined by immunoblotting using anti-GFP antibody. ACTIN was used as a loading control. (C) Plants 
were grown as in (A) at 22∘C for 28 d and transferred at 17∘C or 27∘C without changing the light regime for 3 d and western blots were performed 
as described in (B). (D) Plants were grown as in (A) at 17∘C. The number of rosette leaves was counted at the time of bolting. Each bar represents 
the count data of n ≥ 40, with means and Poisson confidence intervals (ci: 0.95). Based on non-overlapping confidence intervals, statistically 
significant differences between the lines are marked with letters. 
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Fig. 5 Red-light-induced early transcriptional changes in different Arabidopsis phytochrome mutants. (A) Heat map of transcriptome changes in 
response to 1 h red-light treatment. Hierarchical clustering was calculated based on Euclidean distance with ‘complete linkage’ method. Plants 
that showed hypocotyl shortening at the given conditions are printed in bold. (B) Pearson’s correlation of transcriptome changes after 1 h red-
light treatment. Note that PHYD-YFP/abCde and the corresponding aBcde samples are grouped and their transcriptome changes correlate only 
at low temperatures. 

and aBcde plants was stronger at low temperatures (Supple-
mentary Fig. S8, Supplementary Table S1, Supplementary 
Datasets S1, S2). Thus, under these conditions, R induces simi-
lar early and late (1 and 24 h) transcriptional responses in aBcde 
and PHYD-YFP/abCde plants.

To compare the genomic direct targets of phyB and 
phyD, we conducted ChIP-seq experiments using anti-GFP 

antibody on samples isolated from PHYD-YFP/abCde, PHYD-
YFP/abcde and from a 35S:PHYB-GFP-overexpressing plant 
(PHYB-YFP/AbCDE), all of which were grown at 17∘C in dark 
and R-irradiated for 5 min (Supplementary Fig. S6A). We 
selected this short R irradiation because we detected relevant 
transcriptional changes already after 1 h R and because no ChIP-
seq results of type II phytochrome at the very early time point 
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of photomorphogenesis have been reported. Eight, 74 and 38 
bound genes were identified in the PHYD-YFP/abcde, PHYD-
YFP/abCde and PHYB-GFP/AbCDE plants, respectively (Fig. 6A, 
Supplementary Datasets S3, S4, Supplementary Table S2). 
ChIP-qPCR assays performed on dark and R-irradiated samples 
demonstrated that the binding of phyD-YFP and phyB-GFP to 
the common target genes (see later) is light-dependent (Sup-
plementary Fig. S9). Relevantly, all eight PHYD-YFP/abcde 
targets were also present in the PHYD-YFP/abCde. Moreover, 
they were the most over-represented targets in the PHYD-
YFP/abCde sample (Supplementary Dataset S4). These results 
indicate that phyD-YFP alone can only bind the strongest 
targets (showing the highest fold enrichment in the PHYD-
YFP/abCde), whereas it binds several other genes in the pres-
ence of phyC. Seven out of the eight PHYD-YFP/abcde targets 
were also found in the PHYB-GFP/AbCDE ChIP-seq sample 
(targets bound in all three samples are referred to as com-
mon targets). In addition to the seven common targets, only 
six additional genes were over-represented in both the PHYD-
YFP/abCde and PHYB-GFP/AbCDE ChIP samples (Fig. 6A), sug-
gesting that phyD-YFP and phyB-GFP bind different (although 
significantly overlapping) gene sets. As PHYD-YFP/abCde and 
phyB induced transcriptional changes correlated at 17∘C after 
1 h light, this unexpected finding apparently suggests that the 
two phytochromes activate similar transcriptional responses by 
binding relatively different gene sets. Alternatively, they bind 
more similar gene sets but with different efficiencies and/or 
dynamics; therefore, CHIP-seq at a given time point (5 min 
red light) identifies only a fraction of genuine common targets. 
To distinguish between these two possibilities, we combined 
the genes bound by PHYD-YFP/abCde and PHYB-GFP/AbCDE 
in a single list (named phyB-phyD joint targets) and then 
analyzed their expression in our RNA-seq (Supplementary 
Dataset S5). We assumed that phytochrome binding leads to 
relevant changes in target gene expression. If phyD-YFP (in the 
abCde background) and phyB bind very similar gene sets, the 
expression of phyB–phyD joint targets will be similar in the 
aBcde and PHYD-YFP/abCde samples. Indeed, at low temper-
atures the expression of phyB-phyD joint targets altered very 
similarly in these plants already after 1 h irradiation (Fig. 6B, 
C), and after 24 h the transcriptional changes of the phyB-
phyD joint targets were almost identical (Pearson’s r = 0.93) in 
the PHYD-YFP/abCde and aBcde plants (Supplementary Fig. 
S10A). These results suggest that phyB-GFP and phyD-YFP bind 
strongly overlapping gene sets and modify the expression of 
these genes very similarly (Fig. 6A).

