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ABSTRACT

Photoreceptors of the phytochrome family control a multitude of responses in plants. Phytochrome A

(phyA) is essential for far-red light perception, which is important for germination and seedling establish-

ment in strong canopy shade. Translocation of phyA from the cytosol into nucleus is a key step in far-

red light signaling and requires FAR-RED ELONGATED HYPOCOTYL 1 (FHY1) and FHY1-LIKE (FHL).

FHY1/FHL bind to phyA downstream signaling components. Therefore, it has been suggested that FHY1/

FHL also have a function in assembling phyA transcription factor complexes in the nucleus. Yet, in this

study, we show that constitutively nuclear-localized phyA is active in the absence of FHY1 and FHL.

Furthermore, an artificial FHY1, consisting of an SV40 NLS, a phyA binding site, and a YFP tag as spacer

between them, complements the fhy1-3 fhl-1 double mutant. These findings show that FHY1 and FHL

are not required for phyA downstream signaling in the nucleus. However, we found that lines expressing

phyA-NLS-YFP are hypersensitive to red and far-red light and that slightly increased levels of constitutively

nuclear-localized phyA result in photomorphogenic development in the dark. Thus, restricting phyA to the

cytosol and inducing nuclear transport in light by interaction with FHY1/FHL might be important to sup-

press photomorphogenesis in the dark.
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INTRODUCTION

Light plays an important role throughout the life of plants, which

use light for photosynthesis and as a source of information. By

measuring the direction, the intensity, the spectral composition,

and temporal patterns of incident light, plants gain important in-

formation about their environment. As sessile organisms, plants

rely on such information to adapt growth and development to

the environmental conditions. For light perception, plants have

different classes of photoreceptors. These include the blue

light/UV-A-sensing cryptochromes, phototropins, and ZEITLUPE

family proteins, the UV-B receptor UVB-RESISTANCE 8, and the

phytochromes, which primarily work in the red (R) and far-red (FR)

range of the light spectrum (Galvão and Fankhauser, 2015).

Phytochromescontain a linear tetrapyrrole as chromophore,which

is covalently bound to a conserved cysteine residue. They can

exist in twodifferent states, the inactivePr formand the biologically

active Pfr form, which have absorption peaks in R and FR light,
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respectively. Phytochromes are synthesized in Pr and can revers-

ibly interconvert between Pr and Pfr by absorption of light

(Rockwell et al., 2006; Burgie and Vierstra, 2014). In Arabidopsis,

the phytochrome family includes five members classified as

phytochrome A to E (phyA-E). PhyA and phyB are most

prominent and mediate a broad range of responses, whereas

phyC-Epossibly havemore specific functions. PhyB is of particular

importance in light-grown and adult plants. To initiate downstream

signaling, phyB requires a high Pfr:Ptot (Ptot = Pr + Pfr) ratio, such

as in R or white light. In contrast, phyA triggers signal transduction

in response to very low Pfr:Ptot ratios typically established by irra-

diation with FR or weak light of any wavelength. Thus, phyA has a

dual function, working as a receptor for weak light in the very low

fluence response mode and as a sensor for FR light in the high
ommunications 1, 100007, March 2020 ª 2019 The Author(s).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Artificial FHY1 and Conserved Motifs in FHY1/FHL.
(A) Constructs used by Yang et al. (2009) and Genoud et al. (2008); we

refer to the construct used by Genoud et al. (2008) as artificial FHY1.

(B) Schematic alignment of FHY1 and FHL. Numbers indicate amino acid

positions. The NLS and the phyA binding site is indicated. MEME motifs

are shown in different colors.

(C) Conserved motifs in FHY1/FHL-like proteins. MEME was used to

identify conserved motifs in 116 FHY1/FHL-related sequences. MEME

motifs 1, 2, 3, and 7 are present in Arabidopsis FHY1 and FHL.
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irradiance response mode (Casal et al., 1998). Both response

modes are of ecological relevance and it has been shown that

phyA is essential for germination and seedling establishment in

FR-rich environments, such as the understorey of forests (Nagy

and Sch€afer, 2002; Casal et al., 2014).

Phytochromes localize to the cytosol in the dark and translocate

into the nucleus upon activation by light (Klose et al., 2015). PhyA

and phyB use different molecular mechanisms for translocation

into the nucleus. PhyA does not contain a nuclear localization

signal (NLS) and its nuclear import depends on the functional

homologs FHY1 (FAR-RED ELONGATED HYPOCOTOYL 1) and

FHL (FHY1-LIKE) (Hiltbrunner et al., 2005, 2006; R€osler et al.,

2007; Genoud et al., 2008). In contrast, phyB employs an

FHY1/FHL-independent mechanism and has been suggested

to contain an NLS or to bind to transcription factors for transport

into the nucleus (Chen et al., 2005; Hiltbrunner et al., 2005, 2006;
2 Plant Communications 1, 100007, March 2020 ª 2019 The Autho
Pfeiffer et al., 2012). FHY1 and FHL are small plant-specific pro-

teins containing an NLS and NES (nuclear export signal) motif at

the N terminus, and a phyA binding site at the very C terminus.

Both the NLS and the phyA binding motif are essential for proper

FHY1/FHL function (Zeidler et al., 2004; Zhou et al., 2005;

Hiltbrunner et al., 2006; Genoud et al., 2008). In contrast, the

NES motif appears not to be essential, although this has only

been investigated with transgenic Arabidopsis lines

overexpressing FHY1 and it is possible that the NES is required

when only wild-type levels are present (Zeidler et al., 2004).

Consistent with their functional relevance, the NLS and the

phyA binding site are highly conserved in FHY1/FHL homologs

from monocots and dicots. It is interesting that FHY1/FHL-like

proteins are also present in species that diverged from seed

plants before the emergence of phyA and, for example, play a

role in nuclear accumulation of PHY1 in Physcomitrella patens

(Possart and Hiltbrunner, 2013; Inoue et al., 2016, 2019; Han

et al., 2019). Therefore, it is possible that FHY1/FHL-like proteins

are components of an evolutionarily ancient phytochrome nu-

clear transport system.

