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Across the plant kingdom, phytochrome (PHY) photoreceptors play an important role during adaptive and developmental
responses to light. In Arabidopsis thaliana, light-activated PHYs accumulate in the nucleus, where they regulate downstream
signaling components, such as phytochrome interacting factors (PIFs). PIFs are transcription factors that act as repressors of
photomorphogenesis; their inhibition by PHYs leads to substantial changes in gene expression. The nuclear function of PHYs,
however, has so far been investigated in only a few non-seed plants. Here, we identified putative target genes of PHY
signaling in the moss Physcomitrella patens and found light-regulated genes that are putative orthologs of PIF-controlled
genes in Arabidopsis. Phylogenetic analyses revealed that an ancestral PIF-like gene was already present in streptophyte
algae, i.e., before the water-to-land transition of plants. The PIF homologs in the genome of P. patens resemble Arabidopsis
PIFs in their protein domain structure, molecular properties, and physiological effects, albeit with notable differences in the
motif-dependent PHY interaction. Our results suggest that P. patens PIFs are involved in PHY signaling. The PHY-PIF
signaling node that relays light signals to target genes has been largely conserved during land plant evolution, with evidence
of lineage-specific diversification.

INTRODUCTION

As photoautotrophic organisms, plants depend on light as an
energy source and therefore have to adapt their growth and de-
velopment to changing light conditions. To detect different
aspects of their light environment, e.g., spectral composition or
light intensity, plants are equipped with different types of pho-
toreceptors. This is true for angiosperms, such as Arabidopsis
thaliana, aswell as for earlier divergingplant lineages suchas ferns
and mosses that do not reproduce by seeds but by spores (re-
ferred to hereafter as non-seed plants). Among these photo-
receptors, themembers of the phytochrome (PHY) family function
as red (R) and far-red (FR) light receptors (Mathews, 2006; Li et al.,
2011). Phytochromes exist in two different states that reversibly
convert into each other by the absorption of light: the inactive Pr
form, which has an absorption peak in R light (666 nm), and the

active Pfr form, with maximal absorption in FR light (730 nm). The
external R/FR light conditions are thus translated into an equi-
libriumofawavelength-specificphytochromePfr/Ptot ratio (Ptot=
Pfr + Pr) (Mancinelli, 1994).
The Arabidopsis genome encodes five phytochromes, which

can be grouped into type I and type II phytochromes, represented
byPHYTOCHROMEA (PHYA)andPHYB-E, respectively.PHYB is
themost important phytochromeunder light conditions that result
in a high Pfr/Ptot ratio and regulates seed germination, seedling
deetiolation, induction of flowering, and responses to canopy shade
or competition by neighboring plants. PHYA, the only type I phyto-
chrome in eudicots, is most abundant in dark-grown seedlings and
mediates germination and deetiolation under light conditions that
inducea lowPfr/Ptot ratio (Kamietal., 2010;Li et al., 2011).Non-seed
plant phytochrome paralogs have evolved independently of angio-
spermphytochromesandcannotbeassignedtoeither type Ior type II
(Mathews, 2010). They have been described as photoreceptors of
phototropic and polarotropic growth, but also regulate response
modes that are similar to Arabidopsis PHYA- or PHYB-dependent
responses, such as R/FR light-reversible spore or gemma germi-
nation, or FR light-induced protonemata growth (Mathews, 2006;
Hughes, 2013; Possart et al., 2014; Inoue et al., 2016).
As a first step in phytochrome signaling, activated phyto-

chromes translocate from the cytosol into the nucleus. In Arabi-
dopsis, PHYB possibly enters the nucleus bound to transcription
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factors (TFs) or using its own nuclear localization signal (NLS),
whereas PHYA is transported into the nucleus by the paralogs
FAR-RED ELONGATED HYPOCOTYL1 (FHY1) and FHY1-LIKE
(FHL) (Chen et al., 2005; Kami et al., 2010; Li et al., 2011; Pfeiffer
et al., 2012). Phytochromes of the liverwort Marchantia poly-
morpha, the moss Physcomitrella patens, and the fern Adiantum
capillus-veneris also accumulate in the nucleus in a light-dependent
manner; at least Pp-PHY1 nuclear transport depends on Pp-FHY1
(Tsuboi et al., 2012; Possart and Hiltbrunner, 2013; Inoue et al.,
2016). Recently publishedworkmoreover indicated a light-mediated
nuclear accumulation of PHYs from the green alga Micromonas
pusilla (Duanmu et al., 2014).

Phytochrome downstream signaling in the nucleus has been
intensively studied inangiosperms,butonly littledataareavailable
on the mechanisms of phytochrome signaling in the nucleus in
non-seed plants. In Arabidopsis, one branch of phytochrome
signal transduction involves thephytochrome-mediated inhibition
of the E3 ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC1
(COP1). COP1, in conjunction with SUPPRESSOR OF PHYA-105
1 (SPA1) or SPA1-related proteins, targets light-signaling TFs for
proteasome-mediated degradation in the dark, a process that is
inhibitedbyphytochromes in light (Kamietal., 2010;Li etal., 2011).
In a concomitant signaling pathway, light-activated nuclear
phytochromes bind and regulate members of the subfamily 15 of
Arabidopsis basic helix-loop-helix (bHLH) TFs, designated as
phytochrome interacting factors (PIFs) (Toledo-Ortiz et al., 2003;
Leivar and Quail, 2011; Jeong and Choi, 2013). All Arabidopsis
PIFs contain a highly conserved active PHYB binding (APB)motif,
which is necessary and sufficient for specific interaction with
PHYB (Khanna et al., 2004; Leivar and Monte, 2014). This in-
teraction can be suppressed by point mutations in the APBmotif,
as demonstrated for At-PIF1, At-PIF3, At-PIF4, and At-PIF5
(Khannaetal., 2004;Shenetal., 2008). Twomembersof theAt-PIF
family, At-PIF1 and At-PIF3, moreover interact with PHYA, in-
dependently of the APB motif (Al-Sady et al., 2006; Shen et al.,
2008). At-PIF3 contains an active PHYA binding (APA) motif,
which is necessary for binding to PHYA and can be functionally
impaired by the introduction of point mutations (Al-Sady et al.,
2006; Shen et al., 2008). At-PIF1 also contains an APA motif,
which, however, is different from the At-PIF3 APA motif (Shen
et al., 2008; Krzymuski et al., 2014). The interaction of PIFs with
light-activated nuclear phytochromes initiates the rapid phos-
phorylation of PIFs, which except for At-PIF7 results in their rapid
degradation via the ubiquitin-proteasome system (Al-Sady et al.,
2006; Kami et al., 2010; Leivar and Monte, 2014; Xu et al., 2015).
PIF degradation is associated with a rapid colocalization of PIFs
and phytochromes and the formation of nuclear bodies (NBs)
(Bauer et al., 2004; Chen, 2008). In the dark, At-PIF1 inhibits seed
germination, and several PIFs together promote skotomorpho-
genesis and inhibit photomorphogenesis of etiolated seedlings
(Leivar and Quail, 2011; Leivar and Monte, 2014). Moreover,
At-PIF4, At-PIF5, and At-PIF7 have been reported to promote the
shade avoidance syndrome in deetiolated seedlings, and At-PIF3
andAt-PIF4 regulate flowering time (Leivar andQuail, 2011;Casal,
2013; Leivar andMonte, 2014). In linewith this, Arabidopsis higher
order pif mutants exhibit constitutive photomorphogenic and
light-hypersensitive seedling phenotypes as well as reduced
shade avoidance syndrome; light-grown PIF overexpressors, on

the other hand, show constitutively long hypocotyls and petioles,
pale-green leaves, and early flowering (Fujimori et al., 2004;
Khannaetal., 2007;Lorrainet al., 2008;Leivar et al., 2008a, 2008b;
Shin et al., 2009; Leivar and Quail, 2011; Kumar et al., 2012). PIFs
have been shown to possess TF activity (Leivar and Quail, 2011;
Leivar and Monte, 2014). Genome-wide expression profiling of
individual pif mutants or of the pif1 pif3 pif4 pif5 quadruple (pifq)
mutant revealed an important role of PIFs during light-dependent
regulation of gene expression and identified potential direct PIF
target genes (Leivar et al., 2009; Shin et al., 2009; Hornitschek
et al., 2012; Zhang et al., 2013). Light-activated phytochromes
reverse PIF activities by inducing the rapid degradation of PIF
proteins as well as by inhibiting their binding to target promoters,
altogether changing the expression of PIF-regulated genes (Park
et al., 2012; Jeong and Choi, 2013; Leivar and Monte, 2014; Xu
et al., 2015).
Arabidopsis phytochromes regulate the expression of numer-

ous genes related to phytohormone signaling or photosynthetic
and metabolic changes that occur during photomorphogenesis
(Leivar andQuail, 2011; Leivar andMonte, 2014). There havebeen
few reports on a similar function of phytochromes in non-seed
plants. Phytochromes from fern, moss, liverwort, and green algae
have been shown to regulate the transcript levels of individual
genes (Winands and Wagner, 1996; Christensen et al., 1998;
Suzuki et al., 2001; Possart and Hiltbrunner, 2013; Inoue et al.,
2016). Moreover, a recent approach identified R light-regulated
genes in the moss P. patens that were misregulated in mutants
deficient in phytochrome chromophore biosynthesis (Chen et al.,
2012).
Homologs of all classical photoreceptors of angiosperms

(PHYs, cryptochromes, phototropins, and UVR8) are present in
non-seed plants, with the exception of ZEUTLUPE (ZTL) family
proteins (Imaizumi et al., 2002; Suetsugu and Wada, 2003;
Mathews, 2006; Holm et al., 2010; Wolf et al., 2010), but few
homologs of signaling components have been described: The
genome of the moss P. patens contains homologous sequences
ofCOP1 andSPA1, and the characterization of the corresponding
proteins has suggested partial functional conservation, indicating
that an ancestral form of the PHY-COP1 pathway was already
present in early land plants (Richardt et al., 2007; Rensing et al.,
2008; Yamawaki et al., 2011; Ranjan et al., 2014); in addition,
homologs of the TFs Arabidopsis HY5 andCONSTANS (CO) have
been implicated in light and growth responses in P. patens
(Yamawaki et al., 2011; Zobell et al., 2005). Although potential PIF
homologs are encoded in the genome of themoss P. patens, little
is known about the functions of PIFs in mosses (Carretero-Paulet
et al., 2010; Richardt et al., 2010; Rösler et al., 2010; Feller et al.,
2011; Jeong and Choi, 2013; Wu et al., 2014). Besides a recent
publication that characterized the function of the solitary PIF in the
liverwort M. polymorpha (Inoue et al., 2016), we know little about
phytochrome signaling pathways in non-seed plants.
Here, we present evidence for the evolutionary conservation of

a PIF-dependent phytochrome signaling pathway among land
plants. Microarray analysis in the moss P. patens revealed global
effects of R light on gene expression. The comparison with ex-
pression data from Arabidopsis showed a significant overlap with
homologs of PIF-dependent genes. We identified and charac-
terizedpotential functionalPIForthologs inP.patensand revealed
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molecular properties typical for this class of transcription factors
as well as potential differences to angiosperm PIFs. Our data
strongly suggest an important role of PIFs during light signaling in
P. patens and the evolutionary conservation of PIF-dependent
PHY signaling pathways.

