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Abstract

Sigma factor (SIG) proteins contribute to promoter specificity of the plastid-encoded
RNA polymerase during chloroplast genome transcription. All six members of the
SIG family, that is, SIG1-SIGé6, are nuclear-encoded proteins targeted to chloroplas-
ts. Sigma factor 2 (SIG2) is a phytochrome-regulated protein important for stoichio-
metric control of the expression of plastid- and nuclear-encoded genes that impact
plastid development and plant growth and development. Among SIG factors, SIG2 is
required not only for transcription of chloroplast genes (i.e., anterograde signaling),
but also impacts nuclear-encoded, photosynthesis-related, and light signaling-related
genes (i.e., retrograde signaling) in response to plastid functional status. Although
SIG2 is involved in photomorphogenesis in Arabidopsis, the molecular bases for its
role in light signaling that impacts photomorphogenesis and aspects of photosynthe-
sis have only recently begun to be investigated. Previously, we reported that SIG2
is necessary for phytochrome-mediated photomorphogenesis specifically under red
(R) and far-red light, thereby suggesting a link between phytochromes and nuclear-
encoded SIG2 in light signaling. To explore transcriptional roles of SIG2 in R-depen-
dent growth and development, we performed RNA sequencing analysis to compare
gene expression in sig2-2 mutant and Col-0 wild-type seedlings at two developmen-
tal stages (1- and 7-day). We identified a subset of misregulated genes involved in
growth, hormonal cross talk, stress responses, and photosynthesis. To investigate
the functional relevance of these gene expression analyses, we performed several
comparative phenotyping tests. In these analyses, strong sig2 mutants showed
insensitivity to bioactive GAs, high intracellular levels of hydrogen peroxide (H»O5)
indicative of a stress response, and specific defects in photosynthesis, including ele-
vated levels of cyclic electron flow (CEF) and nonphotochemical quenching (NPQ).
We demonstrated that SIG2 regulates a broader range of physiological responses at
the molecular level than previously reported, with specific roles in red-light-

mediated photomorphogenesis.
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1 | INTRODUCTION

Functional chloroplasts contain both nuclear- and chloroplast-
encoded proteins. Thus, light-dependent plastid development
depends on coordinate control and stoichiometric expression of
nuclear and plastid genes. Sigma factor protein 2 (SIG2) is a member
of the six-member SIG family (i.e.,, SIG1-SIGé) in Arabidopsis that
functions in chloroplasts as a subunit of the plastid-encoded RNA
polymerase (PEP) to regulate expression of chloroplast genes for
chloroplast development and chlorophyll biosynthesis, which are
central for photosynthesis (Kanamaru et al., 1999). Like other mem-
bers of the SIG family, SIG2 exhibits sequence similarity to the
prokaryotic sigma factor 670 (Nagashima et al., 2004). Each sigma
factor exhibits specificity in interacting with the promoters of its tar-
get gene(s) in chloroplasts and plays a distinctive role during growth
and development (Yagi & Shiina, 2014). For example, both SIG2 and
SIG6 are induced by light and are critical for chloroplast develop-
ment and chlorophyll biosynthesis, as sig2 and sigé mutant seedlings
are pale to yellow-green with underdeveloped chloroplasts (Ishizaki
et al., 2005; Shirano et al., 2000). Additionally, SIG5 has been recog-
nized as a stress-responsive factor due to the observed rapid induc-
tion of this gene upon salt, cold, and high-light stresses, as well as
high sensitivity in the presence of salt and low levels of maximal
quantum yield of PSIl (Fv/Fm) observed in sig5 mutants (Nagashima
et al., 2004; Tsunoyama, Morikawa, Shiina, & Toyoshima, 2002). In
spite of the sequence homology between SIG2 and SIG5, the role of
SIG2 in stress responses has not been fully explored. Notably, SIG2
is distinct from SIG5 in that it does not exhibit a transcriptional
change upon specific experimental stress treatments, such as high
light or salt (Nagashima et al., 2004).