The heat map also shows (Fig. 6B) that most of the phyB–
phyD joint targets were already downregulated after 1 h R treat-
ment in both the aBcde and PHYD-YFP/abCde samples and 
they were still repressed after 24 h, indicating that early DNA 
binding by phyB and phyD predominantly leads to quick and 
stable repression of the target genes. Next, we studied the 
expression changes of the phyB-phyD joint targets in the RNA-
seq of aBcde plants grown at 17∘C. Out of the 99 phyB-phyD 
joint targets, 32 showed significantly altered, mainly reduced 

expression. Thirteen targets were downregulated at both time 
points and 14 only after 24 h R irradiation, whereas only three 
were up-regulated and two mixed regulated (Supplementary 
Fig. S10B, Supplementary Dataset S6). Red-light response and 
transcription GO categories were over-represented among the 
phyB–phyD joint targets, which were significantly downreg-
ulated (Supplementary Dataset S6). These results that red 
light leads to quick phytochrome binding to light-responsive 
and transcription-related genes, which results in rapid and 
stable changes in their expression, indicate that binding of 
phytochromes to genomic locations at the onset of light 
plays a key role in photomorphogenesis-related transcriptional
reprogramming.

Collectively, under low temperatures phyD-YFP in abCde 
activates similar signaling as phyB, and they bind to a simi-
lar gene set and trigger strongly correlating changes in gene 
expression.

Comparisons of phyB and phyD-YFP signaling
The efficiency of signaling in R correlates better with the amount 
of active Pfr than with total phytochrome levels. Although 
phyD-YFP accumulated to high levels in the abCde seedlings, 
we were unable to determine the relative phyD-YFP Pfr levels 
by in vivo spectroscopy due to the overall low detectable signal 
for the total amount of photoreversible phytochrome (Ptot). In 
order to understand the characteristics of phyD signaling, we 
analyzed total protein and Ptot amounts of phyD-YFP and phyB 
to assess their biologically active and non-active protein pools. 
As signaling of phyD-YFP in abCde was comparable to that of 
phyB in aBcde at all fluence rates at 17∘C (Fig. 1), we assumed 
that phyD-YFP (at least in the presence of phyC and at low 
temperature) and phyB are similarly efficient photoreceptors. 
Indeed, Zn-blot assays, which detect chromophore-bound pro-
teins, indicated that at low temperatures, phyD-YFP and phyB 
bind chromophore with similar efficiency and that phyC is not 
requested for efficient chromophore binding of phyD-YFP (Sup-
plementary Fig. S11). Next, we wanted to compare the total 
protein (western-blot) and Ptot levels (in vivo spectroscopy) 
in PHYD-YFP/abcde, PHYD-YFP/abCde and aBcde plants. For 
Ptot measurements, R-illuminated seedlings were grown on a 
bleaching herbicide (norflurazone) containing media to avoid 
chlorophyll accumulation, which can interfere with in vivo spec-
troscopic measurements of phytochromes (Klose et al. 2020). 
We tested the effect of norflurazone on signaling and protein 
accumulations and found that the inhibition of hypocotyl elon-
gation in R showed a similar pattern in the presence of the herbi-
cide as in the original phenotyping assay (Figs. 1, 7A); phyD-YFP 
mediated efficient signaling only at 17∘C in the abCde back-
ground, whereas phyB (aBcde) showed an effective response at 
both temperatures (although giving better photomorphogenic 
response at 17∘C). Moreover, PHYD-YFP protein accumulated 
to the highest levels in the abCde background and at low tem-
peratures regardless of the presence or absence of norflurazone 
(Figs. 2, 7C). Thus, norflurazone treatment does not interfere 
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Fig. 6 Red-light-induced transcriptional changes of the phyB-phyD joint target genes in different Arabidopsis phytochrome mutants. Direct targets 
of phyB-GFP and phyD-YFP phytochromes were identified in ChIP-seq assays. (A) Venn diagram of direct targets of phyD-YFP (in the abcde and 
abCde backgrounds) and phyB-GFP (in the AbCDE background) phytochromes. Significant overlap between phyD-YFP and phyB-GFP targets 
was detected by Fisher’s exact test (two-sided) on a 2 × 2 matrix (P = 2.20E-16). (B) Heat map of changes in the expression of the phyB–phyD 
joint target genes in response to 1 and 24 h red-light treatments. Hierarchical clustering was calculated based on the Euclidean distance with the 
‘complete linkage’ method. Plants that showed the photomorphogenic response of hypocotyl shortening under the given conditions are printed 
in bold. Note that PHYD-YFP/abCde and aBcde samples are grouped only at low temperatures at both time points. (C) Pearson’s correlation of 
changes in the expression of the phyB–phyD joint target genes in response to 1 h red-light treatment. 
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with either the light response or the PHYD-YFP protein levels. 
We found that the total protein and Ptot levels of phyD-YFP 
correlated well and that at 17∘C the Ptot level of phyD-YFP was 
much higher in the abCde background than in the abcde back-
ground (Fig. 7B) resembling the difference in the amount of 
total PHYD-YFP proteins (Fig. 7C). Moreover, the total protein 
and the Ptot levels of phyD-YFP were strongly reduced at 27∘C 
in both backgrounds (Fig. 7B, C).

