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We previously provided evidence that plastid signaling regulates the downstream components of a light signaling network
and that this signal integration coordinates chloroplast biogenesis with both the light environment and development by
regulating gene expression. We tested these ideas by analyzing light- and plastid-regulated transcriptomes in Arabidopsis
(Arabidopsis thaliana). We found that the enrichment of Gene Ontology terms in these transcriptomes is consistent with the
integration of light and plastid signaling (1) down-regulating photosynthesis and inducing both repair and stress tolerance in
dysfunctional chloroplasts and (2) helping coordinate processes such as growth, the circadian rhythm, and stress responses
with the degree of chloroplast function. We then tested whether factors that contribute to this signal integration are also
regulated by light and plastid signals by characterizing T-DNA insertion alleles of genes that are regulated by light and plastid
signaling and that encode proteins that are annotated as contributing to signaling, transcription, or no known function. We
found that a high proportion of these mutant alleles induce chloroplast biogenesis during deetiolation. We quantified the
expression of four photosynthesis-related genes in seven of these enhanced deetiolation (end) mutants and found that
photosynthesis-related gene expression is attenuated. This attenuation is particularly striking for Photosystem II subunit
S expression. We conclude that the integration of light and plastid signaling regulates a number of END genes that help

optimize chloroplast function and that at least some END genes affect photosynthesis-related gene expression.

Chloroplasts underpin agriculture and indeed life
on earth because they perform photosynthesis and
other essential metabolic activities in plants. Chloro-
plasts are derived from nonphotosynthetic proplastids
during the development of photosynthetic organs
such as cotyledons and leaves and are maintained
until these photosynthetic organs senesce (Wise, 2007;
Pogson and Albrecht, 2011). Regulated gene expres-
sion plays a major role in chloroplast biogenesis and
maintenance and is complex on at least two levels: (1)
chloroplast function requires the coordinated expres-
sion of both the nuclear and chloroplast genomes; and
(2) the gene expression that drives chloroplast biogen-
esis is regulated by a number of environmental and
endogenous cues. Light is a major driver of chloroplast
biogenesis and function, not only because light is a
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major regulator of chloroplast-related gene expression
but also because a light-dependent enzyme is required
for chlorophyll biosynthesis (Masuda and Fujita, 2008;
Waters and Langdale, 2009; Pogson and Albrecht, 2011).
In addition to light, endogenous cues such as the circa-
dian rhythm, hormones, and carbohydrates are impor-
tant regulators of photosynthesis-related gene expression
(Rook et al., 2006; Pruneda-Paz and Kay, 2010). All of
these extraplastidic cues constitute the anterograde con-
trol of chloroplast biogenesis and function. Anterograde
control is not the sole regulator of chloroplast biogenesis
and function. The chloroplast emits signals that have
major effects on the expression of nuclear genes. This
retrograde plastid-to-nucleus signaling helps coordinate
nuclear gene expression with the functional state of the
chloroplast. A bidirectional exchange of information
between the nucleus and the plastid (i.e. anterograde
control and retrograde signaling) is thought to help
coordinate the expression of the nuclear and chloroplast
genomes and promote chloroplast biogenesis and func-
tion (Woodson and Chory, 2008). Such bidirectional
communication that promotes homeostasis in various
conditions is well established between the mitochondria
and the nucleus and between the endoplasmic reticulum
and the nucleus (Liu and Butow, 2006; Ron and Walter,
2007).

Light signaling regulates approximately 20% of the
transcriptome in Arabidopsis (Arabidopsis thaliana) and
rice (Oryza sativa). Light signals affect transcription
by regulating a number of photoreceptors and down-
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stream signaling components. Light signaling mecha-
nisms include the regulation of activity, subcellular
localization, and the concentration of particular pho-
toreceptors and downstream signaling components
(Jiao et al., 2007; Chory, 2010).

Plastid signals help coordinate the expression of
photosynthesis-related genes and stress-related nu-
clear genes with plastid function. These signals can
contribute to the biogenesis of chloroplasts and to the
maintenance of chloroplasts (Larkin and Ruckle, 2008;
Pogson et al., 2008; Woodson and Chory, 2008; Galvez-
Valdivieso and Mullineaux, 2010; Lemeille and Rochaix,
2010; Padmanabhan and Dinesh-Kumar, 2010). Plas-
tid signals can also help coordinate development
with chloroplast function (Yu et al., 2007; Ruckle and
Larkin, 2009; Cottage et al., 2010). Although plastid
signaling is linked to the production of 3’-phosphoa-
denosine 5'-phosphate, reactive oxygen species (ROS),
photosynthetic electron transport, chloroplast dysfunc-
tion, defective plastid-protein import, and tetrapyrrole
metabolism, major gaps remain in our understanding of
most plastid signaling mechanisms (Larkin and Ruckle,
2008; Pogson et al., 2008; Woodson and Chory, 2008;
Kakizaki et al., 2009; Galvez-Valdivieso and Mullineaux,
2010; Liu et al., 2010; Enami et al., 2011; Estavillo et al.,
2011; Woodson et al., 2011). Nonetheless, we do have
information on several plastid-to-nucleus signaling
mechanisms. 3'-Phosphoadenosine 5'-phosphate is a
plastid signal that contributes to drought tolerance
and intense-light tolerance at least in part by inhibiting
the 5'-to-3’ exoribonucleases that affect nuclear gene
expression (Estavillo et al., 2011). Plastid-to-nucleus
signaling that is triggered by chloroplast dysfunction
contributes to chloroplast biogenesis by means of
mechanisms that depend on the chloroplastic pentatri-
copeptide repeat protein GENOMES UNCOUPLED1
(GUN1) and on light signaling (Danon et al., 2006;
Ruckle et al., 2007; Woodson and Chory, 2008). GUN1-
dependent plastid signals require a chloroplast-tethered
transcription factor (Sun et al., 2011) and the nuclear
transcription factor ABA-INSENSITIVE4 (ABI4) to reg-
ulate transcription (Koussevitzky et al., 2007). Plastidic
tetrapyrrole metabolism is suggested to affect nuclear
gene expression by means of a mechanism that depends
on the cytosolic heat shock 90-type proteins and the
bZIP transcription factor LONG HYPOCOTYLS5 (HY5)
(Kindgren et al., 2011). In Cyanidioschyzon merolae and
potentially in BY2 cells, the chlorophyll precursor Mg-
protoporphyrin IX helps coordinate DNA replication in
the nucleus and in other organelles by binding and
regulating an F-box protein that targets proteins for
degradation by the proteasome (Kobayashi et al., 2009,
2011).

Light and plastid signals are known to regulate the
expression of a number of the same photosynthesis-
related genes (Oelmdiller, 1989; Gray et al., 2003; Larkin
and Ruckle, 2008; Woodson and Chory, 2008). The
finding that plastid signals can regulate photosynthesis-
related gene expression in the dark (Sullivan and Gray,
1999; Ruckle et al., 2007; Cottage et al., 2008) provides
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evidence that light and plastid-to-nucleus signaling can
independently regulate photosynthesis-related gene ex-
pression. However, recent findings indicate that al-
though the plastid signals that depend on GUNI can
regulate photosynthesis-related gene expression in the
dark, genetically distinct plastid signals can affect light
signaling (Ruckle et al., 2007). Ruckle et al. (2007) dem-
onstrated that the plastid dysfunction caused by inhib-
itors of chloroplast biogenesis can convert the light
signaling that positively regulates Lhcbl expression in
seedlings that contain well-functioning chloroplasts to a
negative regulator of Lhcbl expression in seedlings that
contain dysfunctional chloroplasts. This “rewiring” of
light signaling largely results from plastid signals con-
verting the bZIP transcription factor HY5 that acts
downstream of cryptochrome 1 (cryl) from a positive
to a negative regulator of Lhcb1. This integration of light
and plastid signaling appears important for efficient
chloroplast biogenesis (Ruckle et al., 2007). Additionally,
Danon et al. (2006) demonstrated that a light-induced
programmed cell death response that is triggered by the
overaccumulation of singlet oxygen in the chloroplast
depends on cryl. Based on these findings, the integration
of light and plastid signaling was proposed to help
balance the many processes that are required for optimal
chloroplast function (Ruckle et al., 2007; Larkin and
Ruckle, 2008). This signal integration also appears to
help coordinate development and chloroplast function
(Ruckle and Larkin, 2009).

A number of studies have tested for effects of light
signaling and plastid-to-nucleus signaling on transcrip-
tomes. However, previous analyses of light-regulated
transcriptomes did not test for effects of plastid
signaling (Ma et al., 2003; Tepperman et al., 2004,
2006; Jiao et al., 2007; Leivar et al., 2009; Shin et al.,
2009). Previous analyses of plastid-regulated tran-
scriptomes did not distinguish between the effects of
light signaling, plastid signaling, and the integration
of light and plastid signaling on transcriptomes
(Strand et al., 2003; Koussevitzky et al., 2007; Aluru
et al., 2009). Previous analyses of transcriptomes
regulated by the plastidic ROS that converts cryl
signaling from a process that promotes chloroplast
function to one that promotes albinism and cell death
focused only on rapidly regulated genes (op den
Camp et al., 2003; Danon et al., 2006), which may
explain the low abundance of photosynthesis-related
genes in the data sets of op den Camp et al. (2003) and
Danon et al. (2006).

In this study, our objectives were (1) to determine
the biological significance of the integration of light
and plastid signaling and (2) to identify genes that
contribute to the integration of light and plastid sig-
naling. To determine the biological significance, we
tested for the enrichment of Gene Ontology (GO)
terms in the transcriptomes that are regulated by light
signaling, plastid signaling, and the integration of
light and plastid signaling. We analyzed transcrip-
tomes over a period of 24 h to ensure that we deter-
mined the full impact of the integration of light and
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plastid signaling on the transcriptome. To determine
which biological processes are positively and nega-
tively regulated by the integration of light and plastid
signaling, we tested whether particular GO terms are
significantly enriched in each expression pattern. To
identify genes that contribute to the integration of light
and plastid signaling, we obtained T-DNA insertion
alleles of genes that are significantly regulated by light
and plastid signaling and that are annotated as en-
coding proteins that contribute to signaling, transcrip-
tion, or no known function. We then used our list of
significantly enriched GO terms to guide our pheno-
typic characterization of these mutants. Similar re-
verse genetic strategies previously yielded signaling
factors for light, plastid, and jasmonic acid (JA) signal-
ing (Khanna et al., 2006; Thines et al., 2007; Kakizaki
et al., 2009). The findings from our transcriptome and
reverse genetic analyses provide evidence that plastid
signaling promotes chloroplast function by regulating
light signaling and that the plastid can rewire light
signaling by regulating the expression of particular
genes.

RESULTS AND DISCUSSION

Light signaling induces the expression of photosynthesis-
related nuclear genes such as the Lhcb1 and RbcS genes
in seedlings that contain well-functioning chloroplasts
(Tyagi and Gaur, 2003; Jiao et al., 2007). In contrast,
when seedlings are grown on medium that contains
lincomycin, increasing the fluence rate of white light
represses the expression of Lhcbl and attenuates the
light-induced expression of RbcS (Ruckle et al., 2007).
Blue and red light appear mostly if not entirely respon-
sible for this repressive effect of white light (Ruckle
et al., 2007). Lincomycin is an antibiotic that functions
as a light-independent inhibitor of chloroplast biogen-
esis by inhibiting plastid translation. Lincomycin does
not appear to affect translation in mitochondria or the
biogenesis of mitochondria (Sullivan and Gray, 1999;
Mulo et al., 2003; Doyle et al., 2010).

