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The phytochrome (phy)-interacting basic helix-loop-helix transcription factors (PIFs) constitutively sustain the etiolated state
of dark-germinated seedlings by actively repressing deetiolation in darkness. This action is rapidly reversed upon light
exposure by phy-induced proteolytic degradation of the PIFs. Here, we combined a microarray-based approach with a
functional profiling strategy and identified four PIF3-regulated genes misexpressed in the dark (MIDAs) that are novel
regulators of seedling deetiolation. We provide evidence that each one of these four MIDA genes regulates a specific facet of
etiolation (hook maintenance, cotyledon appression, or hypocotyl elongation), indicating that there is branching in the
signaling that PIF3 relays. Furthermore, combining inferred MIDA gene function from mutant analyses with their expression
profiles in response to light-induced degradation of PIF3 provides evidence consistent with a model where the action of the
PIF3/MIDA regulatory network enables an initial fast response to the light and subsequently prevents an overresponse to the
initial light trigger, thus optimizing the seedling deetiolation process. Collectively, the data suggest that at least part of the phy/
PIF system acts through these four MIDAs to initiate and optimize seedling deetiolation, and that this mechanism might allow

the implementation of spatial (i.e., organ-specific) and temporal responses during the photomorphogenic program.

INTRODUCTION

The phytochrome (phy) family of photoreceptors (phyA through
phyE in Arabidopsis thaliana) plays a central role in the regulation
of seedling deetiolation, the developmental transition from
skotomorphogenesis to photomorphogenesis that dark-germi-
nated seedlings undergo upon exposure to light (Rockwell et al.,
2006; Schafer and Nagy, 2006; Quail, 2010). After germination in
the dark, etiolated seedlings grow heterotrophically on seed
reserves and follow a skotomorphogenic strategy of develop-
ment, characterized by fast hypocotyl elongation and mainte-
nance of an apical hook and appressed cotyledons, to rapidly
reach for sunlight at the soil surface. Upon reaching the surface,
light triggers seedling deetiolation, the developmental switch to
photomorphogenesis, which involves the coordinated inhibition
of hypocotyl elongation, unfolding of the apical hook, separation
and expansion of the cotyledons, and activation of functional
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chloroplast and pigment biosynthesis to initiate photosynthesis.
Photoactivation of the Pr form of the phy molecule during dee-
tiolation results in rapid translocation of the Pfr form from the
cytoplasm into the nucleus (Yamaguchi et al., 1999; Nagatani,
2004). Nuclear photoactivated phy molecules associate with
phy-interacting factors (PIFs). The PIFs are a subset of basic
helix-loop-helix transcription factors (PIF1, PIF3, PIF4, PIF5,
PIF6, and PIF7 in Arabidopsis) that accumulate in the nucleus in
the dark and interact conformer-specifically and photoreversibly
with the phy-Pfr molecules in the light (Toledo-Ortiz et al., 2003;
Duek and Fankhauser, 2005; Castillon et al., 2007; Monte et al.,
2007). This phy-Pfr/PIF interaction initiates the gene expression
changes that orchestrate the deetiolation response (Quail, 2002;
Jiao et al., 2007; Bae and Choi, 2008). Nuclear interaction
between active phyA and/or phyB and several of these tran-
scription factors (including PIF1, PIF3, PIF4, and PIF5) has also
been shown to induce rapid phosphorylation and degradation
(within minutes) of the PIF proteins (Bauer et al., 2004; Park et al.,
2004; Shen et al., 2005; Al-Sady et al., 2006; Oh et al., 2006;
Nozue et al., 2007; Shen et al., 2007; Lorrain et al., 2008; Shen
et al., 2008).

Recent studies with Arabidopsis seedlings deficient in one or
multiple PIF proteins have established that progressive genetic
removal of PIFs results in additive or synergistic effects in the
dark that culminate in a partial constitutively photomorphogenic
(cop)-like phenotype exhibited by the pif quadruple mutant pif1



pif3 pif4 pif5 (pifg), which is deficient in PIF1, PIF3, PIF4, and PIF5
(Bae and Choi, 2008; Josse and Halliday, 2008; Leivar et al.,
2008b). These results provide evidence that the PIF proteins
function in the dark in a partially redundant manner, indepen-
dently of phy action, to repress photomorphogenesis and pro-
mote skotomorphogenesis. Upon light exposure, active phys
reverse this action by interacting with and inducing rapid deg-
radation of the PIF proteins, allowing deetiolation to proceed.

The phy-mediated degradation of PIFs in dark-grown seed-
lings first exposed to light triggers the reduction of PIF protein
levels to new steady state levels that represent ~10% of their
dark levels (Monte et al., 2004; Shen et al., 2005; Nozue et al.,
2007). pif mutant seedlings growing in continuous red light (Rc)
display a hypersensitive phenotype that was initially interpreted
as indicative of the PIFs having a negative role in phyB signaling
in Rc (Hug and Quail, 2002; Kim et al., 2003; Fujimori et al., 2004;
Monte et al., 2004; Khanna et al., 2007; de Lucas et al., 2008;
Leivar et al., 2008a). However, more recent studies have shown
that this phenotype is the result of elevated phyB levels in the
absence of PIF proteins, an additive effect that correlates with
increasing hypersensitivity to Rc with progressive genetic re-
moval of multiple PIFs (Leivar et al., 2008a). Recently, Jang et al.
(2010) have shown that the mechanism underlying the regulation
of phyB levels (and other light-stable phys) during deetiolation
involves direct interaction with the COP1 E3 ligase and that PIFs
promote this interaction and the polyubiquitination of phyB by
COP1.

Genome-wide expression analyses have started to provide
some insight into the transcriptional network regulated by the
PIFs. In dark-grown seedlings, transcriptomic profiling of single
and double pif1 (Moon et al., 2008), pif3 (Leivar et al., 2009), and
pif4 pif5 (Lorrain et al., 2009) mutants have identified a small
number of genes that are statistically and significantly deregu-
lated in the mutants compared with their respective wild-type
controls by at least twofold (Statistically Significantly and Two
Fold [SSTF] genes). By contrast, microarray analysis of the pifg
mutant compared with the wild type has resulted in the identi-
fication of a large subset of SSTF genes (~1000) that depend on
PIF1, PIF3, PIF4, and PIF5 for their expression in the dark (Leivar
et al., 2009; Shin et al., 2009). These results suggest redundancy
at the molecular level between different members of the PIF
family, similarly to their redundant contribution in establishing the
cop-like visible phenotype of dark-grown pifg seedlings as
explained above. The PIFg-regulated genes represent ~5% of
the total genome and largely overlap with the transcriptome of
wild-type seedlings grown under prolonged light, in accordance
with the partial photomorphogenic phenotype of the pifg mutant
in the dark (Leivar et al., 2009; Shin et al., 2009).

Some of these PIF-regulated genes are key regulators of
pigment biosynthesis. PIF involvement in the regulation of chloro-
phyll biosynthesis became apparent upon transfer of 2-d-old or
older dark-grown pif mutant seedlings to light, which failed to green
(Huqg et al., 2004; Stephenson et al., 2009). Microarray analysis
identified the chlorophyll-biosynthesis-related genes GLUTAMYL-
tRNA REDUCTASE 1 (HEMAT), Mg-CHELATASE H SUBUNIT
(CHLH), GENOMES UNCOUPLED 4 (GUN4), and PROTOCHLOR-
OPHYLLIDE OXIDOREDUCTASE C (PORC) to present altered
levels in pif mutants (Moon et al., 2008; Stephenson et al., 2009).
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Misregulation of these genes in the dark results in exaggerated
accumulation of the photooxidizing chlorophyll precursor proto-
chlorophyllide in etiolated PIF-deficient seedlings, which causes
photo bleaching upon transfer to light (Huq et al., 2004; Stephenson
et al., 2009). PIFs also regulate the expression of the PSY gene
encoding for the key carotenoid biosynthesis enzyme, which is
upregulated during deetiolation to induce carotenoid accumulation
(Toledo-Ortiz et al., 2010). In addition, many photosynthetic genes
and genes associated with chloroplast biogenesis and function,
like LIGHT HARVESTING COMPLEX (LHC) and CHLOROPHYLL
A/B BINDING PROTEIN (CAB) genes, are also regulated by the
PIFs in the dark (Moon et al., 2008; Leivar et al., 2009; Lorrain et al.,
2009; Shin et al., 2009). This molecular phenotype is consistent
with the partial conversion of etioplasts into chloroplasts exhibited
by pifq seedlings in the dark (Leivar et al., 2009).

With the exception of pigment biosynthesis and chloroplast
function, detailed analysis of the functional relevance of identi-
fied PIF-regulated genes in implementing the deetiolation pro-
gram is still largely lacking (Leivar and Quail, 2011). Here, we
identified an expanded set of genes that are regulated by PIF3 in
the dark and examined their role in implementing seedling
deetiolation by functional profiling of mutants. Integration of
this information with the light-responsiveness of these genes is
consistent with a model whereby the rapid initial deetiolation
response is branched through PIF3-regulated genes and is
subsequently counteracted to prevent an overresponse to light
that could be detrimental for the emerging seedling.

RESULTS

PIF3 Represses Seedling Photomorphogenesis in the Dark
by Regulating Gene Expression Both Positively
and Negatively

Previous results have shown arole for PIF3 as negative regulator
of photomorphogenesis in seedlings grown at specific time
points in the dark (Leivar et al., 2008b; Stephenson et al.,
2009). To characterize the role of PIF3 in more detail during
extended periods of skotomorphogenic growth, we examined
the morphological phenotype of the null pif3-3 mutant (Monte
et al.,, 2004) compared with the wild-type control during dark
development for 4 d after germination (Figures 1A and 1B).
During this period of dark growth, the wild-type hypocotyl
elongates to ~12 mm, the hook partially and progressively
unfolds to ~80°, and the cotyledons remain appressed. Com-
pared with the wild type, pif8 mutants are indistinguishable
during germination and initial dark growth in the first 1.5 d (Figure
1A). By contrast, 2 d after germination, pif3 mutants start
displaying a partial photomorphogenic phenotype with more
open hooks and cotyledons and marginal differences in hypo-
cotyl elongation. These differences are maintained with increas-
ing dark growth time up to 4 d of dark development (Figures 1A
and 1B), in accordance with and expanding upon previous
results by Leivar et al. (2008b) and Stephenson et al. (2009).
Altogether, these results indicate that in the wild-type seedling
growing in the dark for 4 d, cotyledons remain appressed,
whereas there is a progressive elongation of the hypocotyl and
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Figure 1. PIF3 Negatively Regulates Seedling Photomorphogenesis in the Dark from 2 d Onward after Germination.