Next, we compared the Ptot levels of phyD-YFP and phyB 
and their R responses to assess the signaling efficiency of the 
photoreversible photoreceptors. At 17∘C, the Ptot of phyD-YFP 
in abCde is significantly higher than phyB Ptot and they acti-
vated similar photomorphogenic responses. Thus, under the 
strong continuous R, at low temperatures and in the presence of 
phyC, photoreversible phyD-YFP is a less efficient photorecep-
tor than phyB. The Ptot of phyD-YFP in both backgrounds was 
strongly reduced at high temperatures (27∘C), whereas the Ptot 
of phyB was nearly unaffected by temperature (Fig. 7B). In line, 
only phyB activated photomorphogenesis at high temperatures 
(Figs. 1, 7A). We do not know whether photoreversible phyD-
YFP in abCde at high temperatures signals less efficiently than 
phyB or inefficient signaling is only due to the low phyD-YFP 
Ptot levels.

Finally, we estimated the ratio of photoconvertible and 
non-photoconvertible proteins by comparing the total protein 
and the Ptot amounts of phyD-YFP and phyB. As anti-PHYB 
antibody does not identify PHYD-YFP, a reference transgenic 
plant that expresses phyB-CFP as the only phytochrome (phyB-
CFP/abcde) was used. As phyB-CFP can be detected by both 
anti-GFP and anti-PHYB antibodies, it allowed us to indirectly 
compare the amounts of phyD-YFP and phyB protein. We found 
that at 17∘C, the total phyD-YFP protein amount in abCde was 
much higher than the endogenous phyB in aBcde (Fig. 7C, 
D), and this difference was higher than the difference between 
their Ptot amounts, while at 17∘C, phyD-YFP/abCde and phyB 
induced similar photomorphogenic response. At 27∘C, the 
phyD-YFP protein amount in abCde was comparable to the 
phyB in aBcde, but its Ptot level was much lower and could not 
mediate signaling (Fig. 7). These data suggest that a significant 
amount of PHYD-YFP is present in non-photoreversible, likely 
biologically inactive forms at both temperatures.

Taken together, our results indicate that at low tempera-
ture (i) phyD-YFP accumulates to high levels in R; (ii) phyD-YFP 
binds chromophore; (iii) phyD-YFP presents in inactive (non-
photoconvertible) and biologically active (photoconvertible) 
pools and (iv) in the presence of phyC the photoconverted 
phyD-YFP initiates signaling in continuous R with less efficiency 
than phyB.

We carried out all seedling photomorphogenesis experi-
ments in continuous red light where the signaling efficiency is 
less affected by the thermal reversion rate. To compare the ther-
mal reversion rates of phyB and phyD-YFP photoreceptors, we 
conducted light pulse experiments. PHYD-YFP/abcde, PHYD-
YFP/abCde, aBcde and PHYB-CFP/abcde plants were grown 
at 17∘C in darkness, but in every 3 h, we added 1 min-long 

saturating red-light pulses. Under these conditions, signaling 
depends not only on the amount of photoreversible photore-
ceptors but also on Pfr stability. In the dark, thermal reversion 
reduces the biologically active Pfr form thereby tuning the level 
of active signaling between the light pulses. Fig. 8 demonstrates 
that under light pulses, phyD-YFP cannot mediate effective light 
signaling despite that it accumulates to very high levels in the 
presence of phyC. On the contrary, phyB and phyB-CFP activate 
photomorphogenic response efficiently and the amounts of 
their protein are dramatically reduced by the light pulses. These 
data that phyB mediates efficient signaling at both continuous 
and pulse lights, while phyD-YFP functions efficiently only at 
continuous light indicate that the Pfr stability of phyD-YFP is 
significantly weaker (Figs. 1, 8).

Collectively, our data suggest that phyD-YFP is a less effi-
cient photoreceptor than phyB because (i) a significant part of 
phyD-YFP proteins are present in non-photoconvertible form; 
(ii) the photoconvertible form is less active than phyB and (iii) 
the thermal reversion of phyD-YFP is faster.

Discussion

phyD activity is stimulated by phyC and low 
temperature
We examined the role of phyD-YFP in transgenic seedlings in 
which phyD-YFP could accumulate to high levels (Figs. 2, 7, 
Supplementary Figs. S3, S4). Our data corroborate and extend 
previous results (Sharrock and Clack 2004, Sánchez-Lamas et al. 
2016) by showing that phyD-YFP alone is a functional but inef-
ficient photoreceptor, which in ChIP-seq assay binds only the 
strongest phytochrome D target genes. In adult plants, it only 
partially complements the quintuple phytochrome mutant 
phenotype and delays flowering moderately (Figs. 4, 6). Rele-
vantly, we also show that, independently of the developmental 
stage, phyD-YFP operates much more effectively at low tem-
peratures and when functional phyC is present. In this case, 
phyD-YFP formed photobodies and efficiently mediated pho-
tomorphogenesis at 17∘C, whereas at 27∘C, it failed to produce 
photobodies and complement the seedling phenotype (Figs. 1, 
3). We also detected functional coaction of phyD-YFP and phyC 
under low temperatures in adult plants where they promote 
rosette growth and can delay flowering time, thereby com-
plementing these quintuple phytochrome mutant phenotypes 
quite efficiently. In contrast to young seedlings, in adult plants 
endogenous phyC and phyD can also mediate detectable coop-
erative signaling, although less efficiently than overexpressed 
phyD-YFP with endogenous phyC (Figs. 1, 4). We suspect that 
in young seedlings a higher amount of phyD is required for 
photomorphogenic response than in adult plants.