To further study these interactions between light
and plastid signaling, we grew Arabidopsis ecotype
Columbia-0 seedlings in 40% blue and 60% red (BR)
light in either the presence or the absence of lincomy-
cin, as described previously (Ruckle et al 2007). After
6 d of growth in 0.5 umol m 2 U BR hght we
transferred these seedlings to 60 Mmol m s ! BR
light. We observed a 2-fold increase in the levels of
mRNA transcribed from Lhcbl and an 11-fold increase
in the levels of mRNA transcribed from RbcS in
untreated seedlings at 24 h after this fluence-rate shift
(Fig. 1), which is consistent with previous reports
(Gao and Kaufman, 1994; Reed et al., 1994; Terzaghi
and Cashmore, 1995; Mazzella et al., 2001; Martinez-
Hernandez et al., 2002). We also observed 2- and
6-fold decreases in Lhcbl mRNA levels at 4 and 24 h
after this fluence-rate shift in lincomycin-treated seed-
lings (Fig. 1A). In contrast, the light-induced expres-
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Figure 1. Lhcb1 and RbcS expression following a fluence-rate shift. A,
Lhcb1 expression following a fluence-rate shift. Seedlings were grown
for 6 d in 0.5 umol m™? s™" BR light and then transferred to 60 wmol
m~2s7" BR light. Seedlings were collected and RNA was extracted at 0,
0.5, 1, 4, and 24 h following the fluence-rate shift. The levels of Lhcb1
mRNA relative to Lhcb1 mRNA levels at 24 h were determined from
four biological replicates and quantified from RNA blots as described
by Ruckle et al. (2007). B, RbcS expression following a fluence-rate
shift. RNA was extracted and quantified as described in A.

sion of RbcS was attenuated in lincomycin-treated
relative to untreated seedlings (Fig. 1B). These data
are consistent with previous work (Ruckle et al., 2007)
and also indicate that the repression of Lhcbl expres-
sion by light in lincomycin-treated seedlings is a rapid
response. RNA-blot hybridization analysis indicates
that these RNA preparations are of high integrity
(Supplemental Fig. S1, A and B). Based on this analysis
of Lhcb1 and Rch expressmn we conclude that this 0.5
to 60 umol m~*s™' BR fluence-rate-shift procedure is
useful for studymg the impact of the integration of
light and plastid signaling on the transcriptome.

The Plastid Regulates Approximately Half of
Light-Regulated Genes

To test the extent to which plastid signals remodel
the light-regulated transcriptome, we analyzed tran-
scriptomes in lincomycin-treated and untreated seed-
lings before g h) and 0.5, 1, 4, and 24 h after a 0.5 to 60
pmolm™ BR fluence-rate shift, as described above,
using the Affymetrlx GeneChip ATH1. We found that
the fluence-rate shift significantly changes the expres-
sion of 6,424 genes by 2-fold or more relative to the 0-h
control (Fig. 2A). By comparing transcriptomes in
lincomycin-treated and untreated seedlings, we found
that nearly half of these light-regulated genes were
also significantly regulated by the plastid, as judged
by the lincomycin treatment (Fig. 2A). Only 680 genes
were significantly regulated by only the lincomycin
treatment and were not significantly regulated by the
fluence-rate shift (Fig. 2A).
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Figure 2. The light-regulated transcriptomes of lincomycin-treated and untreated seedlings. A, Venn diagram of light- and plastid-
regulated genes. Light-regulated genes are defined as those that are expressed 2-fold higher or lower (P < 0.01) at0.5, 1, 4, or 24 h
after the fluence-rate shift than before the shift (O h). Plastid-regulated genes are those that meet the same fold change and
significance criteria used to classify a gene as light regulated when the expression level of a particular gene in lincomycin-treated
(+Lin) seedlings is normalized to the expression level in untreated (—Lin) seedlings at the same time point. The numbers of
significantly regulated genes are indicated. B, Numbers of genes regulated by light and lincomycin treatment after a BR fluence-rate
shift. Numbers of genes that exhibited a significantly different expression level in +Lin or —Lin seedlings at 0.5, 1, 4, and 24 h after a
BR fluence-rate shift are indicated. The 3,335 genes that are significantly regulated only by light are indicated with red and light red.
The 3,089 genes that are regulated by both light and lincomycin treatment are indicated with purple and light purple. Plastid
regulation is presented for the 3,089 genes that are regulated by light and plastid signals in blue and light blue. The plastid regulation
for the 680 genes regulated only by the plastid is presented in green and light green. C, Principal component analysis of the
lincomycin treatment affecting the light-regulated transcriptome. Trajectory plots show the first principal component (PC1) and the
second principal component (PC2), which are two orthogonal factors that describe 61% and 18%, respectively, of the variance
caused by the BR fluence-rate shift. D, Principal component analysis of the BR fluence-rate shift affecting the lincomycin-regulated
transcriptome. These trajectory plots show PC1 and PC2, which account for 79% and 21%, respectively, of the variance in the data
set. E, Agglomerative hierarchical clustering of the 7,104 significantly regulated genes based on their regulation by the BR fluence-
rate shift. Nine basic expression patterns were identified (A-1). F, Agglomerative hierarchical clustering of the 7,104 significantly
regulated genes based on their regulation by lincomycin treatment. Eight basic expression patterns were identified (-Q).
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We found that the number of light-regulated genes only
increases with time after the BR fluence-rate shift (Fig.
2B), which is consistent with previous work (Jiao et al.,
2007). We observed this trend regardless of whether
seedlings were grown on medium that contained linco-
mycin. We found that 2- to 4-fold more of the genes that
are significantly regulated by the fluence-rate shift are
regulated by the fluence-rate shift in untreated seedlings
than in lincomycin-treated seedlings (Fig. 2B, red and
purple bars). The lincomycin treatment reducing photo-
receptor activity is an unlikely explanation for these
results because Arabidopsis seedlings that are treated
with inhibitors of chloroplast biogenesis retain phyto-
chrome and cryl activity (Mochizuki et al., 2001; Ruckle
and Larkin, 2009). Thus, like hormones and organ-specific
signals (Jiao et al., 2007; Jaillais and Chory, 2010), plastid
signals can serve as major regulators of light signaling.

A trajectory plot indicates a large divergence be-
tween the first principal component of the variance
and the second principal component of the variance of
lincomycin-treated and untreated seedlings at the later
time points (Fig. 2C). Thus, the transcriptomes of
lincomycin-treated seedlings and untreated seedlings
become more distinct as time increases following the
BR fluence-rate shift. Consistent with these data, ag-
glomerative hierarchical clustering of the expression
patterns indicates that light regulates the expression of
more genes in untreated seedlings than in lincomycin-
treated seedlings, especially at 4 and 24 h (Fig. 2, E and
F; Supplemental Fig. S2, A-F). Agglomerative hierar-
chical clustering was also useful for identifying genes
in several clusters that resemble the Lhcb1 genes in that
plastid dysfunction converts light from a positive to a
negative regulator or vice versa (Fig. 2E; Supplemental
Fig. S2, B, C, and F). Similarly, from a manual catego-
rization of expression patterns, we found that the
lincomycin treatment converts light from a positive to
a negative regulator or vice versa for more than 100
genes (Supplemental Fig. S3, A and B).

Light Affects the Plastid-Regulated Transcriptome

In contrast to the genes that are significantly regu-
lated by light (i.e. genes expressed at significantly
different levels at 0.5, 1, 4, or 24 h following the
fluence-rate shift relative to 0 h), the number of genes
that are significantly regulated by the plastid (i.e.
genes expressed at significantly different levels in
lincomycin-treated relative to untreated seedlings at
a particular time point) does not increase as time
increases. Among genes whose expression is signifi-
cantly regulated by lincomycin, the expression of 2- to
3-fold more genes is significantly regulated by the
lincomycin treatment at 0 and 24 h than at 4 h follow-
ing the BR fluence-rate shift (Fig. 2B, blue and green
bars). The relatively large distance between the three
time points on a trajectory plot and agglomerative
hierarchical clustering are consistent with (1) light
converting the plastid-regulated transcriptome at 0 h
to a different transcriptome at 24 h and (2) the 4-h time
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point representing an intermediate state between the
0- and 24-h transcriptomes (Fig. 2, D and F). Agglom-
erative hierarchical clustering and manual clustering
indicate that light can convert the plastid from a pos-
itive to a negative regulator of particular genes and vice
versa (Fig. 2F; Supplemental Figs. S2D and S3A).

The Enrichment of GO Terms in Light- and
Plastid-Regulated Transcriptomes Indicates the
Biological Significance of the Integration of Light
and Plastid Signaling

To gain insight into the biological significance of the
integration of light and plastid signaling, we first
tested whether particular GO terms are significantly
enriched among the significantly regulated genes
(Rhee et al., 2008). We performed agglomerative hier-
archical clustering of GO terms to determine whether
particular GO terms are significantly enriched among
particular expression patterns (Supplemental Figs. S4
and S5). We also performed agglomerative hierarchical
clustering of the significantly regulated genes that are
associated with each significantly enriched GO term
(Supplemental Fig. S6, A-C). Our analysis of tran-
scriptomes at four time points after the fluence-rate
shift in both lincomycin-treated seedlings and un-
treated seedlings allows for the identification of ex-
pression trends for groups of genes that contribute to a
particular GO term. These analyses indicate whether
the expression of groups of genes that contribute to
particular GO terms is regulated by only light signal-
ing, only plastid signaling, or the integration of light
and plastid signaling. This approach also indicates
whether the expression of genes is induced or re-
pressed by these signals. Summaries of this GO anal-
ysis are presented in Figures 3 and 4. The expression
patterns of individual genes that are associated with
each GO term are presented in Supplemental Figure
S6, A to C. We used this method rather than the
commonly used MapMan (Thimm et al., 2004) because
MapMan does not allow for the presentation of com-
plex gene expression patterns for a large number of
individual genes.

We found that the expression of genes annotated as
contributing to the regulation of transcription domi-
nated the transcriptomes at 0.5 and 1 h following the
fluence-rate shift (Figs. 3 and 4; Supplemental Fig.
S6C) and that the expression of genes annotated as
contributing to metabolism, translation, growth, de-
velopment, biotic and abiotic stress, and oxidative
stress was regulated at 4 to 24 h (Figs. 3 and 4). These
findings are consistent with previous findings for
untreated seedlings (Tepperman et al.,, 2001, 2004,
2006; Jiao et al., 2003).

Regulation of Chloroplast- and Mitochondria-Related
Gene Expression

Photosynthesis and 14 additional plastid-related GO
terms were the most significantly enriched GO terms

Plant Physiol. Vol. 159, 2012
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Figure 3. Summary of biologi-
cal process and cellular compo-
nent GO terms that are enriched
in particular expression pat-
terns. User-defined expression
patterns were obtained as de-
scribed in Supplemental Figure
S3, and clusters of expression
were obtained as described in
Figure 2 and Supplemental Fig-
ure S2. Significant enrichment
of 19 GO terms defined as bio-
logical processes (P) and 16 GO
terms defined as cellular com-
ponents (C) was determined as
described in Supplemental Fig-
ures S4 and S5. Briefly, Ontolo-
gizer 2.0 was used to quantify
the significance of GO term en-
richment in the user-defined ex-
pression patterns, clusters of
expression, or the entire data
set of 7,104 genes (Supplemen-
tal Table S1). For each signifi-
cantly enriched GO term, the
most significantly enriched ex-
pression pattern and cluster is
presented. Up-regulated (red)
and down-regulated (blue) ex-
pression is indicated at 0.5, 1, 4,
and 24 h following the BR
fluence-rate shift in lincomycin-
treated (+LIN) and untreated
(—LIN) seedlings. Plastid-regulated
expression is similarly indicated
at 0, 4, and 24 h relative to the
fluence-rate shift. Color inten-
sity is proportional to the degree
of regulation. Positive correla-
tion describes a similar re-
sponse to the BR fluence-rate
shift regardless of whether seed-
lings were treated with linco-
mycin. For genes that exhibit
positive correlation, the corre-
lation coefficient between the
expression patterns in lincomycin-
treated and untreated seedlings
is greater than 0.95. The major
cluster letters and pattern num-
bers are defined in Figure 2, E
and 2F, and Supplemental Fig-
ures S2, Ato F, and S3.
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Figure 4. Summary of biological process and biological response to stimulus GO terms that are enriched in particular expression
patterns. User-defined expression patterns were obtained as described in Supplemental Figure S3. Clusters of expression were
obtained as described in Figure 2 and Supplemental Figure S2. Significant enrichment of four GO terms defined as biological
processes (P) and 16 GO terms defined as biological responses to stimulus (R) was determined as described in Supplemental
Figures S4 and S5. Briefly, Ontologizer 2.0 was used to quantify the significance of GO term enrichment in the user-defined
expression patterns, clusters of expression, or the entire data set of 7,104 genes (Supplemental Table S2). For each significantly
enriched GO term, the most significantly enriched expression pattern and cluster is presented. Up-regulated (red) and down-
regulated (blue) expression is indicated at 0.5, 1, 4, and 24 h following the BR fluence-rate shift in lincomycin-treated (+LIN) and
untreated (—LIN) seedlings. Plastid-regulated expression is similarly indicated at 0, 4, and 24 h relative to the fluence-rate shift.
Color intensity is proportional to the degree of regulation. Positive correlation is as described in Figure 3. The major clusters and
patterns are defined in Figure 2, E and F, and Supplemental Figures S2, A to F, and S3.

in the entire data set (Supplemental Table S1). In
general, the expression of the genes that are associated
with these GO terms is induced following the BR
fluence-rate shift. These genes are expressed at lower
levels in lincomycin-treated relative to untreated seed-
lings (Fig. 3; Supplemental Fig. 56, A and B). In general,
the expression of genes that are annotated as encoding
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proteins that contribute to thylakoid function shows a
greater degree of plastid regulation than those anno-
tated as contributing to other plastid-related processes
(Fig. 3; Supplemental Fig. S6, A and B).