(A) and (B) Characterization of the time of action of PIF3 during seedling etiolation in the dark. dD indicates days in the dark.

(A) Visual phenotype of representative seeds, embryos and seedlings for Arabidopsis wild-type Col-0 and pif3-3 mutant seedlings in the dark at the
indicated time points after germination.

(B) Quantification of hypocotyl length, hook unfolding, and cotyledon separation angle of pif3-3 mutants compared with the wild-type Col-0 in the dark
at the indicated time points after germination. Data represent the mean and St of at least 30 seedlings.

(C) and (D) Regulation of gene expression in the dark by PIF3. Microarray expression profiling identified 82 HC target genes that are statistically
significantly deregulated in the absence of PIF3 in the dark and by a FC greater than 1.5 (SS1.5F-HC).

(C) Two-dimensional-cluster diagram depicting the identified 82 SS1.5F-HC genes in 4-d-old dark-grown pif3-3 seedlings compared with the wild-type



partial opening of the hook with increasing growth time in the
dark. During this developmental process, PIF3 functions to
repress photomorphogenesis from 2 d onward after germination
and up to 4 d, with a role in promoting hypocotyl elongation and
maintaining the hook and the cotyledons appressed, an effect
that is sustained over time.

To identify downstream components that mediate PIF3 func-
tion as a repressor of photomorphogenesis in the dark, we first
aimed to determine putative candidates by defining the PIF3-
regulated transcriptome in the dark. To do so, we took advantage
of a previous microarray study using Affymetrix ATH1 Gene-
Chips, in which we analyzed the role of PIF3 in the regulation of
phy-mediated gene expression in Rc (Monte et al., 2004). In that
early work, our focus was to define the contribution of PIF3 in the
regulation of the phy-mediated early transcriptional network in
Rc. Here, given the current evidence that PIF3 and other PIF
proteins act in the dark to sustain the skotomorphogenic state
independently of phy activation (Bae and Choi, 2008; Leivar
et al., 2008b), we analyzed the same raw microarray data (Monte
et al., 2004), focusing now on the expression profiles in the dark
(which were previously used exclusively to identify Rc responsive
genes). In our current analysis, we took into consideration that,
despite the obvious (although subtle) phenotypes observed for
dark-grown pif3 (Figures 1A and 1B) (Leivar et al., 2008b; Shin
et al., 2009; Stephenson et al., 2009) and pif1 (Leivar et al.,
2008b; Shin et al., 2009; Stephenson et al., 2009) single mutant
seedlings, previous microarray analysis of these mutants in the
dark only identified 14 PIF3-regulated genes (Leivar et al., 2009)
that were statistically and significantly expressed differently and
by twofold (SSTF genes), and did not identify any SSTF genes
regulated by PIF1 (Moon et al., 2008). Possible redundancy
among PIFs in the regulation of gene expression (in accordance
with their proposed redundant function as repressors of seedling
deetiolation in the dark [Bae and Choi, 2008; Leivar et al., 2008b])
might translate into gene expression changes in single pif mu-
tants smaller than SSTF. For this reason, we have decided to use
a 1.5-fold cutoff in our new analysis presented here, a strategy
that allowed Moon and colleagues to identify bona fide PIF1
targets (Moon et al., 2008).

Using the Rosetta Resolver platform (Rosetta Biosoftware), we
analyzed two data sets of 4-d-old dark-grown seedlings (DO h
and D1 h) harvested 1 h apart and each including three biological
replicates for wild type and three for pif3-3 (Monte et al., 2004)
(see Methods and Supplemental Figure 1A online). The complete
analysis is presented in Supplemental Analysis 1 and associated
Supplemental Figure 1 online; see also Supplemental References
1 online. This analysis identified a set of 121 PIF3-regulated genes
(see Supplemental Figure 1A online) that are statistically and
significantly expressed differently and by 1.5-fold in pif3 compared
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with the wild type (SS1.5F; see Supplemental Data Set 1 online),
and a subset of 82 high-confidence (HC) PIF3 targets (SS1.5F-HC;
see Supplemental Figure 1A and Supplemental Data Set 2 online).
The gene list containing the 39 SS1.5F genes that did not make the
HC cutoff is presented in Supplemental Data Set 3 online.

A two-dimensional cluster diagram representing the z-score-
normalized signal intensities for the 82 SS1.5F-HC genes is
shown in Figure 1C. The diagram contains the expression data
for each of the six (three DO h and three D1 h) wild-type and pif3
biological replicates used in the analysis, and shows clustering of
the 82 SS1.5F-HC genes in two subsets (induced and repressed)
that have opposite expression patterns in their dependence on
PIF3: approximately one-half of the 82 genes (40 genes) are
repressed in pif3 compared with the wild type, whereas the other
one-half (42 genes) are induced (Figures 1C and 1D). The mean
fold change (FC) for the up- and downregulated subset of genes is
approximately twofold (Figure 1D). Further distribution of the 82
genes by FC is presented in Supplemental Analysis 1 and Sup-
plemental Figure 1 online. It can be concluded that PIF3 represses
photomorphogenesis in the dark, at least in part, by positively and
negatively regulating the expression of the identified 40 and 42
genes, respectively (Figure 1D), and that, conversely, the mis-
regulation of these genes in dark-grown pif3 mutant seedlings
might contribute to the observed phenotypes (Figures 1A and 1B).
Functional classification of the 82 SS1.5F-HC genes is detailed in
Supplemental Analysis 2 and the associated Supplemental Figure
2 online; see also Supplemental References 1 online. Notably,
25% of the annotated genes in the induced group in pif3 relative to
the wild type were photosynthesis-/chloroplast-related genes,
indicating a degree of photomorphogenesis derepression in pif3
consistent with its phenotype in the dark.

These expression patterns detected by microarray analysis
were validated for selected genes by quantitative RT-PCR (qRT-
PCR) analysis (see Supplemental Figure 3 online). Interestingly,
the fold difference in expression between the wild type and the
pif3 mutant was more robust after 2 d of dark growth compared
with 4 d for some of the tested genes (AT5G 716030, AT3G05730,
and AT5G02760) (see Supplemental Figure 3B online). These
results suggest the existence of a developmentally regulated
expression program during seedling growth in the dark. Similar
observations were reported by Stephenson et al. (2009) for the
behavior of three chlorophyll-biosynthesis genes (HEMAT,
GUNA4, and CHLH) in dark-grown pif1, pif3, and pif1 pif3 mutants.
In addition, seed batch variation could also account for some of
the data variability, especially when differences are small, as
previously reported (Leivar et al., 2008b).

To provide a broader molecular framework for the PIF3-
regulated transcriptome in the dark defined here (Figures 1C
and 1D; see Supplemental Figure 1 online), we compared it with

Figure 1. (continued).

(WT) Col-0. A total of 42 genes are upregulated (induced) in the absence of PIF3, whereas 40 correspond to genes that are downregulated (repressed),
suggesting that PIF3 can act both as repressor and activator of gene expression in the dark.
(D) Mean FC for the 42 upregulated genes (left) and the 40 downregulated genes (right) in the pif3-3 mutant in the dark relative to the wild-type dark value

set at unity. Bars indicate SE for the genes averaged for each group.
Bar in (A) = 10 mm.
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previous genome-wide studies on pif4 pif5 (Lorrain et al., 2009)
and pifg (Leivar et al., 2009). This comparative analysis is
presented in Supplemental Analysis 3 online and is associated
with Supplemental Figures 4 and 5 and Supplemental Data Set 4
online; see also Supplemental References 1 online. Consistent
with the described phenotypic data (Leivar et al., 2008b, Shin
et al., 2009; Stephenson et al., 2009), the comparative analysis
suggests that PIF3 regulates gene expression in the dark in a
partially redundant manner with other PIF factors, including PIF1,
and that some specificity might exist among the genes targeted
by PIF3 and PIF4/PIF5 in the presence of other PIFs.

Selection of PIF3-Regulated MISREGULATED IN DARK
Genes and Functional Characterization of Arabidopsis
mida Mutants

The 82 PIF3-regulated genes identified by microarray analysis
were considered good candidate genes to encode regulators of
plant growth and development during the deetiolation process.
To begin to determine whether some of them have functionally
relevant roles in photomorphogenesis, we selected a subset of
10 genes functionally categorized as having potential transcrip-
tion (AT4G10240 and AT5G04340), signaling (AT1G48260 and
AT5G02760), growth and development (AT4G37300), stress and
defense (AT3G05730), or hormone-related (AT5G50600 and
AT4G10020) activity, as well as two annotated as unknown
(AT3G47250 and AT1G02470), for systematic functional analysis
using mutants. To this list, we have added three genes
(AT2G46070 encoding a MAPK kinase, and AT1G05570 and
AT5G45690 of unknown function) from our SS1.5F gene set for
their potential interest based on the predicted function (see
Supplemental Analysis 2 online) and/or robust difference in
expression in the pifg mutant (see Supplemental Analysis 3
online). Most of these genes show a response with respect to the
wild type substantially more robust in the pifg mutant (Leivar et al.
2009) compared with pif3 (see Supplemental Figure 6A online).
Given that the two gene expression profile experiments were
done using samples grown under different conditions (Monte
et al., 2004; Leivar et al., 2009), we have validated these differ-
ences by gRT-PCR in pif3 and pifq dark-grown seedlings grown
at the same time and under the same conditions (see Supple-
mental Figure 6B online). These results suggest that these genes
are targeted by PIF3 and possibly other PIFs during postgermi-
native growth in the dark.