RESULTS

The R Light Response in P. patens Is Characterized by
Pausing Biosynthesis and Subsequent Derepression of
Biosynthesis and Photosynthesis

Phytochrome-mediated light signaling involvesdramatic changes
in gene expression in angiosperms, best studied in Arabidopsis.
The dark-to-light transition also affects seedling morphogenesis
in gymnosperms, suggesting that light regulates gene expression
in all seed plants (Christensen et al., 2002; Mathews and Trem-
onte, 2012). To compare phytochrome signaling in Arabidopsis to
that in a non-seed plant, we analyzed the effects of R light on the
genome-wide gene expression in the moss P. patens. We per-
formedmicroarray analysis on 6-week-old, 2-week dark-adapted
P. patens plants that were either harvested directly in darkness
or after subjection to R light treatment for 30 min and 4 h, respec-
tively (Figure 1). Hierarchical clustering and principal component
analyses of the array data (Supplemental Figures 1A and 1B)
demonstrate that, as expected, the dark controls cluster, as well
as the triplicates of the 30min and4hR treatment. Comparedwith
the dark control, the expression of 278 genes changed signifi-
cantly after 30 min R light treatment, the majority being down-
regulated (96%). In contrast, upon 4 h in R light, 92% of the
313 differentially expressed genes (DEGs) were upregulated
(Figure 1; Supplemental DataSet 1). Consequently, themajority of
detected genes were differentially regulated between the 30 min

and 4 h R light time points. Five DEGs were validated by quan-
titative PCR; they generally displayed good congruence with the
microarray data (Supplemental Figure 1C).
By k-means clustering, we identified three major expression

profiles: 295 genes were repressed in darkness as well as after
30 min R and became activated only after 4 h R (cluster 1, late
activation); 65 genes were active during darkness and were re-
pressed upon 30 min and 4 h R (cluster 2, dark active); 157 genes
were active during darkness, repressed at 30 min R, and dere-
pressedat4hR(cluster3, temporarily repressed inR) (Supplemental
Data Set 1).
TheDEGsweregrouped into functional categories according to

GeneOntology (GO) terms (Supplemental Figures2and3).Cluster
2 (dark active) was enriched in genes related to amino acid me-
tabolism and mitochondria, reflecting the provision of energy
without light. Genes in cluster 3 (temporarily repressed) were
mainly related to translation and other biosynthetic activity, which
may be attributed to the transition from a dark-adapted state to
growth in light. Cluster 1 genes (late active) could mainly be as-
signed to photosynthesis, namely, light harvesting and light re-
action, carbon fixation, and plastid terms; at this point in time, the
plants were reacting to available light on the transcriptional level,
expressing genes involved in plastid-enabled carbon fixation
(Supplemental Figure 3B). In line with a potential direct effect of R
light signaling on transcription, we identified 30 TFs and tran-
scriptional regulators (Supplemental Data Set 1, sheet “Summary
DEGs,”columnG).Among these,weassigned11 tocluster 2 (dark
active), 10 to cluster 3 (temporarily repressed), and 5 to cluster
1 (late active). Among the dark active TFswere twoNACs, a family
known to be involved in senescence and stress signaling. Among
the late-activated genes, we identified a sigma-like factor, most
probably instrumental in transcriptionally activating the plastid
light response.

Putative PIFs Are Encoded in the Genome of P. patens

In Arabidopsis, phytochrome-mediated changes in gene expres-
sion depend on TFs such as PIFs. Previous studies comparing
dark-grownArabidopsis higher-orderpifmutantswithwild-type
seedlings grown in R light identified genes that are regulated
by PIFs during photomorphogenic development (Monte et al.,
2004; Leivar et al., 2009; Shin et al., 2009). By comparing our
microarray analysis with data from Arabidopsis, we identified
potentialP.patenshomologsofgenes thatare regulatedbyPIFs in
Arabidopsis. Among those R light-induced DEGs from P. patens
for which we could determine potential Arabidopsis best-recip-
rocal-hit homologs (considered aspotential orthologs, 98 in total),
46% (45) overlapped with DEGs described as R light-induced by
Leivar et al. (2009) (Supplemental Data Set 2). The overlap was
highly significant versus the background of all expressed genes
(P < <0.001, Fisher’s exact test). Thirty-three DEGs were ho-
mologous to Arabidopsis genes that were regulated in a PIF-
dependentmanner (P <<0.001, Fisher’s exact test; Supplemental
Data Set 2) (class 4 and 7 genes as defined by Leivar et al., 2009).
Moreover, nineDEGswerehomologous toArabidopsisgenes that
had been described as direct PIF target genes (P < <0.001,
Fisher’s exact test; Supplemental Data Set 2) (class 7 genes as
defined by Leivar et al., 2009). We found very little overlap for R

Figure 1. Early and Late P. patens R Light-Responsive Genes.

Venn diagram of DEGs and their directionality upon R light treatment.
Microarray analysis was performed on dark-adapted P. patens game-
tophores subjected to R light treatment for 30 min (red) and 4 h (blue),
respectively. Controls were harvested directly from plants grown in
darkness.
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light-repressed genes. Altogether, the presence of putative PIF-
dependent genes among R light-affected DEGs in P. patens
pointed to a role of bHLH TFs during P. patens phytochrome
signaling.

Based on the comparison of At-PIF3 and homologs from other
seed plants, we defined the APA and APB consensus motifs and
used these to search the P. patens genome and to analyze bHLH
proteins that clustered together with At-PIF3 in a previously
published phylogeny (Richardt et al., 2010). This revealed four
potential PIF homologs, which we designated Pp-PIF1, Pp-PIF2,
Pp-PIF3, and Pp-PIF4 (see Methods for more details). We com-
pared the protein sequence of Pp-PIFs to each other and to bHLH
proteins from selected algae, liverwort, lycophyte, fern, gymno-
sperm, and angiosperm (mono- and dicotyledonous) species
(Supplemental Data Set 3). By de novo detection using MEME
(Bailey et al., 2009), we derived APA andAPBmotifs. Using those,
we tested all proteins for presence/absence of the APA and APB
motifs. The APA motif defined by MEME was found to be con-
served across the plant kingdom; it could be detected in At-PIF3
(but not At-PIF1) and, among others, the putative Pp-PIFs. In

agreement with Inoue et al. (2016), we also found an APA in the
Mp-PIF. Altogether, this indicated an early evolution of this protein
motif. TheAPBmotif could beunambiguously identified for a large
fraction of the testedproteins, includingAt-PIF1, andAt-PIF3 to 8.
We also found a potential APB motif in all four putative Pp-PIFs,
which, however, show weaker sequence similarity to APB motifs
fromArabidopsis and other angiosperms than those showamong
each other (Figure 2). Accordingly, Inoue et al. (2016) reported that
they did not find a canonical APB domain in P. patens PIF protein
sequences. Furthermore,MEMEanalyses revealed threemotifs of
unknown function (MUF) (Figure 2; Supplemental Figures 4 and5).
One of these, MUF1, was recently described as playing a role in
transcriptional activation in Arabidopsis PIFs, which is in line with
its evolutionary conservation (Dalton et al., 2016). Proteins con-
taining at least one motif (APA, APB, or MUF1, 2, or 3) could be
detected in all land plants for which a sequenced genome was
probed. Interestingly, we found an APA motif and MUF2 in one
algal species, Chara braunii (CHABR) (Figure 2; Supplemental
Figure 4). We also detected the MUFs in bHLH proteins across
almost all analyzed land plant species. Notably, all four Pp-PIFs

Figure 2. PIF Protein Motifs Are Highly Conserved across the Plant Kingdom.

Sequence alignment of APB, APA, and MUF1 detected in PIF bHLH proteins. The dashed line indicates intercalated regions. Species abbreviations are in
afive letter code,where the first three letters represent thegenusand the last two the species (e.g.,ORYzaSAtiva). For eachmotif, the respective positions in
the protein sequence are indicated. See Supplemental Figure 4 for sequence alignment ofMUF2 and 3. See Supplemental Data Set 3 for list of species and
Supplemental File 1 for full-length alignment.
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contained an APA, all three MUFs, and a putative APB motif,
suggesting that these genes encode canonical PIF proteins.

To further investigate the relationship of the protein sequences,
we performed a phylogenetic analysis of plant bHLH transcription
factors (Figure 3; Supplemental Figure 6, Supplemental Data Set
3, and Supplemental File 1). The clade harboring all sequences
with APA/B motifs was not highly supported (Figure 3); however,
it was consistently recovered regardless of alignment algorithm
and phylogenetic inference method. Thus, there seems to be an
overall structure of canonical PIF proteins, which is shared by the
members of this clade and is probably derived from an ancestral
PIF-like protein. In accordancewith the presence of an APAmotif,
the sequence of the algaC. brauniiwas contained in the clade that
harbored all known canonical PIF sequences (Figure 3) andmight
thus represent a PIF or PIF-like protein. Three more charophyte
sequences derived from transcriptomes were also based in this
clade, although they did not contain APA, APB, or MUF motifs
(which, however, could be due to incomplete transcript repre-
sentation). PIF proteins might thus have evolved before the land
plant divergence.

Three major seed plant subclades were discernible in the
phylogeny (Figure 3). Clade I contained At-PIF3; most sequences
represented in thiscladewereAPB/APA-containingproteins.With
the exception of Phoenix dactylifera (date palm), all species were
represented by a single protein;Mimulus guttatus (spottedmonkey
flower) and Carica papaya (papaya) were the only analyzed an-
giosperms not represented in this clade, which might be due to
incomplete gene models.

Clade II contained At-PIF1/4/5 as well as other analyzed an-
giosperm sequences that harbored the APB (but not the APA)
motif. The basal eudicot Aquilegia coerulea (Colorado blue col-
umbine) and thebasal angiospermAmborella trichopodawerenot
represented in this clade, and the P. dactylifera sequence con-
tained an APA motif. There was weak support for a conifer and
charophyte sequence belonging to this clade; the latter might be
a long-branch artifact. Clade III contained At-PIF7/8 and other
angiosperm proteins containing the APB (but not the APA) motif,
as in clade II. This clade contained no sequences from basal
angiosperms, Liliopsida (monocots), or basal eudicots. However,
it is sister to two conifer sequences containing the APB and APA
motifs.

The relationship of non-seed plants (ferns, lycophyte, liverwort,
moss, and charophyte algae), and to some extent conifers, with
regard to those three clades could not be accurately inferred. In
summary,most seedplant speciesharboredacanonical PIF3-like
(APA/APB) and a canonical PIF1/4/5-like (APB-only) protein; the
eudicots and conifers encoded additional APB-containing pro-
teins. Thenon-seedplants analyzedencodedone to four potential
PIFs, typically harboring theAPAmotif or theAPAandAPBmotifs;
there was no evidence for APB-only proteins found in these
organisms. While our data and the recent report by Inoue et al.
(2016) reveal that the M. polymorpha PIF contains only an APA
motif, we found APA and putative APB motifs in P. patens PIFs.