A number of genes that are annotated as contribut-
ing to plastid functions deviate from this typical
expression pattern in that their expression is more
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highly induced by the fluence-rate shift in lincomycin-
treated than in untreated seedlings (Supplemental Fig.
S6, A and B, plastid organization, purple cluster;
cellular protein catabolic process, red cluster; photo-
synthesis, green cluster; thylakoid membrane, yellow
cluster). A number of these genes contribute to chlo-
roplast biogenesis and to chloroplast stress tolerance
(Chen et al., 2000, 2006; Heddad and Adamska, 2000;
Lindahl et al., 2000; Takechi et al.,, 2000; Sakamoto
et al.,, 2002; Andersson et al., 2003; Zaltsman et al.,
2005; Allahverdiyeva et al., 2009; Kato et al., 2009;
Goral et al., 2010; Lemeille and Rochaix, 2010). We
quantified the expression of Photosystem II subunit S
(PsbS) and CHALCONE SYNTHASE (CHS) because
they each exhibit a distinct class of this expression
pattern and because they also contribute to chloroplast
stress tolerance (Gould, 2004; Ferrer et al.,, 2008;
Murchie and Niyogi, 2011). The fluence-rate shift
induces PsbS expression 28-fold by 4 h in lincomycin-
treated seedlings (Fig. 5). This induced expression is
reduced to only 7-fold by 8 h (Fig. 5). In contrast, the
fluence-rate shift induces PsbS expression only 12-fold
by 8 h in untreated seedlings (Fig. 5). CHS is expressed
from 2- to 14-fold higher levels in lincomycin-treated
seedlings relative to untreated seedlings at 0,4, and 8 h
(Fig. 5). Based on these data, we propose that the
integration of light and plastid signaling optimizes
chloroplast biogenesis and function by tailoring gene
expression to both the particular degree of chloroplast
function and the particular light environment. By
integrating light and plastid signaling, we propose
that plants react not only to chloroplast dysfunction
but also to the potential for light-induced chloroplast
dysfunction. Consistent with this idea, plastid signal-
ing affects the gene expression response to increasing
light intensity (Ruckle et al, 2007) and promotes
chloroplast biogenesis when seedlings are irradiated
with intense light (Mochizuki et al., 1996; Ruckle et al.,
2007). Also consistent with this idea, distinct light
signaling mechanisms promote the expression of
genes that contribute to photosynthesis and to chloro-
plast stress tolerance (Bowler et al., 1994; Cho et al.,
2003; Yang et al.,, 2003). Based on the finding that
transformative effects of plastid signaling on light
signaling can occur by 4 h (Danon et al., 2006), we
suggest that rewiring light signaling is a primary effect
of plastid signaling. Alternative models, such as light
signaling promoting plastid stress by regulating nu-
clear gene expression, require extremely complex
mechanisms to fit with previously published analyses
of light and plastid signaling mutants (Ruckle et al.,
2007). Furthermore, such models are counterintuitive.
Why would a major signaling network such as the light
signaling network make stress tolerance more difficult?

Mitochondria-related GO terms were also signifi-
cantly enriched (Supplemental Table S1). The BR fluence-
rate shift generally induces the expression of these
genes. The lincomycin treatment has diverse effects on
the expression of these genes, both before and after the
fluence-rate shift (Fig. 3; Supplemental Fig. S6B). These

Plant Physiol. Vol. 159, 2012

Plastids Regulate Light Signaling

PsbS
35 - *
30 4
e
S 254
@ *
(o]
S 201
>
(0]
2 151
5 "
2 10
5..
o=
1400 1 Gl *
1200 1
e
S 1000
w *
w
[}]
5 8001
x
[+}]
2 6001
T
B 4001
200 |
*
0 o helue]
2% 22 28
© @ @ @ © @©
oo 99 ]
£= €= £=
5§ 5§ 5§
> > >
£ £ £
3 8 3
£ £ £
- - -
Oh  4h 8h

Figure 5. Light-regulated expression of PsbS and CHS in lincomycin-
treated and untreated seedlings. The expression of PsbS and CHS at 0,
4, and 8 h relative to the BR fluence-rate shift was quantified using qRT-
PCR. Three biological replicates were analyzed for each time point. For
PsbS expression, expression in lincomycin-treated seedlings and un-
treated seedlings at 4 and 8 h is normalized to expression in lincomy-
cin-treated seedlings at 0 h and untreated seedlings at O h, respectively.
For CHS expression, expression is normalized to CHS expression in
untreated seedlings at 0 h. * Statistically significant difference (P <
0.0001-0.049).

data are consistent with complex interactions between
chloroplasts and mitochondria (Noctor et al., 2007;
Noguchi and Yoshida, 2008; Woodson and Chory,
2008; Van Aken et al., 2009; Vanlerberghe et al., 2009)
and with the integration of light and plastid signaling
helping to coordinate their functions. The expression
of the AOX1a and AOXIc genes that encode the alter-
native oxidase is up-regulated by the BR fluence-rate
shift (Supplemental Fig. S6B). This up-regulation is
not surprising, because red and blue light induce the
expression of AOX1a and AOX1c (Zhang et al., 2010).
Although the induced expression of AOX1a and AOXIc
is a well-known marker for mitochondrial stress (Van
Aken et al., 2009), these genes are expressed in the
absence of mitochondrial stress (Thirkettle-Watts
et al.,, 2003). The higher expression of AOX1a and
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AOXIc in lincomycin-treated seedlings (Supplemen-
tal Fig. S6B) is unlikely to result from lincomycin
directly inhibiting mitochondrial translation (Sullivan
and Gray, 1999; Mulo et al., 2003; Doyle et al., 2010).
This elevated expression is likely caused by chloro-
plast dysfunction. Indeed, other plastid-specific in-
hibitors induce the expression of these genes (Clifton
et al., 2005), presumably because AOX proteins con-
tribute to the interactions between chloroplasts and
mitochondria (Van Aken et al.,, 2009; Vanlerberghe
et al., 2009).

Plastid Dysfunction Affects the Nature of
Light Signaling

Light induces the expression of Lhcbl when chloro-
plasts are functional and represses the expression of
Lhcbl when chloroplasts are dysfunctional (Fig. 1A;
Ruckle et al., 2007). The highly similar members of the
Lhcbl gene family do not appear in this data set
because probe sets that were assigned to more than
one gene were removed from the data set when the
raw data were processed. We found that plastid dys-
function does not convert light signaling into a nega-
tive regulator of most photosynthesis-related genes
but only attenuates their expression. This difference
may explain the long-standing observation that plastid
dysfunction down-regulates the expression of Lhcb
genes more than other photosynthesis-related genes
(Oelmiiller, 1989).

We did observe that plastid dysfunction converts
light from a positive to a negative regulator or vice
versa of genes that are annotated as contributing to
diverse functions. The expression of genes that are
annotated as contributing to the cell cycle, DNA rep-
lication, and the response to JA stimulus is induced by
the fluence-rate shift in untreated seedlings and re-
pressed by the fluence-rate shift in lincomycin-treated
seedlings (Figs. 3 and 4; Supplemental Fig. 56, A and
C, yellow clusters). We quantified these expression
patterns for representative genes from these groups,
namely CDKB2.2, MCM5, AOS, and LOX2. We found
that the fluence-rate shift induces the expression of
these genes from 2- to 30-fold relative to the levels that
we observed at 0 h in untreated seedlings and reduces
their expression from 80% to 30% of the levels that we
observed at 0 h in lincomycin-treated seedlings (Fig.
6). In addition to these effects on genes that contribute
to the cell cycle and DNA replication, we observed that
light promotes the expression of genes that are anno-
tated as contributing to cytosolic ribosomes in untreated
seedlings and that this light-induced expression is
attenuated in lincomycin-treated seedlings (Fig. 3;
Supplemental Fig. S6B). Light was previously reported
to promote the expression of genes that contribute to
these growth-related functions (Lopez-Juez et al,
2008). Although these effects on growth-related gene
expression could partially result from the lincomycin
treatment attenuating metabolism, the possibility of
the integration of light and plastid signaling primarily
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Figure 6. Distinct light-regulated expression of six genes in lincomy-
cin-treated and untreated seedlings. The expression of CDKB2.2,
MCM5, AOS, LOX2, CCAT, and PRR5 at 0, 4, and 24 h relative to
the BR fluence-rate shift was quantified using qRT-PCR. Four biological
replicates were analyzed for each time point. The expression of a
particular gene in untreated seedlings is normalized to the expression
of that same gene in untreated seedlings at 0 h. The expression of a
particular gene in lincomycin-treated seedlings is normalized to the
expression of that same gene in lincomycin-treated seedlings at O h. *
Statistically significant difference relative to 0 h (P = 0.0001-0.04).

affecting growth-related gene expression is supported
by reports that a burst of chloroplastic singlet oxygen
production in the Arabidopsis flu mutant rapidly
affects cryl signaling (Danon et al., 2006) and causes
a rapid inhibition of growth (op den Camp et al., 2003).
Our findings that chloroplast dysfunction (1) can
attenuate the light-regulated expression of genes that
are annotated as contributing to the JA response and
(2) can convert light from a positive to a negative
regulator of genes that contribute to JA biosynthesis
provide evidence that chloroplast dysfunction can
affect the integration of light and JA signaling (Zhai
et al., 2007; Moreno et al., 2009; Robson et al., 2010).
These findings also provide evidence that the integra-
tion of light and plastid signaling might attenuate JA
signaling. A role for the plastid in this signal integra-
tion is further supported by the observation that light
signaling promotes JA signaling in green tissues and
Suc attenuates this JA signaling (Robson et al., 2010),
because carbohydrates can repress chloroplast function
(To et al., 2003; Rook et al., 2006; Stettler et al., 2009).
For many genes that are annotated as contributing to
the circadian rhythm, expression is down-regulated
following the BR fluence-rate shift in untreated seed-
lings. In lincomycin-treated seedlings, the BR fluence-
rate shift induces the expression of these same genes or
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attenuates the negative regulation (Fig. 4; Supplemen-
tal Fig. S6A). We found that in untreated seedlings, the
BR fluence-rate shift reduces CAAI and PRR5 expres-
sion from 80% to 50% of the levels that we observed at
0 h, and that in lincomycin-treated seedlings, the
fluence-rate shift induces CCA1 and PRR5 expression
from 2- to 3-fold higher levels than we observed at 0 h
(Fig. 6). Consistent with these findings, chloroplast-
localized RN A-binding proteins and transcription fac-
tors that regulate chloroplast function were previously
reported to affect the circadian rhythm (Hassidim
et al., 2007; Stephenson et al., 2009). We propose that
natural stresses might affect the circadian rhythm by
inducing chloroplast stress that affects light signaling.
Subsequent effects on the circadian rhythm could
attenuate the expression of genes that contribute to
photosynthesis and therefore attenuate potential chlo-
roplast stress. Indeed, low temperatures induce chlo-
roplast dysfunction (Takahashi and Murata, 2008), and
both low temperatures (Bieniawska et al., 2008) and
the lincomycin treatment used here affect the expres-
sion of genes that encode core components of the
circadian clock.