These 13 genes were named MISREGULATED IN DARK
(MIDA) genes. Table 1 contains a summary of these 13 MIDA
genes, indicating for each one: Arabidopsis Gene Identification
(AGI) number, previously ascribed name and reference (if pub-
lished), FC in pif3 with respect to the wild type, assigned
functional group, our designated MIDA name, and the corre-
sponding insertional mutant line isolated or the mutant line
obtained if already available. The available mutants include one
overexpressor line for ATSG50600 (Li et al., 2007) and two RNA
interference (RNAI) lines for AT2G46070 (Lee et al., 2009). For
AT5G50600, T-DNA insertional mutants were available; how-
ever, because the gene exists in two copies located in a large
duplicated region, it is not possible to distinguish between
homozygous and heterozygous lines, because the gene-specific

primers cross-hybridize with the intact copy of the duplicated
gene (not carrying the T-DNA insertion) during the genotyping
process, and thus prevent the identification of AT5G50600
mutants that are suitable for characterization.

For the T-DNA insertional mida mutants, we identified homo-
zygous mutant lines together with corresponding wild-type sib-
lings for the phenotypic studies. For mida6, we were unable to
find homozygous plants, even after analyzing the progeny of
several heterozygous lines, indicating that the mutation might be
lethal in homozygosity. All the mida mutant lines are in the
ecotype Columbia (Col-0) background. Any phenotypes ob-
served in the homozygous lines compared with their wild-type
siblings were further confirmed by comparisons with Col-0
seedlings. The 12 mutated loci investigated over here were
analyzed for statistically significant differences from the wild type
in hypocotyl, cotyledon, and hook phenotypes in 2-, 3-, and 4-d-
old dark-grown seedlings. Given the observed wild-type pheno-
types during this period of dark development (Figures 1A and
1B), we reasoned that possible photomorphogenic phenotypes
of the mida mutants might include deviations in both directions in
hypocotyl growth (shorter or longer compared with the wild type)
and/or in hook opening (decreased or increased angle with
respect to the wild type), and deviations in cotyledon separation
only in the direction of enhanced opening, because cotyledons
remain essentially appressed in the wild type throughout dark
development (Figures 1A and 1B). mida loss-of-function mutants
showing a derepression of photomorphogenesis in the dark (i.e.,
displaying a shorter hypocotyl and/or a more open hook and
cotyledons) would correspond to MIDA factors that potentially
function as repressors of photomorphogenesis, whereas those
showing enhanced skotomorphogenesis in the dark (i.e., dis-
playing a longer hypocotyl and/or a closer hook) would corre-
spond to MIDA factors with a potential role as inducers of
photomorphogenesis.

Figure 2 and Supplemental Data Set 5 online show the func-
tional characterization of Arabidopsis mida mutants in the dark,
with the quantitative data and statistical analysis for hypocotyl
length, hook unfolding, and cotyledon aperture. For comparison,
data from multiple experiments are compiled in Figure 2,
whereas the complete primary data and statistical analysis for
each mida line are presented in Supplemental Data Set 5 online.
For simplicity, data from each mida mutant line in Figure 2 are
shown relative to their respective wild-type sibling set at unity,
and a horizontal black dashed line set at 1 is included as the wild-
type reference. An asterisk indicates the mida lines displaying
statistically significant differences (see Methods) compared with
their respective wild-type sibling in 2-, 3-, and 4-d-old dark-
grown seedlings (see Supplemental Data Set 5 online for the
associated P values). Even where statistically significant differ-
ences were detected (Figure 2; see Supplemental Data Set 5
online), the phenotypic differences between the wild type and
mida lines ranged in magnitude from marginal to moderate. To
define which lines display bona fide phenotypes, we applied a FC
criterion, comparing the magnitude of the phenotype to their
respective wild-type sibling (Figure 2; see Supplemental Data Set
5 online). Based on the phenotypes displayed by single and
double PIF-deficient mutants (Leivar et al., 2008b), we set a FC
cutoff at 40% for the hook, 80% for the cotyledon, and 20% for
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Table 1. List of the 13 MIDA Genes Analyzed, Including the AGI Loci, the Designated Protein Names, the FC in Expression in pif3 Mutant in the Dark

Relative to the Wild Type, and Their Functional Category

Protein FC at DO h pif3 Functional Reported
MIDA AGI No. Name versus Wild Type Category Function Mutant Line Mida Line
MIDA1 AT5G50600 HSD1 —1.61226 H Li et al. (2007) AOHSD16 (Li et al., 2007) mida1-OX
MIDA2 AT3G05730 DEFL 2.78217 S/D ND SALK_031670 mida2
MIDA3 AT4G37300 MEE59 1.54716 G/D ND SALK_040468 mida3
MIDA4 AT1G02470 UNKNOWN 2.33482 UNK ND SALK_123221 mida4
MIDAS AT3G47250 UNKNOWN 1.568 UNK ND SALK_099356 mida5
MIDA6 AT5G04340 ZN FINGER —2.04231 TXN ND SALK_140448 mida6
MIDA7 AT1G48260 CIPK17 —1.76389 S ND SALK_130764 mida7
MIDA8 AT4G10020 HSD5 —1.50981 H ND SAIL_129B11 mida8
MIDA9 AT5G02760 PP2C 1.76423 S ND SAIL_764H11 mida9-1
MIDA9 AT5G02760 PP2C 1.76423 S ND SALK_672093 mida9-2
MIDA10 AT4G10240 BBX23 —1.50432 TXN ND SALK_053389C mida10
MIDA11 AT2G46070 MPK12 1.679 S Lee et al. MPK12RNAi-9 mida11-1
(2009) (Lee et al., 2009)
MIDA11 AT2G46070 MPK12 1.679 S Lee et al. MPK12RNAi-17 midal1-2
(2009) (Lee et al., 2009)
MIDA12 AT1G05510 UNKNOWN -25 UNK ND SALK_117754 midail2
MIDA13 AT5G45690 UNKNOWN —1.705 UNK ND SALK_145109 mida13

The corresponding mutant lines isolated from SALK or SAIL, and the previously identified mutants are indicated together with their mida nomenclature.
Functional categories: G/D, growth/development; H, hormone; S, signaling; S/D, stress/defense; TXN, transcription; UNK, unknown.

ND, not determined.

the hypocotyl (represented by horizontal red dashed dotted lines
in Figure 2). In addition, given the variation in gene expression
during dark development (see Supplemental Figures 3 and 4E
online), which suggests that the action of PIF3-regulated genes
might have variable relevance during the process of skotomor-
phogenesis, we required that the statistically significant differ-
ences and FC cutoffs had to be met in at least 2 d. Together,
based on these three defined criteria (P value, FC, and time of
action), mutations in four genes caused apparent photomorpho-
genic seedling phenotypes in the dark (Figure 2): mida9 and
midal10 showed enhanced hook unfolding, whereas midai1
displayed shorter hypocotyls, and mida7-OX had more sepa-
rated cotyledons. These results suggest branching of the signal
that PIF3 relays through the MIDAs to regulate specific aspects
of the deetiolation response. Figures 3 and 4 show a more
detailed characterization of these mida mutants (see below).

MIDA9 and MIDA10 Are Novel Repressors of Hook Unfolding

Figure 3 shows the mida9 and mida10 phenotypes, together with
a more detailed characterization of the mida mutants, a diagram
of the MIDA gene that indicates the position of the T-DNA
insertion, and an RNA gel blot that confirms the disruption of the
transcript in the mida mutant. A bar graph showing the FC
difference in expression in the pif3 mutant compared with the
wild type in the dark is also included.

For MIDA9, a PIF3-repressed gene (Figure 3C), we identified a
T-DNA insertional allele, designated mida9-1, that carries a T-DNA
insertion in the first exon, from the Syngenta Arabidopsis Insertion
Library (SAIL) collection (Figure 3A, Table 1). The mida9-1 allele
produced no detectable MIDA9 transcript and is therefore likely a
null (Figure 3B). Hook unfolding phenotypes of two mutant siblings
compared with a wild-type sibling and with Col-0 showed that the

mida9 mutant exhibited enhanced hook unfolding after 2, 3, and 4
din the dark (Figures 3D and 3E). Similar results were obtained for
a second null mutant allele of MIDA9 (mida9-2) (Table 1; see
Supplemental Figure 7 online). MIDA9 encodes a previously
uncharacterized type 2C phosphatase, predicted to be nuclear,
belonging to the D clade of type 2C phosphatases in Arabidopsis
(Schweighofer et al., 2004). Based on these results, we conclude
that MIDA9 is a PIF3-repressed repressor of photomorphogenesis
in the dark with a specific role in hook unfolding.

For MIDA10, a PIF3-induced gene (Figure 3H), we identified a
T-DNA insertional allele designated mida10-1 from the SALK
collection (Alonso et al., 2003; http://signal.salk.edu) that carries
a T-DNA insertion in the second exon (Figure 3F, Table 1). The
mida10-1 allele produced no detectable MIDA10 transcript and
is therefore likely a null (Figure 3G). Hook unfolding phenotypes of
a wild-type sibling and two mutant siblings compared with Col-0
show the enhanced hook unfolding of the mida70 mutant after 3
and 4 d in the dark (Figures 3l and 3J). MIDA10 encodes B-BOX
CONTAINING PROTEIN 23 (BBX23) (Datta et al., 2008; Khanna
etal., 2009). BBX23/MIDA10 belongs to a clade among the B-Box
family of proteins that consists of eight genes, with several of its
related members previously implicated in light-dependent devel-
opment (Datta et al., 2008 and references therein; Khanna et al.,
2009). Based on these results, we conclude that BBX23/MIDA10
is a PIF3-induced repressor of photomorphogenesis in the dark
with a specific role in hook unfolding. For simplicity, we refer to
BBX23/MIDA10 as MIDA10 hereafter.