Because they form a single clade, the Pp-PIF paralogs were
acquired independentlyof seedplantPIFparalogs (Figure3);most
probably they were retained after whole-genome duplications
(Rensing et al., 2007). We cloned the Pp-PIF1, 2, and 3 coding
sequences by RT-PCR; Pp-PIF4 was cloned according to the

gene model Pp1s147_126V6.1 (see Supplemental Methods for
details). We amplified an additional splicing variant each for
Pp-PIF2 (Pp-PIF2.2) and Pp-PIF4 (Pp-PIF4.2). Pp-PIF2.2 and
Pp-PIF4.2 lacked the coding sequence of amino acids 51 to 90 and
1 to 108, respectively. Thus, both splicing variants do not contain
the putative APBmotif. In the following, these splicing variants are
designated as Pp-PIF2DAPB and Pp-PIF4DAPB. The isoforms con-
taining the putative APB motif are designated as Pp-PIF2 and
Pp-PIF4, respectively. In contrast to PIFs from Arabidopsis, which
consist of ;450 amino acids, Pp-PIF genes encode for longer
proteins of 702 (Pp-PIF1), 728 (Pp-PIF2), 688 (Pp-PIF2DAPB),
729 (Pp-PIF3), 772 (Pp-PIF4), and 664 (Pp-PIF4DAPB) amino acids,
respectively.

Pp-PIF-Phytochrome Interaction Requires the APA but Not
the APB Motif

One important step in angiosperm phytochrome signaling is the
interaction of light-activated phytochromes with PIFs. In a yeast-
two-hybrid assay, we found that Pp-PIF1 and a truncated version
that lacks the bHLH domain (Pp-PIF1DbHLH) interact with different
phytochromes in a light-dependent manner. R light-activated
PHY1 to 4 from P. patens and PHYA from Arabidopsis bound
Pp-PIF1 and Pp-PIF1DbHLH. These interactions were strongly
reducedwhen the phytochromes had been inactivated by FR light
(Figure 4; Supplemental Figures 7 to 11). Also, Pp-PIF3, Pp-PIF4,
and Pp-PIF4DAPB interacted with Pp-PHY1 to 4 in a light-
dependent manner (Figure 4). Yeast transformed with Pp-PIF2
did not grow; thus, the interaction with phytochromes could not
be investigated.
To test the role of the APA motif in the Pp-PIF1-phytochrome

interaction, we mutated Pp-PIF1 at positions Phe-296 and Met-
302, corresponding to functionally important amino acids in the
Arabidopsis PIF3-APAmotif (Al-Sady et al., 2006), to alanine (Pp-
PIF1mAPA). Although the putative APB motifs of Pp-PIFs are only
weakly similar to the angiosperm consensus APB sequence,
following the same rationale as for theAPAmotif, wemutatedGlu-
47 and Gly-54 (Al-Sady et al., 2006) to alanine (Pp-PIF1mAPB) to
assess the motif’s potential role in PIF-PHY interaction. In addi-
tion, we generated a version containing all four mutations, des-
ignated Pp-PIF1mAPBmAPA (Figure 4; Supplemental Figure 7).
Comparedwithwild-typePp-PIF1, the interaction ofPp-PIF1mAPB

withPp-PHYswasonlymoderately affected. In contrast,mutation
of the APA motif caused a significant drop in interaction of
Pp-PIF1mAPA and Pp-PIF1mAPBmAPA with all Pp-PHYs (Figure 4;
Supplemental Figures 7 to 9). A similar interaction pattern was
observed for Pp-PIF1DbHLH,which lacks thebHLHdomain, and its
corresponding mutants (Supplemental Figure 10). Using fusion
proteins of Pp-PIF1 and luciferase (Pp-PIF1-LUC), we confirmed
thepresenceof similar protein levels for full-lengthPp-PIF1and its
mutants by immunoblot analyses (Figure 4; Supplemental Figures
7 and 8).
We were able to extend our observations on Pp-PIF-phytochrome

interactions by performing in vitro coimmunoprecipitation (co-IP)
assaysaspreviouslydescribed (Huqetal., 2004) (Figure5).Pp-PIF2
strongly interactedwith thePfr formof Pp-PHY4andweaklywith
the Pfr form of Pp-PHY2 (Figure 5A). Pp-PIF2 did not show
a light-induced binding to Pp-PHY1 and Pp-PHY3. Despite their
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Figure 3. Excerpt of Phylogenetic Tree of Plant bHLH TFs: Clade Containing Canonical PIFs.

The phylogeny is based on Bayesian inference; support values (BI posterior probabilities) are shown at the nodes of the tree. Additional bootstrap support
values fromML and NJ analyses are shown to the lower left of some nodes discussed in the text. Species abbreviations for all organisms except P. patens
(Pp) and Arabidopsis (At) are in a five letter code, where the first three letters represent the genus and the last two the species (e.g., ORYza SAtiva)
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comparatively low expression levels, we also obtained a light-
induced interaction for Pp-PIF3 with Pp-PHY2 and for Pp-PIF4
with Pp-PHY1 (Figure 5A). For Pp-PIF4DAPB, we obtained an
interaction with Pp-PHY1 and Pp-PHY3, which was, however,
independent of the light condition and therefore might be un-
specific (Figure 5A). We further analyzed the role of the APA and

the putative APB motif in the Pp-PIF2-Pp-PHY4 interaction.
Pp-PIF2mAPA was generated according to studies on At-PIF3 by
replacing Phe310 andMet316with alanine (Al-Sady et al., 2006).
To analyze the APB function, we used the Pp-PIF2 splicing
variant (Pp-PIF2DAPB) described above. Using these mutants in
in vitro co-IP assays, we found that the APA motif was essential

Figure 3. (continued).

(see Supplemental Data Set 3 for list of species and Supplemental File 1 for full-length alignment). The sequence names contain the accession number,
except for SELMO_PIF and PTEVI_PIF, for which the sequences have been assembled as described in Methods. Shaded areas highlight canonical PIFs
(light shaded) and three major seed plant subclades (I–III; dark shaded) as described in the text. The presence of five motifs, APA, APB, and three motifs of
unknown function (MUF), as inferred byMEMEdenovomotif detection, are depicted asboxes, shownon the right. Sequences containing theAPBandAPA
motif are shown inpurple.Sequences containingonly theAPBmotif are shown inblue.Sequencescontainingonly theAPAmotif are shown in red.Theclade
not containing any canonical PIFs (indicated by the triangular shape at the bottom) has been collapsed to enhance readability; for expansion of this clade,
refer to Supplemental Figure 6.

Figure 4. Interaction of LUC-Pp-PIF1 with Light-Activated Pp-PHY1 in Yeast Requires the APA Motif.

(A) Full-length Pp-PIF1 fused to LUC interacts with P. patens PHY1 in a light-dependent manner. This interaction is abolished bymutations in the Pp-PIF1
APA motif. GAD plasmids (pGADT7) containing the coding sequence for Pp-PIF1 and mutated versions of Pp-PIF1 (Pp-PIF1mAPB, Pp-PIF1mAPA, and
Pp-PIF1mAPBmAPA), respectively, fused to the GAL4 activation domain (GAD) and the coding sequence of luciferase (LUC) were used in yeast two-hybrid
assays with GBD plasmids (D153) containing the coding sequence for Pp-PHY1 fused to the GAL4 DNA binding domain (GBD). Phytochromes were
converted into thePfrorPr formby irradiatingyeastcultures for5minwithR (12mmolm22s21) orFR (12mmolm22s21) light. Theb-galactosidaseactivitywas
measured after an additional incubation in the dark for 4 h. MU, Miller units. Bars indicate the mean of three biological replicates (i.e., three independent
cultures were grown; each culture was measured in triplicate); error bars represent 95% confidence interval. The protein abundance of the wild type and
mutatedPp-PIF1 in yeastwasanalyzedby immunoblot usinganantibody specific toLUC.Forcomplete immunoblot analysesof LUC-Pp-PIF1andPp-PHY
protein abundance, refer to Supplemental Figure 8.
(B) Mutations inserted in Pp-PIF1 APB and APA motifs are shown schematically.
(C)Pp-PIF3, Pp-PIF4, andPp-PIF4DAPB interact with Pp-PHY1, 2, 3, and 4 in a light-dependentmanner. GAD-Pp-PIF3, 4, and 4DAPB versions andPp-PHYs
fused to GBD were used in yeast two-hybrid assays as described in (A).
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for the light-dependent interactionbetweenPp-PIF2andPp-PHY4,
as themutationofAPAcompletelyabolished this interaction (Figure
5B). Thedeletionof theAPBmotif displayedminor, if any, effectson
interaction between Pp-PIF2 and Pp-PHY4. Therefore, we con-
clude that Pp-PIF2 binds to the Pfr form of Pp-PHY4 through the
APA motif, as observed for the interaction of Pp-PIF1 and all four
Pp-PHYs in Yeast Two-Hybrid assays, altogether indicating
a functional conservation of the APA motif in PIF-phytochrome
interactions.We also attempted to test Pp-PIF1 for interactionwith
Pp-PHYs in in vitro co-IP assays, but could not show a light-reg-
ulated interaction of this protein. Thismay be due to a relatively low
affinity of the protein that can be distinguished in yeast but is not
detectable in in vitro co-IP assays.

In summary, based on their light-specific interaction with the
photoreceptors, Pp-PIFscanbeconsideredaspotential factorsof
phytochrome downstream signaling in P. patens.

P. patens PIFs Localize to the Nucleus

In Arabidopsis, PIFs localize to the nucleus, where they regulate
gene expression. Their interactionwith activatedphytochromes is

accompanied by the formation of nuclear bodies, a process that
has been implicated in PIF degradation and signal transduction
(Van Buskirk et al., 2012). In order to analyze the localization
pattern of P. patens PIFs, we expressed YFP fusions of Pp-PIF1,
Pp-PIF2, Pp-PIF2DAPB, Pp-PIF3, Pp-PIF4, and Pp-PIF4DAPB in
Nicotiana benthamiana leaf cells. All six Pp-PIFs localized to the
nucleus and formed nuclear bodies, resembling the typical lo-
calization of Arabidopsis PIFs (Figure 6A). In line with our ob-
servations on Pp-PIF-phytochrome interaction in yeast and in
in vitro co-IP assays, we found that Pp-PIFs colocalized with
Arabidopsis PHYA, which we had fused to an NLS in order to
obtain visible amounts in the nucleus. All Pp-PIFs colocalized
with At-PHYA-NLS in nuclear bodies (Figure 6B). The expression
of full-length proteins was confirmed by immunoblot analysis
(Supplemental Figure 12). Using particle bombardment, we
transiently transformed P. patens protonema cells and observed
a nuclear accumulation of Pp-PIF1, Pp-PIF2, Pp-PIF2DAPB,
Pp-PIF3, Pp-PIF4, andPp-PIF4DAPB similar to PIFs in Arabidopsis
(Figure 6C). We conclude that PIFs from P. patens may act as
nuclear phytochromesignaling components and, thus, similarly to
Arabidopsis PIFs.

Figure 5. The APA Motif Mediates Interaction between Pp-PIF2 and Phytochromes from P. patens in Vitro.