The Integration of Light and Plastid Signaling Affects
Stress-Related Gene Expression

Abiotic stress response-related genes are signifi-
cantly enriched in our data set (Supplemental Table
52). In many instances, the lincomycin treatment at-
tenuated the down-regulated expression of stress-
related genes that followed the BR fluence-rate shift.
This response is also observable as the BR fluence-rate
shift converting the lincomycin treatment from a neg-
ative to a positive regulator of these genes (Fig. 4;
Supplemental Fig. S6C). Like the lincomycin treatment
used here, both biotic and abiotic stress down-regulate
photosynthesis-related gene expression and attenuate
growth (Herms and Mattson, 1992; Ballaré, 2009; Saibo
etal., 2009; Bilgin et al., 2010). This diversion of resources
from growth to stress tolerance is a major component of
stress responses that remains poorly understood (Herms
and Mattson, 1992; Ballaré, 2009). Our finding that light
up-regulates the expression of photosynthesis- and
growth-related genes but down-regulates the expression
of stress-related genes in untreated seedlings provides
evidence that light signaling helps plants invest in
growth rather than stress tolerance when seedlings
contain well-functioning chloroplasts. Our finding that
blocking chloroplast biogenesis with lincomycin attenu-
ates this down-regulated expression of stress-related
genes is consistent with the integration of light and
plastid signaling helping plants divert resources from
growth to stress tolerance.

The Integration of Light and Plastid Signaling Does Not
Necessarily Depend on ROS

Although the production of chloroplastic ROS can
trigger plastid-to-nucleus signaling (Pogson et al.,
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2008; Woodson and Chory, 2008; Galvez-Valdivieso
and Mullineaux, 2010), treatments with inhibitors of
chloroplast biogenesis that trigger robust plastid-to-
nucleus signaling do not necessarily yield ROS
(Strand et al., 2003; Voigt et al., 2010; Zhang et al.,
2011). We found that genes annotated as contributing
to oxidative stress are enriched in our data set (Sup-
plemental Table S2). The expression of these genes
was similar following the BR fluence-rate shift, re-
gardless of whether seedlings were treated with
lincomycin (Fig. 4, positive correlation; Supplemental
Fig. S6C). We also tested whether genes whose ex-
pression is induced at least 5-fold by diverse ROS
(Gadjev et al., 2006) are regulated by light and plastid
signals. We found that the majority of these genes are
either not significantly enriched in our data set or that
the BR fluence-rate shift and the lincomycin treat-
ment cause diverse expression patterns (Supplemen-
tal Fig. S6D). Thus, lincomycin-treated seedlings and
untreated seedlings would appear to contain similar
levels of oxidative stress following the BR fluence-
rate shift.

We also tested whether the fluence-rate shift affects
the expression of five genes whose expression is in-
duced by chloroplastic ROS, namely AAA, BAPI,
NodL, FER1, and ZAT12 (Saini et al., 2011). The ex-
pression of AAA, BAP1, and NodL is induced by singlet
oxygen (Baruah et al., 2009a, 2009b). Using quantita-
tive reverse transcription (qRT)-PCR and previously
described oligonucleotides (Baruah et al., 2009a,
2009b), we could not reliably detect transcripts from
AAA, BAP1, and NodL in the RNA preparations that
we used for transcriptome analyses (R.M. Larkin,
unpublished data). The expression of FER1 is induced
by superoxide and hydrogen peroxide (Petit et al.,
2001), but the BR fluence-rate shift did not induce the
expression of FERI relative to untreated seedlings at
0 h (Supplemental Fig. S7). The expression of ZAT12 is
highly induced by multiple types of ROS (Gadjev
et al., 2006). The fluence-rate shift induced the expres-
sion of ZAT12 less than 2-fold (Supplemental Fig. S7).
We conclude that light and plastid signals can likely
regulate the expression of FERI and ZAT12 using
signaling mechanisms that do not depend on the
production of chloroplastic ROS and that ROS is likely
not always essential for the rewiring of light signaling
by plastid signals.

A Screen for Genes That Contribute to the Integration of
Light and Plastid Signaling

The integration of light and plastid signaling is
proposed to depend on both light and plastid sig-
naling inducing the activity of proteins that con-
tribute to this signal integration (Ruckle et al., 2007;
Larkin and Ruckle, 2008). If this model is correct
and if the activities of these proteins and the ex-
pression of the genes that encode these proteins are
similarly regulated, then genes whose expression is
more highly induced by light in lincomycin-treated
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seedlings than in untreated seedlings could con-
tribute to this rewiring of light signaling by plastid
signals.

To test this idea, we identified genes that (1) exhibit
increases in expression 1 h following the BR fluence-
rate shift, (2) are expressed at levels at least 1.5-fold
higher in lincomycin-treated seedlings than in un-
treated seedlings, and (3) are annotated as encoding
proteins that contribute to transcription, signaling, and
no known functions. We identified 38 genes that meet
these criteria (Table I; Supplemental Table S3). T-DNA
insertion mutants were publicly available for 25 of
these genes, and two T-DNA alleles were available for
seven of these genes (Table I). T-DNA alleles were not
publicly available for the remaining 13 genes (Supple-
mental Table S3). We propagated these mutants and
obtained homozygous lines for 32 of these T-DNA
insertion mutants. Most of these T-DNA alleles are
nulls or severe loss-of-function alleles based on an RT-
PCR analysis (Supplemental Fig. S8). For a control
group of mutants that are not expected to affect this
rewiring of light signaling by plastid signals, we
identified genes that (1) exhibit increases in expression
1 h after the BR fluence-rate shift, (2) exhibit similar
levels of expression in lincomycin-treated and un-
treated seedlings, and (3) are also annotated as encod-
ing proteins with functions related to transcription,
signaling, or no known functions. We obtained 28
publicly available mutants, of which 22 had T-DNA
insertions. We propagated these mutants and obtained
lines that are homozygous for each T-DNA insertion.
Most of these T-DNA alleles are nulls or severe loss-of-
function alleles based on RT-PCR analysis (Supple-
mental Fig. S9). The naming system for both groups of
alleles is described in the legend for Figure 7.

A Reverse Genetic Analysis Yields a High Frequency of
enhanced deetiolation Mutants

To determine whether these T-DNA insertion alleles
can affect chloroplast function, we tested the efficien-
cies of the etioplasts-to-chloroplast conversion in these
mutants and the wild type. Dark-grown seedlings
contain etioplasts rather than chloroplasts and do not
contain chlorophyll. When dark-grown seedlings are
transferred to the light, etioplasts are converted into
chloroplasts. Chloroplast biogenesis from etioplasts is
marked by the accumulation of chlorophyll (Wise,
2007; Pogson and Albrecht, 2011). Thus, we grew wild-
type Arabidopsis and each of these mutants for 4 d in
the dark, transferred them to 125 umol m % s~ ! broad-
spectrum white light for 24 h, and then quantified
chlorophyll levels in each mutant. For a comparison,
we included gun1-101; guni-101 and other gun1 alleles
cause inefficient greening, especially when fluence
rates are increased (Mochizuki et al., 1996; Ruckle
et al., 2007). Of the 32 T-DNA insertion alleles derived
from genes that are more highly expressed in linco-
mycin-treated than in untreated seedlings following
the BR fluence-rate shift, 20 (63%) caused enhanced
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deetiolation (end) phenotypes. These 20 mutants accu-
mulate at least 2-fold more chlorophyll than the wild
type during deetiolation (Fig. 7A). This group of
mutants defines 16 genes. Two independently isolated
alleles caused an end phenotype for six of these genes,
but only single alleles were publicly available for the
remaining 10 genes (Fig. 7A). Nonetheless, the high
proportion of the end phenotype in this group of
mutants provides evidence that for the majority of
these 10 alleles, the end phenotype is probably not
caused by unlinked alleles. Only four mutants from
this group (i.e. 13-34, 14-30, 20-26, and 35-83) accumu-
lated essentially the same amount of chlorophyll as the
wild type (Fig. 7A). Only one mutant (i.e. 7-85) accu-
mulated significantly less chlorophyll than the wild
type (Fig. 7A). The remaining seven mutants from this
group accumulated significantly more chlorophyll
than the wild type during deetiolation but did not
accumulate a mean quantity of chlorophyll that was at
least 2-fold more than the wild type (Fig. 7A). Al-
though we did not classify the mutants with these
more modest phenotypes as end mutants, the genes
defined by these alleles contribute to chloroplast bio-
genesis.

In contrast to the high frequency of end phenotypes
caused by T-DNA insertion alleles of genes that are
more highly expressed in lincomycin-treated than
untreated seedlings following the BR fluence-rate
shift, T-DNA insertion alleles of genes whose expres-
sion is similarly induced in lincomycin-treated and
untreated seedlings following the BR fluence-rate shift
do not yield a high frequency of end phenotypes.
Indeed, only three mutants that define only two of
the 22 genes (9%) from this group accumulate at least
2-fold more chlorophyll than the wild type (Fig. 7B;
Supplemental Table S4). Eleven of these alleles caused
significantly more chlorophyll to accumulate than in
the wild type but not at least 2-fold more chlorophyll
than in the wild type, as observed among end mutants.
Only one T-DNA allele was available for these 11
genes (Fig. 7B). In addition to the low frequency of end
phenotypes, this group of mutants is further distin-
guished from the previous group in that there was no
significant difference in the amount of chlorophyll
accumulation relative to the wild type for 50% of these
mutants (Fig. 7B). In contrast, only 9% of the mutants
from the previous group accumulated levels of chlo-
rophyll that were not significantly different from the
wild type (Fig. 7A).

To further test the specificity of this screen, we
examined the end phenotypes in a group of light
signaling mutants, because light signaling is a major
regulator of chloroplast biogenesis. Only 25% of mu-
tant alleles from this group that defines 40 genes cause
more chlorophyll to accumulate during deetiolation
than the wild type (Supplemental Figs. S10 and S11).
The overaccumulation of chlorophyll in cry1-92, phyA-
75, and phyB-35 would appear to conflict with previ-
ously published data showing that loss-of-function
alleles of CRY1, PHYA, and PHYB cause chlorophyll
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Table I. Genes that exhibit enhanced light-induced expression in lincomycin-treated seedlings and their publicly available T-DNA alleles

Twenty-five genes are ranked by their light induction. Light induction is defined as the ratio of light-induced expression in lincomycin-treated
seedlings to light-induced expression in untreated seedlings at 1 h following the BR fluence-rate shift. Plastid regulation is represented as the ratio of
induced or repressed (—) expression in lincomycin-treated seedlings to expression in untreated seedlings at O h relative to the BR fluence-rate shift.
Gene names and descriptions are based on available literature or on The Institute for Genomic Research gene annotation records. Biological
function, process, and locations are based on current literature or GO with the following evidence codes: IC, inferred by curator; IEA, inferred from
electronic annotation; ISS, inferred from sequence or structural similarity; TAS, traceable author statement. The publicly available T-DNA insertion
alleles used in this study are listed. For each homozygous line, the RNA phenotype caused by the particular T-DNA insertion allele was determined
by RT-PCR (Supplemental Fig. S8).