MIDA11 Is a Novel Regulator of Hypocotyl Elongation

midal1 is a previously published dexamethasone (DEX)-
inducible RNAI line (Table 1) (Lee et al., 2009). It was originally
shown to have a phenotype in root elongation under continuous
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Figure 2. Functional Characterization of Arabidopsis mida Mutants Defective in PIF3 Target Genes Identifies Four Novel Regulators of Seedling
Deetiolation.

Hook unfolding angle (left), cotyledon separation angle (middle), and hypocotyl length (right), displayed by 2- (top), 3- (middle), and 4-d-old (bottom) mida
mutant lines. A total of 30 seedlings were used for measurements, and values were normalized to the corresponding wild-type (WT) sibling (see
Supplemental Data Set 5 online for primary data and statistical analysis). For each mida line, a corresponding wild-type sibling was used as control to
calculate the P value and FC difference (see Methods and Supplemental Data Set 5 online for further details). In the bar graph, measurements for mida
mutant lines are expressed as a FC with respect to their wild-type sibling, whereas error bars represent the variation (S) of this FC response of at least 30
seedlings (see Supplemental Data Set 5 online). For comparison purposes, a wild type set at unity is shown as reference (shown as horizontal dashed line).
The pif3 mutant is also included as reference. Based on statistical difference (P value < 0.05) (marked with an asterisk in the graph) together with a FC
relative to the corresponding wild type greater than 40% for hook, and/or 80% for cotyledon, and/or 20% for hypocotyl (these cutoff percentage values are
indicated by a dashed dotted line) in at least two of the 3 d assayed, four mida lines were determined to display a partial photomorphogenic phenotype in the
dark: mida9 and mida10 display partially open hooks, mida11 displays short hypocotyls, and mida7-OX displays partially separated cotyledons. The actual
degrees of aperture or the length of the hypocotyl of an average wild-type response from the multiple experiments is indicated as reference on the top of
each graph (see Supplemental Data Set 5 online for the calculation). The mida9 and mida11 mutant alleles used were mida9-1 and mida11-2, respectively.
[See online article for color version of this figure.]

white light (WLc) (Lee et al., 2009). Figure 4B shows the effect of Based on these results, we conclude that MPK12/MIDA11 is a
DEX on the amount of MIDAT11 transcript in the wild type and two PIF3-repressed repressor of photomorphogenesis in the dark
independent mida11 (mida11-1 and mida11-2) dark-grown with a specific role in hypocotyl elongation. For simplicity, we
seedlings, indicating that mida71 has reduced levels in the refer to MPK12/MIDA11 as MIDA11 hereafter.

dark (a 60 to 80% reduction compared with the wild type) in
the presence of DEX. DEX application induced a hypocotyl
phenotype in both mida11 RNAI lines compared with the control
Col-0 treated with DEX (Figures 4C and 4D). MIDA11, a PIF3- mida1-OX is a previously published HYDROXYSTEROID DEHY-
repressed gene (Figure 4A), encodes a MAP kinase (MPK12) that DROGENASE 1 (HSD1) overexpressor line (Table 1) (Li et al.,
has been proposed to regulate auxin signaling (Lee et al., 2009). 2007). It was originally shown to exhibit a growth phenotype in

MIDAT1 Is a Novel Regulator of Cotyledon Separation
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Figure 3. MIDA9 and MIDA10 Are Novel Repressors of Hook Unfolding in the Dark.

(A) The mutation identified in Arabidopsis MIDA9. The T-DNA insert in mida9-1 is indicated at position +4 bp relative to the ATG.

(B) RNA gel blots of 2-d-old, dark-grown Col-0, mida9-1.1, and mida9-1.2 mutant seedlings, and a corresponding mida9-1 wild-type (WT) sibling. No
MIDA?9 transcript was detected in mida9-1, indicating that it is likely a functional knockout mutant.

(C) Bar graph of microarray data showing the FC in MIDA9 expression in pif3 relative to the wild-type in the dark. Data correspond to biological
triplicates, and bars indicate SE.

(D) Visual hook phenotype of 3-d-old, dark-grown Col-0, wild-type sibling, and mida9-1 mutant seedlings.

(E) Quantification of hook angle in mida9-1 compared with Col-0 and a wild-type sibling line after 2, 3, and 4 d of growth in the dark (dD) after
germination. Data represent the mean and SE of at least 30 seedlings, and asterisks indicate statistically different mean values compared with their
corresponding wild type.

(F) The mutation identified in Arabidopsis MIDA10. The T-DNA insert in mida10-1 is indicated at position +524 bp relative to the ATG.

(G) RNA gel blot of 2-d-old, dark-grown Col-0, mida10-1.1, and mida10-1.2 mutant seedlings, and a corresponding mida10-1 wild-type sibling. No
MIDA10 transcript was detected in mida10-1, indicating that it is likely a functional knockout mutant.

(H) Bar graph of microarray data showing the FC in MIDA10 expression in pif3 relative to the wild type in the dark. Data correspond to biological
triplicates and bars indicate SE.

(I) Visual hook phenotype of 3-d-old dark-grown Col-0, a wild-type sibling, and mida10-1 seedlings.

(J) Quantification of hook angle in mida10 compared with Col-0 and a wild-type sibling line after 2, 3, and 4 d of growth in the dark after germination. Data
represent the mean and SE of at least 30 seedlings, and asterisks indicate statistically different mean values compared with their corresponding wild type.
[See online article for color version of this figure.]

adult plants grown in WLc conditions (Li et al., 2007). Figure 4F that HSD1/MIDA1 is a PIF3-induced inducer of photomorpho-

shows the expression levels of HSD1/MIDAT in two overexpres-
sor lines grown in the dark, indicating that mida7-OX exhibits
increased levels of HSD1/MIDAT1 in the dark (between 1.5-fold to
fourfold compared with the wild type). Enhanced cotyledon
separation in these two overexpressor lines compared with
Col-0 after 2, 3, and 4 d in the dark is shown in Figures 4G and
4H. HSD1/MIDA1, a PIF3-induced gene (Figure 4E), has been
proposed to encode an enzyme involved in brassinosteroid (BR)
synthesis (Li et al., 2007). Based on these results, we conclude

genesis in the dark with a specific role in cotyledon separation.
For simplicity, we refer to HSD1/MIDA1 as MIDA1 hereafter.

Light-Responsiveness of PIF3-Regulated Genes in the Dark

The above data are summarized in Supplemental Table 1 online
and suggest that PIF3 action in the dark involves the induction of
MIDA10 and MIDAT1, a negative and a positive regulator of
photomorphogenesis, respectively, and the repression of MIDA9
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Figure 4. MIDA11 Is a Novel Inducer of Hypocotyl Length and MIDA1 Is
a Novel Regulator of Cotyledon Separation in the Dark.

(A) Bar graph of microarray data showing the FC in MIDA11 expression in
pif3 relative to the wild type in the dark. Data correspond to biological
triplicates, and bars indicate SE.

(B) gRT-PCR analysis of 2-d-old, dark-grown Col-0 and mida171-1 and
mida171-2 mutant seedlings grown in the presence of DEX. Expression
levels were normalized to PP2A as described previously (Shin et al.,
2007) and expressed relative to the wild-type value set at unity. MIDA11
transcript levels were reduced ~80% in the two lines used, confirming
that MIDA11 expression is suppressed by the DEX-induced RNAI in dark
conditions. mida11-1 and mida11-2, two independent RNAI lines, were
obtained from Lee et al. (2009) (Table 1). Error bars represent SE values of
technical triplicates.

(C) Visual hypocotyl phenotype of 3-d-old dark-grown Col-0 and
mida11-1 and mida11-2 seedlings in the presence of DEX.

(D) Quantification of hypocotyl length in mida11 compared with Col-0
after 2, 3, and 4 d of growth in the dark (dD) after germination in the
presence of DEX. Data represent the mean and SE of at least 30
seedlings, and asterisks indicate statistically different mean values
compared with their corresponding wild type.

and MIDA11, both negative regulators of photomorphogenesis in
the dark (Figures 2 to 4). These data provide a complex and
somewhat contradictory picture of how PIF3 might exert its
function as a repressor of photomorphogenesis. To further
analyze how this complex regulatory network might participate
during seedling deetiolation, we next addressed the question of
how the rapid phy-induced degradation of PIF3 (and other PIFs)
upon illumination of dark-grown seedlings might affect the
expression of the four identified MIDAs.

To do this, we reanalyzed the light data from the same
microarray experiment (wild type after 1 h of Rc [R1 h], included
in Monte et al., 2004, and the previously unpublished wild type [E.
Monte and P. Quail, unpublished data] after 18 h of Rc [R18 h]),
using the Rosetta Resolver software for consistency (see
Methods). We defined early (R1 h) and late (R18 h) red light—
responsive genes as genes that display SSTF alterations when
comparing the wild type after 1 h of Rc (R1 h) versus the wild type
kept in darkness for 1 h (D1 h) and the wild type after 18 h of Rc
(R18 h) versus the wild type kept in darkness for 18 h (D18 h),
respectively. We identified 546 R1 h SSTF genes and 2764 R18 h
SSTF genes in our experiment. Supplemental Data Sets 6 and 7
online show the gene lists containing R1 h SSTF and R18 h SSTF
genes, respectively. We then compared the genes displaying
SS1.5F-HC alterations in pif3 after 4 d in darkness (pif3-D) with
genes displaying SSTF alterations in the wild type after R1 h and
after R18 h. This comparative analysis is presented in Supple-
mental Analysis 4, the associated Supplemental Figure 8, and
Supplemental Data Set 8 online; see also Supplemental Refer-
ences 1 online. Notably, 67 % of pif3-D genes were light-responsive
at R1 h and/or R18 h, with 83.6% of these responding to Rc
later than 1 h after illumination (see Supplemental Figure 8A and
Supplemental Analysis 4 online).

To establish the light-responsive kinetics of the four MIDA
genes identified to have a role in deetiolation (Figures 3 and 4), we
combined the R1 h and R18 h microarray information for each
gene (see Supplemental Figure 9 online) with a detailed time-

(E) Bar graph of microarray data showing the fold change in MIDA1
expression in pif3 relative to the wild type in the dark. Data correspond to
biological triplicates and bars indicate SE.

