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The Basic Helix-Loop-Helix Transcription Factor PIF5 Acts
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PHYTOCHROME-INTERACTING FACTORS5 (PIF5), a basic helix-loop-helix transcription factor, interacts specifically with the
photoactivated form of phytochrome B (phyB). Here, we report that dark-grown Arabidopsis thaliana seedlings over-
expressing PIF5 (PIF5-OX) exhibit exaggerated apical hooks and short hypocotyls, reminiscent of the triple response
induced by elevated ethylene levels, whereas pif5 mutants fail to maintain tight hooks like those of wild-type seedlings.
Silver ions, an ethylene receptor blocker, rescued the triple-response phenotype, and we show that PIF5-OX seedlings
express enhanced levels of key ethylene biosynthesis enzymes and produce elevated ethylene levels. Exposure of PIF5-OX
seedlings to prolonged continuous red light (Rc) promotes hypocotyl elongation relative to dark controls, the reciprocal of
the Rc-imposed hypocotyl inhibition displayed by wild-type seedlings. In contrast with this PIF5-OX hyposensitivity to Rc,
pif5 mutant seedlings are hypersensitive relative to wild-type seedlings. We show that this contrast is due to reciprocal
changes in phyB protein levels in prolonged Rc. Compared with wild-type seedlings, PIF5-OX seedlings have reduced,
whereas pif5 mutants have increased, phyB (and phyC) levels in Rc. The phyB degradation in the overexpressors depends
on a functional phyB binding motif in PIF5 and involves the 26S proteasome pathway. Our data thus indicate that
overexpressed PIF5 causes altered ethylene levels, which promote the triple response in darkness, whereas in the light, the
interaction of photoactivated phyB with PIF5 causes degradation of the photoreceptor protein. The evidence suggests that
endogenous PIF5 negatively regulates phyB-imposed hypocotyl inhibition in prolonged Rc by reducing photoreceptor
abundance, and thereby photosensory capacity, rather than functioning as a signaling intermediate.

INTRODUCTION Ethylene, along with gibberillin and auxin, play important roles
in hook formation by regulating differential cellular expansion in
the apical region of the seedling (Li et al., 2004; Vriezen et al.,
2004). Mutant seedlings lacking CONSTITUTIVE TRIPLE RE-
SPONSET1 (CTR1) function, a negative component of ethylene
signaling, develop exaggerated hooks even when ethylene is
absent (Guzman and Ecker, 1990; Kieber et al., 1993). On the
other hand, ETHYLENE-INSENSITIVE2 (EIN2) mutants fail to
respond to ethylene and are incapable of forming exaggerated
hooks even in the presence of ethylene (Roman et al., 1995). In a
germinating seedling, ethylene is synthesized in the apical hook
region (Goeschl et al., 1966; Taylor et al., 1988). The precursor of
ethylene, 1-aminocyclopropane-1-carboxylic acid (ACC), is pro-
duced by the enzyme ACS (for ACC SYNTHASE) in a rate-limiting
step (Zarembinski and Theologis, 1994; Bleecker and Kende,
2000; Wang et al., 2002). ACC is then oxidized by ACO (for ACC

Early seedling development is regulated by a complex interplay
between the hormonal and light signaling pathways. Dark-grown
(etiolated) seedlings have elongated hypocotyls and unexpanded
cotyledons supported by an apical hook. The curvature of the
hook provides protection for the cotyledons and the meriste-
matic primordia and facilitates the movement of the seedling
during soil penetration (Darwin and Darwin, 1881; Harpham et al.,
1991). Premature hook opening and cotyledon expansion can be
detrimental for the survival of a seedling submerged in compact
soil. Previous studies have found that ethylene (C,H,), a gaseous
hormone, plays a key role in regulating leaf expansion and shoot
growth when tomato (Solanum lycopersicum) plants are sub-
jected to differential soil compaction (Hussain et al., 1999).
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OXIDASE) to produce CO,, HCN, and ethylene. ACS is a cyto-
solic enzyme with a short half-life whose activity is regulated at
both the transcriptional and posttranscriptional levels (Liang
et al., 1992; Zarembinski and Theologis, 1994; Bleecker and
Kende, 2000; Wang et al., 2002). Arabidopsis thaliana has nine
ACS genes; eight of these genes (ACS2, ACS4 to ACS9, and
ACS11) encode functional polypeptides, and one (ACST) is
nonfunctional (Arabidopsis Genome Initiative, 2000; Yamagami
et al., 2003). ACS8 has significantly higher enzymatic activity
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than the other ACS proteins (Yamagami et al., 2003), and
ethylene levels closely correlate with the expression of the
ACS8 gene, which is regulated by light, the circadian clock,
and negative feedback from the ethylene pathway (Thain et al.,
2004). While the circadian clock regulates the expression of
multiple ACS genes, it has the most prominent effect on ACS8
expression (Thain et al., 2004). In addition, Thain et al. (2004)
showed that ethylene production is likely an output of the
circadian clock and that changes in ethylene levels have no
significant influence on clock function itself. ACS gene expres-
sion is also regulated by auxin, as treatment with indole-3-acetic
acid induces the expression of all but ACS7 and ACS9 (Yamagami
et al., 2003).

Light acts to rapidly repress ethylene activity and exerts
influence in mediating differential growth responses with organ
specificity (Li et al., 2004). Plants are sensitive to the quality,
intensity, and duration of the light signal throughout their lives
(Schafer and Nagy, 2006). Deetiolation is characterized by the
inhibition of hypocotyl cell elongation, along with hook opening,
cotyledon cell expansion, and greening. The photosensory
photoreceptors for red/far-red light (FRc), the phytochromes,
function in the early dark-to-light transitions in growth and
development (Quail, 2002a, 2002b). The five Arabidopsis phyto-
chromes (phyA to phyE) are well characterized. Whereas phyA is
the primary photoreceptor in continuous FRc, phyB plays a major
role in continuous red light (Rc) (Quail et al., 1995; Whitelam and
Devlin, 1997; Quail, 1998; Smith, 2000). Furthermore, different
members of the phytochrome family act with partial organ
specificity in red light. For example, the responsiveness of the
apical organs (hook and cotyledons) is regulated by multiple
phytochromes, including phyB, whereas the inhibition of hypo-
cotyl cell elongation in red light is predominantly regulated by
phyB (Tepperman et al., 2004).

PHYTOCHROME-INTERACTING FACTORS (PIF5) belongs to
subfamily 15 of the basic helix-loop-helix (bHLH) class of tran-
scription factors (Bailey et al., 2003; Khanna et al., 2004).
Subfamily 15 consists of 15 members, including PIF1 (also called
PIL5, for PIF3-LIKE5), PIF3, PIF4, PIF5 (PIL6), and PIF6 (Bailey
et al., 2003; Toledo-Ortiz et al., 2003; Yamashino et al., 2003;
Khanna et al., 2004). PIF1 has been implicated in chlorophyll
biosynthesis (Huq et al., 2004). In addition, PIF1 is also thought to
act as a repressor of some gibberellin biosynthetic genes as well
as an activator of specific genes involved in gibberellin catabo-
lism (Oh et al., 2006). It was shown that pif7 mutant seedlings
accumulate higher levels of gibberellin and germinate more
readily (Oh et al., 2006). These data suggest that PIF1 may
function as a node between gibberellin and light signaling. PIF1
interacts specifically with photoactivated (Pfr) forms of both
phyA and phyB (Hugq et al., 2004). The only other family member
that binds both phyA (Pfr) and phyB (Pfr), and the first member
of the PIF family to be identified, is PIF3 (Ni et al., 1998, 1999).
Previous studies have suggested that PIF3 plays a role in
chloroplast development (Monte et al., 2004). While pif3 and
pif4 mutant seedlings are hypersensitive to red light, seedlings
overexpressing PIF3 or PIF4 have elongated hypocotyls in red
light and exhibit phenotypes similar to phyB mutants (Huq and
Quail, 2002; Kim et al., 2003; Monte et al., 2004). PIF5 was
identified as PIF3-LIKE6 (PIL6) based upon its sequence relat-

edness to PIF3 and was later named PIF5 as a bona fide phy-
interacting factor (Yamashino et al., 2003; Khanna et al., 2004). In
amino acid sequence comparisons of the At bHLH family, PIF5 is
most closely related to PIF4. A previous study using a pif5 mutant
(pil6-1) and seedlings overexpressing PIF5 showed that PIF5
functions negatively in phy-mediated pathways (Fujimori et al.,
2004). PIF4 and PIF5 interact specifically with the photoactivated
form of phyB through their active phytochrome binding (APB)
motif (Khanna et al., 2004). In a previous study, we showed that a
PIF4 transgene carrying a functional APB motif is required to
rescue the red light hypersensitivity phenotype of pif4 mutant
seedlings (Khanna et al., 2004). Furthermore, the magnitude of
hyposensitivity to red light conferred by PIF4 overexpression
was correlated directly with the level of PIF4 expression from the
transgene carrying a functional APB motif (Khanna et al., 2004).
These data suggested that increased levels of PIF4 reduced red
light sensitivity similar to that of phyB-null seedlings and that this
phenotype was somehow dependent upon the APB-mediated
interaction of PIF4 with photoactivated phyB. Recent data have
indicated that PIF4 and PIF5 protein levels decline rapidly in the
light (Nozue et al., 2007; Shen et al., 2007). PIF4 and PIF5 were
shown to function in promoting growth at the end of the night by
integrating signals from light and the circadian clock (Nozue
etal., 2007). The underlying mechanisms by which PIF4 and PIF5
promote growth are not known.