Transcription factors such as LAF1 (LONG AFTER FAR-RED

LIGHT 1) (Ballesteros et al., 2001), HFR1 (LONG HYPOCOTYL IN

FAR-RED 1) (Fairchild et al., 2000; Fankhauser and Chory, 2000;

Soh et al., 2000), HY5 (ELONGATED HYPOCOTYL 5) (Oyama

et al., 1997), and PIF3 (PHYTOCHROME INTERACTING

FACTOR 3) (Ni et al., 1998; Kim et al., 2003) are signaling

components downstream of phyA involved in phyA-regulated

gene expression. Interestingly, it has been shown that all these

transcription factors can bind to FHY1 and/or FHL (Yang et al.,

2009; Chen et al., 2012; Jang et al., 2013) and that phyA can

associate with target promoters through FHY1 (Chen et al., 2012,

2014a, 2014b). Thus, it has been concluded that FHY1/FHL are

not only essential for nuclear transport of phyA but also play a

direct role in phyA-dependent gene expression by promoting the

assembly of transcription factor complexes and guiding phyA to

target promoters (Yang et al., 2009; Chen et al., 2012).

The NLS and in particular the C-terminal phyA binding site (FHY1

CT) are highly conserved in FHY1/FHL-like proteins, whereas the

sequence between these two motifs is variable and only

conserved in closely related species. We previously generated

an artificial FHY1 that consisted of an SV40 NLS and the C-termi-

nal phyA binding site of FHY1, and YFP as linker between these

two motifs (Figure 1A) (Genoud et al., 2008). Even though

artificial FHY1 does not contain any sequence from

endogenous FHY1—except for the phyA binding site—it

restored phyA signaling when expressed in fhy1-1 mutant

background, suggesting that the NLS and the phyA binding site

are sufficient for proper FHY1 function. Furthermore,

expression of phyA-NLS-GFP, which is transported into the nu-

cleus independently of FHY1/FHL, rescued the phyA fhy1mutant

phenotype, supporting the notion that FHY1 is not essential for

phyA signaling if phyA is targeted into the nucleus by an NLS.

However, these experiments have been done in FHL wild-type

background and it is possible that FHL can compensate for the

function of FHY1 in assembly of transcription factor complexes

in the nucleus and guiding phyA to target promoters (Chen

et al., 2012; Yang et al., 2009). Consistent with this idea,

expression of YFP-NLS-FHY1 CT does not complement

the fhy1-3 fhl-1 double mutant (Yang et al., 2009). However,
r(s).
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YFP-NLS-FHY1 CT differs from artificial FHY1 regarding the po-

sition of the YFP tag (Figure 1A). In artificial FHY1, YFP replaces

the non-conserved part between the NLS and the phyA binding

site, not changing the general arrangement of the essential mo-

tifs; furthermore, YFP has roughly the same size as the non-

conserved part between the NLS and the phyA binding site in

endogenous FHY1/FHL-like proteins (Genoud et al., 2008). In

contrast, in YFP-NLS-FHY1 CT, the NLS and the phyA binding

site are directly fused and YFP is added as an N-terminal tag

(Yang et al., 2009). Another difference between the approaches

in Genoud et al. (2008) and Yang et al. (2009) is that fhy1-1 is in

Ler background while fhy1-3 fhl-1 is in Col-0.

Here, we investigated if artificial FHY1 (i.e., NLS-YFP-FHY1 CT) is

active in fhy1-3 fhl-1 double-mutant background and if expres-

sion of phyA-NLS-YFP can restore FR responses in the phyA-

211 fhy1-3 fhl-1 triple mutant.
RESULTS

Artificial FHY1 Is Functional in the fhy1-3 fhl-1 Mutant

We have shown previously that an artificial FHY1 consisting of an

SV40 NLS and the phyA binding site of Arabidopsis FHY1, and

YFP as spacer between these motifs (NLS-YFP-FHY1 CT), is

functional when expressed in fhy1-1 single-mutant background

(Figure 1A) (Genoud et al., 2008). In contrast, a version in which

YFP is placed at the N terminus (YFP-NLS-FHY1 CT) does not

complement the fhy1-3 fhl-1 double mutant and, therefore, it

has been suggested that the specific amino acid sequence of

the spacer region of endogenous FHY1 is essential for FHY1

function (Figure 1A) (Yang et al., 2009). To identify conserved

motifs in FHY1/FHL-like proteins, we used the consensus motif

of the phyA binding site of FHY1/FHL-like proteins defined in

Possart and Hiltbrunner (2013) to search the database at NCBI

(see Materials and Methods for details). After removing

redundant sequences and very similar sequences from closely

related species, we obtained 116 entries containing a motif

similar to the consensus sequence of the phyA binding site of

FHY1/FHL-like proteins (Supplemental Data 1). In this dataset,

MEME (http://meme-suite.org/; Bailey et al., 2009) identified

eight motifs that are present in at least half of the sequences

(Supplemental Data 2), but only four are present in Arabidopsis

FHY1 and FHL (Figure 1B and 1C, Supplemental Figure 1,

Supplemental Data 3). Two of these motifs (MEME-1 and -2)

are included in the phyA binding site, and one motif (MEME-3)

contains the NLS (Figure 1B). However, the MEME-3 motif also

contains additional amino acid residues not part of the NLS that

are conserved and there is anothermotif (MEME-7) that is present

in most FHY1/FHL-like proteins, including Arabidopsis FHY1 and

FHL (Figure 1B and 1C, Supplemental Figure 1, Supplemental

Data 3). Thus, it is possible that these motifs are essential for

full FHY1/FHL function and that endogenous FHL in fhy1-1

background expressing artificial FHY1 can compensate for

functions depending on these motifs. Potential functions of

these motifs are binding of HFR1 and/or LAF1, which have

been shown to interact with the N-terminal half of FHY1/FHL

not containing MEME-1 and -2 (Jang et al., 2013; Yang et al.,

2009); furthermore, these motifs might also bind PIF3 and HY5,

for which binding sites in FHY1 are still unknown (Chen et al.,

2012). To investigate this hypothesis we generated several
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background that express artificial FHY1 under the control of the

35S promoter and measured hypocotyl growth in FR light.