High-level accumulation of phyD is required for 
efficient R responses
The expression level of photoreceptors strongly impacts on light 
responses. Indeed, we found that phyD-YFP expression and the 
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Fig. 7 Accumulation and function of phyD-YFP depends on the temperature and the presence of phyC. Seedlings were grown under constant 
R irradiation (50 μmol m−2 s−1) for 4 d at 17∘C or 27∘C on norflurazon-containing medium. (A) Hypocotyl length values are normalized to the 
corresponding dark control. n ≥ 30, error bars depict standard errors. Asterisks denote significant differences between the 17∘C and 27∘C treat-
ment (Mann–Whitney U test,***P < 0.001, ns.: not significant). (B) Total photoconvertible phytochrome amounts (Ptot) are normalized to fresh 
weight. n ≥ 5 error bars indicate standard errors. We found no equal variance across 17∘C samples (Levene’s test, P < 0.001); hence, we performed 
Welch’s ANOVA (P < 0.001) and Games-Howell post hoc test to see significant differences at the 0.05 level. Significant differences between the 
27∘C samples were analyzed at the 0.05 level and were calculated with ANOVA (P < 0.001) followed by Tukey’s post hoc test. (C) The amounts of 
PHYD-YFP and PHYB-CFP proteins are determined by immunoblotting using anti-GFP antibody. ACTIN is used as a loading control. (D) PHYB-CFP 
and endogenous PHYB are detected by anti-PHYB antibodies. ACTIN is used as a loading control. 
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Fig. 8 PhyD-YFP accumulates to higher levels but initiates lower intensity signaling than phyB-CFP under R light pulses. Seedlings were grown at 
17∘C for 4 d in darkness or in darkness that was interrupted by 1-min-long R pulses (50 μmol m−2 s−1) in every 3 h. (A) Hypocotyl length values are 
normalized to the corresponding dark controls. n ≥ 30, error bars depict standard errors. Significant differences between the samples are marked 
with letters and were calculated at the 0.05 level using ANOVA (P < 0.001) followed by Tukey’s post hoc test. (B) PHYB-CFP and endogenous PHYB 
are detected by anti-PHYB antibodies. ACTIN is used as a loading control. (C) The amounts of PHYD-YFP and PHYB-CFP proteins are determined 
by immunoblotting using anti-GFP antibody. ACTIN is used as a loading control. 

efficiency of light signaling were correlated and that the over-
expressed phyD-YFP complemented better the phytochrome 
mutant phenotypes than the endogenous phyD and high phyD-
YFP protein level was associated with efficient signaling. PhyD-
YFP expression reaches higher levels (i) at 17∘C than at 27∘C 
and (ii) in the presence of phyC than in its absence (Fig. 2). 
Thus, phyD-YFP accumulated to the highest level at 17∘C in the 
presence of phyC.

It is not known how low temperature and phyC stimu-
late phyD-YFP accumulation. PhyB can be degraded in a Pfr-
dependent, activity-coupled manner. However, light signaling 
of phyD-YFP is weak at high temperatures, and hence it is very 
unlikely that Pfr-dependent, activity-coupled degradation leads 
to low phyD-YFP levels unlike in the case of phyB (Ni et al. 
2014). Moreover, the results of R pulse experiments suggest that 
the thermal reversion of phyD-YFP is fast even at low tempera-
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tures (also see below), and thus it is unlikely that accelerated 
reversion plays an important role in weak phyD-YFP signaling 
at 27∘C. We assume that phyD is a thermosensitive protein 
that is unstable at high ambient temperatures. Alternatively, 
temperature- and light-dependent binding of phyD to so far 
unknown phytochrome-interacting proteins may regulate its 
protein stability.

PhyC elevates phyD-YFP protein levels and stimulates phyD-
YFP-mediated light signaling (Figs. 1, 2, Supplementary Fig. 
S1). It was proposed that phyC and phyD form functional 
heterodimers in vivo especially in the absence of phyB (Shar-
rock and Clack 2004, Clack et al. 2009). If such heterodimers 
are more stable and/or active than phyD homodimers, this 
could explain how phyC enhances phyD levels and/or signaling 
(Sharrock and Clack 2004, Clack et al. 2009). Alternatively, the 
signaling pathways of these receptors might interact synergisti-
cally and thereby intensify light signaling. The effective coaction 
of phyD-YFP and phyC in the ChIP-seq assay indicates that 
direct receptor interaction or very early light-induced signaling 
events are involved in mediating this cooperation. Independent 
of the mechanism, we note that the positive effect of phyC 
appears to be specific for phyD-YFP, as phyE-YFP signaling and 
accumulation are not modified by phyC (Supplementary Fig. 
S12).

Significant part of PHYD-YFP accumulates in 
non-photoconvertible form
We found that although both phyB and phyD-YFP bind chro-
mophores at low temperatures, a significant portion of PHYD-
YFP proteins are present in non-photoconvertible form. At 
17∘C, phyD-YFP accumulated to much higher levels than phyB 
and had slightly higher Ptot values than phyB, but the two pho-
toreceptors activated similar light responses. At 27∘C, phyB (in 
aBcde) and phyD-YFP (in abCde) proteins accumulate to com-
parable amounts, whereas the Ptot of phyB is much higher 
and only phyB can mediate signaling (Fig. 7). It is possible 
that YFP-tagged phyD folds less efficiently than the endogenous 
phyD. Alternatively, the folding of phyD is more error-prone 
than the closely related phyB. We also speculate that phyD 
folding is temperature-sensitive and at high temperatures the 
improperly folded proteins are rapidly degraded explaining the 
temperature-dependent accumulation and signaling.