(F) gRT-PCR analysis of 2-d-old, dark-grown wild type and mida7-OX
mutant seedlings. Expression levels were normalized to PP2A as
described previously (Shin et al., 2007) and expressed relative to the
wild-type value set at unity. MIDAT transcript was overexpressed in
mida1-OX-1.1 and mida1-OX-1.2, confirming that the lines overexpress
MIDAT1 in dark conditions. Overexpressor mida1-OX-1.1 and mida1-OX-
1.2 lines (represented in the figure as 10X-1.1 and 10X-1.2, respectively)
are two siblings from a transgenic line obtained from Li et al. (2007) (Table
1). Error bars represent SE values of technical triplicates.

(G) Visual cotyledon phenotype of 2-d-old, dark-grown Col-0 and mida1-
OX-1 seedlings.

(H) Quantification of cotyledon angle in mida7-OX-1 (represented as
10X-1 in the figure) compared with Col-0 after 2, 3, and 4 d of growth in
the dark after germination. Data represent the mean and SE of at least 30
seedlings, and asterisks indicate statistically different mean values
compared with their corresponding wild type.

Bar in (C) = 5 mm.

[See online article for color version of this figure.]



course gRT-PCR analysis of 2-d-old dark-grown wild-type seed-
lings exposed to Rc for increasing periods of time (Figure 5A).
Our results show that light triggers an immediate early response
of the MIDA10 transcript, with a 10-fold light repression at 1 h
compared with dark levels, and reaches almost nondetectable
levels after 12 h of Rc exposure (Figure 5A). MIDA1 also responds
early with a sixfold induction after 2 h of Rc exposure in 2-d-old
dark-grown seedlings (Figure 5A). This induction of MIDAT in
light conditions is transient, and transcript levels return to dark
levels after 6 h of irradiation (Figure 5A). Finally, Rc triggers a
twofold induction of MIDA9 and MIDA11 transcripts relative to
their dark control after 3 and 6 to 9 h, respectively (Figure 5A), an
induction that decreases again after 18 h of Rc (see Supplemen-
tal Figure 9 online). For all four genes, expression levels in the pif3
mutant kept in the dark during this time showed little variation
(Figure 5A). These qRT-PCR results validate and expand on the
microarray data at R1 h and R18 h for these genes (see Supple-
mental Figure 9 online), and together indicate that the rapid phy-
induced degradation of PIF3 triggers a light response in all four
MIDA genes in the wild type that is in the same direction as the
alteration in expression caused by PIF3 deficiency in the dark:
One is light-repressed (MIDA10), and three are light-induced
(MIDA9, MIDA11 and MIDAT). In addition, these results indicate
that PIF3 degradation triggers an early light response in MIDA10
and MIDAT and a late light response in MIDA9 and MIDA11
(Figure 5A). Altogether, these data suggest that the MIDA factors
induced by light (MIDA9, MIDA11, and MIDA1) might not only
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have a role during skotomorphogenesis in the dark but also
function during deetiolation either early (after 1 to 3 h of Rc) and/
or late (after more than 3 h of Rc) once the seedling has been
exposed to light.

Participation of the MIDAs in the Seedling Responses
to Light

We examined the phenotypes of mida9, mida10, midai1, and
mida1-OX in the dark-to-Rc transition. Figure 5B shows the
results for each of the mutants. For mida10, 2-d-old etiolated
seedlings show a weak unfolded hook phenotype in the dark
(Figures 2, 3J, and 5B), and exposure to light accelerates the
hook opening response compared with the corresponding wild
type, resulting in an aperture of 40° after 3 h (Figure 5B). These
results suggest that MIDA10 acts as a repressor of hook opening
during the initial deetiolation response, consistent with its role as
a hook repressor in the dark (Figures 2, 3, and 3J) and its rapid
degradation upon exposure to light (Figure 5A). For mida1-OX,
the differences in cotyledon separation between the mutant and
the wild type in the dark (Figures 2, 4G, 4H, and 5B) are larger in
response to Rc (Figure 5B): Cotyledons in 2-d-old wild-type
seedlings are basically appressed in the dark (10° aperture) and
start responding to light 12 h after Rc exposure, to reach an
aperture of 80° after 24 h of illumination. By contrast, the
cotyledons of mida7-OX are partially separated in the dark
(80°, threefold the wild-type aperture), start responding to Rc

0 36 91215
2dD+Rc (h)

24 24

2dD+ Re (h)

Figure 5. Light-Responsiveness of MIDA Gene Expression and Phenotypic Characterization of mida Mutants during the Dark-to-Light Transition.

(A) Light-responsiveness of selected PIF3-regulated MIDA genes in dark-grown wild-type (WT) seedlings exposed to Rc (8 wmol/m2/s). Wild-type
siblings were exposed to Rc for increasing periods from 0 (dark control) to 12 h, and expression levels were assayed by gRT-PCR, normalized to PP2A
as described previously (Shin et al., 2007), and expressed relative to the Col-0 dark value set at unity. Expression levels in the pif3 mutant in the dark are
indicated with a dashed line for comparison. The expression level in Col-0 maintained in the dark for 12 h is indicated in the graph with an X. Error bars

correspond to SE values of technical triplicates.

(B) Time-course quantification of hook opening (mida9 and mida10), cotyledon separation (mida7-OX), and hypocotyl growth (mida17) (in the presence
of DEX), of 2-d-old, dark-grown wild type (WT) (solid lines) and mida mutant seedlings (dashed lines) during the dark-to-red light transition. Data

represent the mean and SE of at least 30 seedlings.
[See online article for color version of this figure.]
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earlier than the wild type (after only 3 h of illumination), and reach
an angle of 140° after 24 h of Rc. These results indicate that
MIDA1 functions as an inducer of cotyledon separation during
early deetiolation, consistent with the observed phenotype of
mida1-OX in the dark (Figures 2, 4G, and 4H) and with the rapid
MIDAT1 induction in response to Rc (Figure 5A). For mida9, our
results showed more open hooks in mida9 mutants compared
with the wild type over the time-course analysis in response to
light (Figure 5B). This effect is difficult to attribute specifically to
light, given that mida9 hooks are already opened in the dark
(Figures 2, 3D, 3E, and 5B), similar to the hook response of pif
mutants in the dark and in the dark-to-light response (Leivar
et al., 2008b). Alternative evidence of a role for MIDA9 in hook
repression in the light was obtained by growing seedlings con-
tinuously in low far-red light (FR) (see Supplemental Figure 10
online). In these conditions, the wild-type hooks are only partially
opened after 4 d (aperture of 120°), and the hooks of mida9
seedlings are wider open (160°) (see Supplemental Figure 10
online). These data suggest a role for MIDA9 as a repressor of
hook unfolding in the dark (Figures 2, 3D, and 3E) and in the light,
consistent with the observed phenotype of mida9 in the dark
(Figures 2, 3D, and 3E) and with the MIDA9 induction in response
to light (Figure 5A). Finally, for the DEX-inducible mida11, the
differences in hypocotyl length between the mutant and the wild
type in the dark (Figures 2, 4C, and 4D) increase in response to
Rc in the presence of DEX (Figure 5B). Whereas the wild-type
seedlings grow from 2.4 mm in the dark to 6.2 mm after 24 h of
Rc, mida11 seedlings grow from 1.9 mm in the dark (20% shorter
than the wild type) to only 4.4 mm after 24 h of Rc (30% shorter
than the wild type at the same time point) (Figure 5B). Hypocotyl
elongation rate in mida11 compared with the wild type seems to
be progressively affected over time after the first 3 h of light
exposure (Figure 5B). As a control, etiolated mida11 seedlings
grown in the absence of DEX showed no difference in hypocotyl
length in the dark or in the transition to light compared with the
control (see Supplemental Figure 11 online). These results
indicate that MIDA11 functions as a repressor of hypocotyl
elongation inhibition in the dark-to-light transition (Figure 5B),
with a more prominent role after 3 h of light exposure, consistent
with the observed phenotype of mida11 in the dark (Figures 2,
4C, and 4D) and with the induction of MIDA11 in response to Rc
(Figure 5A).

Altogether, our data suggest that the apparent contradiction of
having PIF3 in the dark induce MIDA10 and MIDA1, a negative
and a positive regulator of photomorphogenesis, respectively,
and repress MIDA9 and MIDA11, both negative regulators, can
be explained if one considers the early or late light responsive-
ness of these MIDA factors as well as their time of action in the
dark-to-light transition. A summary of the above data regarding
light responsiveness of the four MIDA genes and light pheno-
types of their mida mutants, integrated with the results of our
previous analysis of the expression of each gene in seedlings
grown in the dark, is shown in Supplemental Table 1 online. For
MIDA10, these data suggest a simple scenario, where early PIF3/
phy-mediated light repression allows the rapid removal of a dark
hook repressor, which facilitates the rapid hook unfolding that
occurs during the initiation of deetiolation. Likewise, for MIDA1,
the early PIF3/phy-mediated induction upon exposure of the

seedling to light allows for the rapid accumulation of a cotyledon
separation inducer, which contributes to cotyledon separation
during the initiation of deetiolation. Given that mida7-OX is an
overexpressor mutant line (Figure 4F), the high levels of MIDA1 in
this mutant in the dark compared with those of the wild type
possibly mimic the levels reached in the wild type after light
induction, and mida7-OX mutant seedlings display a phenotype
of separated cotyledons in the absence of light. Also, the
transient nature of its light induction suggests that after a few
hours of illumination, the expression of MIDAT1 is repressed to
stop its cotyledon separation action. MIDA10 and MIDA1 might
therefore participate in the dark and/or the early (1 to 3 h of Rc)
steps of deetiolation induction of hook unfolding and cotyledon
separation. By contrast, MIDA9 and MIDA11 are both repressors
of photomorphogenesis (specifically of hook opening and of the
inhibition of hypocotyl elongation, respectively) that are late light-
induced (after 3 to 6 h of Rc) and seem to function not only in the
dark but also during deetiolation, once the seedling has been
exposed to light (Figure 5B).