Normal phyA responsiveness is restored in all lines expressing

35S:artificial FHY1 in fhy1-3 fhl-1, very similar to the line

expressing YFP-tagged wild-type FHY1 in fhy1-3 background

(Figure 2A, Supplemental Figure 2) (Genoud et al., 2008). In

contrast, when grown in the dark, there was no difference to

Col-0 and fhy1-3 fhl-1 control seedlings. Also in terms of anthocy-

anin accumulation artificial FHY1 was active and restored wild-

type anthocyanin levels when expressed in fhy1-3 fhl-1 mutant

background (Figure 2B). FHY1 and FHL have been shown to

form phyA-dependent photobodies in seedlings exposed to

light (Hiltbrunner et al., 2005, 2006). Similar to FHY1 and FHL,

also artificial FHY1 expressed in fhy1-3 fhl-1 seedlings formed

photobodies under conditions in which there are high levels of

active phyA in the nucleus (6 h FR followed by 5 min;

Figure 2C). We therefore conclude that artificial FHY1, which

consists of an SV40 NLS, YFP, and the phyA binding motif of

FHY1, is functional and behaves like native Arabidopsis FHY1.
PhyA Signaling without FHY1 and FHL

Artificial FHY1 still contains the C-terminal 36 amino acid resi-

dues of wild-type FHY1 that are required for phyA binding. There

is no indication or evidence suggesting that any protein except

phyA binds to this motif, but we cannot rule out this possibility.

Therefore, we tested if constitutively nuclear localized phyA ex-

pressed from the endogenous phyA promoter (ProPHYA:PHYA-

NLS-YFP) would be active in the phyA-211 fhy1-3 fhl-1 triple

mutant, i.e., in a background where there is no FHY1 and FHL.

For this purpose we generated two independent lines (#10772

and #9494) by crossing phyA-211 phyA-NLS-YFP (#7129) and

fhy1-3 fhl-1 phyA-NLS-YFP (#6900) into phyA-211 fhy1-3 fhl-1

and thereafter selecting siblings in the F2 generation that were

homozygous for phyA-211 fhy1-3 fhl-1 and the transgene.

Expression of phyA-NLS-YFP restored inhibition of hypocotyl

growth and accumulation of anthocyanin in FR light in phyA-211

single-, fhy1-3 fhl-1 double-, and phyA-211 fhy1-3 fhl-1 triple-

mutant background (Figure 3A and 3B, Supplemental Figure 3).

As expected, phyA-YFP is unable to translocate into the nucleus

in the absence of FHY1 and FHL, while fusing anNLS to phyA ren-

ders phyA nuclear accumulation light and FHY1/FHL indepen-

dent. Moreover, phyA-NLS-YFP formed photobodies in light

similar to the control line expressing phyA-YFP in phyA-211

mutant background, demonstrating that recruitment of phyA

into photobodies is independent of FHY1 and FHL (Figure 3C).

The phyA Y242H mutant contains a Y-to-H amino acid substitu-

tion at position 242 and has been shown to be constitutively in a

Pfr-like state (Su and Lagarias, 2007). Thus, it binds to FHY1/FHL

and the phyA downstream signaling factors PIF1 and PIF3

in a light-independent fashion (Rausenberger et al., 2011).

Constitutive binding of phyA Y242H possibly traps FHY1/FHL

and inhibits recycling of FHY1/FHL from the nucleus into the

cytosol, which interferes with efficient phyA nuclear transport

(Rausenberger et al., 2011). Fusing an NLS to phyA Y242H-YFP

overcomes this defect, and expression in wild-type background

results in a strong constitutively photomorphogenic (cop) pheno-

type (Rausenberger et al., 2011). Here, we transformed a phyA
ommunications 1, 100007, March 2020 ª 2019 The Author(s). 3
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Figure 2. Artificial FHY1 Restores Far-Red
Light Responses in fhy1-3 fhl-1.
(A) Artificial FHY1 inhibits hypocotyl growth in FR

light. Seedlings were grown in the dark or in FR

light of different intensities. After 5 days, hypocotyl

length was measured. Bars show mean hypocotyl

length of R20 seedlings ± SD. Replicates are

shown in Supplemental Figure 2.

(B) Artificial FHY1 promotes anthocyanin

accumulation in FR light. Seedlings were grown

in the dark or in continuous FR light (13 mmol

m�2 s�1) for 5 days. Then, anthocyanin was

extracted and relative amounts were quantified.

Bars show mean values of A535–A650 per

seedling of three replicates ± SD.

(C) Subcellular localization of artificial FHY1. Four-

day-old dark-grown seedlings were used for

fluorescence microscopy. The seedlings were

analyzed directly (D), after 6 h irradiation with

FR light (13 mmol m�2 s�1), or after 6 h FR

light exposure followed by 5 min of R light

(8 mmol m�2 s�1). Scale bar represents 5 mm.

(A–C) #9526, #9537, #9717, and #9742 are inde-

pendent transgenic lines; #9526 was used in (C).
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Y242H-NLS-YFP construct into fhy1-3 fhl-1 mutant background

and isolated a homozygous T2 line; we also crossed this line

into the phyA-211 fhy1-3 fhl-1 triple mutant and selected in the

F2 generation for siblings being homozygous for the transgene

as well as for phyA-211, fhy1-3, and fhl-1. phyA Y242H-NLS-

YFP was highly active in fhy1-3 fhl-1 double- and phyA-211

fhy1-3 fhl-1 triple-mutant background (Figure 3A and 3B,

Supplemental Figure 3). Dark-grown fhy1-3 fhl-1 and phyA-211

fhy1-3 fhl-1 seedlings expressing phyA Y242H-NLS-YFP were

fully de-etiolated and accumulated anthocyanin; hypocotyl

length and anthocyanin in FR light were similar to the wild type

(Figure 3A, 3B, and 3D, Supplemental Figure 3). These data

further confirm that FHY1 and FHL are not required for phyA

signaling in the nucleus.