In this study, we have isolated plants carrying two new mutant
alleles of PIF5 and generated independent lines overexpressing
PIF5 to study PIF5 function during early deetiolation. We show
that seedlings overexpressing PIF5 accumulate higher ethylene
levels than wild-type seedlings and that overexpressed PIF5
possibly plays a role in regulating ACS transcript levels. We show
that in etiolated seedlings, PIF5 function is required for the
optimal maintenance of the apical hook and to inhibit the cellular
expansion of cotyledons, which is important in protecting the
meristematic primordia in seedlings emerging through the soil.
We also show that the interaction of PIF5 and photoactivated
phyB results in changes in phyB protein abundance in deetiolat-
ing seedlings, likely through the involvement of the 26S protea-
some pathway. These results suggest that PIF5 can promote
ethylene activity in the dark and increase growth in the light by
decreasing phyB protein abundance.

RESULTS

PIF5 is a bHLH-type transcription factor of subfamily 15 and
contains an APB motif near the N terminus, as shown in Figure
1A. In this study, we used three independent T-DNA insertional
mutants: two new alleles, pif5-1 and pif5-2, and a previously
described allele, pil6-1 (Fujimori et al., 2004) (designated pif5-3;
Figure 1). While pif5-1 retains some, albeit lower, levels of PIF5
transcript, pif5-2 and pif5-3 appear to be null mutations (see
Supplemental Figure 1 online).

Red Light Induces Hypocotyl Elongation in Seedlings
Overexpressing PIF5

All three pif5 mutant alleles are hypersensitive to red light, exhib-
iting shorter hypocotyls and larger cotyledons than wild-type
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Figure 1. Red Light Induces Hypocotyl Elongation in Seedlings Overexpressing PIF5.

(A) PIF5 gene structure. Positions of the insertional disruption sites in pif5-1, pif5-2, and pif5-3 are indicated.
(B) Four-day-old seedlings of the three pif5 mutants, two PIF5-OX lines, and a pif5-2 phyB-9 double mutant are shown in comparison with Columbia
(Col; wild type) and phyB-9. Seedlings were grown either in the dark for 4 d or in Rc or FRc for 3 d.
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plants (Figure 1B). These data confirm the previous reports for
pil6-1 (pif5-3) (Fujimori et al., 2004). Conversely, transgenic lines
overexpressing PIF5 [two independent lines are shown, PIF5-OX
(1-5) and PIF5-OX (22-1)] are strikingly hyposensitive to red light,
displaying markedly longer hypocotyls and smaller cotyledons
than the wild type (Figure 1B). Most surprisingly, however, the
PIF5-OX lines grown in the dark have shorter, thicker hypocotyls
as well as exaggerated apical hooks (Figure 1B). This phenotype
is reminiscent of the triple response normally attributed to
elevated ethylene levels, suggesting the possibility that etiolated
PIF5-OX seedlings may have higher than normal ethylene levels
or may be hypersensitive to the phytohormone.

Red light induces cellular expansion of hypocotyls in PIF5-OX
seedlings, which is proportionate to the increase in red fluence
rate: low fluence rate Rc leads to increased hypocotyl length
with increasing fluence rate up to 1 umol-m—2.s~1, reaching the
hypocotyl length of dark-control wild-type seedlings (Figure 1C).
This hypocotyl phenotype of PIF5-OX seedlings grown in dark-
ness and red light is unprecedented and is clearly opposite to that
of the wild-type seedlings (Figure 1C). The PIF5-OX seedlings
showed an increase in hypocotyl length with increasing FRc
fluence rate up to 1 wumol-m—2.s~". Further increases in fluence
rate resulted in the inhibition of hypocotyl elongation similar to the
growth inhibition in wild-type seedlings (Figure 1D). On the other
hand, the pif5 mutant seedlings are slightly hypersensitive to FRc
(Figure 1D). The pif5 mutant seedlings exhibit relatively greater
hypersensitivity to red light than to FRc (Figures 1C and 1D).

Altering PIF5 Transcript Levels Causes Phenotypes
Associated with Ethylene and Light Signaling

The phenotype observed for dark-grown PIF5-OX seedlings
suggests possible ethylene involvement. To further analyze this
possibility, hypocotyl lengths of the etiolated pif5 mutant and
PIF5-OX seedlings were compared with those of ein2 and ctr1
mutants. Whereas ein2 mutant seedlings are insensitive to
ethylene and are slightly taller than wild-type seedlings in the
dark, the ctr1 mutants are constitutively responsive to ethylene
and are shorter in the dark, similar to the PIF5-OX seedlings
(Figure 1E). These data suggest that PIF5-OX seedlings may be
more sensitive to ethylene and/or may have higher ethylene
levels. The pif5 mutant seedlings do not show a distinctive
hypocotyl phenotype in the dark. There are two possible expla-
nations for the lack of observable hypocotyl phenotype in dark-
grown pif5 mutant seedlings: either endogenous PIF5 has no
intrinsic role in ethylene physiology and the triple response
phenotype observed for PIF5-OX seedlings is a result of ectopic
overexpression of PIF5, or the pif5 mutant retains normal growth
in the dark because of functional overlap between endogenous
PIF5 and one or more other proteins.

Changes in ethylene levels or sensitivity cannot completely
explain the range of phenotypes observed for PIF5-OX and pif5
mutants in red light, as there is little or no effect of ein2 and ctr1
mutations on hypocotyl growth under these conditions (Figure
1F). Expansion of cotyledons, however, is strongly affected in
ctr1 mutant seedlings grown in red light (Figure 1G). Either the
pifs mutation or PIF5 overexpression causes reciprocal effects
on hypocotyl growth and cotyledon area in seedlings grown in
red light, which is characteristic of phenotypes attributed to
lesions in the photomorphogenic pathway (Khanna et al., 2006).
The ein2 and ctr1 mutant seedlings do not exhibit phenotypes
typical of seedlings defective in light signaling, consistent with
the specific function of these genes in ethylene signaling. These
data further suggest that the development of the apical region
and the hook (hook opening), as well as cotyledon separation
and expansion in red light, are more sensitive to changes in
ethylene activity and that inhibition of hypocotyl elongation in
red light is relatively less responsive to ethylene. The hypocotyl
length of the pif5-2 phyB-9 double mutant resembles that of the
phyB single mutant in red light (Figure 1), indicating that the
hypocotyl phenotype of the pif5 mutant is dependent upon
functional phyB. Collectively, these data suggest that overex-
pression of PIF5 affects two distinct pathways: one specific to
dark-grown seedlings and possibly due to increased ethylene
sensitivity or ethylene levels, and a second that negatively affects
phyB-mediated photomorphogenesis.

Effects of the pif5 Mutation and PIF5 Overexpression on
Ethylene-Related Responses

Ethylene is known to affect hook opening and cotyledon sepa-
ration. We compared the degree of apical hook opening and
cotyledon separation in pif5 mutant, PIF5-OX, and wild-type
seedlings after growth in the dark or red light. We found that pif5
mutant seedlings exhibit a hypersensitive response, whereas
PIF5-OX seedlings are hyposensitive to red light in hook opening
and cotyledon separation compared with wild-type seedlings
(Figure 2A). Interestingly, 4-d-old pif5 mutant seedlings have
larger hook angles in the dark compared with wild-type seedlings
(Figure 2A). On the other hand, hook angles are similar in the wild
type and pif5 mutants in 2-d-old seedlings (Figure 2A). This
shows that the pif5 mutants are defective in the normal asym-
metric cellular elongation in the hook in the dark, suggesting that
the pif5 mutants may be less responsive to the normal ethylene
levels regulating hook opening, or that they may have lower
ethylene levels. These results suggest the possibility that the
ethylene pathway regulating hook opening and cotyledon sep-
aration may be overactive in PIF5-OX seedlings and possibly less
active in the pif5 mutant. Next, we treated the seedlings either
with 100 uM AgNO3; (which competes with ethylene and blocks

Figure 1. (continued).

(C) and (D) Fluence rate response curves of seedlings grown in Rc (C) or FRc (D).
(E) and (F) Mean hypocotyl lengths of 4-d-old seedlings grown in the dark (E) or Rc (F) compared with those of ein2 and ctr1 mutants.

(G) Cotyledon areas of seedlings grown in Rc.

Fluence rates of Rc (7 umol-m—2.s~1) and FRc (2 pmol-m~2.s~") were used (where not indicated). Approximately 30 seedlings of each genotype were

used for each analysis. SE values were determined and plotted as shown.
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Figure 2. PIF5-OX and pif5 Mutant Seedlings Exhibit Abnormal Hook Opening and Cotyledon Separation.