No. AGI Code

Name/Description

Biological Function,
Process, and location

T-DNA Line(s)

Transcript Phenotype
in the Homozygote

1 At5g24120
2 At3g56290
3 At2g30040
5  At5g08050
6  At5g24660

7 At3gl7040

8  At1g44000

10 At2g24540

11 At5g35970

13 Atdgl1360
14 At5g14970
15 At5g58650
16 At2g41660
17 At5g13770

19 At2g16365
20 At5g52780
21 At3g54990

22 At5g62430

23 At3g02380

Light Plastid
Induction Regulation
3.92 —7.69
3.16 —4.35
2.78 —2.70
2.35 —-3.22
2.35 2.48
2.19 —3.56
2.06 —2.69
2.00 -1.67
1.99 —4.63
1.97 —-1.98
1.94 —2.32
1.93 —2.47
1.92 -1.21
1.88 —4.38
1.86 —1.43
1.84 —1.85
1.84 -1.11
1.78 —2.33
1.78 —9.32

SIGE, SIG5, SIGMA
FACTOR 5%

Expressed protein

MAPKKK14, MEK
KINASE 14

Expressed protein

LSU2, RESPONSE TO
LOW SULFUR 2
HCF107, HIGH
CHLOROPHYLL
FLUORESCENT 107,
tetratricopeptide
repeat-containing
protein
SGR-Like, STAY
GREEN LIKE,
subfamily protein¢
AFR, ATTENUATED
FAR-RED RESPONSE,
Kelch repeat-containing
F-box family proteins
Putative DNA-binding
protein, DEAD-like
helicase domain
RHATb, RING-H2
FINGER A1B
Expressed protein

PSY1, PLANT PEPTIDE
CONTAINING
SULFATED TYR'

MIZ1, MIZU-KUSSEIT

Pentatricopeptide repeat
(PPR)-containing protein

F-box family protein

Unknown protein

SMZ, SCHLAFMUTZE, AP2
domain transcription factor'

CDF1, CYCLING DOF
FACTOR 1, Dof-type
zinc finger
domain-containing
protein

COL2, CONSTANS-LIKE 2,
zinc-finger protein,

CCT domain, B-box
domain, transcription
factor

Transcription factor
activity"s>™s,
chloroplast”

Unknown

Kinase activity's®

Unknown, thylakoid
membrane”

Unknown

RNA processing:, regulation
of translations, chloroplast
membrane!

Unknown

Far-red light
phototransduction’

DNA binding*/chloroplasts

Protein binding'®, E3
ligase activity"
Unknown

Cell proliferation
and expansion’

Hydrotropismi
Chloroplast™

Unknown

Chloroplast thylakoid
membrane*

Transcription factor
activity'*, floral
repression’, nucleus’

Transcription factor activity'®,
DNA binding", protein
binding", regulation of
flowering time™, nucleus”

Transcription factor activity's®

SAIL_1232_H11
Salk_141383

Salk_053531
SAIL_1175_F12

Salk_048774
Salk_031648

Salk_079285

Salk_084849
SAIL_682_DO01

SAIL_897_A11

Salk_149757

Salk_094834

SAIL_210_EO5
Salk_036830
SAIL_1256_F11
SAIL_129_H05

Salk_076560
Salk_011143
Salk_051012
Salk_024229
Salk_143426

Salk_108235
Salk_135576

SAIL_381_B11

SAIL_70_F03
SAIL_265_D06

Null
Null

Strong knockdown
Null

Null
Strong knockdown

Knockdown

Knockdown
Knockdown

Weak knockdown

Strong knockdown

Null

Null
Null
Null
Null

Null
Strong knockdown
Strong knockdown
Null
Null

Null
Null

Null

Knockdown
Knockdown

(Table continues on following page.)
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Table 1. (Continued from previous page.)

Light Plastid . Biological Function, . Transcript Phenotype
No.  AGI Code Indugction Regulation Name/Description Procesgs, and location T-DNA Line(s) in the }gomozygzt]::e
25 Atl1g43160 1.75 —7.30 RAP2.6, RELATED TO Transcription factor SAIL_1225_G09 Null
AP2 6, AP2 domain activity'SS'T’\S, nucleus™,
transcription factor biotic stress response”,
abiotic stress response®
28 At5g52250 1.72 5.80  Transducin family protein, Heterotrimeric G-protein Salk_060638 Null
WD-40 repeat family complex®s, CUL4 RING
protein, COP1-like ubiquitin ligase complex'*®
29 At1g04770 1.71 1.68  Male sterility MS5 family Unknown Salk_091618 Null
protein, tetratricopeptide
TPR domain
35 At2g33250 1.57 —1.19  Expressed protein Chloroplast™ Salk_033583 Null
36 At2g46340  1.56 —1.27  SPA1, SUPPRESSOR OF Photomorphogenesise, Salk_023840 Strong knockdown
PHYA, Ser/Thr kinase-like signal transducer
motif, WD-repeat domainr activity'*, nucleus
38 At4g28740 1.52 —1.92  Similar to LPA1, LOW PSII Unknown, chloroplast” Salk_133844 Null

ACCUMULATIONT+

aKanamaru and Tanaka (2004). “Friso et al. (2004).

(2003).  ®Kleffmann et al. 2004). "Stone et al. (2005).
(2003).  MImaizumi et al. (2005). "He et al. (2004). °Zhu et al. (2010).
(2006).  *Zybailov et al. (2008). IPeng et al. (2006).

CFelder et al. (2001).
'Amano et al. (2007).

d_Sane et al. (2005).  “Barry et al. (2008). fHarmon and Kay
IKobayashi et al. (2007). “Peltier et al. (2004).  'Schmid et al.
PHoecker et al. (1998).  9Fankhauser et al. (1999).  Lariguet et al.

deficiencies (Neff and Chory, 1998). However, specific
parameters of deetiolation experiments cause particu-
lar light signaling mutants to either overaccumulate or
underaccumulate chlorophyll (Stephenson et al.,
2009). We suggest that the end phenotypes of cry1-92,
phyA-75, and phyB-35 are possibly conditional. Anal-
ysis of the chlorophyll accumulation phenotypes of
other light signaling mutants indicates that Atmyc2-05,
hfr1-27, gbf1-12, hrb1-68, and spal-40 can promote the
accumulation of chlorophyll and that det1-1, copl-4,
pifl-72, fhy3-11, and pif3-27 can attenuate the accumu-
lation of chlorophyll during deetiolation (Supplemen-
tal Fig. S11). Consistent with these findings, an
AtMYC2 mutant accumulates more chlorophyll than
the wild type (Yadav et al., 2005) and det1-1 causes
chlorophyll deficiencies (Chory et al., 1989). cop1-4,
pifl, and pif3 alleles attenuate greening in deetiolation
experiments (Ang and Deng, 1994; Stephenson et al.,
2009).

To test whether the end mutants are partially resis-
tant to lincomycin, we tested whether seven end mu-
tants express higher levels of photosynthesis-related
genes than the wild type when grown on medium that
contains lincomycin. Blocking chloroplast biogenesis
with inhibitors such as lincomycin severely down-
regulates the expression of photosynthesis-related
genes (Sullivan and Gray, 1999). Thus, mutants that
are partially resistant to lincomycin would express
higher levels of photosynthesis-related genes than the
wild type when grown on medium that contains
lincomycin. We grew the wild type and seven end
mutants under exactly the same conditions as the
seedlings that were used for transcriptome analyses.
We grew them on medium that contained 0.5 mm
lincomycin in 0.5 umol m™? s~! BR light for 6 d and
then transferred them to 60 umol m >s ' BR light. We
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analyzed the expression of Lhcb1.4, RbcS1A, PsbS, and
CHS immediately before (0 h) and at 4 and 8 h after the
fluence-rate shift (Supplemental Fig. S12, A-D). We
also analyzed the expression of these same genes in
seedlings that were grown for 6 d in continuous 60
umol m~2s~! BR light (Supplemental Fig. S13, A-D).
We found that in general, these genes are expressed at
significantly lower levels in these end mutants than in
the wild type when seedlings are grown on medium
that contains lincomycin (Supplemental Figs. 512, A-D,
and S13, A-D). However in 1-83, 3-F12, and 5-74,
Lhcb1.4 mRNA accumulates to at least 2-fold higher
levels than in the wild type but only by 8 h and in
continuous 60 umol m~* s~' BR light (Supplemental
Figs. S12A and S13A). Additionally, depending on the
light conditions, a number of lincomycin-treated end
mutants tested accumulate significantly more or sig-
nificantly less CHS mRNA than the wild type (Sup-
plemental Figs. S12D and S13D). The reduced
expression of photosynthesis-related genes in these
lincomycin-treated end mutants and the variable ef-
fects of these end alleles on Lhcb1.4 and CHS expression
indicate that these mutants are not resistant to linco-
mycin. We also tested whether the end mutants accu-
mulate more chlorophyll than the wild type when they
are treated with low concentrations of lincomyecin, an
expected phenotype for mutants that are resistant to
inhibitors of chloroplast biogenesis (Saini et al., 2011).
We found that the end mutants appear indistinguish-
able from the wild type regardless of whether they are
grown on medium that lacks lincomycin or medium
that contains 0.005, 0.015, 0.05, 0.15, or 0.5 mm linco-
mycin (Supplemental Figs. S14-516). We did find that
gunl-101 appears to accumulate less chlorophyll than
the wild type when grown on medium that contains
0.05, 0.015, and 0.005 mm lincomycin. This effect is
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Figure 7. Chlorophyll phenotypes caused by T-DNA insertion alleles. A, Chlorophyll phenotypes caused by T-DNA insertion
alleles of genes that are more highly expressed in lincomycin-treated seedlings than in untreated seedlings following a BR
fluence-rate shift. The wild type, gun7-101, and mutants containing T-DNA insertion alleles of genes that are expressed at least
1.5-fold higher in lincomycin-treated relative to untreated seedlings at 1 h following a BR fluence-rate shift were grown for 4 d in
the dark and then transferred to continuous, broad-spectrum white light of 125 pumol m™2 s™' for 24 h. Chlorophyll was
extracted, quantified from four biological replicates for each line, and normalized to the wild type. Mean chlorophyll levels that
were at least 2-fold greater than the chlorophyll levels of the wild type are indicated with a red dashed line and red bars. Mean
chlorophyll levels that were at least 2-fold less than in the wild type are indicated with a blue dashed line and blue bars. Error bars
represent 95% confidence intervals. T-DNA alleles were named using the arbitrary number assigned to each gene (Supplemental
Fig. $8) and the last two numbers of the Salk accession code or the last three digits of the SAIL accession code. For example, the
T-DNA alleles of gene 1 (At5g24120) are SAIL_1232_H11 and Salk_141383. These alleles are named 1-83 and 1-H11. B,
Chlorophyll phenotypes caused by T-DNA insertion alleles of genes that are similarly expressed in lincomycin-treated and
untreated seedlings following a BR fluence-rate shift. The deetiolation of mutants and the extraction and quantification of

chlorophyll were performed as described in A.

especially striking when seedlings are grown on me-
dium that contains 0.015 mmM lincomycin (Supplemen-
tal Fig. S14). The enhanced sensitivity of gunl-101 to
lincomycin is consistent with gunl alleles inhibiting
chloroplast biogenesis (Mochizuki et al., 1996; Ruckle
et al., 2007).