We also crossed fhy1-3 fhl-1 phyA-NLS-YFP into fhy1-3 fhl-1

phyB-9 and selected in the F2 generation for plants that are ho-
4 Plant Communications 1, 100007, March 2020 ª 2019 The Author(s).
mozygous for the transgene and the mutant

background, which we then crossed into

phyA-211 fhy1-3 fhl-1. F2 seedlings being

homozygous for the phyA-NLS-YFP trans-

gene and phyA-211, phyB-9, fhy1-3, and

fhl-1 were phenotypically very similar to the

wild type and had strongly reduced hypo-

cotyl growth in FR light compared with the

dark and accumulated high levels of antho-

cyanin in FR light (Figure 4). Thus, as

expected, FR light responses of seedlings

expressing phyA-NLS-YFP do not depend

on phyB.

PhyA-NLS-YFP Relies on phyA
Downstream Signaling Components
for Induction of FR Light Responses

To analyze if fusing an NLS to phyA specif-

ically overcomes defects in nuclear trans-
port of phyA, but not in downstream signaling, we investigated

the effect of constitutively nuclear localized phyA in mutant seed-

lings deficient in HFR1 or HY5. To this end we crossed the phyA-

211 phyA-NLS-YFP line (#7129) into hfr1-4 and hy5-215 back-

ground and selected in the F2 generation for plants homozygous

for the transgene, phyA-211 and hfr1-4 or hy5-215. Interestingly,

expression of phyA-NLS-YFP only slightly reduced hypocotyl

growth in FR light in hy5-215 and hfr1-4, while it fully comple-

ments the much stronger fhy1-3 fhl-1 double-mutant phenotype

(Figure 5A, Supplemental Figure 5). The slight effect of phyA-

NLS-YFP on hypocotyl growth in hy5-215 and hfr1-4 is possibly

due to increased activation of HFR1- and HY5-independent

signaling pathways. Thus, nuclear localized phyA still requires

HFR1 and HY5 for downstream signaling, while FHY1 and FHL

are not essential in presence of constitutively nuclear localized

phyA (Figure 5A, Supplemental Figure 5). In terms of

anthocyanin accumulation it is even more evident that



Figure 3. Constitutively Nuclear Localized phyA Mediates Far-Red Light Responses without FHY1 and FHL.
(A) PhyA-NLS-YFP inhibits hypocotyl growth in FR light. Seedlings were grown in the dark or in FR light of different intensities. After 5 days, hypocotyl

length was measured. Bars show mean hypocotyl length of R20 seedlings ± SD. Replicates are shown in Supplemental Figure 3.

(B) Constitutively nuclear localized phyA promotes anthocyanin accumulation in FR light. Seedlings were grown in the dark or in continuous FR light

(13 mmol m�2 s�1) for 5 days. Anthocyanin was then extracted and relative amounts were quantified. Bars showmean values of A535–A650 per seedling of

three replicates ± SD.

(C) Subcellular localization of phyA-YFP and phyA-NLS-YFP. Four-day-old dark-grown seedlings were used for fluorescence microscopy. The seedlings

were analyzed directly (D), after 6 h irradiation with FR light (13 mmol m�2 s�1), or after 6 h FR light exposure followed by 5 min of R light (8 mmol m�2 s�1).

Scale bar represents 5 mm.

(D) Seedlings expressing phyA Y242H-NLS-YFP in fhy1-3 fhl-1 are constitutively photomorphogenic. Seedlings were grown for 5 days in the dark (D) or

continuous FR light (13 mmol m�2 s�1). Scale bar represents 5 mm.
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expression of phyA-NLS-YFP in the phyA-211 hy5-215 double-

mutant background is unable to restore the wild-type phenotype

(Figure 5B). As reported previously, the hfr1-4 mutant has only a

very weak phenotype regarding anthocyanin accumulation in FR

light (Fankhauser and Chory, 2000; Soh et al., 2000); however,

expression of phyA-NLS-YFP caused strongly increased antho-

cyanin levels in phyA-211, but not in phyA-211 hfr1-4 back-

ground. Recruitment of phyA-NLS-YFP into photobodies ap-

pears not to be affected in the absence of either HFR1 or HY5

(Figure 5C). Overall, these data show that adding an NLS to

phyA specifically circumvents the need of FHY1/FHL for

nuclear transport but not the requirement of downstream

signaling factors, such HY5 and HFR1.

Plants Expressing phyA-NLS-YFP Are Hypersensitive
to R and FR Light

PhyB is the primary receptor for R light, but it is well-known that

phyA also contributes to R light responses and even plays a

dominant role in early R light signaling (Tepperman et al., 2006).

Thus, we measured fluence rate response curves in R and FR
Plant C
light for the wild type and phyA-211 expressing either phyA-

YFP or phyA-NLS-YFP. Hypocotyl length of phyA-YFP express-

ing seedlings was similar to the wild type in R and FR light

conditions, while expression of phyA-NLS-YFP resulted in hyper-

sensitivity to R and FR light over the full range of fluence rates

(Figure 6A, Supplemental Figure 6).