(A) Hook opening (top panels) and cotyledon separation (bottom panels) were determined for 2-d-old (left panels) and 4-d-old (right panels) etiolated
seedlings transferred to Rc for up to 12 h.

(B) Four-day-old seedlings either grown in the dark (left panel) or treated with Rc (right panel) for 3 d and grown on growth medium with or without
AgNO3 (50 nM) or ACC (20 puM).

(C) Etiolated seedlings were grown on growth medium supplemented with different concentrations of AQNO3. Hypocotyl length (top panel), hook
opening (middle panel), and cotyledon separation (bottom panel) were determined.

Approximately 30 seedlings of each genotype were used for each analysis. SE values were determined and plotted as shown.
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accessibility to ethylene receptors), a potent inhibitor of the
ethylene pathway, or with 20 WM ACC (a precursor for ethylene
synthesis) (Figure 2B). As expected, treatment with AgNOj3
resulted in hook opening and cotyledon expansion in the dark
(Figure 2B, middle left panel). Interestingly, treatment with
AgNO; is sufficient to rescue the triple response phenotype
observed for PIF5-OX seedlings (Figure 2B, middle left panel). By
contrast, AQNO3 treatment did not rescue the hypocotyl pheno-
types observed in red light (Figure 2B, middle right panel).
Treatment with AgNOj3 increased cotyledon size in seedlings
that exhibited partially etiolated phenotypes in response to red
light (Figure 2B, middle right panel). Treatment with ACC caused
exaggerated hooks in the dark; seedlings treated with ACC
showed a typical triple response, characteristic of high ethylene
activity (Figure 2B, bottom left panel). In addition, ACC-treated
seedlings grown in red light had separated cotyledons and
exhibited inhibition of hypocotyl elongation (Figure 2B, bottom
right panel). Furthermore, phyB mutant seedlings treated with
ACC and grown in red light are short, like wild-type seedlings,
suggesting that the ACC-induced inhibition of hypocotyl elon-
gation is either through a mechanism distinct from the phyB
signaling pathway or that ethylene acts downstream of phyB in
regulating hypocotyl growth (Figure 2B). The effect of ACC
treatment on phyB mutant seedlings may not be unexpected,
because phyB mutants grown in red light behave like etiolated
seedlings.

The phenotype rescue of etiolated PIF5-OX seedlings by
treatment with AgNO3; suggests that PIF5-OX seedlings have
increased ethylene activity at the ethylene receptor, which can
be blocked by treatment with silver ions. To study whether the
pif5 mutant and PIF5-OX seedlings have altered sensitivities to
ethylene, we grew etiolated seedlings on different concentra-
tions of AgNO3 (0 to 50 pM) or ACC (0 to 20 wM). All of the
seedlings showed some response to AQNO; treatment (Figure
2C) and ACC treatment (data not shown). With respect to hypo-
cotyl length, pif5 mutant and wild-type seedlings responded
similarly. In addition, the hypocotyl lengths of the PIF5-OX
seedlings were completely rescued by treatment with 10 uM
AgNO; (Figure 2C, top panel). With regard to hook opening,
seedlings responded similarly to AgNO3 treatment, maintaining
their initial differences until 10 uM AgNO3, at which point these
seedlings had completely open hooks (Figure 2C). Finally, pif5
mutant and wild-type seedlings showed similar responses to
AgNOgs in the degree of cotyledon separation, with pif5 mutant
seedlings retaining greater separation at all AgNO3 concentra-
tions except 50 wM AgNQO3, at which point pif5 mutant and wild-
type seedlings had the same degree of cotyledon separation.
By contrast, PIF5-OX seedlings showed only a very weak
response to AgNO3 with regard to cotyledon separation. Even
at 50 puM AgNO3, PIF5-OX cotyledons remained mostly ap-
pressed (Figure 2C). Cotyledons on most of the PIF5-OX seed-
lings remained unexpanded (as can be seen in Figure 2B,
middle left panel). However, the hypocotyls and hooks of these
PIF5-OX seedlings responded to treatment with silver (Figure
2C). These data suggest the possibility that the pif5 mutant and
PIF5-OX seedlings are responsive to AQNO; treatment but may
have altered ethylene levels compared with the wild type.
The pif5 mutant may have reduced ethylene levels, whereas

the PIF5-OX seedlings are predicted to have higher levels
of ethylene.

Effects of the pif5 Mutation and PIF5 OverexpressiononACS
Transcript and Ethylene Levels

ACS is the rate-limiting enzyme involved in ethylene biosyn-
thesis. There are eight functional ACS genes in Arabidopsis
(Yamagami et al., 2003). ACS4, ACS5, ACS8, and ACS9 are more
closely related to each other in amino acid sequence compar-
isons than to any other ACS proteins. Expression of ACSS8 is
controlled by the circadian clock and is likely responsible for the
rhythmic changes in ethylene levels (Thain et al., 2004). ACS8
expression is also regulated by negative feedback from the
ethylene pathway. To analyze whether the pif5 mutant and
overexpressing seedlings had altered ACS transcript levels
that were not due to feedback within the ethylene pathway, we
examined the transcript levels of several ACS genes in pif5
mutant and PIF5-OX seedlings as well as in wild-type seedlings
treated with 50 wM AgNO3; or 20 uM ACC (Figure 3; see
Supplemental Figure 2 online). Etiolated seedlings overexpress-
ing PIF5 had remarkably higher levels of ACS4 and ACS8
transcripts compared with those found in the wild type (Figures
3A and 3C). PIF5-OX had ACS4 transcript levels significantly
higher than in wild-type seedlings treated with ACC (Figure 3A),
indicating that this increase in ACS4 transcript is likely not due to
increased ethylene levels alone. These data suggest a possible
role for PIF5 in the regulation of ACS4 transcript; however, pif5
mutant and wild-type seedlings treated with AgNO3; also had
slightly elevated levels of ACS4, making the results inconclusive
for this gene.

The transcript levels of ACS8 responded negatively, as ex-
pected, to treatment of wild-type seedlings with ACC, exhibiting
the documented feedback from ethylene signaling (Thain et al.,
2004). PIF5-OX seedlings had elevated levels of ACS8 transcript,
whereas pif5 mutant seedlings had slightly reduced levels of
ACS8 message compared with the wild-type seedlings (Figure
3C). These data suggest that ACS8 transcript levels respond
negatively to elevated ethylene levels but that the ACS8 levels
are correlated with increased PIF5 transcript levels in the PIF5-
OX seedlings. The relatively small changes observed in ACS
transcript levels in pif5 mutant compared with wild-type seed-
lings make it difficult to conclude that endogenous PIF5 plays a
role in regulating ACS transcript levels. The lack of significant
differences in ACS levels in the pif5 mutant may possibly be
attributed to functional redundancy with one or more other
factors, or it may suggest that endogenous PIF5 has no role
in regulating these genes and that the differences observed in
PIF5-OX seedlings were caused by the ectopic overexpression
of PIF5.

We examined these seedlings for ethylene levels and found
that etiolated PIF5-OX seedlings have approximately fourfold
higher ethylene levels than etiolated wild-type seedlings (Figure
3E). However, in Rc-grown seedlings, ethylene levels in PIF5-OX
seedlings did not differ in a statistically significant manner from
those of wild-type seedlings (Figure 3F). By contrast, the pif5
mutant seedlings contained ethylene levels similar to those of
wild-type seedlings under dark and red light (Figures 3E and 3F).
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Figure 3. Overexpressed PIF5 Regulates ACS8 and Possibly Other ACS Transcript Levels as Well as Ethylene Levels in Dark-Grown Seedlings.

Quantitative RT-PCR using RNA from 4-d-old seedlings grown in the dark or exposed to Rc for 1 h. Data are shown for ACS4 (A), ACS5 (B), ACSS8 (C),
and ACS9 (D). These ACS genes are most closely related to each other in amino acid sequence comparisons of all of the ACS proteins. Col (wild-type)
seedlings grown on AgNO3 (50 wM) or ACC (20 M) were used to examine the feedback effects of ethylene signaling on the transcript levels of these
ACS genes. Insets show different scales to visualize small changes. Cycle threshold values were used to calculate fold induction with Col dark values
set to 1. Values from three biological replicates are plotted with SE. Ethylene levels produced in pif5-2 and PIF5-OX (1-5) were measured and compared
with the ethylene levels produced in Col using etiolated seedlings (E) or seedlings grown in red light for 3 d (F). Average values from three biological

replicates are plotted with SE.