Pfr stability of phyD-YFP could limit signaling at 
low temperature
Under strong red-light irradiation pulses, phyD-YFP did not acti-
vate photomorphogenic response even at low temperatures 
and in the presence of phyC, whereas phyB mediated efficient 
light signaling (Fig. 8). The most straightforward explanation 
is that the thermal reversion of phyD Pfr is faster than that 
of phyB Pfr under these conditions. Alternatively, the strong 
light pulses that saturate phyB Pfr conversion are not sufficient 
for efficient Pfr conversion of phyD-YFP. However, our ChIP-
seq revealed that a short 5-min R light pulse was sufficient to 

induce efficient DNA binding of phyD-YFP; thus, we think that 
faster thermal reversion of phyD-YFP is the likely explanation. 
Faster thermal reversion can also explain why photoreversible 
phyD-YFP mediates light signaling less efficiently than phyB.

Interestingly, phyE compared to phyB has extreme Pfr sta-
bility (Viczián et al. 2020). It is interesting to speculate that 
phyD and phyE, both of which have evolved from the ancient 
phyB, can fulfill markedly different functions based on their 
different thermal reversion rates. phyD, whose Pfr rate is fast, 
could contribute to red-light signaling under constant irradi-
ation, whereas phyE, whose Pfr is extremely stable, could play 
an important role in maintaining phytochrome signaling in the 
dark or under dim light conditions. Comparative analyses of 
phyB, phyD and phyE could reveal the different factors that 
are responsible for the markedly different Pfr accumulation and 
thermal reversion characteristics of these phytochromes.

Different thermosensing of phyD and phyB
Plants respond to high ambient temperatures by exhibiting 
characteristic morphological changes (thermomorphogenesis). 
PhyB plays a critical role in thermomorphogenesis because its 
activity is strongly influenced by thermal reversion rate: at 
higher temperatures, the thermal reversion of phyB is faster, 
and hence signaling by phyB is less effective (Jung et al. 2016, 
Legris et al. 2016). Our data show that phyD also operates less 
efficiently at high temperatures, and thus it can be regarded 
as a thermosensor because it ‘receives and converts tem-
perature stimuli into recognizable molecular signals’ (Kerbler 
and Wigge 2023). Notwithstanding, the molecular bases of 
phyB- and phyD-mediated thermosensing appear to be dif-
ferent. Our light pulse data demonstrate that phyD Pfr accu-
mulation is low, most probably due to enhanced thermal 
reversion, and limits signaling efficiency already at 17∘C. This 
observation indicates that phyD thermosensing might not be 
based on the temperature-dependent thermal reversion rate. 
Instead, we suggest that phyD functions inefficiently at high 
temperatures because enhanced temperature leads to reduced 
amounts of phyD protein in seedlings and in adult plants 
(Figs. 2, 4C, 7; Supplementary Fig. S2). As phyB and phyD 
activate similar transcriptional changes (see the next section), 
the reduced phyD activity at high temperatures could have 
an importance in fine-tuning phytochrome-regulated thermo-
morphogenic responses.

PhyD and phyB phytochromes initiate similar 
transcriptional reprogramming
By combining RNA- and ChIP-seq assays, we demonstrated that 
when phyD signaling is efficient (at 17∘C in the presence of 
phyC), it activates similar light-induced transcriptional repro-
gramming as phyB. ChIP-seq results and expression analyses 
of the direct targets unraveled that phyB and phyD bind to 
overlapping gene sets and modify their expression similarly, 
whereas RNA-seq revealed that they trigger similar transcrip-
tome changes at the early (1 h) time point and even more so 
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at the late (24 h) time point (Figs. 5, 6). We also examined the 
association of phyB and phyD with genomic targets. PhyD, like 
phyA and phyB, is able to selectively associate with target genes 
in a light-dependent manner (Supplementary Fig. S9), suggest-
ing that this is a universal mode of action for phytochromes to 
regulate gene expression (Chen et al. 2014, Legris et al. 2016).