Sigma factor protein 2 has been previously shown to have roles
in both forward signaling from the nucleus to chloroplasts (i.e.,
anterograde signaling) that controls the transcription of chloroplast
genes during photomorphogenesis (Oh & Montgomery, 2013), as
well as in signaling from plastids back to the nucleus, that is, retro-
grade signaling, to control nuclear gene expression in response to
plastid functional status (Woodson, Perez-Ruiz, Schmitz, Ecker, &
Chory, 2013). During anterograde signaling, phytochromes regulate
expression of SIG genes, including SIG2, in a process required for
promoting chloroplast development and function (Oh & Mont-
gomery, 2013, 2014). During anterograde signaling, SIG2 contributes
to regulating the expression of a number of plastid genes, including
psal, psbA, psbD, psbB, psbN, trE, and trnV (Oh & Montgomery,
2013; Woodson et al., 2013). During retrograde signaling, SIG2
is involved in controlling the transcription of a small set of photo-
synthetic associated nuclear genes (PhANGs), including RBCS2B
(Rubisco small subunit), LHCB1.2 (LIGHT-HARVESTING CHLOROPHYLL

B-BINDING 1), LHCB2.2 (LIGHT-HARVESTING CHLOROPHYLL B-BIND-
ING 2), PC (PLASTOCYANIN), and CA (CARBONIC ANHYDRASE)
(Woodson et al., 2013). In addition to SIG2, heme derivatives, includ-
ing intermediates in chlorophyll biosynthesis, reactive oxygen species
(ROS), and hormones, can initiate retrograde signaling (reviewed in
Leister, 2012).

SIG2 has a recognized role in light-dependent aspects of plant
development, including the aforementioned chloroplast development
and in distinct aspects of photomorphogenesis. Related to its role in
chloroplast development, sig2 mutants are chlorophyll deficient in
white light (Oh & Montgomery, 2013; Shirano et al., 2000; Woodson
et al., 2013), and in red and blue light (Oh & Montgomery, 2013). In
regards to SIG2-dependent regulation of photomorphogenesis in a
wavelength-specific manner, we noted that disruption of SIG2
resulted in red (R)- and far-red (FR)-light-specific defects in the inhi-
bition of hypocotyl elongation and cotyledon expansion (Oh &
Montgomery, 2013). Root elongation also was disrupted under R illu-
mination in sig2 mutants (Oh & Montgomery, 2013). However, the
molecular bases of SIG2-mediated, R-, and/or FR light-specific sig-
naling that impacts photomorphogenesis and photosynthesis are not
fully understood.

To investigate the role of SIG2 in regulating expression of genes
in the chloroplast and nucleus at the molecular level, several tran-
scriptional profiling analyses have been performed (Nagashima et al.,
2004; Woodson et al., 2013). DNA microarray analysis shows that
several chloroplast genes, including psaJ, which is transcribed by
PEP, and additional plastid genes transcribed by the nuclear-
encoded, chloroplast-localized RNA polymerase (NEP), are misregu-
lated in a sig2-1 T-DNA mutant (Nagashima et al., 2004). RNA-Seq
and microarray analyses using white-light-grown sig2-2 mutant seed-
lings resulted in the identification of a role for SIG2-mediated retro-
grade signaling in the regulation of PhANGs (Woodson et al., 2013).
Here, to assess the transcriptional role of SIG2 in its recently identi-
fied role in R-dependent photomorphogenesis, plant development,
and regulation of photosynthesis, we performed RNA-Seq analysis to
compare gene expression in a sig2-2 mutant and wild-type (WT)
seedlings grown in R light at two developmental stages (i.e., at 1 and
7 days). Our data suggested that, in red light, SIG2 is involved in
anterograde- and retrograde-dependent transcriptional regulation of
growth-, hormone-, stress-, and photosynthesis-related genes. To
investigate the functional relevance of these gene expression analy-
ses to the observed red-light, SIG2-dependent aspects of growth
and development, we conducted a battery of phenotyping tests and
determined that sig2 mutants show insensitivity to GA, high intracel-
lular levels of hydrogen peroxide (H,O,) that are indicative of stress,
and specific defects in photosynthetic performance, such as elevated
levels of cyclic electron flow (CEF) and NPQ. These results implicate
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SIG2 in regulating a broader range of light-dependent physiological
responses at the molecular level than previously recognized.