These data provide an explanation for the triple response phe-
notype of PIF5-OX seedlings as well as the aberrant hook
opening and cotyledon separation observed in PIF5-OX seed-
lings during early seedling development (Figures 1 and 2).
However, in the pif5 mutants, while the relatively small changes

in ACS transcript levels (Figure 3C) correlate with the subtle
phenotypes observed in hook opening and cotyledon separation
(Figure 2), the lack of any detectable difference in ethylene levels
does not support the conclusion that endogenous PIF5 plays a
role in regulating ethylene levels (see Discussion).
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Effects of the pif5 Mutation and PIF5 Overexpression on
phy Protein Levels in Red Light

We examined phytochrome protein levels in PIF5-OX and pif5
mutant seedlings during early deetiolation and compared the
levels with those found in wild-type seedlings (Figure 4; see
Supplemental Figure 3 online). While phyA protein levels de-

A
U D g O ok
O AR EXXI
MG132 _ - - - -+
Col | a=e - —phyA
Pif5-2 | gmm —phyA
PIF5-OX (1-5) (i e s @ |—phyA
B oo o N AR gk W gh
QRJIFF X IF
MG132 - - - - - - - + +
Col |0 e o8 = = ws e www == phyB
Dif5-2 |l G g o - — e - —|— phyB
PIF5-0X (1-5) [ s e |—phyB
C
2 @
QO QX PLL R
MG132 - - - - - -+
Col | —— - wom s (— phyC
Pif5-2 | wm— w— — f— — phyC
PIF5-0OX (1-5) | e — — phyC
o N B o0 V2 g NV g
Q RITP IR RJIQP QX
MG182 - - - - - - -+ F

Col | e G ED S ERERES — Tubulin

pifs-2 | MDD SRS | .

PIF5-0OX (1-5) _ Tubulin

Figure 4. Phytochrome Protein Levels in PIF5-OX and pif5 Mutants.

phyA Protein Level (Dark as 100%) M

phyB Protein Level (Dark as 100%) Tl

phyC Protein Level (Dark as 100%) @)

clined in all seedlings in response to red light (Figures 4A and 4E),
the PIF5-OX seedlings had higher phyA protein levels in the dark
(Figure 4A), and the protein persisted for ~3 h longer in PIF5-OX
seedlings (Figure 4E). On the other hand, phyB protein levels in
the dark were relatively similar to those in wild-type seedlings
(Figure 4B). Surprisingly, phyB protein levels were significantly
decreased in PIF5-OX seedlings relative to wild-type seedlings
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Immunoblot analysis of phy protein levels. Four-day-old seedlings were treated with Rc for the specified times. Some of the seedlings were treated with
MG132 (to block the 26S proteasome pathway). Quantifications of immunoblots are shown at right: phyA ([A] and [E]), phyB ([B] and [F]), phyC ([C] and
[G]), and tubulin (D). Values from three biological replicates are plotted with SE.



after 6 h in Rc, whereas pif5 mutants had higher phyB protein
levels than wild-type seedlings (Figures 4B and 4F). A similar
effect was observed for phyC levels. It has been shown that phyB
mutant seedlings have reduced phyC protein levels and that
phyB stabilizes phyC in the light (Hirschfeld et al., 1998; Sharrock
and Clack, 2002). Hence, it is not surprising that phyC protein
levels are also reduced rapidly in PIF5-OX seedlings grown in Rc
and that pif5 mutants accumulate higher levels of phyC along
with higher phyB levels (Figures 4C and 4G). PIF5-OX seedlings
may also contain slightly lower than wild-type phyD levels, but
phyE levels were similar to those found in wild-type seedlings
(see Supplemental Figure 3 online). Furthermore, treatment with
MG132 (an inhibitor of the 26S proteasome pathway) blocks phy
protein degradation (Figures 4A to 4C; see Supplemental Figure
4 online). This result indicates that the 26S proteasome pathway
is involved in phytochrome degradation in these seedlings.
These changes in phytochrome protein levels in pif5 mutant
and PIF5-OX seedlings are most likely not due to changes in PHY
transcript levels in the light (see Supplemental Figure 5 online).
There was no significant difference in PHYA transcript levels in
these seedlings (see Supplemental Figure 5A online). PHYB and
PHYD transcript levels in dark-grown PIF5-OX seedlings were
slightly higher (see Supplemental Figures 5B and 5D online), but
there was no difference in phyB protein levels in dark-grown
seedlings (Figure 5A), and these seedlings contained relatively
lower than wild-type phyD protein levels in the dark (see Sup-
plemental Figure 3A online). These data suggest that the ob-
served changes in phy protein levels are likely due to altered phy
protein stability in red light and not to changes in transcript levels.

Endogenous PIF5 Negatively Regulates Rc-Imposed
Hypocotyl Inhibition Indirectly by Reducing phyB
Photoreceptor Levels in Prolonged Irradiations

Since the hypocotyl length measurements were performed with
4-d-old etiolated seedlings or seedlings exposed to prolonged
Rc for 3 d (Figure 1), we examined these seedlings in a quanti-
tatively rigorous manner for phyA and phyB protein levels. We
performed quantitative protein gel blot analysis by determining
the linear range for intensity values to calculate relative protein
levels, as described in Methods. Seedlings that were grownin Rc
for 3 d retained 1.6-fold higher levels of phyB in the pif5 mutant
background and, conversely, contained significantly (5-fold)
lower amounts of phyB in the PIF5-OX background (Figure 5B).
It has been shown that the amount of phyB is an important and
sensitive determinant of the magnitude of light inhibition of
hypocotyl length (Wester et al., 1994). Here, we show that under
prolonged Rc, the PIF5-OX seedlings have significantly lower
phyB levels and that these seedlings are hyposensitive to this
irradiation treatment, whereas, conversely, the pif5 mutant seed-
lings contain elevated phyB levels and exhibit hypersensitivity to
the prolonged red light signal (Figure 5C). Together, these results
indicate that endogenous PIF5 negatively regulates Rc-imposed
hypocotyl inhibition by reducing phyB protein levels under these
conditions. The altered phyB photoreceptor levels in the pif5
mutant and the PIF5-OX seedlings thus appear responsible for
causing the observed hypersensitivity and hyposensitivity, re-
spectively, to the Rc signal in these seedlings through otherwise
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Figure 5. Endogenous PIF5 Negatively Regulates Rc-Imposed Hypo-
cotyl Inhibition Indirectly by Reducing phyB Photoreceptor Levels in
Prolonged Irradiations.

(A) Relative phyB protein levels (phyB/tubulin) in 4-d-old Col, pif5-2
mutant, and PIF5-OX seedlings grown in darkness. Immunoblots of phyB
and tubulin from three biological replicates were quantified using dilution
series with levels in Col set to 100% (see Supplemental Figure 7B online).
(B) Relative phyB protein levels in 4-d-old Col, pif5-2 mutant, and PIF5-
OX seedlings grown in Rc for 3 d. Quantification was done as described
for (A). Seedlings grown in Rc for 3 d contained relatively lower phyB
protein levels compared with etiolated seedlings (see Supplemental
Figure 7A online).

(C) Mean hypocotyl lengths of 4-d-old Col, pif5-2 mutant, and PIF5-OX
seedlings grown in Rc for 3 d were measured and plotted against relative
phyB protein levels in these seedlings (obtained in [B]).

normal phyB activity. Hence, the potential for PIF5 to regulate
seedling responsiveness to prolonged Rc appears to be an
indirect one, by feedback on the levels of the phyB photorecep-
tor itself, rather than PIF5 participating downstream directly in
the phyB transduction pathway regulating hypocotyl growth.
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These data further support our previous conclusion that the
seedling phenotypes observed in red light for PIF5-OX and pif5
mutant seedlings are caused by changes in phyB protein levels,
whereas altered ethylene levels are responsible for the pheno-
types observed in etiolated seedlings.

The APB MotifIs Involved in the Depletion of phyB Protein by
Light in Seedlings Overexpressing PIF5

Previously, we reported that pif4 mutant seedlings, which are
hypersensitive to red light, could be complemented by a PIF4
transgene carrying a functional APB motif but not by a PIF4
(MAPB) transgene (carrying a G35A mutation within the APB
motif, incapable of interaction with phyB) (Khanna et al., 2004).
Like PIF4, the red light phenotypes exhibited by the PIF5-OX
seedlings are dependent upon APB activity. PIF5-OX (mAPB)
seedlings (carrying an equivalent G37A mutation) (Khanna et al.,
2004) exhibit the ethylene-related triple response in the dark but
lack the elongated hypocotyl phenotype in red light (Figure 6A).
This provides additional evidence that the PIF5-OX effect in Rc is
exerted independently of the ethylene system. Since the PIF5-
OX (mAPB) seedlings respond normally to red light, we analyzed
PIF5-OX (mAPB) seedlings for phyB protein levels. Interestingly,
as in wild-type seedlings, phyB protein was detectable in PIF5-
OX (mAPB) seedlings after 6 h in Rc (Figure 6B). Further analysis
revealed that the PIF5-OX (mAPB) seedlings grown in red light for
6 h or longer contain higher phyB protein levels than PIF5-OX
seedlings carrying a functional APB motif (Figure 6C). Treatment
of PIF5-OX (mAPB) seedlings with MG132 blocked phyB protein
degradation similarly to that in the wild-type seedlings (Figure
6B). These data indicate that the 26S proteasome-mediated
depletion of phyB protein in PIF5-OX seedlings is dependent
upon APB activity. The residual phyB degradation observed in
PIF5-OX (mAPB) seedlings is comparable to that in wild-type
seedlings. This is entirely expected: because the PIF5 over-
expressors are in the wild-type background, degradation of
phyB in these seedlings may be due to endogenous PIF5 and/or
other PIFs. Interestingly, like the PIF5-OX seedlings, 4-d-old
dark-grown PIF5-OX (mAPB) seedlings contain higher than wild-
type levels of phyA protein (see Supplemental Figure 6A online).
By contrast, like the wild-type seedlings, the PIF5-OX (mAPB)
seedlings exposed to Rc for 3 d contain higher phyB protein
levels than the PIF5-OX seedlings (see Supplemental Figure 6B
online). It is possible that the higher phyA protein levels found in
etiolated seedlings overexpressing PIF5 with or without func-
tional APB are a consequence of increased ethylene activity in
these seedlings.