As phytochromes do not directly bind DNA, we postulate 
that activated phytochromes rapidly interact with functioning 
transcription factors and modify the expression of the tran-
scription factor-bound target genes. We also assume that this 
early phytochrome-mediated transcriptional regulation that 
occurs immediately after the onset of light plays a critical role 
in light-induced transcriptional reprogramming leading to the 
developmental transition from skotomorphogenesis to photo-
morphogenesis. Indeed, we found that after only 5 min red 
light phyD- and phyB-bound target genes and the expression 
of these target genes were intensively modified (Fig. 6, Supple-
mentary Fig. S10). Photomorphogenesis-related GO categories 
(e.g. response to red light and brassinosteroid or transcrip-
tion regulation) were over-represented among the phyB–phyD 
joint targets, indicating that the binding was selective (Sup-
plementary Dataset S5). Furthermore, most of the targets 
were rapidly and stably downregulated (Fig. 6, Supplemen-
tary Dataset S6). During photomorphogenesis, light-activated 
phytochromes bind and inactivate the negative regulators of 
photomorphogenesis such as the PIF and BES1 transcription 
factors (Leivar et al. 2008, Ni et al. 2014, Wu et al. 2019). Our data 
support these existing models, and we speculate that our exper-
imental conditions allowed us to create a molecular ‘snapshot’ 
of one of the earliest events of photomorphogenic develop-
ment, when photoactivated phyB and phyD rapidly bind to 
the DNA-associated functioning PIFs and BES1 and repress the 
expression of their target genes, thereby initiating transcrip-
tional reprogramming. In line with this assumption, the light-
regulated direct PIF and BES1 targets (Yu et al. 2011, González-
Grandío et al. 2022) were significantly over-represented among 
the phyB-phyD joint targets. Interestingly, the direct targets 
(Burko et al. 2020) of ELONGATED HYPOCOTYL 5, the key 
positive regulator transcription factor of photomorphogenesis, 
were under-represented among the phyB–phyD joint targets 
(Supplementary Fig. S13, Supplementary Dataset S6). This 
indicates that our experimental conditions clearly identified 
early molecular events of photomorphogenesis that are sepa-
rated from those changes that are mediated by other factors 
after prolonged irradiation.

We found that phyD alone can bind only a few strong joint 
target genes, but the presence of phyC considerably expands its 
genomic target list. Although in our ChIP-seq assay just a por-
tion of the identified target genes were bound directly by both 
phyB and phyD, the expression of most of the direct targets are 
regulated similarly by both phytochromes (Fig. 6). This discrep-
ancy between the ChIP-seq and transcriptome results might be 
caused by the use of PHYB-GFP/AbCDE plants for ChIP-seq, 
and thus overexpressed phyB-GFP acted together with other 
phytochromes, whereas phyB was the only active phytochrome 

in aBcde plants that were used for RNA-seq. Alternatively, the 
different length of light irradiation before sample collection 
for ChIP-seq and transcriptome analysis due to methodologi-
cal reasons or by the altered sensitivity of these methods can be 
responsible for the discrepancy.

General conclusions
We identified an interesting aspect of the organization of phy-
tochrome signaling. Namely, we showed that under specific cir-
cumstances (continuous light, low temperature) overexpressed 
phyD in the presence of active phyC very efficiently substitutes 
for phyB. This finding is somewhat surprising, as it is generally 
accepted that phyB dominates R signaling in light-grown plants. 
It is tempting to speculate that further manipulation of phyC–
phyE signaling pathways could reveal additional novel modes of 
action by which these photoreceptors increase the flexibility of 
plants to adapt to rarely occurring environmental conditions.

Materials and Methods

Plant materials and growth conditions
Phytochrome mutants in the A. thaliana (L) Ler ecotype were obtained by 
crossings and, for simplifying the text, were abbreviated as follows: abcde 
(phyA-201phyB-1phyC-1phyD-1phyE-1), abCde (phyA-201phyB-1phyD-1phyE-
1), abcDe (phyA-201phyB-1phyC-1phyE-1), abCDe (phyA-201phyB-1phyE-1) and 
aBcde (phyA-201phyC-1phyD-1phyE-1) (Hu et al. 2013).

For immunoblot and microscopy assays, seeds were surface sterilized, 
placed on half-strength MS agar plates and kept at 4∘C for 4 d. After 6 h of white 
light irradiation (22∘C, 100 μmol m−2 s−1 , Lumilux XT T8 L 36 W/865 fluores-
cent tubes; Osram, Munich, Germany), they were grown at different red light 
(660 nm, Snap-Lite LED light source; Quantum Devices, Barneveld, USA) and 
temperature conditions for 4 d as described at each experiment. For hypocotyl 
measurements, seeds were sown on four layers of wet filter paper and kept at 
4∘C for 4 d and germination was induced with 6 h of white light irradiation at 
22∘C. Seedlings were grown either at 17∘C or at 27∘C under different intensities 
of R or in darkness. Measurement of hypocotyl length and data processing were 
described previously (Ádám et al. 2013, Dobos et al. 2019).

For in vivo spectroscopy, seedlings were surface sterilized, placed on half-
strength MS agar plates containing 5 μM norflurazon and kept at 4∘C for 4 d. 
After 6 h of white light irradiation, they were grown for 4 d in R (660 nm LED, 
50 μmol m−2 s−1) at 17∘C or 27∘C.

Molecular cloning and generation of transgenic 
lines
35S:PHYB-GFP in phyB-9 (PHYB-GFP/AbCDE) was described (Medzihradszky 
et al. 2013). Construction of the 35S:PHYD-GFP and 35S:PHYD-YFP has also been 
described (Kircher et al. 2002, Ádám et al. 2013). PHYB:PHYB-CFP was generated 
as follows: PHYB promoter as HindIII-BamHI, PHYB coding sequence as BamHI-
StuI and CFP-HA coding sequence as SmaI and SacI fragments were inserted into 
the pROK2 vector.