High Expression Levels of phyA-NLS-YFP Result in a
cop Phenotype

For all experiments with phyA-211 phyA-NLS-YFP we used

transgenic line #7129. When grown in the dark, seedlings of

this line occasionally had slightly unfolded cotyledons and

reduced apical hook formation compared with wild-type seed-

lings. However, in most phyA-NLS-YFP-expressing lines that

we isolated, this phenotype was much more pronounced than

in line #7129. Many of these lines, including lines #7137 and

#7146, had fully opened cotyledons in the dark and strongly

reduced hypocotyl growth compared with the wild type

(Figure 6B). We used different light treatments to induce

germination (e.g., 3 h R, 3 h R followed by a long-wavelength
ommunications 1, 100007, March 2020 ª 2019 The Author(s). 5



A B Figure 4. PhyB Is Not Required for Activity
of phyA-NLS-YFP in FR Light.
(A) Inhibition of hypocotyl growth by phyA-NLS-

YFP does not require phyB. Seedlings were

grown in the dark or in FR light of different in-

tensities. After 5 days, hypocotyl length was

measured. Bars show mean hypocotyl length

of R20 seedlings ± SD. Replicates are shown in

Supplemental Figure 4.

(B) PhyB is not required for upregulation of

anthocyanin levels by phyA-NLS-YFP. Seedlings

were grown in the dark or in continuous FR light

(13 mmol m�2 s�1) for 5 days. Anthocyanin was

then extracted and relative amounts were quan-

tified. Bars show mean values of A535–A650 per

seedling of three replicates ± SD.

(A and B) Data for Col-0, phyA-211, and fhy1-3

fhl-1 are from Figure 2.
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FR [RG9] pulse, or 5 min R followed by 2 h 55 min D and an RG9

pulse [true-dark]; Leivar et al., 2008), but even under true-dark

conditions lines #7137 and #7146 had an obvious cop phenotype

(Figure 6B). Using a phyA-specific antibody for immunoblot anal-

ysis we compared the phyA-NLS-YFP levels in lines #7129,

#7137, and #7146 (Figure 6C). Consistent with the strong cop

phenotype of line #7137, this line has the highest expression

levels, while phyA-NLS-YFP levels are only slightly higher in line

#7146 than #7129. Yet, the slightly higher levels of phyA-NLS-

YFP in line #7146 compared with #7129 appear to be sufficient

to induce de-etiolation in the dark (Figure 6B and 6C). We

conclude that high levels of constitutively nuclear localized

phyA can induce downstream signaling in the absence of light,

i.e., even if phyA is in the inactive Pr form.

DISCUSSION

It has beenwidely accepted that FHY1 and its homolog FHL regu-

late a critical step in FR light signaling by controlling the nuclear

import of phyA (Hiltbrunner et al., 2006; R€osler et al., 2007;

Genoud et al., 2008). However, whether or not FHY1 and FHL

also play an essential role in phyA downstream signaling in the

nucleus, remained unclear. Here, we addressed this question in

detail and provide conclusive evidence that FHY1 and FHL are

essential for nuclear transport of phyA but not for downstream

signaling of nuclear localized phyA.

Several transcription factors involved in phyA downstream

signaling interact with FHY1 and/or FHL. HFR1 and LAF1 bind

to FHY1 and FHL independently of the phyA binding site (Yang

et al., 2009; Jang et al., 2013) and also HY5 and PIF3 have

been shown to interact with FHY1 (Chen et al., 2012). Thus, it

has been proposed that FHY1 and FHL are essential for the

assembly of phyA signaling complexes in the nucleus and

guiding phyA to target promoters (Yang et al., 2009; Chen

et al., 2012). In contradiction to this model, we have previously

shown that expression of either artificial FHY1 (SV40 NLS-YFP-

FHY1 CT), which lacks the binding sites for HFR1 and LAF1, or
6 Plant Communications 1, 100007, March 2020 ª 2019 The Autho
phyA-NLS-GFP, fully complements the fhy1-1 mutant (Genoud

et al., 2008). However, FHL transcript levels are three-fold

upregulated in the absence of FHY1 (Yang et al., 2009) and

therefore increased levels of FHL could compensate for the

lack of FHY1 in lines expressing phyA-NLS-GFP or artificial

FHY1 in fhy1-1 mutant background. Thus, it has not been

possible to decide if FHY1 and FHL are required for phyA down-

stream signaling in the nucleus or if they only mediate phyA nu-

clear transport. Here, we expressed artificial FHY1 and phyA-

NLS-YFP in fhy1-3 fhl-1 and phyA-211 fhy1-3 fhl-1 mutant back-

ground, respectively. Artificial FHY1 and constitutively nuclear

localized phyA both restore accumulation of anthocyanin and in-

hibition of hypocotyl growth in FR light in the absence of func-

tional FHY1 and FHL. Thus, we conclude that FHY1 and FHL

are not essential for phyA downstream signaling in the nucleus.

Our data do not exclude the possibility that FHY1 and FHL might

promote the assembly of transcription factor complexes in the

nucleus or guide phyA to target promoters but we demonstrate

that these events either do not depend on FHY1 and FHL or

are not essential for normal anthocyanin accumulation and inhibi-

tion of hypocotyl growth in response to FR light (Yang et al., 2009;

Chen et al., 2012). In this study, we did not investigate other FR

light-regulated responses and it is possible that other

responses depend on FHY1/FHL-mediated assembly of tran-

scription factor complexes or guiding phyA to target promoters.

Artificial FHY1 consists of an SV40 NLS fused to the N terminus of

YFP and the phyA binding site of FHY1 (FHY1 167-202) attached

to the C terminus. Thus, YFP in artificial FHY1 mimics the

‘‘spacer’’ in natural FHY1. This spacer region is roughly 150 to

250 amino acid residues in length without any annotated func-

tional motifs and with only low sequence similarity between

FHY1/FHL proteins from different species. However, it is inter-

esting that this spacer region is present in all FHY1/FHL proteins

and usually not shorter than around 150 amino acid residues.

Despite the lack of similarity at the level of the primary sequence,

the 3D structure of the spacer might be similar. Yet, we have

shown that YFP can substitute for the spacer, suggesting that
r(s).