DISCUSSION

At least one-third of subfamily 15 of the Arabidopsis bHLH class
of transcription factors consists of proteins that have been
identified as PHYTOCHROME-INTERACTING FACTORS: PIF1
and PIF3 to PIF6 (Bailey et al., 2003; Yamashino et al., 2003;
Khanna et al., 2004). All of the PIF proteins are characterized by
their ability to specifically interact with the Pfr form of phyto-
chrome. They all interact with phyB (Pfr) via the APB motif that is
necessary and sufficient for their ability to specifically bind phyB

x XK=
A N Oz ©Qf
5 B L%
1 O o=
Dark
Red
Far-Red
B Y D o> L o
IR SRS S SR L S
MG132 - - - - - - -+ 4
Col ---—-—----oc—---—phyB
PIF5-OX
(mAPB) G B e een = sa - e e phyB
Col = Tubulin
PIF5-OX -
(mAsp%) — Tubulin
C Dark R6 R12
o o =
p £ faf
PIF5-0OX T OFf - & = £
—— — —_— — —phyB

—— eI G =y G SE— — Tubulin

Figure 6. PIF5-OX (mMAPB) Seedlings Carrying a Single G37A Mutation in
the APB Motif Exhibit Normal Hypocotyl Response to Red Light and
Contain Detectably Higher phyB Protein Levels Than the PIF5-OX
Seedlings after 3 d in Rc.

(A) Four-day-old pif5-2 mutant, Col, PIF5-OX (1-5), and PIF5-OX (mAPB)
seedlings grown in the dark or exposed to Rc or FRc for 3 d.

(B) Immunoblot analysis of phyB protein levels in 4-d-old Col and PIF5-OX
(MmAPB) seedlings treated with red light and MG132 as indicated.

(C) Comparison of phyB protein levels between seedlings overexpress-
ing PIF5 with either a functional APB motif [PIF5-OX (1-5)] or the mutated
APB motif [PIF5-OX (mAPB)]. Representative immunoblots from three
biological replicates are shown. Tubulin was used as a loading control.



(Pfr) (Khanna et al., 2004). PIF1 and PIF3 are the only bHLH class
transcription factors that have been shown to interact with phyA
(Pfr) (Ni et al., 1998; Huq et al., 2004; Al-Sady et al., 2006).
Whereas interaction between PIF1 and phyA is detectable in pull-
down assays, PIF3 interaction with phyA is ~10-fold weaker
than its interaction with phyB (Ni et al., 1998, 1999; Huq et al.,
2004). A recent study showed that phyA interacts with PIF3 at the
active phytochrome A binding site found downstream of the APB
motif in PIF3 (Al-Sady et al., 2006). This domain, however, is not
conserved in any of the other PIF proteins, and it remains to be
seen whether PIF1 has a similar or a unique domain responsible
for its interaction with phyA (Pfr). Both PIF4 and PIF5 have been
shown to specifically bind phyB (Pfr) through their APB motifs
(Khanna et al., 2004), and they fail to bind any of the other
phytochromes in in vitro immunoprecipitation assays (Hug and
Quail, 2002; Khanna et al., 2004; Shen et al., 2007). Unlike PIF3,
PIF5 transcript levels are regulated by the circadian clock
(Fujimori et al., 2004) and are induced by more than twofold
after 1 h of growth in red light (see Supplemental Figure 1 online).
However, PIF5 protein is rapidly degraded within 1 h in Rc (Shen
et al., 2007). This response is similar to the light-induced deg-
radation reported for PIF3 (Bauer et al., 2004; Park et al., 2004;
Al-Sady et al., 2006). The data presented here raise the possi-
bility that the APB-mediated interaction between PIF5 and phyB
(Pfr) may result in the codegradation of phyB. However, PIF5
appears to degrade rapidly within 1 h, whereas phyB levels are
detectable for up to 6 h in the light. Possible explanations for this
discrepancy might include independent degradation pathways
or differences in the ability to detect these proteins dependent
upon the sensitivities of their respective antibodies.

PIF5 has been implicated as a negative regulator of red light-
mediated photomorphogenesis (Fujimori et al., 2004). Our data
support this conclusion and further demonstrate that PIF5 plays
an important role in the developmental transition of the apical
region (apical hook and cotyledons) during early seedling es-
tablishment. It has been shown that ethylene and light act
antagonistically to regulate HOOKLESS1, which controls Auxin
Response Factor2 protein levels to effect differential cell growth
in the apical region of the hypocotyl (Li et al., 2004). Transcript
levels of ACS genes, encoding enzymes involved in ethylene
biosynthesis, are key determinants of ethylene production (Peck
et al., 1998; Wang et al., 2002). We show that overexpression of
PIF5 causes elevated expression of ACS4, ACS8, and possibly
other ACS genes (Figure 3). The PIF5-OX seedlings exhibit the
characteristic triple response in the dark and have higher ethyl-
ene levels (Figure 3E).

During the course of this study, Foo et al. (2006) reported that
in the garden pea (Pisum sativum), light-grown phyA phyB
mutants produce more ethylene than wild-type plants and that
treatment of these mutants with aminoethoxy vinylglycine, an
ethylene biosynthesis inhibitor, rescued many of the phyA phyB
mutant phenotypes. They suggested a role for phytochromes
in pea to regulate ethylene levels in the light to prevent inhibi-
tory effects of ethylene on vegetative growth (Foo et al., 2006).
They further suggested that some phytochrome-dependent re-
sponses are mediated by changes in ethylene levels (Foo et al.,
2006). The mechanism of the phytochrome regulation of ethylene
levels, however, is not known. We show that overexpression of
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PIF5 in Arabidopsis can increase ethylene production in seed-
lings growing in darkness. We did not observe any difference in
ethylene levels between the pif5 mutant and wild-type seedlings
(Figures 3E and 3F). Thus, our data do not establish a role for
endogenous PIF5 in regulating ethylene levels. However, the
capacity for overexpressed PIF5 to affect the etiolated seedling
phenotype through enhanced ethylene synthesis is not exhibited
by any of the other closely related phy-interacting bHLH proteins
that have been overexpressed, including PIF1 (Shen et al., 2005),
PIF3 (Al-Sady et al., 2006), and PIF4 (Hug and Quail, 2002). This
indicates that this capacity appears to be specific to PIF5,
consistent with the possibility that this reflects an intrinsic
function of this protein. It remains possible, therefore, that
endogenous PIF5 may function in regulating ethylene levels but
that this is masked in the pif5 mutant, either because of functional
redundancy with other factors or because subtle differences in
ethylene levels localized in the apical organs are difficult to detect
with whole seedlings. Consistent with this possibility, recent
studies with insertional mutants of multiple members of the nine-
member ACS gene family in Arabidopsis show that simultaneous
mutation of several members is necessary before a decrease in
total seedling ethylene levels is detectable (A. Tsuchisaka and
A. Theologis, unpublished data). The high degree of redundancy
between these genes indicated by this observation increases the
probability of similar redundancy among potential regulators of
these genes, such as PIF5. In addition, all members of the family
exhibit both unique and overlapping spatiotemporal expression
patterns during development, suggesting the possibility of lo-
calized regulation of ethylene levels in specific tissues or cell
types not detectable by whole seedling ethylene measurements
(Tsuchisaka and Theologis, 2004). Similarly, differential growth in
the apical hook is marked by a spatially defined pattern of gene
expression, including that of the ethylene biosynthetic enzyme At
ACO2, which accumulates in cells lining the outer side of the
hook (Raz and Ecker, 1999). It is possible, therefore, that en-
dogenous PIF5 regulates the spatial expression of one or more
enzymes involved in ethylene biosynthesis, mediating differential
ethylene levels during the development of the apical hook.
Surprisingly, PIF5-OX seedlings grown in red light for 6 h or
more have strikingly lower levels of phyB and phyC than wild-
type seedlings (Figures 4B and 4C). The light-induced rapid
degradation of phyB and phyC protein in PIF5-OX seedlings is
sensitive to MG132 treatment and hence appears to be mediated
by the ubiquitin-proteasome pathway (Figure 4). Furthermore, in
PIF5-OX (mAPB) seedlings, phyB protein levels are unaffected
(Figure 6; see Supplemental Figure 6 online). Collectively, these
data show that overexpression of PIF5 with a functional APB
motif, capable of interaction with phyB (Pfr), causes a decline in
phyB (and phyC, which is stabilized by phyB) levels. There are at
least two possible explanations for this observation: either the
overexpression of PIF5 results in an altered physiological state
that favors phytochrome degradation, or the loss of phyB is a
direct consequence of the interaction of phyB with overex-
pressed PIF5, followed by degradation via the 26S proteasome
pathway. The data presented in this study support the latter
hypothesis. It is unlikely that changes in ethylene levels are
responsible for the reduced phyB levels in PIF5-OX seedlings.
The seedlings affected in ethylene signaling, ctr7 and ein2,
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respond normally to red light (Figure 1F). Furthermore, all seed-
lings treated with ACC have short hypocotyls in red light, includ-
ing phyB mutant seedlings (Figure 2B), indicating either that ACC
causes its effects on hypocotyl elongation in a manner unrelated
to phyB or that its effects are downstream of phyB. Finally, the
non-phyB binding mutant protein, PIF5-OX (mAPB), retains the
capacity to elicit the triple response in dark-grown seedlings but
lacks the capacity to induce hyposensitivity to prolonged Rc,
clearly differentiating between these two molecular effects of the
overexpressed transcription factor. Thus, changes in phyB pro-
tein levels in PIF5-OX and pif5 mutant seedlings are more likely
due to changes in PIF5 protein levels in these seedlings and
require direct interaction with the photoreceptor (Figures 4 and 6;
see Supplemental Figures 6 and 7 online).