Inhibitors of Chloroplast Biogenesis Are Useful Tools for
Studying Signaling

Although the lincomycin treatment used here atten-
uates growth and may also affect development to
some degree, a visual comparison of lincomycin-
treated and untreated seedlings indicates that the
development of lincomycin-treated seedlings resem-
bles that of untreated seedlings (Larkin and Ruckle,

Plant Physiol. Vol. 159, 2012

2008; Ruckle and Larkin, 2009; Supplemental Figs.
514-516). Our transcriptome analyses also provide
evidence that blocking chloroplast biogenesis with
lincomycin affects gene expression related to develop-
ment, the response to light and hormones, and the
circadian rhythm. Despite these effects, we were able
to use our transcriptome data to identify a number of
genes that affect chloroplast biogenesis. If lincomycin
is not useful because it causes too many secondary
effects, we would expect to randomly isolate mutants
that exhibit such enhanced chloroplast biogenesis
phenotypes from this screen at a low frequency. The
high frequency of end phenotypes yielded by this
screen demonstrates that lincomycin treatments are
useful for studying the signaling that contributes to
chloroplast biogenesis. Consistent with this finding,
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forward genetic screens for alleles that disrupt plastid-
to-nucleus signaling can involve screening Arabidop-
sis mutants that are grown on norflurazon-containing
media that block chloroplast biogenesis. These gun
mutant screens yielded alleles that disrupt only a few
different processes (Mochizuki et al., 2001; Larkin et al.,
2003; Koussevitzky et al,, 2007; Ruckle et al., 2007;
Woodson et al., 2011). Indeed, alleles of the same genes
were repeatedly isolated from these screens (Mochizuki
et al., 2001; Koussevitzky et al., 2007; Ruckle et al., 2007;
Cottage et al., 2008; Adhikari et al., 2011). These data
indicate that these gun mutant screens suffer from few if
any secondary effects and that these inhibitors are
useful for screens that specifically interrogate chloro-
plast-related signaling mechanisms.

end Alleles Induce Chlorophyll Accumulation without
Affecting Photooxidative Stress

The T-DNA alleles that cause end phenotypes may
up-regulate thylakoid biogenesis or down-regulate
chloroplast stress, such as the sort of photooxidative
stress that can attenuate the accumulation of chloro-
phyll. Testing whether increasing fluence rates affect
chlorophyll accumulation during deetiolation can pro-
vide evidence of photooxidative stress. Thus, we
performed deetiolation experiments with these end
mutants in three fluence rates of broad -spectrum
white light: 15, 100, and 300 umol m *s™". In general,
end phenotypes are more strlklng when deetiolation is
performed in 100 wmol m ! and less striking when
deetiolation is performed in e1ther 15 or 300 ,urnol m Zs!
(Fig. 8A). We suggest that 15 umol m™2 pr0v1des
insufficient light for optimal deetiolation, 300 ,umol m
provides excess light that causes photoox1dat1ve stress
during deetiolation, and 100 umol m ™ s™' provides
sufficient light for deetiolation without Causmg exces-
sive photooxidative stress. end mutants that exhibit
enhanced thylakoid biogenesis relative to the wild
type and that experience similar levels of photooxida-
tive stress as the wild type are expected to accumulate
more chlorophyll than the wild type when deetlolatlon
is performed in 15 and 100 pumol m 257 The end
mutants in this class are not expected to accumulate
significantly more chlorophyll than the wild type
when deetiolation is performed at 300 umol m ™2 s
Several end alleles that define six genes cause such
phenotypes (i.e. 1-83, 3-F12, 5-74, 15-HO05, 15-F11,
17-12, 17-43, 23-D06, and 23-F03; Fig. 8A). end mutants
that perform similar rates of thylakoid biogenesis as
the wild type and that experience less photooxidative
stress than the wild type are expected to accumulate
more chlorophyll than the wild type when deetlolatlon
is performed in both 100 and 300 umol m *s™" and to
accumulate similar levels of chlorophyll as the
wild type when deetiolation is performed at 15 umol
m~?s” . Although end alleles that define seven genes (i.e.
2-31, 6-48, 8-49, 8-D01, 19-29, 21-35, 21-76, 25-G09, and
29-18) cause significantly more chlorophyll to accu-
mulate than in the wild type when deetiolation is
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performed in both 100 and 300 wmol m~2 s7!, these
alleles also cause more chlorophyll to accumulate
when deetiolation is performed in 15 wmol m ™2 s~ !
(Fig. 8A). Thus, end alleles attenuating photooxidative
stress is not a satisfactory explanation for these end
phenotypes. Two of the end alleles (i.e. 22-B11 and
38-44) cause more chlorophyll to accumulate than in
the wild type only when deetiolation is performed
at 100 umol m ™ ?'s (Flg 8A). 7-85 was the only allele
yielded by this screen that attenuates the accumulation
of chlorophyll during deetiolation (Fig. 8A).

The bulk of the end mutants yielded from this screen
either (1) accumulate more chlorophyll than the wild
type when deetlolatlon is performed at 15, 100, and
300 wmol m s~ ! or (2) accumulate more chlorophyll
than the wild type when deetlolatlon is performed at
15 and 100 wmol m 2 s~! but accumulate essentially
the same levels of chlorophyll as the wild type when
deetiolation is performed at 300 umol m~2 s~! (Fig.
8A). Thus, none of the end alleles appear to induce
photooxidative stress. If this interpretation is correct,
all of these end mutants should accumulate chloro-
phyll more rapidly than the wild type when deetiola-
tion is performed under conditions that essentially
abolish photooxidative stress. To test this idea, we
performed a deetiolation experiment in BR light that
was 1 umol m ? s™' and extracted and quantified
chlorophyll at four 1ntervals from 0 to 24 h. Consistent
with 1 umol m ™ s™" BR light not promoting photoox-
idative stress, chlorophyll accumulated at similar rates
in the wild type and in mutants that appear to expe-
rience excessive photooxidative stress (i.e. gunl-101
and 7-85; Fig. 8B). All of the end mutants tested
accumulated chlorophyll more rapidly than the
wild type when deetiolation was performed in
1 umol m™2 s™! BR light. More chlorophyll was ap-
parent at 12 and 24 h for 15 of the end mutants (Fig. 8B).
The remaining five end mutants accumulated more
chlorophyll than the wild type at only one time point
(Fig. 8B).

Although these end mutants accumulate signifi-
cantly more chlorophyll than the wild type during
deetiolation, we found that they all accumulate essen-
tially the same levels of chlorophyll as the wild type
when grown for 7 d in continuous 125 umol m *s™!
white light (Supplemental Fig. S17). In these condi-
tions, the light signaling mutants that exhibit end
phenotypes accumulated either the same levels of
chlorophyll as the wild type or levels of chlorophyll
that were more similar to the wild type relative to the
deetiolation experiments (Supplemental Fig. S517). At
least two interpretations are consistent with these data.
(1) Partially redundant signaling mechanisms promote
chloroplast function. Deetiolation provides a sensitive
assay for detecting chloroplast defects that are not
detected after 7 d of growth in 125 umol m~*s ™" white
light because partially redundant rnechanisrns restore
chlorophyll to wild-type levels. (2) The alleles that
cause end phenotypes either knock out or attenuate the
activity of genes that are important for the conversion
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Figure 8. Deetiolation efficiencies of end mutants in various fluence rates. A, Deetiolation efficiencies of end mutants in three
different fluence rates. The end mutants, gun7-701, and the wild type (ecotype Columbia-0 [Col-0]) were grown in the dark for
4 d and then irradiated with broad-spectrum white light at fluence rates of 15, 100, or 300 wmol m~? s~' for 24 h. Chlorophyll
was extracted from four biological replicates for each line in each condition. Chlorophyll levels of the wild type (Col-0) are
indicated with blue bars. Chlorophyll levels of mutants are indicated with red bars and green bars. Error bars represent 95%
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of etioplasts to chloroplasts but are not important for
maintaining chloroplasts.

Seven Different end Alleles Affect
Photosynthesis-Related Gene Expression

If the END genes contribute to chloroplast mainte-
nance, the end mutants should exhibit other chloroplast-
related phenotypes when the end mutants contain
chloroplasts. Believing that gene expression assays
could reveal other chloroplast-related phenotypes, we
tested whether end alleles might cause gene expression
defects by quantifying chloroplast-related gene expres-
sion in seven end mutants. We quantified the expression
of Lhcb1.4 and RbcS1A because these genes contribute to
different components of chloroplast function. We also
quantified the expression of CHS and PsbS. PsbS and
CHS contribute to different components of chloroplast
stress tolerance, namely nonphotochemical quenching
(Murchie and Niyogi, 2011) and phenylpropanoid bio-
synthesis (Gould, 2004; Ferrer et al., 2008). Additionally,
these four genes are expressed when seedlings are
subjected to the conditions described here and they
exhibit distinct light-regulated expression patterns in
lincomycin-treated and untreated seedlings (Fig. 5;
Supplemental Figs. S1, A and B, and S6, A and B).

We tested whether alleles of the five genes with the
highest ratio of light-induced expression in lincomy-
cin-treated seedlings to light-induced expression in
untreated seedlings (i.e. 1-83, 2-31, 3-F12, 5-74, and
6-48; Table I) and whether alleles of two genes with
lower ratios (i.e. 19-29 and 25-G09; Table I) express
abnormal levels of these photosynthesis-related genes.
We grew the wild type and these seven end mutants
under exactly the same conditions as the seedlings that
were used for transcriptome analyses, because we
know that these END genes are expressed when
seedlings are grown in these conditions (Table [;
Supplemental Fig. S8). We grew them without linco-
mycin in 0.5 umol m s~ BR hght for 6 d and then
transferred them to 60 Mmol m ! BR light. We
analyzed the expression of these genes immediately
before (0 h) and at 4 and 8 h after the fluence-rate shift
(Fig. 9). We also analyzed the expression of these genes
in seedlings that were grown for 6 d in continuous 60
umol m~*s~! BR light (Fig. 10). Although these seven
end mutants exhibited a number of Lhcbl.4, RbcS1A,
PsbS, and CHS expression phenotypes, the PsbS expres-
sion phenotypes were the most striking. PsbS mRNA
accumulated from 2- to 6-fold lower levels than in the
wild type in all of the end mutants and in the four light
conditions that we tested (Figs. 9C and 10C). Lincomy-
cin-treated end mutants also accumulated significantly

less PsbS mRNA in three or all four of the light condi-
tions tested (Supplemental Figs. S12C and S13C).

Mutants 19-29 and 25-G09 accumulated 2- to 5-fold
lower levels of Lhcb1.4 mRNA than the wild type in all
four conditions tested (Figs. 8A and 9A). When chlo-
roplast biogenesis was blocked with lincomycin, 19-29
and 25-G09 accumulated significantly less Lhcbl.4
mRNA in three of the four light conditions tested
(Supplemental Figs. S12A and S13A). Six of the end
mutants expressed significantly different levels of
Lhcb1.4 than the wild type in at least one condition
(Figs. 9A and 10A). When treated with lincomycin, all
seven of these end mutants accumulated significantly
less Lhcb1.4 mRNA in one to three of the different light
conditions tested (Supplemental Figs. S12A and S13A).
Although these end alleles down-regulate Lhcb1.4 ex-
pression to various degrees, these data are not incon-
sistent with the end mutants accumulating chlorophyll
more quickly than the wild type during deetiolation
(Figs. 7 and 8), because regulation of Lhcbl.4 expres-
sion appears to differ from the regulation of other
Lhcb1 genes. For example, the expression of Lhcbl1.4 is
down-regulated by the BR fluence-rate shift in the
wild type (Fig. 9A), but RNA blots that were hybrid-
ized with an Lhcb1*1 probe (Ruckle et al., 2007) indi-
cate that this fluence-rate shift induces the expression
of other Lhcb1 genes (Fig. 1A; Supplemental Fig. S1B).

No end mutant expressed significantly different
levels of RbcSIA or CHS than the wild type in all
four of the conditions that we tested. Five to seven of
these end mutants accumulated significantly less
RbcSA1 mRNA than the wild type at 0, 4, or 8 h
relative to the fluence-rate shift (Fig. 9B). When treated
with lincomycin, these seven end mutants accumu-
lated significantly less RbcS1A mRNA in at least one of
the light conditions tested (Supplemental Figs. S12B
and S13B). These seven end mutants expressed essen-
tially the same level of RbcSIA as the w1ld type when
seedlings were grown in 60 umol m~*s™' BR light for
6 d (Fig. 9B). Five of the end mutants accumulated
significantly different levels of CHS mRNA than the
wild type in at least one condition (Figs. 9D and 10D).
3-F12 and 6-48 accumulated significantly lower levels
of CHS mRNA than the wild type in three of the four
conditions tested (Figs. 9D and 10D).