Figure 5. FR Light Responses Mediated by phyA-NLS-YFP
Depend on HFR1 and HY5.
(A) HY5 and HFR1 are required for phyA-NLS-YFP–mediated inhibition of

hypocotyl growth. Seedlings were grown in the dark or in FR light of

different intensities. After 5 days, hypocotyl length was measured. Bars

show mean hypocotyl length of R20 seedlings ± SD. Replicates are

shown in Supplemental Figure 5.

(B) Enhanced anthocyanin accumulation in phyA-NLS-YFP expressing

seedlings depends onHY5 andHFR1. Seedlingswere grown in the dark or

in continuous FR light (13 mmolm�2 s�1) for 5 days. Then, anthocyanin was

extracted and relative amounts were quantified. Bars show mean values

of A535–A650 per seedling of three replicates ± SD.

(C) Subcellular localization of phyA-NLS-YFP in hfr1-4 and hy5-215. Four-

day-old dark-grown seedlings were used for fluorescence microscopy.

The seedlings were analyzed directly (D), after 6 h irradiation with FR light

(13 mmolm�2 s�1), or after 6 h FR light exposure followed by 5min of R light

(8 mmol m�2 s�1). Scale bar represents 5 mm.
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the 3D structure of the spacer is unlikely to be important for FHY1/

FHL function. Alternatively, the spacer might be essential to pro-

vide sufficient flexibility for simultaneous binding of FHY1/FHL to

phyA and importin alpha, which is required for phyA nuclear

transport (Helizon et al., 2018). In this regard it is interesting

that Yang et al. (2009) have shown that YFP-NLS-FHY1 167-

202 is only very weakly active and does not complement the

fhy1-3 fhl-1 double mutant. Our interpretation is that fusing the

NLS directly to the phyA binding site and adding YFP at the

very N terminus of the construct (instead of inserting YFP as a

spacer between the NLS and the phyA binding site) does not

allow phyA and importin alpha to bind simultaneously due to ster-

ical hindrance and therefore results in a non-functional protein.

Using a mathematical modeling approach we previously

explored potential molecular mechanisms involved in shifting

the phyA action peak from R to FR light (Rausenberger et al.,

2011). FHY1/FHL-dependent nuclear transport was identified

as one potential mechanism but also the existence of FHY1/

FHL-independent shifting modules working in parallel was pre-

dicted. Interestingly, lack of only one shifting module was pre-

dicted not to shift the phyA action peak but to result in a peak

that extends into the R light range of the light spectrum. Adding

an NLS directly to phyA renders phyA nuclear transport indepen-

dent of FHY1 and FHL and therefore abolishes one shifting

module. Here, we have shown that seedlings expressing phyA-

NLS-YFP are hypersensitive to R and FR light to a similar extent,

suggesting that they still have an action peak in FR light. This

finding is in agreement with the prediction by Rausenberger

et al. (2011); however, measurement of detailed action spectra

is required to decide if expression of constitutively nuclear

localized phyA results in extension of the action peak

toward the R light range. Moreover, it is important to clarify if

the increased response of phyA-NLS-YFP expressing seedlings

in R light also requires phyB.

Dark-grown seedlings rapidly elongate, have folded cotyledons

and an apical hook that protects the apical meristem from me-

chanical damage when the seedlings push through the soil. It is

evident that, under natural conditions, this developmental

program is important for the first phase in the life cycle following

germination and that seedlings that are constitutively photomor-

phogenic have a much lower chance to reach the soil surface

than wild-type seedlings. We have shown that moderate expres-

sion of phyA-NLS-YFP reinstates FR light-induced anthocyanin

accumulation and inhibition of hypocotyl growth in phyA-211

fhy1-3 fhl-1, but that only slightly increased levels result in a

constitutively photomorphogenic phenotype. In contrast, we

have never observed such a cop phenotype for plants expressing

wild-type phyA (i.e., phyA that relies on FHY1/FHL for nuclear

transport), suggesting that restricting phyA to the cytosol in

dark-grown seedlings contributes to ensure that seedlings do

not de-etiolate in the dark. Weak but clearly detectable phyA-

dependent induction of gene expression in fhy1-3 fhl-1 back-

ground has been observed, indicating that, even in the absence

of FHY1 and FHL, residual amounts of phyA are present in nuclei

(Kami et al., 2012; Pfeiffer et al., 2012); however, the amount of

phyA in nuclei of dark-grown plants expressing phyA-NLS-YFP

is possibly several orders of magnitude higher than in the wild

type. We suggest that the activity of phyA-NLS-YFP in the dark

is likely due to weak interaction of the inactive Pr form with
ommunications 1, 100007, March 2020 ª 2019 The Author(s). 7



Figure 6. Differences between Wild Type
and phyA-NLS-YFP Expressing Seedlings.
(A) PhyA-NLS-YFP expressing seedlings are hy-

persensitive to R and FR light. Seedlings were

grown for 4 days in R light (left), FR light (right), or

in the dark. Data show the mean hypocotyl length

of R18 seedlings relative to dark-grown (D)

seedlings ±SE. Absolute values are shown in

Supplemental Figure 6.

(B) Seedlings expressing high levels of phyA-

NLS-YFP are constitutively photomorphogenic.

Col-0 and three independent transgenic lines

expressing phyA-NLS-YFP in phyA-211 back-

ground (#7129, #7137, and #7146) were grown for

4 days in the dark. Germination was induced by

different light treatments: (1) 5 min R light, 2 h

55 min dark, 5 min RG9 (long-wavelength FR

light); (2) 3 h R light, 5 min RG9; (3) 3 h R light.

(C) PhyA protein levels in phyA-NLS-YFP and

phyA-YFP expressing lines. Seedlings were

grown for 4 days in the dark. Total protein was

extracted, separated on an SDS–PAGE, and

blotted onto PVDF membrane. A phyA-specific

antibody was used to detect phyA; actin was de-

tected as loading control.