The changes observed in phyB levels are sufficient to cause
the observed phenotypes in the light. As shown by Wester et al.
(1994), a 1.2-fold increase in phyB protein levels caused a
change of 1 mm or more in hypocotyl length. The pif5-2 mutants
are hypersensitive to prolonged Rc, with a >1-mm difference in
hypocotyl length from the wild type, and have 1.6-fold elevated
phyB levels (Figures 1, 4, and 5). Conversely, PIF5-OX seedlings
are hyposensitive to prolonged Rc, have dramatically reduced
phyB levels within 3 to 6 h of growth in Rc (Figures 4B and 4F),
and have reduced phyB levels after 3 d in Rc (Figure 5; see
Supplemental Figure 7 online) compared with wild-type seed-
lings. Seedlings overexpressing PIF5 appear similar to phyB-null
seedlings after 3 d in red light, and this response is dependent
upon saturating red fluence rates (Figure 1). We hypothesize that
saturating intensities of red light (>0.1 umol-m—2.s~") result in the
maximum photoactivation of phyB, causing more phyB protein
to be sequestered by the increased APB activity from overex-
pressed PIF5, resulting in the observed phenotype in prolonged
red light. Consistent with this hypothesis, PIF5-OX seedlings
growing in red light intensities of 1 wmol-m—2.s~" and higher
exhibit phenotypes similar to those of phyB mutant seedlings
and etiolated wild-type seedlings (Figure 1).

The data presented here indicate that endogenous PIF5 re-
duces phyB levels in prolonged Rc and, therefore, is indirectly
responsible for the lower sensitivity of the wild-type hypocotyl
compared with the hypersensitive pif6 mutant, which accumu-
lates higher phyB protein levels under these conditions. Inter-
estingly, PIF5-OX seedlings accumulate higher phyA levels in the
dark (Figure 4A; see Supplemental Figures 6A and 7D online). It
will be interesting to test whether the elevated ethylene levels in
dark-grown PIF5-OX seedlings somehow cause the higher ac-
cumulation of phyA protein in these seedlings. It can be spec-
ulated that elevated ethylene levels may cause changes in phyA
accumulation by altering physiological or biochemical processes
in the dark. We did not observe higher phyA levels in PIF5-OX
seedlings exposed to prolonged red light irradiation (see Sup-
plemental Figure 7A online). With regard to hypocotyl length, the
effects of PIF5-OX on phyB appear to override any residual phyA
effect that might remain in prolonged light.

Previous studies with pif3 and pif4 mutants have reported
hypersensitive phenotypes in red light (Hug and Quiail, 2002; Kim
et al.,, 2003). Monte et al. (2004) reported that pif3 mutant
seedlings had slightly higher (1.5- to 2-fold) phyB levels com-
pared with the wild type when grown in prolonged Rc and

suggested that the hypersensitive phenotype of these mutants
could be the result of these higher levels of phyB. However, the
phyB levels were not rigorously quantitated, nor were the ap-
parent differences statistically analyzed. Here, we show that the
PIF5-OX and pif5 mutant seedlings have statistically significant
reciprocal differences in levels of phyB, which consequently
appear to cause the observed phenotypes in prolonged red light.
Most importantly, we show that these changes in phyB levels are
dependent upon APB activity, indicating that direct interaction
between the photoreceptor and transcription factor molecules is
necessary for the phyB degradation observed. Recent studies
with other pif mutants suggest that this may be a common
phenomenon and that the PIF proteins may cause phenotypes in
prolonged red light indirectly by changing phyB photoreceptor
levels (P. Leivar-Rico and P.H. Quail, unpublished data; B. Al-
Sady and P.H. Quail, unpublished data), rather than by function-
ing directly as phyB signaling intermediates in the transduction
pathway, as has been widely assumed. It will be of interest to
examine the role of the APB motif in these PIF proteins with
regard to changes in phy protein levels and whether this is a
result of codegradation.

METHODS

Plant Material, Growth Conditions, and Measurements

T-DNA insertional disruption mutants were identified in Arabidopsis
thaliana ecotype Col by searching the SIGnAL database (Alonso et al.,
2003) and obtained from the ABRC: pif5-1 (Salk_143659), pif5-2,
(Salk_072306), and pif5-3 (pil6-1; Salk_087012). Homozygous lines
were isolated using gene-specific and T-DNA-based primers for PCR
analysis as described (Khanna et al., 2006). The mutants were crossed
twice with Col (wild type), and wild-type siblings were maintained for
phenotypic comparisons. Phenotypes were further confirmed by com-
parison with Col. Arabidopsis (Col) plants were transformed with PIF5
cDNA driven by the 35S promoter (35S::PIF5) to obtain PIF5-OX lines.
Two independent lines, PIF5-OX (1-5) and PIF5-OX (22-1), were used in
this study. PIF5-OX (1-5) was used in experiments for which the line is not
specified. Site-directed mutagenesis was performed using the Quick
Change site-directed mutagenesis kit (Stratagene) to create mutant APB
(G37A) lines [PIF5-OX (mAPB)].

Seedlings were grown on plates containing growth medium without
sucrose (Hoecker et al., 1999). Some of the plates contained different
concentrations of AQNO3; or ACC added to the growth medium (as
indicated). Red light and FRc treatments were performed as described
(Wagner et al., 1991). Fluence rates were measured using a spectroradi-
ometer (model L1-1800; Li-Cor). Hypocotyl length, hook angles, and
cotyledon angles were measured using digital images taken with a Nikon
Coolpix 990 digital camera and NIH Imaging software (National Institutes
of Health). Approximately 30 seedlings of each genotype were used for
each analysis. SE values were calculated from three biological replicates.

RNA Isolation and Analysis

Total RNA was extracted using the RNeasy Plus plant mini kit according
to the manufacturer’s recommendations (Qiagen). For RT-PCR, Super-
Script Il RNase H~ reverse transcriptase (Invitrogen) was used to
synthesize the first strand of cDNA with the oligo(dT20) primer (Invitrogen)
from 1 pg of total RNA. cDNA was diluted four times with water, and 1 pL
was used for real-time PCR (MylQ single-color real-time PCR detection
system; Bio-Rad). Eva-green (Biotium) was used for detection according



to the manufacturer’s recommendations, except that final concentrations
of 0.1% Tween 20, 0.1 mg/mL BSA, and 5% DMSO were also added to
the PCR mix. The gene At2g32170 was used as a normalization control
(Czechowski et al., 2005). The expression of this gene does not change in
darkness or red light (data not shown). Each PCR was repeated twice.
Gene expression data were represented relative to the average value for
the wild type grown in darkness in each experiment, after normalization to
the control. All experiments were performed with three independent
biological replicates.

Measurements of Ethylene Production

Ethylene production was determined in 4-d-old etiolated seedlings or in
4-d-old red light-grown seedlings. One hundred etiolated seedlings or
50 red light-grown seedlings were placed in 4-mL vials, and ethylene
accumulation was determined after 24 h of incubation in the dark or red
light at 25°C. The ethylene concentration in the headspace of the vials was
determined by gas chromatography (5890A Hewlett-Packard gas chro-
matograph).