(A) In vitroco-IPassays forPp-PIFsandPp-PHYs.Pp-PIFsandPp-PHYswere transcribedand translated invitro in thepresenceof 35S-methionine.Pp-PIFs
fused to theGADwereusedasbait.Pp-PHY1,2, 3, or 4wereconverted into thePfrorPr formby irradiating theexpressionmixwitheitherR (17mmolm22s21)
or FR (4.3 mmol m22 s21) light for 1 min and used as prey. Immunoprecipitated proteins were separated on a SDS-PAGE gel and detected by Typhoon
phosphor imaging system.
(B) Pp-PIF2 interacts with light-activated Pp-PHY4 in vitro in an APA-dependent manner. GAD fusions of wild-type Pp-PIF2 and its mutated versions
impaired in the APB (Pp-PIF2DAPB) or the APA (Pp-PIF2mAPA)motif, or both (Pp-PIF2DAPBmAPA), were used as bait in in vitro co-IP assays as described in (A).
Pp-PHY4was converted into the Pfr or Pr formby irradiation with either R (17 mmolm22 s21) or FR (4.3 mmolm22 s21) light for 1min and used as prey. Small
gel: empty GAD control.
(C)Schematic representation ofmutated Pp-PIF2. For analysis of APB function, a Pp-PIF2 splicing variant lacking amino acids 51 to 90 (Pp-PIF2DAPB) was
used. For analysis of APA function, amino acids corresponding to functionally relevant amino acids in At-PIF3 were mutated (Pp-PIF2mAPA).
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Figure 6. PIFs from P. patens Localize to the Nucleus.

(A)Pp-PIF1, Pp-PIF2, Pp-PIF2DAPB, Pp-PIF3, Pp-PIF4, and Pp-PIF4DAPB localize in the nucleus. Leaves ofN. benthamianawere transformed by infiltration
with Agrobacterium tumefaciens containing a respective Pro35S:Pp-PIF:YFP construct. One day after transformation, the plants were transferred into
darkness for another 1 to 3 d before epifluorescence microscopic analysis (n$ 20) of epidermal leaf cells. Bar = 10 mm; in all figure parts, BF = bright field.
(B) Pp-PIF1, Pp-PIF2, Pp-PIF2DAPB, Pp-PIF3, Pp-PIF4, and Pp-PIF4DAPB colocalize with At-PHYA:NLS in the nucleus. Leaves of N. benthamiana were
cotransformed with the respective Pro35S:Pp-PIF:YFP and Pro35S:At-PHYA:NLS:CFP. One day after transformation, the plants were transferred into
darkness for another 1 to 3 d and analyzed by epifluorescence /confocal microscopy (n $ 20; representative confocal images are shown). Bar = 10 mm.
(C) Pp-PIF1, Pp-PIF2, Pp-PIF2DAPB, Pp-PIF3, Pp-PIF4, and Pp-PIF4DAPB localize to the nucleus in P. patens. Protonema filaments were transiently
transformedwith the respectivePro35S:Pp-PIF:YFPusingparticle bombardment and incubated indarkness for 2 to4dbefore epifluorescencemicroscopy
analysis (n $ 13). Arrows indicate nuclei. Bar = 10 mm.
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P. patens PIFs Affect Phytochrome-Mediated Responses
in Arabidopsis

To further investigate potential functional conservationofP. patens
and Arabidopsis PIFs, we expressed YFP fusions of Pp-PIF1,
Pp-PIF2, and thePp-PIF2splicingvariant, Pp-PIF2DAPB, under the
control of the constitutive 35S promoter (Pro35S) in the Arabi-
dopsis Columbia-0 background. In order to examine whether
Pp-PIFs influence photomorphogenic responses, we analyzed
seedling deetiolation in these overexpressor lines under different
light conditions. The expression of all three Pp-PIFs led to a clear
hyposensitive response in R light, with seedlings showing longer
hypocotyls than thewild-typecontrol (Figures7Aand7B).Wealso
observed elongated hypocotyl growth under blue light (B) in all
three Pp-PIF overexpressor lines (Figures 7A and 7B). Moreover,
Pp-PIF-OXseedlingspartially failedtoopentheircotyledons inRand
B light (Figure 7A). Pp-PIF-OX seedlings grown in FR light showed
a similar, but much weaker, phenotype of elongated hypocotyls
(Figures 6A and 6B). Dark-grown Pp-PIF-OX seedlings were etio-
lated, showing a typical apical hook and closed cotyledons, but
Pp-PIF1-OX and Pp-PIF2-OX lines had shorter hypocotyls and
partially exaggerated apical hooks in comparison to the wild-type
control (Figures 7A and 7B). During our quantification of hypocotyl
length phenotypes, we also tested lines transformedwith the empty
expression vector. These controls showed only minor (but in some
replicates statistically significant) differences (Figure7B). Theeffects
of Pp-PIF overexpression resembled the phenotype of Arabidopsis
PIF3- and PIF5-OX, suggesting the functionality of Pp-PIFs in
Arabidopsis or an interference of Pp-PIFswith proper functioning of
endogenous PIFs (Kim et al., 2003; Khanna et al., 2007). In adult
plants, the expression of all three Pp-PIFs resulted in enhanced
elongation growth and early flowering (Figure 7C). This phenotype
was reminiscent of Arabidopsis PIF4- or PIF5-OX plants, again in-
dicating an effect of Pp-PIFs on the endogenous signaling sys-
tem (Fujimori et al., 2004; Khanna et al., 2007; Kumar et al., 2012).
We detected a nuclear localization for all Pp-PIF YFP-fusions in
etiolated seedlings (Supplemental Figure 13). The expression of full-
length Pp-PIF proteins was confirmed by immunoblot analysis
(Supplemental Figure 14A).

Pp-PIFs Complement the Arabidopsis pif1 pif3 pif4 pif5
Quadruple Mutant Phenotype

If Pp-PIFs acted as true PIFs, they should be able to substitute for
endogenous PIFs in Arabidopsis. We therefore expressed YFP
fusionsofPp-PIF1,Pp-PIF2, andPp-PIF2DAPBunder thecontrol of
the constitutive 35S promoter in the Arabidopsis pif1 pif3 pif4 pif5
quadruple (pifq) mutant. The expression of full-length Pp-PIF pro-
teins was confirmed by immunoblot analysis (Supplemental Figure
14B). In darkness, seedlings of the Arabidopsis pifq mutant show
aconstitutive photomorphogenic (cop)-like phenotypeof shortened
hypocotyls and open apical hooks (Leivar et al., 2008a). Trans-
forming the empty vector into the pifq background had only aminor
effect on hypocotyl length (Figure 8B, right-most panel). All three
PIFs from P. patens partially but significantly complemented this
phenotype: Pp-PIF-overexpressing pifqmutants had an elongated
hypocotyl and a partially closed apical hook (Figures 8A and 8B).

A characteristic of most Arabidopsis PIFs in PIF-PHY signaling is
their light-induced degradation (Bauer et al., 2004; Shen et al., 2007,

2008; Lorrain et al., 2008). We investigated the stability of Pp-PIFs
uponRtreatment inArabidopsispifq. Interestingly,Pp-PIFsappeared
muchmore stable comparedwith At-PIF3 (Supplemental Figure 15),
a behavior reminiscent of that of At-PIF7 (Leivar et al., 2008b).
Pp-PIF expression complemented the pifq phenotype not only

at themorphological but also at the transcriptional level. ByqPCR,
we confirmed that the expression levels of five genes known to be
downregulated in pifq (Zhang et al., 2013) were reconstituted or
overcompensated when expressing Pp-PIF1, Pp-PIF2, or
Pp-PIF2DAPB in the pifq background (Figure 8C; Supplemental
Figure 16). Altogether, these results underline functionality of
Pp-PIFs in Arabidopsis and corroborate functional conservation
of PIFs in mosses and angiosperms.

DISCUSSION

R Light Broadly Affects Gene Expression in P. patens

Phytochromes fromnon-seedplants,e.g., fromfernsandmosses,
regulate light-dependent transient responses, such as photot-
ropism, as well as developmental processes (Mathews, 2006;
Hughes, 2013). However, in contrast to angiosperms and Ara-
bidopsis in particular, little is known about the downstream
components of phytochrome signaling in non-seed plants. We
and others have previously demonstrated the evolutionary con-
servation of the first steps of phytochrome signaling since the
earliest land plants by showing that phytochromes from ferns,
mosses, and liverworts accumulate in the nucleus upon activation
by light (Tsuboi et al., 2012; Possart and Hiltbrunner, 2013; Inoue
et al., 2016). Thedatapresentedhere suggest that the subsequent
steps of phytochrome signaling in the moss P. patens also resem-
ble those in the seed plant Arabidopsis. Genome-wide transcrip-
tionalprofiling revealedconserved targetsofphytochromesignaling
in Arabidopsis and P. patens. Phylogenetic analysis and charac-
terization of putative functional PIF orthologs from P. patens
demonstrated that these proteins are similar to angiosperm PIFs in
their molecular properties and physiological effects. While our
manuscript was under review, Inoue and colleagues reported that
thesolitaryPIFandPHYproteins inM.polymorpha interact and that
Mp-PIF is involved in the regulation of Mp-PHY-dependent gene
expression (Inoueetal., 2016). This is in linewithourconclusion that
PIF-PHY signaling nodeshavebeen evolutionarily conserved since
the earliest land plants.
R light-induced DEGs in P. patens clustered into dark-active,

temporarily repressed, and late-active genes. This, togetherwith the
functional DEG classification, reveals the molecular processes that
are inducedby the transition fromdarkness toR light (Supplemental
Figures2and3). Indark-adaptedplants, thehighproportionofDEGs
that were involved in amino acid metabolism indicates the use of
nonphotosynthetic energy sources through the metabolization of
amino acids, probably by themitochondria. After 30min R, this type
of energy production is repressed. Photosynthesis is probably in-
duced,whichwas, however, not yet detectable at the transcriptional
level.After4hR light, biosynthesis is reactivatedandphotosynthetic
functions are activated at the transcriptional level.
The comparison of our results to transcriptome analyses from

Arabidopsis suggests similar effects of R light in P. patens. As
described by Leivar et al. (2009), genes involved in cellular
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Figure 7. Effects of PIFs from P. patens on Light Signaling in Arabidopsis.

(A) The response of Arabidopsis seedlings to light is impaired by Pp-PIF overexpression. Col-0 seedlings (control), Col-0 seedlings expressing Pro35S-
driven Pp-PIF1:YFP, Pp-PIF2:YFP, or Pp-PIF2DAPB:YFP, as well as phyA-211 and phyB-9 seedlings, were grown for 4 d in R (22 mmol m22 s21), FR
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metabolism dominate among late (2 d) R light-repressed Arabi-
dopsis genes, which is consistent with cluster 2 DEGs (dark active,
i.e., genes repressed by R light) in this study. Moreover, photo-
synthesis- and chloroplast-related genes are the most abundant
among R light-induced genes in Arabidopsis, resembling the
function of cluster 1DEGs (late active) (Leivar et al., 2009; Leivar and
Monte, 2014). In contrast to Arabidopsis (Leivar et al., 2009), we
found that R light affects the expression of only a few TFs and
transcriptional regulators in P. patens. This might be partially at-
tributed to the different proportions of TF genes in the genomes of
non-seedplants and seedplants (e.g., 3% inP. patens versus 6% in
Arabidopsis) (Langetal., 2010). Itmayalso indicatedifferences in the
early light-induced gene network of Arabidopsis and P. patens. It is
also worth mentioning that among the R-light regulated genes in
P.patens,only theR-inducedsubsetshowsoverlapwithPIF-regulated
genes during Arabidopsis deetiolation, even though R-repressed
genes aremuch enriched inPIF-target genes in Arabidopsis (Leivar
and Monte, 2014; Pfeiffer et al., 2014).