(B and C) Line #7129 was used for experiments in

Figures 3, 5, and 6.
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downstream signaling factors, such as PIFs and SPAs, which

could result in constitutive photomorphogenesis. Thus, in the hy-

pothetical scenario that endogenous phyA would contain an NLS

it might be very difficult for plants to regulate the levels of phyA

precisely enough to ensure proper photomorphogenesis in light

without losing skotomorphogenesis in the dark. In contrast,

FHY1 and FHL provide a highly robust mechanism that reliably

prevents phyA from accumulating in the nucleus in the dark, while

efficiently transporting it into the nucleus in light. It is interesting

that nuclear transport of phyB is much less tightly regulated

than nuclear transport of phyA (Klose et al., 2015). The reason

for this might be that there is simply no need for a more tight

control of phyB nuclear transport. Induction of light signaling by

phyB is much less sensitive than by phyA and therefore even

comparably high levels of phyB Pr in the nucleus would not be

sufficient to induce photomorphogenesis in dark-grown seed-

lings (Huq et al., 2003; Matsushita et al., 2003). Thus, there is

no selection pressure that would drive the evolution of a phyB

nuclear transport mechanism that is as selective as FHY1/

FHL-dependent phyA nuclear transport. However, there is one
8 Plant Communications 1, 100007, March 2020 ª 2019 The Author(s).
caveat: even though there are no indications

that YFP or other GFP-derived fluorescent

proteins could disturb the normal function

of phytochromes when fused to their C ter-

minus, we cannot formally exclude the pos-

sibility that YFP fused to the C terminus of

phyA-NLS is responsible for the signaling

activity of phyA-NLS-YFP in the dark.

In summary, we have shown that FHY1 and

FHL are required for phyA nuclear transport

but that phyA, once it is in the nucleus, does

not require FHY1 and FHL for downstream
signaling. Furthermore, seedlings expressing phyA-NLS-YFP

are hypersensitive to R and FR light to a similar extent, suggesting

that they still have an action peak in FR light. Finally, FHY1/FHL

provide a highly robust nuclear transport system for phyA, which

prevents phyA from inducing light signaling in the dark.

MATERIALS AND METHODS

Plasmid Constructs

Constructs coding for ProPHYA:PHYA-NLS-YFP and ProPHYA:PHYA

Y242H-NLS-YFP have been described (Rausenberger et al., 2011).

pPPO72-FHY1 167-202 is a T-DNA vector containing a Pro35S:SV40

NLS-YFP-FHY1 167- 202:terRbcS cassette and PPO as selectable

marker. It was obtained as follows. The PPO selection marker cassette

was cut from pWCO35 (Hanin et al., 2001) using PvuII/PstI and ligated

into the SbfI/PmlI site of pCHF72-FHY1 167-202 (Genoud et al., 2008)

to replace the BASTA selectable marker.

The plant expression vector pPPO30v1HA (encoding Pro35S:BamHI-

XbaI-YFP-HA:terRbcS and containing PPO as selection marker) was



PhyA Signaling without FHY1 and FHL Plant Communications
generated by first cutting pCHF5 (Hiltbrunner et al., 2005) with PmeI/NcoI,

and ligating in a StuI/NcoI fragment from pYES2 (Invitrogen) to generate

pCHF5v1. pWCO35 (Rausenberger et al., 2011) was then cut with PvuII/

PstI, and this fragment ligated into PmlI/SbfI cut pCHF5v1 to generate

pPPO5v1. Finally, EYFP was amplified by PCR from pPPO30

(Rausenberger et al., 2011) using the primers 50-CGC GGA TCC CGC

TCT AGA ATG GTG AGC AAG GGC GAG G-30 and 50-GTA CGT CGT

ATG GGT AGC TAG CCT TGT ACA GCT CGT CCA TG-30; the EYFP

PCR fragment was used as template for another PCR using the primers

50-CGC GGA TCC CGC TCT AGA ATG GTG AGC AAG GGC GAG G-30

and 50-GGA CTA GTT TAA GCG TAA TCT GGT ACG TCG TAT GGG

TAG C-30. The resulting PCR fragment was then cut with BamHI/SpeI

and cloned into BamHI/XbaI cut pPPO5v1 to generate pPPO30v1HA.

To obtain pPPO30v1HA-HFR1 (coding for Pro35S:HFR1-YFP-HA:

terRbcS) we cut HFR1 from pBS II KS-HFR1 (Sheerin et al., 2015) using

BamHI/SpeI and ligated it into the BamHI/XbaI site of pPPO30v1HA.

pPPO70-FHY1 is a T-DNA vector containing a Pro35S:YFP-FHY1:

terRbcS cassette and PPO as selectable marker. It was obtained as fol-

lows. The PPO selection marker cassette was cut from pWCO35 (Hanin

et al., 2001) using PvuII/PstI and ligated into the SbfI/PmlI site of

pCHF70-FHY1 (Rausenberger et al., 2011) to replace the BASTA

selectable marker.

Plant Material

Columbia (Col-0) ecotype of A. thaliana was used as wild type. The phyA-

211, fhy1-3, fhl-1, fhy1-3 fhl-1, hfr1-4, and hy5-215 mutants have been

described previously (Reed et al., 1994; Oyama et al., 1997; Zeidler et al.,

2001; Sessa et al., 2005; Zhou et al., 2005; R€osler et al., 2007). The

transgenic lines fhy1-3 Pro35S:YFP-FHY1 (FHY1ox; line #4810), fhy1-3

fhl-1 Pro35S:NLS-YFP-FHY1 167-202 (four independent lines: #9526,

#9537, #9717, and #9742), phyA-211 ProPHYA:PHYA-NLS-YFP (lines

#7129, #7137, and #7146), fhy1-3 fhl-1 ProPHYA:PHYA-NLS-YFP (two in-

dependent transgenic lines: #6900 and #6910), phyA-211 ProPHYA-

PHYA-YFP (two independent transgenic lines: #8196 and #8210), fhy1-3

fhl-1 ProPHYA:PHYA Y242H-NLS-YFP (line #6761), fhy1-3 fhl-1

ProPHYA:PHYA-YFP (line #8476), and hfr1-4 Pro35S:HFR1-YFP-HA (line

#10760) were obtained by Agrobacterium tumefaciens-mediated transfor-

mation using the floral dip method (Clough and Bent, 1998).