Protein Extraction and Immunoblot Analysis

For the detection of phyA, phyB, and phyC proteins, 4-d-old seedlings
were used for protein extraction in 1:2 (w/v) heated (in a boiling water
bath) denaturing extraction buffer (100 mM Tris-HCI, pH 7.8, 4 M urea, 5%
SDS, 15% glycerol, and 10 mM DTT) with protease inhibitors (2 wg/L
aprotinin, 3 wg/L leupeptin, 1 ng/L pepstatin, 2 mM phenylmethylsulfonyl
fluoride, and 30 pL protease inhibitor cocktail [Sigma-Aldrich]) per
milliliter of plant extract. Plant extracts were boiled for 5 min and cleared
by centrifugation at 15,000g for 15 min. Thirty to 100 g of total protein
was separated on 10% SDS-PAGE gels, and blots were probed with
specific anti-phy antibodies as described. For the detection of phyD and
phyE, seedlings were extracted using sequential (NH4)>SO, fractionation
as described (Hirschfeld et al., 1998). An equivalent of 200 ng of total
protein [before (NH4)>SO, fractionation] was applied for each immunoblot
analysis. As described, some seedlings were treated with 30 uM MG132
(a 26S proteasome inhibitor) for 5 h before protein extraction.

Detection, Quantification, and Analysis of phyB Protein Levels in
4-d-Old Dark-Grown or Rc-Grown Seedlings

Col wild-type, pif5-2 mutant, and PIF5-OX seedlings were grown either in
the dark for 4 d or under Rc (7 wmol-m—2-s—") for 3 d following a 21-h dark
period. Total protein was extracted into 1:2 (w/v) heated denaturing
extraction buffer as described above. Protein concentration was deter-
mined with the RC-DC protocol (Bio-Rad).

Total protein was separated on 10% SDS-PAGE gels, transferred to
Immobilon membranes (Millipore), and probed with either anti-phyB or
anti-tubulin (Sigma-Aldrich) antibodies. To compare phyB protein levels
among different genotypes of Rc-grown seedlings, 5 pg of total protein of
each genotype, together with a dilution series of phyB protein standards,
was analyzed by immunoblots. Plant extract of Col wild type (Rc) was
used for the dilution series: 7.5, 5, 2.5, 1.25, and 0.625 png was loaded,
representing 150, 100, 50, 25, and 12.5% of wild-type levels (see
Supplemental Figures 7B and 7C online). For the phyA protein standard,
twice as much extract was used to generate a dilution series from 300 to
25% (see Supplemental Figure 7B online, top panel). Enhanced chem-
iluminescence (Amersham) signals from each blot were recorded on x-ray
film with multiple exposures and analyzed using NIH Image software. The
linearity between enhanced chemiluminescence signals of each band
and the corresponding phyB protein standards was analyzed in each
exposure, and the best linear fit was chosen to calculate relative phyB
protein levels for each genotype. The unit of phyB protein of each
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genotype was determined as a percentage of Col wild type (Rc). The
same approach was used to analyze relative tubulin protein levels in each
genotype compared with tubulin standards produced by Col wild type
(Rc). The unit of tubulin protein level was labeled as the percentage of Col
wild type (Rc).

The final concentration of phyB protein for each genotype was ex-
pressed as phyB/tubulin, labeled as the percentage of Col wild type (Rc).
Mean values of phyB protein level (phyB/tubulin) of each genotype and S
were calculated from three biological replicates. As an internal control,
phyB protein levels among different genotypes of dark-grown seedlings
were also calculated using the same method.

Accession Number

Sequence data for PIF5 can be found in the Arabidopsis Genome Initiative
database under accession number At3g59060.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Relative PIF5 Transcript Levels in pif5
Mutant and PIF5-OX Seedlings Grown in the Dark or Exposed to Rc.

Supplemental Figure 2. ACS2, ACS6, and ACS11 Transcript Levels
in Col Seedlings Treated with Silver or ACC and Compared with
Levels in pif5-2 Mutant and PIF5-OX Seedlings.

Supplemental Figure 3. Comparison of phyD and phyE Protein
Levels between Col and PIF5-OX Seedlings.

Supplemental Figure 4. Treatment with MG132, an Inhibitor of the
26S Proteasome Pathway, Slows Phytochrome Protein Degradation
in Rc.

Supplemental Figure 5. Analysis of PHY Transcript Levels in pif5
Mutant and PIF5-OX Seedlings Grown in the Dark or in Red Light.

Supplemental Figure 6. Comparison of phyA and phyB Protein
Levels in Seedlings Overexpressing PIF5 with or without a Functional
APB Motif.

Supplemental Figure 7. Quantification and Analysis of phy Protein
Levels in Seedlings Grown in the Dark or in Rc.

ACKNOWLEDGMENTS

We thank Christina L. Lanzatella and Christine M. Carle for excellent
technical assistance and plant care. We thank Beatrice Grabowski for
editorial help with the manuscript. Funding was provided by National
Institutes of Health Grant GM-47475, Department of Energy Grant
DEFGO03-87ER13742, and USDA Agricultural Research Service Current
Research Information System Grant 5335-21000-017-00D (to P.H.Q.).
E.S. was supported by the VolkswagenStiftung and Sonderforschungs
Bereich 592.

Received March 5, 2007; revised October 9, 2007; accepted November
14, 2007; published December 7, 2007.

REFERENCES

Alonso, J.M,, et al. (2003). Genome-wide insertional mutagenesis of
Arabidopsis thaliana. Science 301: 653-657.

Al-Sady, B., Ni, W., Kircher, S., Schafer, E., and Quail, P.H. (2006).
Photoactivated phytochrome induces rapid PIF3 phosphorylation
prior to proteasome mediated degradation. Mol. Cell 4: 439-446.



3928 The Plant Cell

Bailey, P.C., Martin, C., Toledo-Ortiz, G., Quail, P.H., Hugq, E., Heim,
M.A., Jakoby, J., Werber, M., and Weisshaar, B. (2003). Update on
the basic helix-loop-helix transcription factor gene family in Arabi-
dopsis thaliana. Plant Cell 15: 2497-2502.

Bauer, D., Viczian, A., Kircher, S., Nobis, T., Nitschke, R., Kunkel, T.,
Panigrahi, K.C., Adam, E., Fejes, E., Schaefer, E., and Nagy, F.
(2004). Constitutive photomorphogenesis 1 and multiple photorecep-
tors control degradation of phytochrome interacting factor 3, a
transcription factor required for light signaling in Arabidopsis. Plant
Cell 16: 1433-1445.

Bleecker, A.B., and Kende, H. (2000). Ethylene: A gaseous signal
molecule in plants. Annu. Rev. Cell Dev. Biol. 16: 1-18.

Czechowski, T., Stitt, M., Altmann, T., Udvardi, M.K., and Scheible,
W.-R. (2005). Genome-wide identification and testing of superior
reference genes for transcript normalization in Arabidopsis. Plant
Physiol. 139: 5-17.

Darwin, C., and Darwin, F. (1881). The Power of Movement in Plants.
(New York: D. Appleton), pp. 87-94.

Foo, E., Ross, J.J., Davies, N.W., Reid, J.B., and Weller, J.L. (2006). A
role for ethylene in the phytochrome-mediated control of vegetative
development. Plant J. 46: 911-921.

Fujimori, T., Yamashino, T., Kato, T., and Mizuno, T. (2004). Circadian-
controlled basic/helix-loop-helix factor, PIL6, implicated in light-
signal transduction in Arabidopsis thaliana. Plant Cell Physiol. 45:
1078-1086.

Goeschl, J.D., Rappaport, L., and Pratt, H.K. (1966). Ethylene as a
factor regulating the growth of pea epicotyls subject to physical
stress. Plant Physiol. 41: 877-884.

Guzman, P., and Ecker, J.R. (1990). Exploiting the triple response of
Arabidopsis to identify ethylene-related mutants. Plant Cell 2: 513-523.

Harpham, N.V.J., Berry, A.W., Knee, E.M., Rovedahoyos, G., Raskin,
l., Sanders, 1.0., Smith, A.R., Wood, C.K., and Hall, M.A. (1991). The
effect of ethylene on the growth and development of wild-type and
mutant Arabidopsis thaliana (L) Heynh. Ann. Bot. (Lond.) 68: 55-61.

Hirschfeld, M., Tepperman, J.M., Clack, T., Quail, P.H., and Sharrock,
R.A. (1998). Coordination of phytochrome levels in phyB mutants of
Arabidopsis as revealed by apoprotein-specific monoclonal antibodies.
Genetics 149: 523-535.

Hoecker, U., Tepperman, J.M., and Quail, P.H. (1999). SPA1, a WD
repeat protein specific to phytochrome A signal transduction. Science
284: 496-499.

Hugq, E., Al-Sady, B., Hudson, M., Kim, C., Apel, K., and Quail, P.H.
(2004). Phytochrome-interacting factor 1 is a critical bHLH regulator of
chlorophyll biosynthesis. Science 305: 1937-1941.

Huq, E., and Quail, P.H. (2002). PIF4, a phytochrome-interacting bHLH
factor, functions as a negative regulator of phytochrome B signaling in
Arabidopsis. EMBO J. 15: 2441-2450.