The Genome of P. patens Encodes Conserved PIF Proteins

Although the transcriptional regulation of TFs does not seem tobe
aprominent part ofR light-regulated geneexpression inP. patens,
our results indicate an important role of PIF TFs: 46% of DEGs for
which we could determine potential Arabidopsis homologs
overlapped with Arabidopsis genes that had been described as
indirect or direct targets of PIF-regulated seedling deetiolation
(Class 4 or 7 genes as defined by Leivar et al., 2009). Thus,
considering the evolutionary distance of these phytochrome
systems,wehave revealedasubstantial overlapofeffectsongene
expression in P. patens and Arabidopsis.

In linewith this,we identified fourputativePIF functional orthologs
in the genome of P. patens. The sequence conservation of these
genes was highest in five regions, namely, the bHLH domain, the
APA motif, as well in three MUFs, i.e., regions that are also highly
conservedamongPIFproteins fromseedplants. Inaddition,wealso
identifiedaputativeP.patensAPBmotif, inwhich,however, someof
the amino acids known to be essential for PHY binding in Arabi-
dopsis are not present. The strong conservation of these motifs is
consistent with their importance for PIF function in Arabidopsis and
suggests a functional conservation of PIFs across all land plants
(Leivar and Quail, 2011; Leivar andMonte, 2014; Inoue et al., 2016).

PIF Evolution: From an Ancestral Gene in Charophytes to
Complex Regulatory Nodes

Our phylogenetic analysis placed bHLHproteins fromcharophyte
algae in the canonical PIF clade. In contrast to chlorophyte algae

such as Chlamydomonas reinhardtii, some members of the pa-
ralogous charophytes share a common ancestor with land plants.
While theC. braunii sequence harbors an APAmotif and a MUF2,
other available charophyte sequences were transcriptomic and
therefore fragmentary in nature; hence, we cannot judge from our
data whether other motifs might already have been present in
these species. In any case, the Chara sequence in the PIF clade
supports the notion that an ancestral PIF-like gene was already
present in the last common ancestor of Charales and land plants.
Interestingly,onlyCharales,Coleochaetales,andZygnematophyceae,
which are considered to be the algal groupsmost closely related to
land plants (Wodniok et al., 2011; Timme et al., 2012), have rep-
resentatives in thisclade.AnancestralPIF-likegene,presentbefore
the water-to-land transition, would have been the basis for dupli-
cation and subfunctionalization during land plant evolution, even-
tually leading to the highly diversified situation present in many
extant plants.
Non-seed plant genomes encode PIFs that contain APA and

APBmotifs, or APA only; they lack APB-only PIFs (Figure 3). From
this, aswell as from our interaction studies, we conclude that APA
was the ancestral interaction motif. Interestingly, the solitaire M.
polymorphaPIF contains anAPAmotif only, and theAPBmotifs of
P.patensPIFsarenotconserved insomeaminoacidsessential for
Arabidopsis PHY binding. Since mosses and liverworts are
probably monophyletic (Wickett et al., 2014), we infer that either
the APB motif has been lost in M. polymorpha or secondarily
gained in P. patens.
Many seedplants encode at least twoPIFs, one containingAPA

and APB, the other only APB. This could reflect the diversifica-
tion of the phytochromes intoPHYAandPHYB type that occurred
in the common ancestor of gymnosperms and angiosperms
(Mathews, 2010). The coevolution of phytochromes and phyto-
chrome interacting factors enables a much more fine-grained
regulation of red and far-red triggered signaling (Rensing et al.,
2016). Interestingly, mosses also show evidence of phytochrome
diversification (Li et al., 2015). Alternative splicing, as detected for
Pp-PIF2 and Pp-PIF4, could potentially increase PIF diversity and
entailmorecomplex interactionpatternssuchas those thatexist in
seed plants.

Pp-PIFs Show Typical Interaction and Localization
Properties as Well as Putative Neofunctionalization

Supporting the notion of functional conservation, P. patens PIFs
resembled Arabidopsis PIFs in their molecular properties,
showing light-dependent interaction with phytochromes. APA is
the essential motif for the interaction of Pp-PIF1 and 2 with
Pp-PHYs; while the binding of Pp-PIF1 and Pp-PIF2 to Pp-PHYs

Figure 7. (continued).

(3 mmol m22 s21), or B (8 mmol m22 s21) light or in darkness (D). PpPIF2DAPB lines 1 and 2 were grown in the same experiment, but on separate plates (for
corresponding wild type, phyA-211, and phyB-9, see quantification in [B]). Bar = 5 mm.
(B) Pp-PIF overexpression affects hypocotyl length of Arabidopsis seedlings grown under different light conditions. Col-0, Pro35S-driven Pp-PIF1:YFP,
Pp-PIF2:YFP or Pp-PIF2DAPB:YFP, phyA-211, and phyB-9 as well as Pro35S-YFP (pPPO30v1HA, empty vector control) expressing seedlings were grown
asdescribed in (A)before quantificationof hypocotyl length. Data are shownas violin plots;white dots represent themedian, and asterisks indicateP values
(unpaired, two-tailed Student’s t test) of <0.05 (*), <0.01 (**), and <0.001 (***), respectively. The y axis scale was adjusted for maximal resolution in each plot.
(C) P. patens PIF overexpression results in early flowering in Arabidopsis. Col-0 plants expressing Pro35S-driven Pp-PIF1:YFP, Pp-PIF2:YFP, or
Pp-PIF2DAPB:YFP, as well as phyA-211 and phyB-9, were grown for 21 d under standard greenhouse conditions. Bar = 1 cm.
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was completely abolished after mutation of APA, it was merely
reducedwhen theAPBmotifwasdisabled. InArabidopsis, theAPA
motif isessential for the interactionofPIFswithPHYA(Al-Sadyetal.,
2006; Leivar andMonte, 2014). At-PIF3 andAt-PIF1, which contain
different APAmotifs, bind At-PHYA and act as PHYA downstream
signaling components (Leivar andMonte, 2014). In motif detection
andproteinalignments (Figures2and3),we identifiedthePIF3-type

APAmotif in PIF proteins in both non-seed plants and seed plants.
One can speculate on an evolutionary conservation of the APA
motif-dependent PIF-PHY interaction, which is a prerequisite for
PIF3-modulated PHYA signaling in angiosperms. The binding of
PIFs to PHYs via the APB motif, on the other hand, may not be
relevant inP. patens phytochrome signaling andmay have evolved
only in seed plants. This is corroborated by the APA-dependent

Figure 8. PIFs from P. patens Rescue the cop-Like Phenotype of Arabidopsis pifq Mutant Seedlings.

(A) The cop-like phenotype of dark-grown Arabidopsis pifqmutant seedlings is partially complemented by Pp-PIF overexpression. Col-0 and pifqmutant
seedlingsexpressingPro35S-YFP (pPPO30v1HA, empty vector control) aswell aspifqmutant seedlingsexpressingPro35S-drivenPp-PIF1:YFP,Pp-PIF2:
YFP, or Pp-PIF2DAPB:YFP were grown in darkness for 4 d. All transformed lines were analyzed in their segregating generation. Bar = 5 mm.
(B)Pp-PIFoverexpressionsignificantly complements thecop-like phenotypeofArabidopsispifqmutant seedlings.Seedlingsasdescribed in (A)wereused
for quantification of hypocotyl length. Right panel shows comparison of empty vector control with pifq and Col-0 backgrounds. Data are shown as vi-
olinplots;whitedots represent themedian, andasterisks indicatePvalues (unpaired, two-tailedStudent’s t test) of<0.05 (*), <0.01 (**), <0.001 (***), and>0.05
(n.s., not significant), respectively. The y axis scale was adjusted for maximal resolution in each plot.
(C) Pp-PIF overexpression restores the expression of PIF-dependent genes in Arabidopsis pifq mutants. The expression of the genes HB2, XTR7, PIL1,
IAA19, and HFR1 was analyzed by quantitative PCR in 4 d dark-grown seedlings of Col-0, pifq, and pifq expressing Pro35S-YFP (pPPO30v1HA, empty
vector control) or Pro35S-Pp-PIF1:YFP, Pro35S-Pp-PIF2:YFP, and Pro35S-Pp-PIF2DAPB:YFP, respectively. Data were normalized to PP2AA3mRNA. All
transformed lineswereanalyzed in their nonsegregatinggeneration. Technical replicates (repeatswithin anexperiment) areshownascircles; bars represent
themean. The yaxis scalewasadjusted formaximal resolution in eachplot.Geneaccessionnumbers are listed in theSupplementalMethods. Forbiological
replicates, refer to Supplemental Figure 16.
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PHY-PIF interaction and the lackof anAPBmotif inM.polymorpha,
as also shown by Inoue et al. (2016). The APB motifs detected in
Pp-PIFs showed comparatively weak similarity to the angiosperm
consensus APB sequence. The two amino acids that are essential
for PIF-PHYB interaction in Arabidopsis are not conserved in
Pp-PIF2 (Figure 2) (Khanna et al., 2004; Al-Sady et al., 2006). It is
interesting that inArabidopsis, theAPBmotif is also required for the
interactionofseveralPIFsandDET1 (DE-ETIOLATED1) (Dongetal.,
2014). The interaction of At-PIFs with At-DET1 is necessary to
stabilize PIFs in darkness (Dong et al., 2014). The genome of
P.patenscontains threehomologsofAt-DET1 (Pp3c21_10400V3.1,
Pp3c19_5540V3.1, and Pp3c11_15920V3.1); thus, a similar APB-
dependent regulation of Pp-PIF abundance in P. patens could be
envisioned. In Arabidopsis, the APB motif is also necessary for
binding of PIF1 toCOP1, which enhances recruitment of theCOP1/
SPA substrate HY5 (Xu et al., 2014). HY5 homologs are encoded in
the P. patens genome; therefore, it can be speculated that a similar
regulatorymechanismexists inP. patens (Xu et al., 2014; Yamawaki
et al., 2011). Thus, the ancestral function of theAPBmotif may have
been binding to DET1, COP1, and/or other factors. These inter-
actions might also be important in P. patens; therefore, the overall
sequence of the APB motif may have been preserved during
evolution. Alternatively, the APB-like motif might have been in-
dependently gained in P. patens.