The phyA-211 fhy1-3 fhl-1 line was obtained by crossing phyA-211 into

fhl-1 and subsequently phyA-211 fhl-1 into fhy1-3 fhl-1 background.

phyA-211 fhy1-3 fhl-1 ProPHYA:PHYA-NLS-YFP lines #10772 and

#9494 were generated by crossing phyA-211 ProPHYA:PHYA-NLS-YFP

(line #7129) and fhy1-3 fhl-1 ProPHYA:PHYA-NLS-YFP (line #6900),

respectively, into phyA-211 fhy1-3 fhl-1. phyA-211 fhy1-3 fhl-1 ProPHYA:

PHYA Y242H-NLS-YFP (#line 9499) was obtained from fhy1-3 fhl-1

ProPHYA:PHYAY242H-NLS-YFP (line #6761) crossed into phyA-211

fhy1-3 fhl-1. By crossing phyA-211 ProPHYA:PHYA-NLS-YFP (line

#7129) into hfr1-4 and hy5-215 we obtained phyA-211 hfr1-4

ProPHYA:PHYA-NLS-YFP (line #10187) and phyA-211 hy5-215

ProPHYA:PHYA-NLS-YFP (line #10930), respectively. phyA-211 phyB-9

fhy1-3 fhl-1 ProPHYA:PHYA-NLS-YFP (line #12137) was obtained as fol-

lows. We crossed phyB-9 into fhl-1 and subsequently phyB-9 fhl-1 into

fhy1-3 fhl-1, resulting in phyB-9 fhy1-3 fhl-1. phyB-9 fhy1-3 fhl-1 was

then crossed into fhy1-3 fhl-1 ProPHYA:PHYA-NLS-YFP (line #6900) to

obtain phyB-9 fhy1-3 fhl-1 ProPHYA:PHYA-NLS-YFP (line #10593).

Finally, we crossed phyB-9 fhy1-3 fhl-1 ProPHYA:PHYA-NLS-YFP (line

#10593) into phyA-211 fhy1-3 fhl-1 resulting in phyA-211 phyB-9 fhy1-3

fhl-1 ProPHYA:PHYA-NLS-YFP (line #12137).

Seed Sterilization and Plating

Seeds were surface sterilized by shaking in 1 ml 70% ethanol with 0.05%

Triton X-100 for 10 min followed by 5 min incubation in 100% ethanol.

Seeds were then dried on sterile filter paper and spread onto Petri dishes

containing 0.53Murashige and Skoog salts (Duchefa) and 1% phytoagar
Plant C
(Duchefa). Formeasurement of anthocyanin accumulation sterilized seeds

were plated on 0.53MS/1%phytoagar supplementedwith 1.5%sucrose.

Measurement of Hypocotyl Length and Anthocyanin
Accumulation

Germination of Arabidopsis seeds was induced by incubating the plates

for 4 days at 4�C followed by 4–8 h in white light. Then, plates were trans-

ferred to either complete darkness or exposed to continuous FR light

(720 nm) of different intensities. For the analysis of hypocotyl length the

5-day-old seedlings were arranged on square plates containing 0.53

MS/1% phytoagar and scanned. The hypocotyl length was then

measured using ImageJ.

Anthocyanin was extracted by collecting 60 seedlings from each light

treatment/genotype into 700 ml extraction buffer (18% [v/v] 1-propanol,

0.37% [v/v] HCl). The samples were then heated to 95�C for 2 min, chilled

on ice for 5 min, and incubated overnight in the dark at 4�C under contin-

uous shaking. On the next day, the plant material was pelleted by centri-

fugation for 10 min and the supernatant was analyzed. Anthocyanin was

quantified by measuring A535 and A650 using a spectrophotometer. The

relative amount of anthocyanin per seedling was calculated by dividing

(A535–A650) by the number of seedlings.

Microscopy

Image acquisition was performed with a Nikon ECLIPSE 90i microscope

equipped with YFP filters and a 643 water objective. The 4-day-old

dark-grown seedlings (dark condition) were directly observed under the

microscope using safety green light. For the light conditions, the 4-day-

old dark-grown seedlings were treated for 6 h with FR light (720 nm,

13 mmol m�2 s�1) either followed by a 5-min exposure to R light

(670 nm, 8 mmol m�2 s�1) or not. All images were acquired using Meta-

morph (version 6.2r4). ImageJ (version 1.52p) and GIMP (version 2.8.16)

software was used for image processing.

Protein Extraction and Immunoblot Analysis

Seedlings were grown in the dark on 0.53 MS/1% phytoagar. After

4 days, seedlings were harvested and used for extraction of total proteins

as described previously (Kircher et al., 2002). Immunoblotting was done

according to standard protocols. Commercially available antibodies

were used for detection of phyA (Agrisera, no. AS07220) and actin

(Sigma-Aldrich, no. A0480).

MEME Motifs

The consensus motif of the phyA binding site of FHY1/FHL-like proteins

(Possart and Hiltbrunner, 2013) was used to search the protein

database at NCBI (max target sequences, 1000; expected threshold,

1e-3; word size, 2; gap costs, existence 9, extension 1; otherwise

default settings were used). Redundant sequences (i.e., sequences with

R99% sequence identity) were removed. Remaining sequences were

submitted to MEME (http://meme-suite.org/) to search for conserved

motifs using default settings (Bailey et al., 2009).

ACCESSION NUMBERS
FHL, At5g02200; FHY1, At2g37678; HFR1, At1g02340; HY5, At5g11260;

LAF1, At4g25560; phyA, At1g09570; phyB, At2g18790; PIF3, At1g09530.

Identifiers for FHY1- and FHL-like proteins from different species can be

found in Supplemental Data 1.
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