The gene expression phenotypes of these end mu-
tants are different from the gene expression pheno-
types of gunl-101 and hy5. GUN1 contributes to
light-independent plastid-to-nucleus signaling. HY5
contributes to light signaling and the integration of
light and plastid signaling (Jiao et al., 2007; Ruckle
et al., 2007). gun1-101 accumulated significantly dif-
ferent levels of only Lhcb1.4 mRNA relative to the

Figure 8. (Continued.)

confidence intervals. B, Deetiolation rates of end mutants in 1 wmol m™

257! BR light. The end mutants, gun1-101, and the wild

type (Col-0) were grown in the dark for 4 d and then transferred to 1 ,umol m~2 s~ " BR light. Chlorophyll was extracted from four
biological replicates for each line at 0, 6, 12, and 24 h from the wild type (Col- 0 blue curves) and the end mutants (red and green
curves indicate distinct alleles). A Col-0 control was grown on the same plate for each end mutant. Error bars represent 95%

confidence intervals.
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Figure 9. Lhcb1.4, RbcSTA, PsbS, and CHS expression in particular end mutants after an increase in fluence rate. A, Expression of Lhcb1.4 in
particular end mutants after an increase in fluence rate. The wild type (ecotype Columbia-0 [Col-0]) and the indicated mutants were grown without
lincomycin for 6 d in 0.5 wmol m™ s™' BR light and then transferred to 60 umol m™? s~ BR light. Seedlings were collected immediately before the
fluence-rate shift (0 h) and at 4 and 8 h following the fluence-rate shift. We used qRT-PCR to quantify transcript levels. The order of the lines from left to
right is as follows: the wild type (Col-0; white bars), gun1-101 (gray bars), hy5 (brown bars), 1-83 (pink bars), 2-31 (red bars), 3-F12 (orange bars), 5-74
(yellow bars), 6-48 (green bars), 19-29 (blue bars), and 25-G09 (purple bars). Three biological replicates were analyzed for the wild type (Col-0) and
each mutant in each condition. Error bars indicate sp. * Statistically significant difference between the wild type (Col-0) and a mutant (P = 0.0001—
0.049). B, Expression of RbcS1A in particular end mutants after an increase in fluence rate. Analysis of RbcSTA expression was as described in A.
* Statistically significant difference between the wild type (Col-0) and a mutant (P= 0.0002-0.03). C, Expression of PsbS in particular end mutants after
an increase in fluence rate. Analysis of PsbS expression was as in A. * Statistically significant difference between the wild type (Col-0) and a mutant (P=
0.0001-0.004). D, Expression of CHS in particular end mutants after an increase in fluence rate. Analysis of CHS expression was as described in A.
* Statistically significant difference between the wild type (Col-0) and a mutant (P = 0.0001-0.0046).

reported to promote the expression of Lhcbl, RbcS1A,

wild type and at 0, 4, and 8 h relative to the fluence-
and CHS (Lee et al., 2007). HY5 was not previously

rate shift (Figs. 9 and 10). gunl mutants were previ-

ously shown to accumulate more Lhcb mRNA than
the wild type when seedlings were treated with in-
hibitors of chloroplast biogenesis (Susek et al., 1993;
Koussevitzky et al., 2007) and when chloroplasts were
not experiencing stress (Cottage et al., 2010; Voigt et al.,
2010). hy5 accumulated significantly different levels of
Lhcb1.4, RbcS1A, PsbS, and CHS mRNA than the wild
type in 11 of these 16 experiments (Figs. 9 and 10).
Consistent with these findings, HY5 was previously

Plant Physiol. Vol. 159, 2012

reported to contribute to the expression of PsbS. Ad-
ditionally, we found that none of the end mutants are
gun mutants (M.E. Ruckle, unpublished data). Thus,
the END genes contribute to different processes than
the GUN genes (Koussevitzky et al., 2007; Ruckle et al.,
2007; Sun et al., 2011; Woodson et al., 2011). Consistent
with this interpretation, end alleles promote chloro-
plast biogenesis and gun alleles attenuate chloroplast
biogenesis (Mochizuki et al., 1996; Ruckle et al., 2007).
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Figure 10. Lhcb1.4, RbcS1A, PsbS, and CHS expression in particular
end mutants in continuous 60 wmol m™? s™" BR light. A, Expression of
Lhcb1.4 in particular end mutants. The wild type (ecotype Columbia-0
[Col-01) and the indicated mutants were grown without lincomycin for
6 d in continuous 60 umol m™? s™' BR light. We used qRT-PCR to
quantify transcript levels. Three biological replicates were analyzed for
the wild type (Col-0) and each mutant in each condition. Error bars
indicate sp. * Statistically significant differences between the wild type
(Col-0) and a mutant (P = 0.01-0.04). B, Expression of RbcSTA in
particular end mutants. Analysis of RbcSTA expression was as de-
scribed in A. * Statistically significant differences between the wild type
(Col-0) and a mutant (P = 0.0002-0.03). C, Expression of PsbS in
particular end mutants. Analysis of PsbS expression was as described in
A. * Statistically significant differences between the wild type (Col-0)
and a mutant (P = 0.02-0.03). D, Expression of CHS in the indicated

384

We conclude that deetiolation assays and gene ex-
pression assays can detect chloroplast-related defects
when plants are grown in continuous light and only
single END genes are knocked out, because the END
genes probably contribute to a complex network. We
conclude that the integration of light and plastid
signaling induces the expression of these END genes,
the END genes down-regulate chloroplast biogenesis,
and some of the END genes contribute to the regula-
tion of gene expression, especially PsbS expression.

PsbS is coexpressed with other members of the Lhc
supergene family (Klimmek et al., 2006). Blue, red, and
far-red light can induce PsbS expression (Adamska
et al., 1996; Iwasaki et al., 1997; Yang et al., 2003; Hong
et al., 2008). This light-induced expression depends on
phytochromes and cryl (Iwasaki et al., 1997; Hong
et al., 2008). In far-red light, PsbS expression depends
on FIN5 (Cho et al., 2003). In blue light, PsbS expres-
sion is induced by BIT1, which acts downstream of
cryl (Hong et al., 2008). FIN5 is similarly important for
PsbS and CHS expression (Cho et al.,, 2003). BIT1 is
more important for PsbS expression than for CHS
expression (Hong et al., 2008). The seven end mutants
that we tested for gene expression phenotypes were
more deficient in PsbS expression than in CHS expres-
sion. We conclude that these seven END genes are
similar to BIT in that they are more important for PsbS
expression than for CHS expression.

The END Proteins Perform Diverse Functions

The enhanced light-induced expression of the END
genes in lincomycin seedlings supports a main con-
clusion from our transcriptome analyses: the integra-
tion of light and plastid signaling attenuates particular
chloroplast functions. The expression of the END
genes is regulated by a variety of signals besides light
and plastid signals (Supplemental Table S5). These
diverse expression patterns are consistent with the
END genes contributing to a network rather than to a
linear pathway and with a variety of signals down-
regulating chloroplast biogenesis and function.

The overaccumulation of chlorophyll is not a com-
monly reported phenotype. The Arabidopsis ged1 and
coil mutants accumulate more chlorophyll than the
wild type during deetiolation (Choy et al.,, 2008;
Robson et al., 2010). The ged1 allele has not been
cloned. None of the end mutants are allelic to coil. The
end phenotype of the JA signaling mutant coil (Robson
et al., 2010) further supports an interpretation of our
transcriptome data: interactions among JA, light, and
plastid signaling might affect chloroplast biogenesis. In
Chlamydomonas reinhardtii and Arabidopsis, nabl and
AtMYC2 mutants accumulate more chlorophyll than the
wild type (Mussgnug et al., 2005; Yadav et al., 2005).

end mutants. Analysis of CHS expression was as described in A.
* Statistically significant differences between the wild type (Col-0) and
a mutant (P = 0.04).
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None of the proteins encoded by the END genes exhibit
a striking sequence similarity to NAB1 or AtMYC2.

For four of the END genes reported here, expression
was previously reported to rapidly increase in response
to light, and T-DNA insertion alleles of these END genes
were reported to cause developmental defects in hypo-
cotyls and cotyledons during deetiolation (Khanna et al.,
2006). Khanna et al. (2006) did not report whether these
alleles cause chloroplast phenotypes. The genes that
were also identified by Khanna et al. (2006) are SIG5, a
gene that encodes a putative protein kinase (At2g30040),
COL2, and SPA1. sigb alleles attenuate tolerance to salt,
osmotic, and high-intensity-light stress (Nagashima
et al., 2004). Although spal alleles were reported to
cause various developmental and chloroplast-related
phenotypes (Hoecker et al., 1998; Hoecker and Quail,
2001; Baumgardt et al., 2002; McCormac and Terry,
2002; Zhou et al., 2002; Khanna et al., 2006), spal
mutants were not previously reported to accumulate
higher levels of chlorophyll than the wild type during
deetiolation. Ectopic expression of COL2 was reported
to cause no striking phenotype (Ledger et al., 2001).

Among the remaining 14 END genes that were not
identified by Khanna et al. (2006), several have exper-
imentally verified functions. Three of these END genes
either encode or may encode signaling-related pro-
teins: HAI1, an F-box family protein (At2g16365), and
RUP2/EFO2. HAI1 is a protein phosphatase 2C that
contributes to abscisic acid signaling (Fujita et al., 2009;
Guo et al., 2010; Antoni et al., 2012). RUP2/EFO2 is a
WD-40 repeat family protein that contributes to UV-B
signaling (Gruber et al., 2010) and to the regulation of
vegetative growth and flowering (Wang et al., 2011a).
Three of these END genes encode transcription factors:
SMZ, CDF1, and RAP2.6. SMZ encodes an AP2 do-
main-containing protein that potently represses flow-
ering (Schmid et al., 2003; Mathieu et al., 2009). CDF1
encodes a Dof transcription factor that affects flower-
ing time (Imaizumi et al., 2005). If, as we suggest based
on our transcriptome analyses, plastid signaling con-
tributes to natural stress responses by rewiring light
signaling, some of theses END genes should contribute
to stress responses. Indeed, RUP2/EFO contributes to
UV-B signaling (Gruber et al., 2010), and RAP2.6
contributes to abscisic acid and abiotic stress responses
(He et al., 2004; Zhu et al., 2010). Relatives of RAP2.6
such as ABI4 (Zhu et al., 2010), RAP2.2, and RAP2.4
contribute to chloroplast function (Acevedo-Hernandez
et al., 2005; Koussevitzky et al., 2007; Welsch et al., 2007;
Shaikhali et al., 2008). The remaining eight END genes
have no known function. Consistent with the end phe-
notypes, At4g28740, At5g08050, and At5g13770 encode
proteins that are predicted to reside in the chloroplast,
and At5g08050 is coexpressed with phytoene synthase
(Meier et al., 2011).

CONCLUSION

Based on our analysis of Arabidopsis transcrip-
tomes, we conclude that the integration of light and
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plastid signaling (1) down-regulates photosynthesis
and induces both repair and stress tolerance in dys-
functional chloroplasts and (2) helps coordinate pro-
cesses such as growth, the circadian rhythm, and stress
responses with the degree of chloroplast function by
regulating gene expression. Based on the phenotypic
characterization of the mutants yielded by our reverse
genetic screen, we conclude that the integration of
light and plastid signaling regulates a network of
genes that optimize chloroplast function during chlo-
roplast biogenesis and probably during periods of
chloroplast dysfunction.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) seeds were surface sterilized and strat-
ified on Linsmaier and Skoog medium (Caisson Laboratories) that contained
2% Suc as described by Ruckle et al. (2007). Seeds were then exposed to 100
pmol m %5 ™" red light for 1 h and placed in the dark for 23 h. Seedlings were
then grown in controlled-environment chambers containing light-emitting
diodes or broad-spectrum fluorescent tube lamps (Percival Scientific) at the
indicated fluence rates in the presence or absence of 0.5 mm lincomycin as
described by Ruckle et al. (2007). Light was filtered though one or more
neutral-density filters to obtain different fluence rates as described previously
by Ruckle et al. (2007). Isolation and analysis of RNA by northern blotting was
as described by Ruckle et al. (2007). T-DNA insertion mutants (Sessions et al.,
2002; Alonso et al., 2003) obtained from the Arabidopsis Biological Resource
Center at Ohio State University were propagated and homozygous lines were
isolated. Homozygous lines were found to breed true in at least one subse-
quent generation using PCR-based genotyping, as recommended by the Salk
Institute Genomic Analysis Laboratory (http://signal.salk.edu/). We deter-
mined the gene expression phenotype caused by each T-DNA insertion allele by
comparing the levels of mRNA transcribed from each T-DNA allele with the
corresponding wild-type gene using RT-PCR as described by Ruckle et al. (2007).