In the light of these scenarios, it is interesting that besides
canonical PIFs containing all typical motifs, we identified splice
variants of Pp-PIF2 andPp-PIF4 that lack the complete APBmotif
(Pp-PIF2DAPB and Pp-PIF4DAPB). Notably, splicing variants that
lack the APBmotif have also been annotated for Arabidopsis PIF1
(AT2G20180.1) and PIF6 (AT3G62090.1 and AT3G62090.3). This
potential splicing-mediated regulation of Pp-PIFs activity, to-
getherwith theconservationof theAPBmotif, suggestsascenario
in which the conditional removal of the APB motif might regulate
the binding properties of Pp-PIFs and, thus, the quality of the
response. The different combinations of APB and APA motifs in
Pp-PIF splicing variants may be instrumental in a PIF regulatory
network in P. patens. Such a network might be important not only
during phytochrome signaling but also in other signaling cas-
cades. Arabidopsis PIFs are involved in gibberellin (GA) signaling
through their interaction with DELLA proteins. At-PIFs are thus
important factors for GA downstream signaling and components
of crosstalk between the light and GA signaling pathways (de
Lucas et al., 2008; Feng et al., 2008; de Lucas and Prat, 2014).
Although DELLA proteins were identified in P. patens, they do not
seem to be functional in GA signaling (Sun, 2011). However,
whether DELLAs from P. patens bind to Pp-PIFs and act in
phytochrome downstream signaling remains elusive. Future work
on the PIF-DELLA interplay in P. patens will help to assess the
evolutionary conservation of signaling crosstalk.

A putative role of P. patens PIFs as regulators of phytochrome
signaling was further supported by their localization to the nu-
cleus. In N. benthamiana, they colocalized with At-PHYA-NLS
and formedNBs, resembling the localization of Arabidopsis PIFs
(Bauer et al., 2004;Chen, 2008). In a recent study,wehaveshown
that light-activated phytochromes from P. patens also form NBs
(Possart and Hiltbrunner, 2013). NBs have been associated with
thePIF-phytochrome interactionandsubsequentphytochrome-
inducedPIFdegradation (Bauer et al., 2004;Chen, 2008).Despite

numerous similarities between PIFs from Arabidopsis and from
P. patens, the APB-independent interaction of Pp-PIF with Pp-PHY
indicates that there might also be differences in PIF-PHY regulation
between these two species. For example, in Arabidopsis, the APB-
dependent interaction with PHYB is essential to inhibit binding of
PIF3 to target promoters. It will be interesting to see whether the
APA-mediated PIF-PHY interaction can lead to similar scenarios in
P.patensorwhethersuchregulatorymechanismshaveevolved later
in land plant evolution.

Moss PIFs Are Functional in Arabidopsis

Probably themost conclusive evidence thatPp-PIFs are bona fide
PIFs came from expression in a heterologous system. First,
overexpression of Pp-PIF1, Pp-PIF2, and Pp-PIF2DAPB in the
Arabidopsis Col-0 wild-type background induced a phenotype
reminiscent of the one observed for overexpression of Arabi-
dopsis PIFs. The hyposensitive response of Pp-PIF-OX seedlings
toward R light had been previously described for At-PIF3-OX,
At-PIF4-OX, At-PIF5-OX, and At-PIF7-OX seedlings (Huq and
Quail, 2002; Kim et al., 2003; Fujimori et al., 2004; Khanna et al.,
2007; Leivar et al., 2008b). TheseArabidopsisPIFs act asnegative
factors during PHYB-mediated photomorphogenesis (Kim et al.,
2003; Fujimori et al., 2004; Khanna et al., 2007). Khanna et al. cor-
related the effect of At-PIF5 overexpression with reduced PHYB
levels, indicating a regulation of PHYB abundance by endogenous
At-PIF5 (Khanna et al., 2007). The phenotype of light-grown Arabi-
dopsis Pp-PIF-OX seedlings suggested that PIFs from P. patens
might interfere with endogenous phytochrome signaling in a similar
way. The short-hypocotyl phenotype of dark-grown Pp-PIF-OX
seedlings, counterintuitive at first, has alsobeendescribed for At-PIF
overexpressors: At-PIF5-OX seedlings show reduced hypocotyl
lengthwhengrownindarkness,whichhasbeenattributedtoelevated
ethylene levels (Khanna et al., 2007). The behavior of Pp-PIF-OX
plants at later developmental stages further supported a PIF-like
effect of P. patens PIFs on light signaling in Arabidopsis. Very early
flowering again phenocopied At-PIF5-OX and At-PIF4-OX plants
(Fujimori et al., 2004; Kumar et al., 2012). In addition, this phenotype
was reminiscent of the early flowering of Arabidopsis phyB and
higher-order phy mutants (Reed et al., 1993; Strasser et al., 2010).
Second,Pp-PIFswereable tosubstitute for endogenousPIFs in

Arabidopsis.Dark-grownseedlingsof theArabidopsispifqmutant
undergo a robust constitutive photomorphogenic development
(Leivar et al., 2008a). Pp-PIFs, expressed in this mutant back-
ground, complemented the missing endogenous At-PIFs and
largely rescued the cop-like phenotype. Moreover, Pp-PIFs also
complementedAt-PIFsat themolecular level by reconstituting the
expression levels of PIF-dependent genes in the pifq mutant. In
conclusion, PIFs from the moss P. patens can be considered
functional in the angiosperm Arabidopsis.
It is interesting that Pp-PIFs are much more stable in light

compared with At-PIF3 when expressed in the Arabidopsis pifq
background. Pp-PIFs might thus be similar to At-PIF7, which is
stable in red light (Leivar et al., 2008b). Alternatively, Pp-PIFs,
despite being functional in Arabidopsis in darkness, might elude
the typical PIF degradation processes in the heterologous spe-
cies. Itwill be interesting tosee ifPp-PIFs inP.patensare regulated
through protein degradation and/or inhibition of binding to target
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promoters, similar to the situation in Arabidopsis, or through al-
ternative mechanisms (Park et al., 2012; Leivar andMonte, 2014).

In summary, our data strongly suggest that Pp-PIFs play a role
during light-induced adaptation and development in P. patens,
similar to the function of PIFs in Arabidopsis. Thus, also inP. patens,
nuclear phytochromes might regulate gene expression through the
interactionwith PIF proteins. An ancestral PIF node of phytochrome
signaling apparently has been conserved during the course of
evolution, further emphasizing its importanceduring light-dependent
plant development. There is ever-increasing evidence that major
network nodes of light signaling were already present in the earliest
landplants. Since then, divergent evolution via geneduplication and
subsequent sub- andneofunctionalizationhave led tomodifications
of the light signaling pathways. Such diversification apparently
occurred in parallel in several land plant lineages.

METHODS

Cloning of Constructs

A description of DNA constructs can be found in the Supplemental
Methods. Primers used for cloning are listed in Supplemental Table 1.

Microarray Analysis

Physcomitrella patens strain Gransden 2004 (Rensing et al., 2008) was cul-
tivated on Knop agar plates under standard conditions (16/8-h light/dark
photoperiod;bulb,OsramL36W/840-1, 70mmolm22 s21PAR) aspreviously
described (Wolf et al., 2010). Four-week-old cultures were subjected to
constant darkness (D) for 2weeksbeforeR light treatment (656nm, 24-nmfull
width at half maximum [FWHM]; 12 mmolm22 s21). All samples, including the
control (D), were harvested and immediately frozen in liquid nitrogen. An
additionalcontrolexperimentwassetupusing3weeksofdarkness (Hissetal.,
2014). All experiments were conducted in triplicate. RNA was isolated using
the Qiagen RNeasy plant mini kit. Amplification and labeling were performed
using the Kreatech ampULSe kit, and quality control was done using
aNanodrop (Peqlab) and the Agilent Bioanalyzer 2100with a plantRNAnano
chip. Hybridization and data processing were performed as described pre-
viously (Wolf et al., 2010). The hierarchical clustering was generated with
Genedata Analyst 7.5.7 [distance: positive correlation (1-r); linkage: average].
TheprincipalcomponentanalysiswasperformedwithGenedataAnalyst7.5.7
(use, covariance matrix; imputation, row mean). DEGs were identified based
on unpaired cyber-t test with Benjamini-Hochberg false discovery rate cor-
rection (FDR;q<0.05) (BenjaminiandHochberg,1995;Longetal., 2001).One
of the three 2-week control samples behaved aberrantly on the second
component; the numbers of genes detected as differentially expressed
thereforevaried largelydependingonthecontrolgroupchosen.Sinceusingall
three 2-week control samples might have led to the detection of false pos-
itives, a control group consisting of five experiments (33 three weeks dark-
ness,23 twoweeksdarkness,devoidof theoutlier)wasused for the following
analyses. TheGObiasanalysesusedFisher’sexact test tocalculatePvalues.
FDR-correctedq-valueswere calculated inRwith the functionp.adjust.Word
cloud visualizations were created using the online tool wordle (http://www.
wordle.net/). Word size was set proportional to the -log10(q-value), and
overrepresented GO terms were colored dark green if q # 0.0001 and light
green if q > 0.0001. Underrepresented GO terms were colored dark red if
q # 0.0001 and light red if q > 0.0001.

Comparative Analysis of DEGs

For comparison between DEGs identified in our microarray study and
genes identified as differentially expressed upon R light treatment in

Arabidopsis (Leivar et al., 2009), we proceeded as follows. We used the
P. patens cosmoss genome annotation v1.2 (https://www.cosmoss.org/
physcome_project/wiki/Genome_Annotation/V1.2) and extracted the re-
ciprocal best hit homolog fromArabidopsis thaliana (TAIR8) for every gene
classifiedasexpressed in themicroarray analysis (Supplemental DataSets
1 and 2).We then counted the number of Arabidopsis geneswith the same
locus identifier in the data of Leivar et al. (2009) for each of their seven
classesof up- anddownregulatedgenes, respectively.Wedid this analysis
separately for the DEGs identified in the four groups (30 min R down-
regulated, 30 min R upregulated, 4 h downregulated, and 4 h upregulated)
of our microarray study; we repeated this step for all expressed genes.
Significant overlap was determined by a Fisher’s exact test comparing
overlaps of DEGs to overlaps of all expressed genes.

Validation of Microarray Data by Quantitative PCR

P. patens cultivation, light treatments, and sampling were performed as
described for the microarray analysis. Biological replicates (three per
experiment) were generated by independent growth on individual plates.
Three technical replicates were performed per biological replicate. RNA
was isolated using theQiagen RNeasy plantmini kit including an on-column
DNase treatment. RNAwas reverse-transcribed intofirst-strandcDNAusing
Superscript III (Invitrogen) and random hexamer primers (Thermo Fisher).
Gene-specific oligonucleotides were designed utilizing Primer3 (Rozen and
Skaletsky, 2000) with standardized melting temperature of 60°C and GC
content of 50 to 60%; primer sequences can be found in the Supplemental
Methods. Quantitative PCR was conducted using a SensiMix SYBR kit
(Bioline) onaLightCycler480 (Roche). For each25-mL reaction, 50ngofRNA
equivalent were used. Expression values (crossing point [Cp]) were nor-
malized against the respective reference gene, employing the comparative
Cp method. All values were converted into fold changes to time point zero.
Thioredoxin (Pp1s545_10V6.1) (Hiss et al., 2014) showedCpvalues suitable
forall genesexcept forLhcSR1(Pp1s213_80V6.1), forwhichPp1s215_36V6.1
(pectinesterase family protein) was chosen. One-tailed, heteroscedastic
t tests were applied to test for significance. All analyses were performed
with Analyst 7.5.7 (Genedata). Primers used for validation are listed in
Supplemental Table 2.