Interestingly, our unexpected finding that the seedlings pos-
sess photomorphogenesis repressors (MIDA9 and MIDA11) that
are late light-induced (after 3 to 6 h of Rc), is consistent with the
existence of a PIF3/phy-mediated regulatory response in the
deetiolation process that might function after deetiolation is
initiated. This late (after 3 to 6 h of Rc) regulatory response could
represent a mechanism for the seedling to moderate the rapid
initial response.

PIF3 Together with Other PIFs Prevent an Exaggerated
Inhibition of Hypocotyl Elongation and Cotyledon
Separation in Response to Light

PIFs have been previously reported to be negative regulators of
hypocotyl elongation in Rc conditions, with PIF-deficient mu-
tants showing hypersensitivity to Rc (Hug and Quail, 2002; Kim
et al., 2003; Fujimori et al., 2004; Monte et al., 2004; Khanna et al.,
2007; de Lucas et al., 2008; Leivar et al., 2008a). However, a
possible role for the PIFs in the regulation of hypocotyl inhibition
in the initial dark-to-light transition has not been explored. We
examined the inhibition of hypocotyl elongation in pif3 and pif3
pif4 pif5 mutants. Figure 6A shows that dark-grown wild-type
seedlings respond to the light trigger by inhibiting hypocotyl
elongation and reducing the hypocotyl growth rate. Red light has
been shown to induce inhibition of hypocotyl growth in dark-
grown seedlings exposed to Rc during the first 3 h of illumination,
effectively slowing down the hypocotyl growth rate (Parks and
Spalding, 1999). This inhibition begins to decrease after 3 h of
irradiation, and seedlings in red light keep growing at a reduced
speed compared with seedlings maintained in darkness (Parks
and Spalding, 1999). In accordance, our results show that the
wild-type hypocotyls elongate from 3.8 mm to 8 mm 24 h after
exposure to Rc, whereas seedlings kept in the dark maintain a
more constant hypocotyl growth speed and reach 9.6 mm
(Figure BA). Strikingly, pif3 pif4 pif5 seedlings almost completely
stop elongating after exposure to light (Figure 6A). This pheno-
type suggests that there is an exaggerated inhibition of hypocotyl
elongation during deetiolation in the absence of PIF3, PIF4, and
PIF5. pif3 pif4 pif5 mutants maintained in the dark during this
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Figure 6. PIF-Regulated Transcriptional Network.

(A) to (C) Dark-grown PIF-deficient seedlings exhibit an exaggerated response to Rc (8 wmol/m?/s).

(A) Time-course quantification of hypocotyl length of 2-d-old dark-grown Col-0 and pif3 pif4 pif5 seedlings kept in the dark (dashed lines) or during the
dark-to-light transition (solid lines) for 24 h. Data represent the mean and SE of at least 30 seedlings.

(B) Visual phenotype of 2-d-old, dark-grown Col-0, pif3, and pif3 pif4 pif5 seedlings exposed to 0, 1, or 5 d of Rc.

(C) Time-course quantification of cotyledon separation of 2-d-old, dark-grown Col-0, pif3, and pif3 pif4 pif5 seedlings during the transition to Rc light for
5 d. Data represent the mean and Sk of at least 30 seedlings.

(D) Simplified schematic model depicting the branching in the signaling that PIF3 relays to regulate specific aspects of deetiolation, like cotyledon
separation, hook opening, and hypocotyl inhibition through the MIDAs.

(E) and (F) Simplified schematic model depicting the PIF3-dependent MIDA transcriptional network that regulates seedling deetiolation in response to
phy-mediated light signals. PIF3 acts constitutively in darkness as either a transcriptional repressor or activator, resulting in the regulation of MIDA gene
expression. Phy-mediated, light-induced degradation of PIF3 triggers reversal of PIF3 action on MIDA genes that are early (E) or late (F) light-
responsive. Early (1 h) light-responsive genes rapidly initiate deetiolation in response to phy-mediated PIF degradation (E), acting either as light-induced
inducers (such as MIDAT) or light-repressed repressors (such as MIDA10) of deetiolation. By contrast, late (3 to 6 h) light-responsive genes (F) have the
opposite function to slow down and fine-tune the initial response and optimize seedling deetiolation, as exemplified here by MIDA9 and MIDA11.

period kept growing at the same rate (Figure 6A). Single pif3
mutants exhibit only a marginal phenotype after exposure to Rc
(see Supplemental Figure 12A online), suggesting that PIF3
might be redundant to other PIFs, including PIF4 and PIF5, in
the regulation of hypocotyl elongation during the dark-to-light
transition, as has previously been described for skotomorpho-
genesis in the dark (Bae and Choi, 2008; Leivar et al., 2008b).
PIF-deficient mutants have also been shown to have more
separated cotyledons during the dark-to-light transition, a phe-
notype that is partially established in the dark, and reach a
maximum angle of 180° during the first 24 h of illumination (Leivar
et al., 2008b). Closer examination of pif3 pif4 pifs5 mutant seed-
lings during extended Rc exposure after 2 d of dark growth

reveals a striking cotyledon overseparation in response to light.
The cotyledons of the wild-type seedlings separate to ~100°
after 24 h of exposure to Rc (Figures 6B and 6C). This fast
response is followed by a slower response over the next 3 d of
growth in Rc, when cotyledons reach a maximum angle of 185°
(i.e., perpendicular to the hypocotyl), effectively maintaining an
optimum angle for light perception (Figures 6B and 6C). The
cotyledons of the wild-type seedlings kept in darkness for this
time period remain appressed (see Supplemental Figure 12B
online). Compared with the wild-type seedlings, pif3 pif4 pif5
mutants exhibit partially separated cotyledons in the dark (60°),
as previously described (Leivar et al., 2008b), and have a fast
initial response during the first 24 h of light exposure that is similar
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in magnitude to the wild-type response, reaching a cotyledon
separation of 200° (Figures 6B and 6C). However, in contrast with
the wild type, this fast response is maintained over the next 3 d of
growth in Rc to reach a cotyledon separation of 310° (Figures 6B
and 6C). The cotyledons of pif3 pif4 pif5 mutants maintained in the
dark during this time period open from 60° to 150° (see Supple-
mental Figure 12B online), a difference that was greatly amplified
by light (Figures 6B and 6C). The response of pif3 (which reaches a
cotyledon angle of 240°) is also greater than the wild-type re-
sponse (which reaches 185° of cotyledon aperture, as detailed
above) (Figures 6B and 6C). These results indicate that, in the
absence of PIF3, seedlings undergo exaggerated cotyledon sep-
aration in response to light, suggesting that PIF3 regulates the
inhibition of cotyledon separation. A detailed examination of pif3
pif4 pif5 also shows an overresponse during the first 24 h of
exposure to light (see Supplemental Figure 12C online), as occurs
to a lesser extent in pif3 (see Supplemental Figure 12C online)
(Leivar et al., 2008b). Together, our data indicate that the PIF
proteins have animportant role in preventing the overseparation of
cotyledons during seedling establishment, with PIF3 acting in a
partially redundant manner to PIF4 and PIF5.

DISCUSSION

Despite much progress in recent years, our understanding of
how PIFs function during seedling deetiolation is incomplete,
partly because the role of PIF target genes remains largely
unknown. In this study, we have expanded on the morphological
and molecular characterization of the pif3 mutant to identify bona
fide target genes of PIF3 action in the dark. Functional profiling of
the identified PIF3-target genes suggests branching of the
signaling that PIF3 relays to regulate specific facets of deetiola-
tion, such as hypocotyl elongation, cotyledon separation, and
hook opening. The regulation of these downstream organ-specific
targets by light is consistent with a model of PIF3/MIDA action that
enables an initial fast response to the light and subsequently
prevents overresponses to the light trigger.

Branching of PIF3 Signaling through Four Novel
PIF3-Regulated MIDA Factors to Regulate Different
Facets of Seedling Development in the Dark

Our analysis of PIF3-regulated gene expression in etiolated
seedlings shows that, in darkness, PIF3 regulates 82 genes
(Figure 1; see Supplemental Figure 1 online). With the objective
of determining to what extent these PIF3-regulated genes are
necessary for transducing the PIF3 signal during seedling
deetiolation, we selected 13 PIF3 target genes (MIDA1 to
MIDA13) based on their predicted function for systematic
analysis of mutant phenotypes (Table 1). Our phenotypic data
analysis determined that four of the MIDA genes mutagenized
in this study (MIDA9, MIDA10, MIDA11, and MIDAT) exhibit
significant perturbation of the etiolated phenotypes and repre-
sent novel regulators of seedling development in the dark
(Figure 2). Expression analyses by qRT-PCR and microarray
suggest that these MIDA factors are likely targeted by other
PIFs in addition to PIF3 (see Supplemental Figure 6 and Sup-

plemental Analysis 3 online), because their response is more
robust in pifq than in pif3.