Transcriptome Analyses

To establish conditions that are useful for studying the impact of plastid
signaling on the light-regulated transcriptome, total RNA was extracted from
seedlings that were grown in various qualities and quantities of light, and the
levels of Lhcbl and RbeS mRNA were quantified using RNA-blot hybridiza-
tions as described by Ruckle et al. (2007). All experiments were performed
with four biological replicates, with one exception. Only three biological
replicates were used for the lincomycin-treated seedlings collected 1 h after
the fluence-rate shift. Each biological replicate contained 50 to 100 seedlings.
To minimize variability among independent preparations of RNA, three
independent RNA extractions were performed for each biological replicate
using the RNeasy Plant Miniprep Kit (Qiagen) with the on-column DNase I
treatment. The three independent RNA extractions from each biological
replicate were subsequently combined to generate one RNA preparation for
each biological replicate. RNA samples from biological replicates were inde-
pendently extracted, processed, and analyzed. Biotinylated target RNA was
prepared from 5 ug of total RNA for each sample using GeneChip One-Cycle
Target Labeling (Affymetrix). For each sample, 15 ug of labeled target
complementary RNA was purified, fragmented, and hybridized to the
GeneChip Arabidopsis ATH1 Genome Array (Affymetrix) as recommended
by the manufacturer. The GeneChip arrays were then washed and stained
using the GeneChip Fluidics Station 450 (Affymetrix) and analyzed using the
GeneChip Scanner 3000 7G (Affymetrix).

All data used in this study passed previously described quality assurance
protocols (Burgoon et al., 2005). Microarray data were normalized using Gene
Chip Robust Multi-array Averaging in R/Bioconductor (http:/ /www.bioconductor.
org/packages/2.6/bioc/html/gcrma.html). Posterior probabilities were calculated
using an empirical Bayes analysis on a per gene, per time point, and per treatment
basis (Smyth, 2004). Both the unprocessed and normalized microarray data
discussed in this publication were deposited in the National Center for Biotechnol-
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ogy Information Gene Expression Omnibus (Edgar et al., 2002) and are accessible
through GEO Series accession number GSE24517 (http:/ /www.ncbinlm.nih.gov/
geo/query/acc.cgi?acc=GSE24517). Significant differences in gene expression are
defined as those causing a 2-fold change (P = 0.01). Trajectory analysis of differen-
tially expressed genes was performed in R using singular value decomposition.

Agglomerative hierarchical clustering (Euclidean distance) of differentially
expressed genes was performed in R using a complete linkage method. To
create gene lists for each cluster, the heat maps were reconstructed in
Microsoft Excel 2007 using the “rowInd” function of R and the conditional
formatting function from Microsoft Excel 2007. In addition to agglomerative
hierarchical clustering, manual filtering of expression patterns was performed
to identify genes that fit user-defined terms such as “genes induced early,”
“genes induced late,” or “genes repressed by chloroplast dysfunction.”
Microsoft Excel 2007 was used to sort the genes that fit each model of
expression to create gene lists for each model of expression.

GO terms were tested for enrichment in the expression clusters and user-
defined expression patterns using the GO terms from the GO Consortium
(Ashburner et al., 2000) and Ontologizer 2.0 (Bauer et al., 2008). The gene
association file was downloaded from the GO Web site (http://www.
geneontology.org/) Concurrent Versions System (CVS) version 1.1260, Gene
Ontology Consortium validation from July 21, 2009. The gene association file
and the gene lists for both expression clusters and user-defined expression
patterns were uploaded into Ontologizer 2.0. Ontologizer 2.0 identifies GO
terms that are significantly enriched in a data set using a one-tailed Fisher’s
exact test (Grossmann et al., 2007; Bauer et al.,, 2008). GO terms were
considered significantly enriched by Ontologizer 2.0 at P < 0.01 after West-
fall-Young multiple comparison correcting (Bauer et al., 2008). Ontologizer 2.0
was not used to correct for redundancies between parent-GO terms and the
child-GO terms, which contain a subset of genes found in a particular parent-
GO term. Only a term-for-term enrichment that separately tests for the
enrichment of parent-GO and child-GO terms was used to test for the
enrichment of GO terms, as recommended previously (Grossmann et al.,
2007). Results from this analysis yielded a list of GO terms that were enriched
for at least one expression cluster or pattern. In this list, GO terms are
represented by the —log,, of uncorrected P values. Next, a matrix that
compares the —log;, of uncorrected P values and enriched expression patterns
was created in Microsoft Excel 2007. Agglomerative hierarchical clustering
was performed on this matrix as described above for differentially expressed
genes. When parent-GO and child-GO terms clustered together, the parent
term was used. Parent-GO and child-GO terms that did not cluster together
were considered separate terms. The child term was used as the GO-enriched
term only in these instances. From this analysis, 55 GO terms were classified as
distinct and enriched terms. We found the genes that made up these 55
enriched terms at the GO Web site using the advanced search function in
AmiGO (Carbon et al., 2009) version 1.7, release date October 7, 2009. To
remove potential artifacts of computational annotation of the GO, only genes
that had the following evidence codes were considered: inferred from direct
assay (IDA), inferred from experiment (EXP), inferred from expression pattern
(IEP), inferred from genetic interaction (IGI), inferred from mutant phenotype
(IMP), inferred from physical interaction (IPI), traceable author statement
(TAS), and nontraceable author statement (NAS; http://www.geneontology.
org; Rhee et al., 2008). Agglomerative hierarchical clustering was performed
on significantly regulated genes from the enriched GO terms as described
above for differentially expressed genes.

Genes that are significantly regulated by particular types of ROS in
particular subcellular locations were described previously by Gadjev et al.
(2006). These ROS-regulated genes were tested for significant regulation by
the BR fluence-rate shift and lincomycin treatment as described for GO terms.
Significant regulation was established by calculating a hypergeometric dis-
tribution as described for estimating term-for-term overrepresentation of a GO
term (Grossmann et al., 2007).

Analysis of Chlorophyll Levels in Arabidopsis Seedlings

Chlorophyll was extracted using N,N'-dimethylformamide and quantified
as described previously (Porra et al., 1989), except that we homogenized 10 to 20
mg of seedlings in 1.5-mL microfuge tubes that contained a single 3-mm very-
high-density zirconium oxide bead (Glen Mills) using a TissueLyser (Qiagen).

Analysis of Gene Expression by qRT-PCR

We extracted total RNA from Arabidopsis seedlings using the RNeasy
Plant Mini Kit (Qiagen) and synthesized cDNA using oligo(dT),, s and
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SuperScript III (Invitrogen). Real-time qPCR was performed with the Fast
SYBR Green Master Mix and the ABI 7500 Fast Real-Time PCR system (Applied
Biosystems). The oligonucleotides used for qPCR analysis of RbcSA1, PsbS,
CHS, and AOS expression were 5'-AATTTCCGGACTTAACGTTTGTTT-3'
and 5'-CATCAGACAGTTGAGAATCCGATAGA-3', 5'-CGGCAAAAACG-
TCCGATCCTG-3" and 5'-GTGAACCCAAACAATGGACCTTG-3', 5'-TCGG-
ACCAGGTCTCACTGTTG-3’ and 5'-AGGCAAGCGTTCTGTTTAGAGAG-3’,
and 5'-GGAGAACTCACGATGGGAGCGATT-3' and 5'-GCGTCGTGGCTTT-
CGATAACCAGA-3’, respectively. The oligonucleotides used for gPCR anal-
ysis of AAA, BAP1, CCA1, CDKB2.2, FER1, Lhcb1.4, LOX2, MCM5, NodL, PRR5,
and ZAT12 expression were described previously (Mockler et al., 2004; Li et al.,
2006; Baruah et al., 2009a, 2009b; Shultz et al., 2009; Rodriguez et al., 2010;
Adbhikari et al., 2011; Wang et al., 2011b). We calculated relative mRNA levels
using the comparative cycle threshold method (Pfaffl, 2001) or the relative
standard curve method according to the manufacturer’s recommendations
(Applied Biosystems). The expression of each gene was normalized to the
expression of UBQ10. The statistical significance of the differences in expres-
sion levels was calculated with an unpaired ¢ test.

Sequence data from this article can be found in the Arabidopsis Genome
Initiative database and the GenBank/EMBL data libraries under the following
accession numbers: AAA, At3g28580, NM_113778; BAP1, At3g61190, NM_115983;
CHS, At5g13930, 831241; Lhcbl.4, At2g34430, 818006; NodL, At5g64870,
NM_125885; RbcSA1, Atlg67090, 843029. The accession numbers for other se-
quence data are listed in Table I, Supplemental Figures S6 to S9, and Supplemental
Tables S3 to S5. T-DNA insertion mutants and other mutants used in this study are
listed in Table I and Supplemental Figures S7 to S10. gunl-101 and hy5 are
described by Ruckle et al. (2007).

Supplemental Data

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

Supplemental Figure S1. Expression of Lhcb1 and RbcS following a fluence
shift.

Supplemental Figure S2. Agglomerative clustering of early time points
(i.e. 0.5 and 1 h) and late time points (i.e. 4 and 24 h).

Supplemental Figure S3. Distribution of user-defined expression patterns
among light- and plastid-regulated genes.

Supplemental Figure S4. Agglomerative hierarchical clustering of signif-
icantly enriched GO terms with expression clusters.

Supplemental Figure S5. Clustering of significantly enriched GO terms
with user-defined expression patterns.

Supplemental Figure S6. Agglomerative hierarchical clustering of signif-
icantly regulated genes.

Supplemental Figure S7. FERI and ZATI12 expression in lincomycin-
treated and untreated seedlings.

Supplemental Figure S8. T-DNA insertion alleles of genes whose expres-
sion is more highly induced in lincomycin-treated than in untreated
seedlings by 1 h following the BR fluence-rate shift.

Supplemental Figure S9. T-DNA insertion alleles of genes whose expres-
sion is similarly induced in lincomycin-treated and untreated seedlings
by 1 h following the BR fluence-rate shift.

Supplemental Figure S10. Characterization of T-DNA insertion alleles of
genes that encode light signaling factors.

Supplemental Figure S11. Chlorophyll phenotypes of light signaling
mutants.

Supplemental Figure S12. Lhcb1.4, RbcS1A, PsbS, and CHS expression in
lincomycin-treated end mutants after an increase in fluence rate.

Supplemental Figure S13. Lhcb1.4, RbcS1A, PsbS, and CHS expression in
particular lincomycin-treated end mutants in continuous 60 wmol m 2
s ! BR light.

Supplemental Figure S14. gun1-101, 1-83, 1-H11, 2-31, 3-F12, 5-74, and 6-48
treated with various concentrations of lincomycin.

Supplemental Figure S15. 8-D01, 15-F11, 15-HO05, 17-12, 17-43, 19-29, and
21-35 treated with various concentrations of lincomycin.
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Supplemental Figure S16. 21-76, 22-B11, 23-F03, 25-G09, 29-18, 36-40, and
38-44 treated with various concentrations of lincomycin.

Supplemental Figure S17. Chlorophyll levels in end mutants and light
signaling mutants grown in continuous white light.

Supplemental Table S1. Significance of enriched biological process and
cellular component GO terms in particular expression patterns.

Supplemental Table S2. Significance of enriched biological process and
response to stimulus GO terms in particular expression patterns.

Supplemental Table S3. Genes that exhibit enhanced light-induced ex-
pression in lincomycin-treated seedlings and that lack publicly available
T-DNA alleles.

Supplemental Table S4. Alleles of genes that exhibit similar light-induced
expression in lincomycin-treated and untreated seedlings that cause end
phenotypes.

Supplemental Table S5. The diverse regulators of genes that exhibit
enhanced light-induced expression in lincomycin-treated seedlings.
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