Arabidopsis thaliana (L.) plants were transformed by the Agrobacterium-
mediated floral dip method (Clough and Bent 1998). Transgenic seedlings 
expressing the fusion proteins were selected by their resistance to hygromycin. 
Independent homozygous lines expressing one copy of the transgene were 
selected for further analysis.
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Confocal microscopy
Confocal laser scanning microscopy was performed on the upper hypocotyl 
cells of 4-day-old seedlings using a Leica SP5 AOBS microscope (Leica, Wetzlar, 
Germany) using the HC PL APO 20× (NA:0.7) objective lens: with 400 Hz sam-
pling speed, 3× line averaging, 200 μm pinhole and excitation at 514 nm for YFP. 
The spectral emission detectors were set to 545–582 nm.

Flowering time measurement
Seeds were sown on soil and kept at 4∘C in the dark for 1 week. The pots were 
transferred to a short-day light regime (8 h light/16 h dark) at 17∘C. Flowering 
time was recorded as the number of rosette leaves at the time when inflores-
cences reached 1 cm height. Flowering time experiments were repeated three 
times using 30–40 plants per genotype.

Total protein isolation, immunoblot and zinc blot 
assays
Total plant protein extract preparation and immunoblot analysis were per-
formed as previously described (Vanhaelewyn et al. 2019). We used anti-
GFP (Clontech, Mountain View, California, USA), anti-ACTIN (Sigma-Aldrich, 
Burlington, Massachusetts, USA), anti-PHYB (Agrisera, Vännäs, Sweden), pri-
mary antibodies and Polyclonal Swine Anti-Rabbit Immunoglobulins/HRP 
(Dako, Glostrup, Denmark) and Goat Anti-Mouse IgG Peroxidase Conjugated 
antibody (Invitrogen, Waltham, MA, USA) secondary antibodies. The signals 
were visualized using Immobilon Western HRP Substrate (Millipore, Burlington, 
MA, USA) according to the manufacturer’s recommendations using an iBright 
FL1500 (ThermoFischer Scientific, Waltham, MA, USA) instrument.

For Zinc-blot assays, native total protein extracts from 4-day-old dark-
grown seedlings were used. Seedlings were ground in liquid nitrogen and pro-
teins were extracted using 2 ml/g tissue extraction buffer [100 mM NaPO4 pH 
7.8; 400 mM NaCl; 1 mM KCl; 1 mM EDTA; 1% (w/v) PEG4000; 0.5% (v/v) Triton 
X-100; Protease inhibitors]. Extracts were cleared by centrifugation and sam-
ples were heated for 5 min in 5× SDS-PAGE sample buffer [250 mM Tris-HCl pH 
6.8; 10% (w/v) SDS; 50% (v/v) glycerol; 0.01% (w/v) bromophenol blue; 10 mM 
DTT]. Two-hundred-microgram protein per samples were loaded onto an SDS-
PAGE gel containing 1 mM zinc acetate. SDS-PAGE running buffer [25 mM 
Tris; 192 mM glycin; 0.1% (w/v) SDS] also contained 1 mM zinc acetate. Zinc-
stained gels were imaged on a UV-transilluminator with a red filter–equipped 
camera system. Gels were stained with coomassie blue stain afterward and 
photographed.

In vivo spectrophotometry
Ptot was measured in seedlings using a dual wavelength ratiospectropho-
tometer (Klose 2019). Seedlings were harvested in green light and placed 
into cuvettes and fresh weight was determined before the measurement. Ptot 
was determined as ddOD from OD measurements at 730 nm (highest Pfr 
absorbance) and 800 nm (reference wavelength) after actinic R (660 nm laser 
diode (LD), 1,000 μmol m−2 s−1) and FR (730 nm LD, 1,000 μmol m−2 s−1) irra-
diation, respectively, which is used to induce phytochrome photoconversion. 
Ptot was normalized to seedling fresh weight.

Accession numbers
The accession numbers are PHYB, AT2G18790; PHYC, AT5G35840 and PHYD, 
AT4G16250.

ChIP-seq analysis and ChIP qPCR assays
Surface-sterilized seeds were sowed on half-strength MS plates and strati-
fied for 3 d at 4∘C. Germination was induced by white light treatment for 
6 h, then the plates were incubated in darkness for 6 d at 17∘C. Following a 

red-light pulse at a 50 μmol m−2 s−1 fluence rate for 5 min, seedlings were 
fixed in 1% (v/v) formaldehyde solution. For generating non-irradiated sam-
ples for ChIP-qPCR assays, parallel sets of plants were kept in darkness until 
fixing in formaldehyde. The ChIP protocol by Werner Aufsatz (https://www.
epigenome-noe.net/researchtools/protocol.php_protid=13.html) was applied 
with the following modifications. Chromatin samples were sonicated on ice 
six times for 10 s using a Vibra Cell sonicator (Sonics & Materials, Danbury, 
CT, USA) at 10% power. Sonicated and diluted chromatin samples were pre-
cleared by 20 μl (bed volume) of binding control agarose beads (ChromoTek, 
Planegg, Germany) for 1 h at 4∘C. Chromatin was precipitated using 12.5 μl 
GFP-Trap agarose beads (ChromoTek, Planegg, Germany) for 16 h at 4∘C and 
was eluted from the beads, de-crosslinked, and DNA was extracted using the 
NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel, Düren, Germany). 
The control (no-antibody) sample was produced by executing the same steps 
as mentioned earlier, but instead of GFP-Trap agarose beads, control agarose 
beads (i.e. without the immobilized anti-GFP antibody) were used for precip-
itation. Purified DNA samples were sequenced by Seqomics Ltd. (Mórahalom,
Hungary).