Because this study systematically characterizes the role of
PIF3-regulated genes in the dark, it was of interest to determine
whether the mida mutants would be affected in the complete
seedling etiolation development, and/or whether we would de-
tect organ-specific actions. Based on the phenotypes of these
four mida mutants, our data indicate that there is branching in the
regulation of seedling deetiolation that PIF3 relays. Indeed,
MIDA9 and MIDA10 are necessary for hook maintenance in the
dark, whereas MIDA11 regulates hypocotyl elongation, and
MIDAT1 is involved in cotyledon separation (Figures 2, 3, and 4),
indicating that these MIDA factors have organ-specific activity.
One of these MIDA factors, MIDA10, is a negative regulator of
hook unfolding (Figures 2 and 3). MIDA10 encodes BBX23, a
previously uncharacterized member of the Arabidopsis B-box
family of transcription factors. Within this family, BBX23 forms
part of a clade of eight members, four of which (BBX21, BBX22,
BBX24, and BBX25) were previously implicated in light signaling
(Khanna et al., 2006; Datta et al., 2007; Indorf et al., 2007) and
possibly form a large complex with COP1 (Datta et al., 2008).
BBX23 might also interact directly or indirectly with COP1.
MIDAY, the second MIDA gene that participates in the regulation
of hook maintenance as a negative regulator of hook unfolding,
encodes a type 2C-phosphatase (PP2C) (Figures 2 and 3). Out of
the 76 PP2Cs identified in Arabidopsis (Schweighofer et al.,
2004), MIDA9 is the only PP2C shown to be involved in seedling
deetiolation. The third gene found to make a significant contri-
bution to seedling deetiolation, specifically in the regulation of
hypocotyl elongation, is MIDA11 (Figures 2 and 4), a gene that
encodes a MAP kinase. MIDA11 has been recently reported to
regulate auxin signaling in Arabidopsis roots (Lee et al., 2009).
Interestingly, auxin participates in the induction of fast hypocotyl
growth in dark-grown seedlings (De Grauwe et al., 2005). Also
related to hormone signaling, the fourth gene, MIDA1, encodes
HSD1, a hydroxysteroid dehydrogenase proposed to participate
in the biosynthesis of BRs (Li et al., 2007). Adult Arabidopsis
plants constitutively overexpressing HSD1 constitutively ex-
press BR response genes and display phenotypes similar to
those of plants overproducing BR or the BR receptor, BRI1; that
is, greater growth with increased branching and longer roots (Li
et al., 2007). Based on the phenotype of BR-deficient mutants,
BRs have also been shown to participate in seedling deetiolation
(Li et al., 1996; Szekeres et al., 1996). Although more investiga-
tion is required, both MIDA11 and MIDA1 might contribute to the
interplay between light and hormone signaling pathways, an
integration that is essential for the coordination of seedling
development (Halliday, 2004; Alabadi and Blazquez, 2009; Lau
and Deng, 2010). Altogether, our data indicate that PIF3 signaling
branches at a point where MIDA9, MIDA10, MIDA11, and MIDA1
regulate different organ-specific pathways that might involve
COP1 and hormone biosynthesis and/or signaling to coordinate
the deetiolation response (see model in Figure 6D). Branching of
the PIF3 signal might be achieved through differential spatial
expression patterns of these MIDA factors in specific tissues or
organs. More detailed analyses are required to assess this
possibility (Bou-Torrent et al., 2008).



Eight out of the 12 tested loci seem not to have a significant
role in regulating the hypocotyl, cotyledon, or hook responses
downstream of PIF3 in the dark (Figure 2). Possible explanations
for this lack of phenotype include: First, the expression changes
detected in pif3 for these MIDA genes might be functionally
insignificant for the etiolated seedling, and thus irrelevant for the
pif3 phenotype in the dark. Although most of these genes are also
targets of PIFq (see Supplemental Figures 4 and 6 online) and
their expression is more robustly affected in pifq, correlating with
the stronger phenotype, this remains a possibility. Second, some
of these MIDA genes might cause a detectable phenotype when
mutated, but this phenotype is not strong enough and/or
sustained for long enough along dark development to meet our
cutoff requirements for a bona fide phenotype and thus was not
considered further (e.g., mida11 and midai2 in hook opening)
(Figure 2; see Supplemental Data Set 5 online). Third, these
genes might be relevant for PIF3-imposed seedling deetiolation,
but functional redundancy with other factors ensures that dis-
ruption of a single gene does not have any phenotypic relevance.
Functional redundancy is the most common explanation for lack
of apparent phenotype, and the PIFs themselves exemplify this
possibility (Leivar et al., 2008b; Shin et al., 2009). For the MIDA
genes that lack an apparent phenotype, a search of the Arabi-
dopsis databases reveals that two (MIDA7 and MIDAS8) belong to
gene families (to the CBL-INTERACTING PROTEIN KINASE
[CIPK] and the HSD gene families, respectively), and that
MIDAS8 has another family member (MIDAT) that is also a PIF3
target (Gene Set 2) (Table 1). An assessment of possible func-
tional redundancy in these cases would require the construction
of higher-order combinations of the candidate genes. Finally,
another possibility is that these MIDA factors might specifically
affect deetiolation aspects that were not scored in our pheno-
typic analysis, such as chloroplast development or cotyledon
expansion. More detailed analyses are needed to determine why
mutation of each of these MIDA genes does not result in a dark
seedling phenotype.

Given that PIF3 binds specifically to the G-box motif (Martinez-
Garcia et al., 2000; Shin et al., 2007), we inspected the 3-kb
region upstream of the transcription start site of MIDA genes for
the presence of the G-box motif CACGTG (See Methods) to
determine whether functionally relevant MIDAs could potentially
be directly regulated by PIF3. We found that of the four MIDA
genes displaying a phenotype in the dark when mutated (MIDA9,
MIDA10, MIDA11, and MIDAT) (Figures 3 and 4), only MIDA9 had
a G-box in its promoter sequence. Three other MIDA genes
(MIDA6, MIDA8, and MIDA13) had G-boxes in their promoter
sequences, but their mutants did not display a phenotype when
examined in the dark (Figure 2), suggesting a lack of correlation in
MIDA genes between the presence of a G-box in their promoters
and the phenotypic effect in the dark when mutated.

Light Regulation of PIF3 Signaling through the
Organ-Specific MIDA Factors

Our data indicate that two of the mida mutants (mida9 and
mida10) exhibiting a similar phenotype in the dark (failure to
maintain an apical hook) correspond to genes that are both
negative regulators of hook opening and are regulated by PIF3in

Branching of PIF3 Signaling 3987

opposite directions in the dark: whereas MIDAS9 is repressed,
MIDA10 is induced by PIF3 (Figure 3, Table 1). This finding
prompted us to hypothesize that this apparent contradiction
might reflect the scenario played out once the wild-type etiolated
seedling is exposed to light and PIF3 is degraded, rather than
being a dark-specific phenomenon. A combination of Rc micro-
array data and detailed time courses analyzed by gRT-PCR
(Figure 5; see Supplemental Figures 8 and 9 online) indicated that
MIDA10is an early (1 h) light-repressed gene whose repression is
maintained after 18 h of Rc, whereas MIDA1 is early and
transiently induced by light, and MIDA9 and MIDA11 show late
light-induction after 3 to 6 h of Rc illumination (Figure 5; see
Supplemental Figures 8 and 9 online). Our data show that these
MIDA genes do not respond to light exposure simultaneously but
rather in at least two temporally separated responses: one early
(after 1 to 3 h of Rc) (MIDA10 and MIDAT), and one late (after 3 to
6 h of Rc) (MIDA9 and MIDA11). These data suggest that these
MIDA factors that have a role in organ-specific seedling deetio-
lation might exert their function at different times, with those
induced by light (MIDA9, MIDA11, and MIDAT) possibly extend-
ing their action beyond the dark period. Indeed, when we
examined these mida mutants phenotypically in dark-to-red
time courses, we detected that they also have defects in the
deetiolation response upon Rc exposure (Figure 5B). Our data
indicate that MIDA11 is a negative regulator of hypocotyl elon-
gation inhibition both in the dark and upon illumination, MIDA1 is
a positive regulator of cotyledon separation in the dark and
during the first hours of red light illumination, and MIDA10 is a
negative regulator of hook opening in the dark and in the early
initiation of deetiolation. Furthermore, MIDA9 is a negative reg-
ulator of hook opening in the dark and during deetiolation, with a
role that might be more prominent after 6 h of irradiation.

PIFs have been described as repressors of photomorphogen-
esis in the dark (Bae and Choi, 2008; Leivar et al., 2008b). The
current model proposes that PIF action in the dark is exerted
through the regulation of the expression of hundreds of genes by
inducing presumptive repressors and by repressing presumptive
inducers of photomorphogenesis, a function that is reversed by
phy-induced PIF-degradation in response to light (Leivar et al.,
2009; Shin et al., 2009). The functional profiling of PIF3-induced
and -repressed genes presented here suggests an additional
layer of complexity by which the PIF-phy system regulates
deetiolation. Our data indicate that, in the dark, PIF3 both up-
and downregulates inducers as well as repressors of photomor-
phogenesis, inducing the repressor MIDA10 and the inducer
MIDA1, and repressing the repressors MIDA9 and MIDA11 (see
Supplemental Table 1 online). A model for the phy/PIF/MIDA
mode of action is shown in Figures 6E and 6F. Given the partially
deetiolated phenotype of pif3- in the dark, these findings suggest
that the PIF system maintains a balance of inducer and repressor
factors in the dark, with a preponderance of photomorphogen-
esis repressor activity, to maintain the etiolated state of the
seedling in darkness. This action would be rapidly reversed upon
light-induced degradation of the PIFs, shifting this balance to a
dominance of photomorphogenesis inducer activity to initiate
deetiolation. Accordingly, during this early and rapid initiation of
seedling deetiolation (after 1 to 3 h of Rc), our data show that the
repressor MIDA10 is repressed in response to light, whereas the
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inducer MIDA1 is induced by light. Furthermore, some of these
MIDA regulators (MIDA9 and MIDA11) are late light-induced
(after 3 to 6 h of Rc) (Figure 5A), suggesting that they act beyond
the dark state and beyond the initial deetiolation trigger. Given
that MIDA9 and MIDA11 correspond to repressors of photomor-
phogenesis (Figures 2, 3, and 5B) and that their induction takes
place simultaneously with the late light repression of early
inducers, such as MIDA1 (Figure 5A), our findings suggest that,
after a few hours of illumination, once deetiolation is underway,
the seedling again accumulates repressors of photomorphogen-
esis. These results are consistent with a scenario in which PIF3
regulates not only the rapid initial deetiolation trigger but also a
subsequent counteractive response to prevent overresponses to
light. In accordance, our data reveal that pif3 and, to a greater
extent, pif3 pif4 pif5 are affected in the moderation of the initial
light trigger and exhibit exaggerated cotyledon separation and
inhibition of hypocotyl elongation, effects that are apparent after
1 to 2 d of Rc for cotyledon separation or after a few hours of
illumination for hypocotyl response (Figures 6A to 6C). These
data suggest that PIF3, together with other PIFs, such as PIF4
and PIF5, signal beyond the initial light trigger and exert a late
repressive action to avoid excessive cotyledon separation and
hypocotyl elongation inhibition. This late action is in apparent
discrepancy with the rapid degradation of PIF3 in the light (Bauer
et al., 2004; Monte et al., 2004; Park et al., 2004; Al-Sady et al.,
2006). The late action of PIF3 could occur indirectly through
secondary downstream targets and/or be exerted by the re-
maining light-stable pool of PIF3 (~10% of the levels in the dark)
after the initial degradation (Monte et al., 2004). This late PIF-
mediated process seems likely to be fundamental for seedling
survival during the initial exposure to light. For example, it
ensures that the cotyledons separate rapidly and are maintained
at an angle parallel to the soil, optimal for light perception
(Figures 6B and 6C). The existence of mechanisms that prevent
overresponsiveness to the initial stimulus is an emerging theme
in the regulation of responses to light, as has been described in
the shade avoidance syndrome (Sessa et al., 2005) and, more
recently, in responses to FR light (Li et al., 2010).