Hussain, A., Black, C.R., Taylor, I.B., and Roberts, J.A. (1999). Soil
compaction. A role for ethylene in regulating leaf expansion and shoot
growth in tomato? Plant Physiol. 121: 1227-1237.

Khanna, R., Huq, E., Kikis, E., Al-Sady, B., Lanzatella, C., and Quail,
P.H. (2004). A novel molecular recognition motif necessary for tar-
geting photoactivated phytochrome signaling to specific basic helix-
loop-helix transcription factors. Plant Cell 16: 3033-3044.

Khanna, R., Shen, Y., Toledo-Ortiz, G., Kikis, E., Johannesson, H.,
Hwang, Y.-S., and Quail, P.H. (2006). Functional profiling reveals that
only a small number of phytochrome-regulated early-response genes
in Arabidopsis are necessary for optimal deetiolation. Plant Cell 18:
2157-2171.

Kieber, J.J., Rothenberg, M., Roman, G., Feldman, K.A., and Ecker,
J.R. (1993). CTR1, a negative regulator of the ethylene response
pathway in Arabidopsis, encodes a member of the raf family of protein
kinases. Cell 72: 427-441.

Kim, J., Yi, H., Choi, G., Shin, B., Song, P.S., and Choi, C. (2003).
Functional characterization of phytochrome interacting factor 3 in
phytochrome-mediated light signal transduction. Plant Cell 15: 2399-
2407.

Li, H., Johnson, P., Stepanova, A., Alonso, J.M., and Ecker, J.R.
(2004). Convergence of signaling pathways in control of differential
cell growth in Arabidopsis. Dev. Cell 7: 193-204.

Liang, X.-W., Abel, S., Keller, J.A., Shen, N.F., and Theologis, A.
(1992). The 1-aminocyclopropane-1-carboxylate synthase gene family
of Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 89: 11046-11050.

Monte, E., Tepperman, J.M., Al-Sady, B., Kaczorowski, K.A., Alonso,
J.M., Ecker, J.R,, Li, X., Zhang, Y., and Quail, P.H. (2004). The
phytochrome-interacting transcription factor, PIF3, acts early, selec-
tively, and positively in light-induced chloroplast development. Proc.
Natl. Acad. Sci. USA 16: 16091-16098.

Ni, M., Tepperman, J.M., and Quail, P.H. (1998). PIF3, a phytochrome-
interacting factor necessary for normal photoinduced signal trans-
duction, is a novel basic helix-loop-helix protein. Cell 95: 657-667.

Ni, M., Tepperman, J.M., and Quail, P.H. (1999). Binding of phyto-
chrome B to its nuclear signaling partner PIF3 is reversibly induced by
light. Nature 400: 781-784.

Nozue, K., Covington, M.F., Duek, P.D., Lorrain, S., Fankhauser, C.,
Harmer, S.L., and Maloof, J.N. (2007). Rhythmic growth explained
by coincidence between internal and external cues. Nature 448:
358-361.

Oh, E., Yamaguchi, S., Kamiya, Y., Bae, G., Chung, W.-I., and Choi,
C. (2006). Light activates the degradation of PIL5 protein to pro-
mote seed germination through gibberellin in Arabidopsis. Plant J. 47:
124-139.

Park, E., Kim, J., Lee, Y., Shin, J., Oh, E., Chung, W.-l., Liu, J.R., and
Choi, G. (2004). Degradation of phytochrome interacting factor 3 in
phytochrome-mediated light signaling. Plant Cell Physiol. 45: 968-975.

Peck, S.C., Pawlowski, K., and Kende, H. (1998). Asymmetric re-
sponsiveness to ethylene mediates cell elongation in the apical hook
of peas. Plant Cell 10: 713-719.

Quail, P.H. (1998). The phytochrome family: Dissection of functional
roles and signaling pathways among family members. Philos. Trans.
R. Soc. Lond. Ser. B Biol. Sci. 353: 1399-14083.

Quail, P.H. (2002a). Phytochrome photosensory signalling networks.
Nature 3: 85-93.

Quail, P.H. (2002b). Photosensory perception and signalling in plant
cells: New paradigms? Curr. Opin. Cell Biol. 14: 180-188.

Quail, P.H., Boylan, M.T., Parks, B.M., Short, T.W., Xu, Y., and
Wagner, D. (1995). Phytochromes: Photosensory perception and
signal transduction. Science 268: 675-680.

Raz, V., and Ecker, J.R. (1999). Regulation of differential growth in the
apical hook of Arabidopsis. Development. 126: 3661-3667.

Roman, G., Lubarsky, B., Kieber, J.J., Rothenberg, M., and Ecker,
J.R. (1995). Genetic analysis of ethylene signal transduction in
Arabidopsis thaliana: Five novel mutant loci integrated into a stress
response pathway. Genetics 139: 1393-1409.

Schéfer, E., and Nagy, F. (2006). Photomorphogenesis in Plants and
Bacteria. (Dordrecht, The Netherlands: Springer).

Sharrock, R.A., and Clack, T. (2002). Patterns of expression and
normalized levels of the five Arabidopsis phytochromes. Plant Physiol.
130: 442-456.

Shen, H., Moon, J., and Huq, E. (2005). PIF1 is regulated by light-
mediated degradation through the ubiquitin-26S proteasome pathway
to optimize photomorphogenesis of seedlings in Arabidopsis. Plant J.
44: 1023-1035.

Shen, Y., Khanna, R., Carle, C.M., and Quail, P.H. (2007). Phyto-
chrome induces rapid PIF5 phosphorylation and degradation in re-
sponse to red-light activation. Plant Physiol. 145: 1043-1051.



Smith, H. (2000). Phytochromes and light signal perception by plants:
An emerging synthesis. Nature 407: 585-591.

Taylor, J.E., Grosskopf, D.G., McGaw, B.A., Horgan, R.S., and Scott,
.M. (1988). Apical localization of 1-aminocyclopropane-1 carboxylic
acid and its conversion to ethylene in etiolated seedlings. Planta 174:
112-114.

Tepperman, J.M., Hudson, M.E., Khanna, R., Zhu, T., Chang, S.H.,
Wang, X., and Quail, P.H. (2004). Expression profiling of phyB mutant
demonstrates substantial contribution of other phytochromes to red-
light-regulated gene expression during seedling de-etiolation. Plant J.
38: 725-739.

Thain, S.C., Vandenbussche, F., Laarhoven, L.J.J., Dowson-Day,
M.J., Wang, Z.-Y., Tobin, E.M., Harren, F.J.M., Miller, A.J., and Van
Der Straeten, D. (2004). Circadian rhythms of ethylene emission in
Arabidopsis. Plant Physiol. 136: 3751-3761.

Toledo-Ortiz, G., Huq, E., and Quail, P.H. (2003). The Arabidopsis
basic/helix-loop-helix transcription factor family. Plant Cell 15: 1749-
1770.

Tsuchisaka, A., and Theologis, A. (2004). Unique and overlapping
expression patterns among the Arabidopsis 1-amino-cyclopropane-
1-carboxylate synthase gene family members. Plant Physiol. 136:
2982-3000.

Vriezen, W.H., Archard, P., Harberd, N.P., and Van Der Straeten, D.
(2004). Ethylene-mediated enhancement of apical hook formation in

PIF5 Acts on Ethylene and Phytochrome 3929

etiolated Arabidopsis thaliana seedlings is gibberellin dependent.
Plant J. 37: 505-516.

Wagner, D., Tepperman, J.M., and Quach, H. (1991). Overexpression
of phytochrome B induces a short hypocotyl phenotype in transgenic
Arabidopsis. Plant Cell 3: 1275-1288.

Wang, K.L.C., Li, H., and Ecker, J.R. (2002). Ethylene biosynthesis and
signaling networks. Plant Cell 14 (suppl.): S131-S151.

Wester, L., Somers, D.E., Clack, T., and Sharrock, R.A. (1994).
Transgenic complementation of the hy3 phytochrome B mutation
and response to PHYB gene copy number in Arabidopsis. Plant J. 5:
261-272.

Whitelam, G.C., and Devlin, P.F. (1997). Roles of different phyto-
chromes in Arabidopsis photomorphogenesis. Plant Cell Environ. 20:
752-758.

Yamagami, T., Tsuchisake, A., Yamada, K., Haddon, W.F., Harden,
L.A., and Theologis, A. (2003). Biochemical diversity among the
1-amino-cyclopropane-1-carboxylate synthase isozymes encoded by
the Arabidopsis gene family. J. Biol. Chem. 49: 49102-49112.

Yamashino, T., Matsushika, A., Fujimari, T., Sato, S., Kato, T., Tabata,
S., and Mizuno, T. (2003). A link between circadian-controlled bHLH
factors and the APRR1/TOC1 quintet in Arabidopsis thaliana. Plant Cell
Physiol. 44: 619-629.

Zarembinski, T.l., and Theologis, A. (1994). Ethylene biosynthesis and
action: A case of conservation. Plant Mol. Biol. 26: 1579-1597.