The quality of reads was analyzed and filtered using fastqc.0.11.9. 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and Trimmo-
maticPE.0.39. (Bolger et al. 2014) programs with the following parameters: 
TruSeq3-PE-2 adapters were cut from the reads with 2:30:10 values. The bases 
were cut from the end of a read if below 5 quality score. The reads were 
trimmed from the 5′ end if the average quality dropped <20 in a five-base-
pair-long-sliding window. Reads with an average quality of <20 were dropped. 
The minimum length of the reads should be 50 base pairs. In the next 
step, the high-quality reads were mapped to A. thaliana reference genome 
(https://www.arabidopsis.org, TAIR10 chromosome files) using Bowtie.2.4.2. 
(Langmead and Salzberg 2012). PCR duplicates were identified with Picard-
Tools MarkDuplicates.2.24.1. (http://broadinstitute.github.io/picard/). Sam-
bamba.0.8.0. (Tarasov et al. 2015) was used to filter with the following parame-
ter: ‘[XS] == null and not unmapped and not duplicate’. Additionally, properly 
paired reads were selected using Samtools.1.11. (Danecek et al. 2021) for fur-
ther analysis. Reads that aligned to the mitochondrial and chloroplast genome 
were removed. In the next step, macs.2.2.7.1. (Zhang et al. 2008, Heinz et al. 
2010) program was used to identify the significantly enriched peaks compared 
to no-antibody control (4-fold or higher enrichment). Peaks were called using 
the following parameters: 1.19e+8 genome size, 0.05 for minimum FDR cut-
off and 147 bp extension size with ‘–no model’. In the next sept, the peaks 
were annotated using TAIR10 annotation file (https://www.arabidopsis.org, 
TAIR10 gff3) with HOMER’s annotatePeaks.pl program (Heinz et al. 2010). 
Peaks were assigned to genes with the nearest promoter. IGV genome bowser 
were used for data visualization (Robinson et al. 2011). Supplementary Fig. 
S14 shows examples how the identified peaks were assigned to genes. Two 
biological replicates were processed for each genotype and condition. Genes 
represented by at least one peak in both replicates were considered binding
targets.

Alternatively, a volume of 1.5 μl of the purified DNA was analyzed in 
qPCR reactions using iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, 
CA, USA,) according to the manufacturer’s recommendation. Short segments 
within genomic regions identified by ChIP-seq analysis were amplified. Standard 
series were prepared from 10-fold dilutions of the input DNA samples. The con-
trol (no antibody) sample was produced from PHYB-GFP/AbCDE samples by 
executing the same steps ChIP protocol as mentioned earlier, but instead of 
GFP-Trap agarose beads, control agarose beads (i.e. without the immobilized 
anti-GFP antibody) were used for precipitation. A control primer set specific 
to a genomic region between genes At4g26900 and At4g26910 served as non-
binding probe/target. Enrichment was calculated by normalizing values to the 
signals measured in the initial non-immunoprecipitated (input) samples and 
then to the values obtained for the non-binding control region. According 
to this method of calculation, specific chromatin association is indicated by 
values >1. In case of ChIP-qPCR experiments, three biological replicates were 
processed for each genotype and condition.
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Transcriptomic analysis
Four-day-old seedlings were grown on half-strength MS plates at 17∘C or 27∘C 
in the dark as described earlier; 0.1 g plant material was snap frozen in liquid 
nitrogen from etiolated or 1 h or 24 h R (50 μmol m−2 s−1) illuminated seedlings. 
Total RNA was extracted using RNeasy Miniprep Kits (Qiagen, Germantown, 
MD, USA) according to the manufacturer’s instructions. RNA sequencing was 
done by Novogene, Cambridge, UK.

High-quality reads were achieved using fastqc.0.11.9 (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and TrimmomaticPE.0.39.
(Bolger et al. 2014), as described in the ChIP-seq analysis section. Next, the 
high-quality reads were mapped to A. thaliana reference genome (https://www.
arabidopsis.org, TAIR10 chromosome files) using STAR.2.7.8a (Dobin et al. 2013) 
and sorted by coordinates using Samtools.1.11. (Danecek et al. 2021). Aligned 
reads were used to calculate the count data for all genes found in the Arabidop-
sis genome (https://www.arabidopsis.org, TAIR10 gff3) using htseq-count.0.13.5 
(Anders et al. 2015). Next, tRNA, rRNA, mitochondrium and chloroplast genes 
were removed from the feature list. Genes having less than five counts per 
>75% of the samples were also excluded. Significant changes in gene expression 
elicited by light treatments were calculated from the log-transformed quantile-
normalized intensities of the samples. For each temperature treatment, light 
exposure and genotype, plants kept in dark were used as dark control. The log2 
fold changes and the FDR-adjusted P-values (q-values) were calculated using 
edgeR.3.38.4 (Huber et al. 2015; Robinson et al. 2010) library.

Supplementary Data

Supplementary data are available at PCP online.
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