Gene Identifiers of Pp-PIFs

For P. patens, cosmoss v1.6 (www.cosmoss.org) gene identifiers are as fol-
lows: Pp1s68_85V6.1 (Pp-PIF1), Pp1s69_37V6.1 (Pp-PIF2), Pp1s84_22V6.1
(Pp-PIF3), and Pp1s147_126V6.1 (Pp-PIF4). We used primers listed in the
Supplemental Methods to clone coding sequences (CDS) from P. patens
cDNA(seeSupplementalMethodsfordetails).ForPp-PIF4.1,wewerenotable
tocloneaCDSwithouta retained intron.Therefore,wecloned the59partof the
CDS by gene synthesis according to the annotatedmodel (see Supplemental
Methods for details). We verified that the cloned CDS sequences corre-
sponded to the v1.6 reference annotation.

Bysequencealignment,we identified thecorrespondinggenemodels in
the most recent annotation (v3.3) of the P. patens genome. The CDS of
Pp1s69_37V6.1 (Pp-PIF2) corresponds to that of Pp3c14_23520V3.5; the
CDS of Pp1s84_22V6.1 (Pp-PIF3) corresponds to Pp3c2_8960V3.1.
Pp1s68_85V6.1 (Pp-PIF1) corresponds to Pp3c17_21890V3.1; however,
theprotein sequenceof the version 3.3model is 20aminoacids longer than
that of the version 1.6 model. For Pp1s147_126V6.1 (Pp-PIF4), the most
similar annotated model is Pp3c1_38820V3.1. We used the v3.3 se-
quences for phylogenetic analysis.

Motif Detection and Alignment of PIFs from Selected Species

The bHLH domain and the APA and APBmotifs were defined according to
published information on Arabidopsis PIF3 (Toledo-Ortiz et al., 2003; Al-
Sady et al., 2006). For sources and sequences of analyzed bHLH proteins,
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refer toSupplemental Table 1andSupplemental File 1.Motif detectionwas
performed using MEME (Bailey et al., 2009) on a subset of the sequences.
Out of the five motifs detected N-terminally of the bHLH domain, two
represented the known APB and APA domain. All five motifs were sub-
sequently detected in the full sequence set with MAST and used as the
basis for manual alignment. Sequence logos of all three motifs were
created using WebLogo Version 2.8.2 (http://weblogo.berkeley.edu/)
(Schneider and Stephens, 1990; Crooks et al., 2004).

Phylogenetic Analysis

Since the average size of the bHLH TF family in land plants is >100
members, we selected a few representative species for our analyses
(Supplemental Data Set 3 and Supplemental File 1). Besides Arabidopsis
and P. patens, we selected the genomic data sets for the eudicotyledons
Carica papaya (belonging to the Brassicales like Arabidopsis, but not
sharing the two most recent alpha and beta genome duplications of the
Brassicaceae), Vitis vinifera (grapevine, Vitales; also no duplication since
the gamma event), andMimulus guttatus (to represent asterids), as well as
Aquilegia coerula (Coloradobluecolumbine) andNelumbonucifera (sacred
lotus) to represent the stem eudicotyledons.We also selectedOryza sativa
(rice) and Phoenix dactylifera to represent Liliopsida (monocots) and
Amborella trichopoda to represent basal angiosperms. For gymnosperms,
we used Picea abies (Norway spruce) and Pinus taeda (loblolly pine).
Selaginella moellendorffii (Lycopodiophyta) was included since it repre-
sents the only completed genome of the non-seed plants besides
P. patens. To better represent non-seed plants, we also included tran-
scriptomic data of ferns, mosses, and charophytes. The transcriptomes of
the ferns Pteridium aquilinum (bracken fern) and Microlepia cf marginata,
and genomic data of the liverwort Marchantia polymorpha and the char-
ophyte alga Chara braunii (see Supplemental File 1 for sequence in-
formation) as well as from seven other charophyte algae (transcriptomic
data) were used to search for bHLH proteins. In terms of individual se-
quences, the sequence entry for the PIF fromS.moellendorffii, SELMO_PIF,
was found inaBLASTsearchon theNCBIwebsite using theAPAconsensus
motif of seed plant PIFs as a query (http://www.ncbi.nlm.nih.gov/). SELMO_PIF
was derived from ESTs (FE453350, FE430487, FE427154, FE430486,
and FE453349) and the genome sequence (scaffold_54). It was retained
for the analysis since it was different from the sequence present in the
published filtered model 3. The assembled SELMO_PIF sequence is
shown in Supplemental File 1. The Pteris vittata (chinese brake) sequence,
PTEVI_PIF, was assembled from EST sequences (comp107614_c0_seq1
and comp107614_c0_seq2) that were found in a BLAST search on the
P. vittata database on http://xselaginella.genomics.purdue.edu/cgi-bin/
plant/blast_tmpl_soap.cgi using the APA consensus motif as a query. The
assembled PTEVI_PIF sequence is shown in Supplemental File 1. As an
outgroup, the unicellular alga Chlamydomonas reinhardtii was used. For
further informationonspeciesandsequenceresources, refer toSupplemental
Data Set 3 and Supplemental File 1.

From this data set, all members of the bHLH TF family were selected as
previously described (Langetal., 2010) basedon thepresenceof thePFAM
HLH domain. In an iterative process, multiple sequence alignments were
generated using MAFFT (Katoh et al., 2005) and neighbor-joining (NJ)
phylogenies using Quicktree-SD (AWI-Bioinformatics). The alignments
were manually curated using Jalview (Clamp et al., 2004) to remove short,
fragmentary sequences. Furthermore, those subtrees were selected that
contained all Arabidopsis PIFs (additional neighboring sequences were
kept for reference and outgroup rooting). The final alignment was selected
from several alignments generated with MAFFT, Dialign2 (Morgenstern,
1999), andMUSCLE (Edgar, 2004), using different options including profile
alignment.

Alignmentsweremanually evaluatedbasedon the correct placement of
the APA and APB motifs. The best alignment was generated using a two-
step approach. First, all bHLH sequences containing APA and APBmotifs

were alignedusingMUSCLE (Edgar, 2004).Usingmafft in theprofilemode,
we then added the remaining bHLH sequences to the MUSCLE alignment
(Supplemental File 1), retaining the alignment structure defined by MUSCLE,
resulting in an alignment of 1879 positions.

The alignment was manually curated to remove positions of ques-
tionable quality or containing only a single sequence. Based on this
alignment (964 positions), phylogenies were inferred using three different
methods (NJasmentionedabovewith1000bootstrap replicates). ProtTest
(Abascal et al., 2005) was conducted to select the most suitable evolu-
tionary model based on AIC/BIC, which turned out to be JTT (Jones et al.,
1992), with data set frequencies and gamma distributed rates. Using this
model, Bayesian inference (BI) and maximum likelihood (ML) inference
were conducted. BI was performed using MrBayes (Ronquist and Huel-
senbeck, 2003)with twohot and twocold chains for 3.7million generations
(SDof split frequencies<0.01, 250 treeswerediscardedasburn-in).MLwas
conducted using RAxML (Stamatakis, 2014) starting from a random tree,
generating 20 distinct trees to select the one with the best likelihood.
Subsequently, 100 bootstrap inferences were performed and the support
values drawn on the best tree. Trees were visualized using FigTree (http://
tree.bio.ed.ac.uk/software/figtree/). The BI tree is shown as representative
(Figure 3; Supplemental Figure 6), with support values from ML and NJ
shown for nodes that are discussed in the text. It should be noted that the
general structure of the tree, revealing a clade with all canonical PIFs, was
recovered regardless of which alignment (we tested several more than the
best alignment mentioned above) or inference method was used. The tree
was rooted using the non-PIFs as an outgroup.

Yeast Two-Hybrid Analysis

Yeast two-hybridanalysesandONPGassayswereperformedaccording to
previously published protocols (Hiltbrunner et al., 2005). For all yeast two-
hybrid assays, the yeast strain Y187 (Clontech) was used. The growth
medium was supplemented with phycocyanobilin (PCB) purified from
Spirulina (final concentration 10 mM) (Kunkel et al., 1993).

For evaluation of protein expression, transformed yeast cells were
grown on plates supplementedwith 10 mMPCB for 2 d in either constant R
or FR light as previously described (Hiltbrunner et al., 2005). Total protein
was extracted from yeast according to Printen and Sprague (Printen and
Sprague, 1994). Protein extracts were used for SDS-PAGE and for elec-
trotransfer toPVDFmembranes. Themembraneswerestainedwithamido-
black toconfirmequal loading.For immunodetection, themembraneswere
blocked with 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.005% (v/v) Tween
20, and 5% (w/v) low fat milk powder and incubated with tag-specific
antibodies (HA, Roche, diluted 1:1000; LUC, Sigma-Aldrich, diluted
1:2000) for 16 h at 4°C. After subsequent incubation with secondary an-
tibodies (alkaline-phosphatase conjugate, Sigma-Aldrich, diluted 1:10,000),
signal detection was performed by chemiluminescence reaction (ECL kit;
Pierce) and x-ray film exposure.

In Vitro Co-IP

The in vitro co-IP assays were performed as previously described (Huq
et al., 2004). Briefly, 250 ng of each plasmidwas transcribed and translated
in vitro in the presence of 35S-methionine using the TnT Quick Coupled
transcription/translation system (catalog no. L1170; Promega). The GAD
antibody (catalogno. sc-663;SantaCruzBiotechnology)wasfirstbound to
Dynabeads (Life Technologies) (20 mL/mg antibody) for 30min andwashed
twice with the binding buffer (13 PBS, BSA 1 mg/mL, 0.2% Nonidet P-40,
and 13 protease inhibitor cocktail). To prepare the bait proteins, wild-type
Pp-PIF2, Pp-PIF3, andPp-PIF4 and variousmutant Pp-PIF2 proteinswere
incubated with the Dynabeads bound to GAD antibody for 2 h, and the
pellet was washed three times. To reconstruct phytochrome holoproteins
asprey, thePp-PHY1 to4expressionmixwas further incubatedwith25mM
PCB (catalog no. P14137; Frontier Scientific) in the dark for 1 h. To prepare
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the activePfr or inactivePr formsofphytochromes, thePp-PHY1 to4 tubes
were then illuminated with either R (17 mmol m22 s21) or FR (4.3 mmol m22

s21) light for 1min, respectively, and incubatedwithGAD-Pp-PIF2, 3, or 4 in
binding buffer for two additional hours. The beads were collected by
magnet and washed thrice thoroughly with binding buffer and once with
binding buffer without BSA. Immunoprecipitated proteins were heated at
65°C in aSDSsamplebuffer for 10min, separatedonaSDS-PAGEgel, and
detected by Typhoon phosphor imaging system.