In conclusion, this study identifies downstream branching of
PIF3 signaling as a means to optimize seedling deetiolation. We
show that regulation of novel MIDA factors by the phy/PIF system
enables the seedling to repress photomorphogenesis in the dark
and respond optimally to light by regulating the abundance of
positive and negative regulators of specific facets of photomor-
phogenesis, such as hypocotyl elongation, hook unfolding, and
cotyledon separation. It will be of interest to determine how this
regulation is achieved in the seedling by identifying additional
PIF3-regulated components and the direct targets of PIF3 that
orchestrate these organ-specific responses.

METHODS

Plant Material, Seedling Growth, and Measurements

T-DNA lines in the ecotype Col-0 background were identified by search-
ing the Salk Institute Genomic Analysis Laboratory database (Alonso
et al., 2003) (http://signal.salk.edu/cgi-bin/tdnaexpress). When possible,
insertions within the promoter or in the 5’-region of the gene were favored

as specified in Table 1. Homozygous T-DNA insertion lines and wild-type
siblings were identified using PCR with T-DNA- and gene-specific
primers designed using the iSct Primers tool available in the Salk Institute
Genomic Analysis Laboratory website. The primer sequences for each
line can be found in Supplemental Table 2 online. For phenotypic
analyses, two sibling mutant lines were compared with a wild-type sibling
line and with the Col-0 controls. Wild-type and mutant seedlings were
plated on GM medium without Suc as previously described (Monte et al.,
2003). Seedlings were then stratified for 4 d at 4°C in darkness, induced to
germinate with 3 h of WLc, and then placed in the dark for the indicated
period of time. For hypocotyl, hook, and cotyledon measurements,
seedlings grown for 2, 3, and 4 d were arranged horizontally on a plate
and photographed using a digital camera (Nikon D80). Measurements
were performed using NIH Image software (Image J, National Institutes of
Health), as described before (Leivar et al., 2008b). Hook angle was
measured as the angle between the hypocotyl and an imaginary line
between the cotyledons, and cotyledon angle was measured as the angle
between the central axes of the two cotyledons. Measurements of at least
30 seedlings for each mutant line were tested using Excel (Microsoft) for
statistically significant differences with the wild-type sibling controls. P
values were determined by Student’s t test (equal variance, two-tailed
distribution), and values below P = 0.05 were considered statistically
significant for differences in hypocotyl length, hook angle, or cotyledon
angle between the wild-type and mutant lines. Mean values were used to
calculate relative differences between the mutant and wild-type sibling,
and phenotypes were expressed relative to the wild-type sibling value set
at unity. Representative lines for each mutant were used in Figure 2 and
Supplemental Data Set 5 online, whereas Figures 3 and 4 show all lines
used in the analysis of the selected genes. For the red light treatments
shown in Figure 5, seedlings were transferred after dark growth to Rc (8
pmols/m?/s) for the time indicated. For the cotyledon separation exper-
iment shown in Figure 6, cotyledon angle was calculated as specified
above except for angles exceeding 180°, where outer angles were
measured and corrections applied, because Image J only measures
angles between 0° and 180°. For the FR treatments shown in Supple-
mental Figure 10 online, seedlings were transferred after 21 h of dark
growth to continuous FR (0.01 wmols/m?/s) at 21°C for 3 d. Control
seedlings were kept in darkness. The DEX treatment shown in Figure 4
was performed using DEX (Sigma-Aldrich) diluted in HPLC-grade ethanol
(minimum 98%) at a concentration of 5 uM.

Microarray-Based Expression Profiling: Samples and Data Analysis

Samples for microarray experiments in the dark correspond to samples in
Monte et al. (2004), with the exception of R18 h and D18 h, which were
part of the same experiment but were not included in the original analysis.
Briefly, three biological replicates of wild-type and pif3-3 seedlings were
grown separately in GM medium without Suc for 4 d (96 h) in the dark (DO h
time point) as previously described (Monte et al., 2003). For dark treat-
ments, DO h (D96 h) and D1 h (D97 h) samples were harvested 1 h apart
and were used in this work to identify PIF3-regulated genes in the dark.
For red light treatments, 4-d-old wild-type seedlings were transferred to
Rc (8 wmols/m?/s) at DO h, and samples were collected after 1 h (R1 h) and
18 h (R18 h), together with controls at D1 h and D18 h. These red light-
treated samples and their dark controls were used in this work to identify
early (R1 h) and late (R18 h) red light-responsive genes.

Dark data analysis was performed using the Rosetta Resolver Gene
Expression Analysis System, version 7.0 (Rosetta Biosoftware). A gene
list of transcripts whose expression is significantly altered by the PIF3
mutation in 4-d-old, dark-grown seedlings was calculated by performing
a two-group, two-way, error-weighted, Benjamini-Hochberg false dis-
covery rate error-corrected analysis of variance comparing DO hand D1 h
samples for the wild type and pif3, with a P-value cutoff of 0.05, resulting



in 1402 significant transcripts. This statistical significance test was
combined with experimental consistency by further reducing the statis-
tically significant transcript list to only those transcripts exhibiting an
absolute FC of greater than 1.5-fold in both DO h and D1 h conditions. This
resulted in a nonredundant list of 122 transcripts (statistically and signif-
icantly different by an absolute FC of 1.5, SS1.5F). Next, a ratio error
model (Weng et al., 2006) that reduced the transcript list to 82 HC PIF3
target genes in the dark (SS1.5F-HC) was applied.

To identify early and late red light-responsive genes, wild-typered (R1h
and R18 h) and wild-type dark samples (D1 h and D18 h) were analyzed at
each time point using the Rosetta Resolver Gene Expression Analysis
System, version 7.0 (Rosetta Biosoftware). A list of Rc-responsive tran-
scripts was calculated by performing a ratio analysis applying a ratio error
model cutoff of 0.05 (Weng et al., 2006) and an absolute FC of greater than
twofold. These analyses resulted in 546 significant transcripts (statisti-
cally and significantly different by an absolute FC of 2; SS2F) for R1 h, and
2764 SS2F genes for R18 h.

Gene Expression Analysis

Forthe RNA gel blot analyses in Figure 3, total RNA was isolated from 2-d-
old, dark-grown seedlings using the RNeasy Plant Mini Kit (Qiagen),
according to a previously described procedure (Monte et al., 2003).
Gene-specific probes were amplified by PCR and labeled by random
priming (Roche). Primer sequences can be found in Supplemental Table 2
online. Hybridization signal was detected with a Storm 860 Phosphor-
Imager (Molecular Dynamics).

For qRT-PCR analysis, seedlings were grown in the dark for the
indicated times (for Figure 4; see Supplemental Figures 2 and 6 online) or
subsequently treated with red light (8 wmol/m2/s) for up to 12 h for the
analysis shown in Figure 5B. gRT-PCR analysis was performed as
described previously (Khanna et al., 2007) with variations. Briefly, 10 png
of total RNA extracted using the RNeasy Plant Mini Kit (Qiagen) were
treated with DNase (Ambion) according to the manufacturer’s instruc-
tions. First-strand cDNA synthesis was performed using the SuperScript
Il reverse transcriptase (Invitrogen) and oligo dT as a primer (dT30). cDNA
was then treated with RNase Out (Invitrogen) before 1:20 dilution with
water, and 20 pL was used for real-time PCR (Light Cycler 480; Roche)
using SYBR Premix Ex Taq (Takara) and primers at a 300 nM concen-
tration. Each PCR was repeated at least two times, and the mean
expression values from these technical replicates were used for further
calculations. Gene expression was measured from at least two biological
replicates, and PP2A was used as a normalization control as described
previously (Shin et al., 2007). Normalized gene expression is represented
relative to the dark-grown wild-type set at unity. Primer sequences for
gRT-PCR can be found in Supplemental Table 2 online.

Promoter Analysis for Presence of G-Box Motifs

Promoter analysis was performed using the “Motif Analysis” tool available
at The Arabidopsis Information Resource (http://Arabidopsis.org/tools/
bulk/motiffinder/index.jsp) to look for the CACGTG G-box motif in the
3-kb region upstream of the start codon of each of the MIDA genes.

Accession Numbers

The microarray data reported in this publication have been deposited in
the National Center for Biotechnology Information Gene Expression
Omnibus (GEO; http://www.ncbi.nim.nih.gov/geo/) under the GEO Series
accession number GSE30030. Sequence data can be found in the
Arabidopsis Genome Initiative database under accession numbers
AT5G50600 (MIDA1/HSD1), AT3G05730 (MIDA2), AT4G37300 (MIDAJ),
AT1G02470 (MIDA4), AT3G47250 (MIDA5), AT5G04340 (MIDAG),
AT1G48260 (MIDA7/CIPK17), AT4G10020 (MIDA8/HSD5), AT5G02760
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(MIDA9), AT4G10240 (MIDA10/BBX23), AT2G46070 (MIDA11/MPK12),
AT1G05510 (MIDA12), AT5G45690 (MIDA13), and PP2A (AT1G13320).
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