Transient Expression in Nicotiana benthamiana and P. patens

The transient transformation ofN.benthamianawasperformedasdescribed
previously (Grefenetal., 2008).Leaves from4-to6-week-oldN.benthamiana
plants were infiltrated at the adaxial sides with Agrobacterium tumefaciens
strainC58carryingplasmidcoding for therespectivefusionproteins.Thep19
protein fromtomatobushystunt viruswasused for suppressionof transgene
silencing (Grefen et al., 2008). After transformation with pPPO30:Pp-
PIF1, pPPO30:Pp-PIF2, pPPO30:Pp-PIF2DAPB, pPPO30:Pp-PIF3,
pPPO30:Pp-PIF4, or pPPO30:Pp-PIF4DAPB and cotransformation of
these plasmids with pCHF40:At-PHYA-NLS, respectively, the wild to-
bacco plants were incubated in darkness for 1 to 3 d before epifluor-
escence or confocal microscopy analysis. For evaluation of protein
expression, wild tobacco leaves of at least two independently trans-
formed plants were harvested and combined in one protein extract.
Leaves were immediately frozen in liquid nitrogen, and protein ex-
traction and protein gel blotting were performed as described (Laemmli,
1970). Immunodetection of Pp-PIF proteins was performed using the
monoclonal GFP antiserum (GFP, Abcam, diluted 1:1000) as primary
antibody. Alkaline phosphatase-coupled (Sigma-Aldrich) anti-mouse
antiserum was used as secondary antibody (diluted 1:10,000). Signal
detection was performed by chemiluminescence reaction (ECL kit;
Pierce) and x-ray film exposure.

Transient expression of Pp-PIFs in P. patens was done as follows.
P. patensprotonemata cultures (strainGransden 2004) (Rensing et al., 2008)
were placed on cellophane sheets covering Knop agar plates, covered with
another sheet of cellophane to prevent upright growth, and incubated under
standardgrowthconditions (16/8-h light/darkphotoperiod;bulb,PhilipsTL70
F17T8/TL741, 50–70 mmol m22 s21 PAR) for 4 to 6 d. pUC1930:Pp-PIF1,
pUC1930:Pp-PIF2, pUC1930:Pp-PIF2ΔAPB, pUC1930:Pp-PIF3, pUC1930:
Pp-PIF4, or pUC1930:Pp-PIF4ΔAPB were transiently transformed into
P. patens by particle bombardment with a biolistic particle delivery system.
Gold particle diameter was 1 mm, helium pressure 700 kPa (7 bar), chamber
vacuum pressure 80 kPa (0.8 bar), and target distance 5 cm. After bom-
bardment, the samples were kept in darkness for 1 to 5 d before epifluor-
escence microscopic analysis.

Transformation of Arabidopsis

Arabidopsis lines expressing Pro35S:Pp-PIF1:YFP:TerRbcS, Pro35S:
Pp-PIF2:YFP:TerRbcS, or Pro35S:Pp-PIF2DAPB:YFP:TerRbcS were
obtained byAgrobacterium-mediated transformation (Clough andBent,
1998; Davis et al., 2009). The selection for transgenic plants using the
herbicide Butafenacil/Inspire (Syngenta Agro) was performed as pre-
viously described (Rausenberger et al., 2011). For evaluation of protein
expression, Pp-PIF-OX seedlings were grown in darkness for 4 d before
harvesting and preparation of protein extracts. For protein extraction,
;100 mg of plant material was homogenized in liquid nitrogen using
glass beads. Total protein was extracted from Arabidopsis seedlings
according to Bauer et al. (2004). Protein blotting was performed as
described above. Immunodetection was performed using an antibody
specific to the GFP-tag or HA-tag (HA, Roche, diluted 1:1000; GFP,
Abcam, diluted 1:1000). The detection of Actin protein using an Actin-
specific antibody (Sigma-Aldrich, diluted 1:3000) is shown as loading
control.

Phenotypic Analysis

Arabidopsis seeds were stratified for 2 to 10 d at 4°C and grown for 4 d on
0.53 Murashige and Skoog medium (Duchefa)/0.7% (w/v) agar at 22 to
24°C indarkness, continuousR (lmax, 671nm;FWHM,25nm; light intensity
[LI], 22mmolm22 s21), FR (lmax, 742nm;FWHM,24nm; LI, 3mmolm22 s21),
or B (lmax, 463 nm; FWHM, 22 nm; LI, 8 mmol m22 s21) light before phe-
notypic analysis of seedlings. LI wasmeasured with SKYE SKR 1850 four-
channel light sensor, channel 4 for R and B (;410–710 nm), and channel
3 for FR (;725–755 nm), respectively.

For the analysis of later developmental stages, Arabidopsis seedswere
sown on soil. Plants were grown under standard conditions in the
greenhouse. The analyses were performed partially with seed batches
segregating or with seed batches homozygous for the insertion.

Gene Expression Analysis in Complemented Arabidopsis pifq
Mutants by Quantitative PCR

mRNA abundance was analyzed using qPCR. Total RNA was isolated from
dark-grown Arabidopsis seedlings 4 d after germination using the RNeasy
mini kit (Qiagen), followed by first-strand cDNA synthesis. qPCR was per-
formed with the ABsolute qPCRSYBRGreenMix (Thermo Fisher Scientific)
using an ABI Prism7300 instrument (Applied Biosystems). Each qPCR re-
action was repeated three times (technical replicates) for each of the three
biological replicates.Thestandardcurvemethodwasusedfor thecalculation
of relative transcript quantities; expression was normalized against that of
PP2AA3. Sequences of the respective primers are listed in Supplemental
Table 2. Corresponding gene accession numbers are listed below.

Analysis of Pp-PIF Protein Levels in Arabidopsis pifq Mutants
by Immunoblot

For analysis of PpPIF protein levels in Arabidopsis pifq lines, we performed
immunoblots with total protein extracts from seedlings. Seedlings were
grown 4 d in darkness andwere harvested either directly or after irradiation
with red light (22 mmol m22 s21) for 10min, 30min, 1 h, or 24 h. In addition,
Arabidopsis Col-0 seedlings expressing Pro35S:At-PIF3:CFP were used
to monitor light-dependent PIF degradation (Bauer et al., 2004). PIF pro-
teins were detected as described above using an antibody specific to the
GFP-tag (GFP,Abcam,diluted1:1000); to check for equal loading,weused
an anti-Actin antibody (Sigma-Aldrich, diluted 1:3000).

Microscopy Analysis and Image Processing

ANikon ECLIPSE 90i (Nikon) equippedwith YFP-, CFP-, and RFP-specific
filter sets (Nikon) and a Photometrics Cool Snap ES camera was used for
image acquisition with MetaMorph (version 6.2r5) software. A Leica TCS
SP8 confocal microscope was used for image acquisition with LASAF
software (Leica Microsystems); excitation was obtained with lasers of
405 nm (CFP) and 514 nm (YFP), respectively; emission was detected with
sequential scan between 454 and 500 nm (CFP) and between 521 and
584 nm (YFP), respectively. ImageJ (version 1.44k; National Institute of
Health), Photoshop CS5 (version 12.0.4.x32; Adobe), and LASAF Lite
(Leica Microsystems) software were used for image processing.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL, Phy-
tozome (www.phytozome.net), or cosmoss (www.cosmoss.org) libraries
under the following accession numbers: At-CO, At5g15840; At-COP1,
At2g32950; At-DET1, At4g10180; At-FHL, At5g02200; At-FHY1, At2g37678;
At-HB2, At4g16780; At-HFR1, At1g02340; At-HY5, At5g11260; At-IAA19,
At3g15540; At-PHYA, At1g09570; At-PHYB, At2g18790; At-PIF1,
At2g20180; At-PIF3, At1g09530; At-PIF4, At2g43010; At-PIF5, At3g59060;
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At-PIF6, At3g62090; At-PIF7, At5g61270; At-PIF8, At4g00050; At-PIL1,
At2g46970; At-PP2AA3, At1g13320; At-SPA1, At2g46340; At-UVR8,
At5g63860;At-XTR7,At4g14130; At-ZTL,At5g57360;Mp-PHY, LC093264;
Mp-PIF, LC093265; Pp-COL1, AJ890106; Pp-COL2, AJ890107; Pp-COL3,
AJ890108; Pp-COP1a, Pp1s135_17V6.1; Pp-FHY1, Pp3c17_1070; Pp-HY5a,
Pp3c7_11360V1.1; Pp-HY5b, Pp1s80_72V6.3; Pp-PHY1, AB275304;
Pp-PHY2, AB275305; Pp-PHY3, XM_001765983; Pp-PHY4, AB275307;
Pp-PIF1,Pp1s68_85V6.1;Pp-PIF2,Pp1s69_37V6.1;Pp-PIF3,Pp1s84_22V6.1;
Pp-PIF4, Pp1s147_126V6.1; Pp-SPAa, Pp1s59_66V6.1; and Pp-SPAb,
Pp1s30_295V6.1. Microarray data from this article can be found in the Ar-
rayExpressdatabaseunderaccessionnumberE-MTAB-2227 (30minand4hR
treatment of P. patens).
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Supplemental Figure 1. Global review and validation of microarray
data.

Supplemental Figure 2. Word cloud visualization of DEGs after
30 min R light according to Gene Ontology terms.

Supplemental Figure 3. Word cloud visualization of DEGs after 4 h R
light according to Gene Ontology terms.

Supplemental Figure 4. Sequence alignment of motifs of unknown
function (MUF) 2 and 3 detected in PIF bHLH proteins.

Supplemental Figure 5. Sequence logos of the PIF APB motif, motifs
of unknown function (MUF), and the APA motif.

Supplemental Figure 6. Excerpt of phylogenetic tree of plant bHLH
TFs: clade not containing canonical PIFs.

Supplemental Figure 7. Interaction of LUC-Pp-PIF1 with light-
activated Pp-PHY2-4 in yeast requires the APA motif.

Supplemental Figure 8. Immunoblot analyses of Pp-PIF1 and
Pp-PHY protein abundance in yeast.

Supplemental Figure 9. Interaction of Pp-PIF1 with light-activated
phytochromes.

Supplemental Figure 10. Interaction of Pp-PIF1DbHLH with light-
activated phytochromes.

Supplemental Figure 11. Interaction of Pp-PIF1 and Pp-PIF1DbHLH
with light-activated At-PHYA.

Supplemental Figure 12. Immunoblot analysis of Pp-PIF expression
in N. benthamiana.

Supplemental Figure 13. Localization of PIFs from P. patens in
Arabidopsis seedlings.

Supplemental Figure 14. Immunoblot analysis of Pp-PIF expression
in Arabidopsis Columbia-0 and pifq mutant seedlings.

Supplemental Figure 15. Pp-PIF protein stability in Arabidopsis pifq
mutants.

Supplemental Figure 16. Complementation of expression pheno-
types in Arabidopsis pifq mutants through expression of Pp-PIFs.

Supplemental Methods. Cloning of constructs.

Supplemental Table 1. Primer list used for cloning.

Supplemental Table 2. Primer list used for qRT-PCR.

Supplemental File 1. Alignment of full-length bHLH protein sequen-
ces used for phylogenetic analysis.

Supplemental Data Set 1. DEGs from microarray analysis in P. patens
after R light treatments.

Supplemental Data Set 2. Comparison of transcriptome analyses
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Supplemental Data Set 3. Overview of species and sequence
resources used for phylogenetic analyses (for sequences of bHLH
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