2 | EXPERIMENTAL PROCEDURES

2.1 | Plant material

Arabidopsis thaliana Col-O ecotype was used as wild-type (WT), and
T-DNA insertion mutant lines sig2-2 (SALK_045706), sig2-3
(SALK_022546), and transgenic line sig2-4 were previously described
(Oh & Montgomery, 2013).

2.2 | Plant growth conditions

For RNA sequencing (RNA-Seq) analyses, Arabidopsis seeds were
surface sterilized prior to sowing. In detail, seeds were incubated
with 35% (v/v) commercial bleach containing 0.025% (v/v) SDS for
15 min, and then seeds were rinsed with sterile distilled water five
times and planted on growth medium containing 1x Murashige and
Skoog (MS) salts (Caisson Laboratories), 1% (w/v) sucrose, and 0.7%
(w/v) Phytoblend (Caisson Laboratories). Seeds on solid medium
were stratified for 4 days at 4°C in the dark and were then incu-
bated in a Percival LED (light-emitting diode)-equipped growth
chamber (Model: E-30LED, Serial Number: 6447.02.04)) with red (R)
LEDs (Amax ~670 nm) under constant red (Rc) illumination for 1 day
or 7 days at 22°C. For photosynthesis experiments, Arabidopsis
seeds without sterilization were cold-stratified for 4 days at 4°C in
the dark and were grown on soil in controlled growth chamber (Con-
viron) at 22°C under long-day condition (8 hr dark/16 hr light cycle)
with cool-white light lamps (F96T12 CW VHO, Phillips). Fluence
rates were measured using a LI-250A Light Meter with a Quantum
sensor (LI-COR) in temperature- (i.e., 22°C) and humidity-controlled

growth chambers.

2.3 | RNA extraction and RNA-Seq analysis

Total RNA was isolated from 1- or 7-d-old whole seedlings grown in
Rc illumination (50 pmol m2s 1) as described above using an
RNeasy® Plant Mini kit (Qiagen). Three biological replicates were
prepared, and the quality of RNA from samples was assessed with a
Bioanalyzer (Agilent) to identify samples with a RNA integrity score
(>7.5). RNA-Seq samples were prepared using the lllumina TruSeq
mRNA prep kit, and RNA-Seq was performed by the Research Tech-
nology Support Facility at Michigan State University using the lllu-
mina sequencing system, which employs a massively parallel
sequencing-by-synthesis four-dye approach to generate billions of
bases of high-quality DNA sequence per run (Mardis, 2008) and
yields >120 million reads of 55 nucleotides in length. We employed
cufflink and cuffdiff (Trapnell et al., 2012) to estimate variance-mean
dependence in count data from high-throughput sequencing assays
and tested for differential expression based on a model using the

negative binomial distribution. RNA-Seq data have been deposited
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to the NCBI Gene Expression Omnibus database (submission number
GSE104518).

2.4 | Validation of RNA-Seq data

To validate the RNA-Seq data, quantitative RT-PCR (gRT-PCR) analy-
ses for indicated genes (primers used are listed in Table S1) were
performed with three biological replicates as described previously
(Oh, Warnasooriya, & Montgomery, 2013). UBC21 (At5325760) was
used as an internal control gene for normalization in the gRT-PCR

experiments.

2.5 | Effect of gibberellic acid (GA3) or GA inhibitor
Paclobutrazol (PAC) on hypocotyl development

To assess the effect of exogenous gibberellic acid (GAs; Sigma-
Aldrich) and its inhibitor paclobutrazol (PAC; Sigma-Aldrich) on hypo-
cotyl development of sig2 mutants in Rc light, we performed light-
dependent hypocotyl length assays as described in Warnasooriya
and Montgomery (2009). Briefly, seeds were planted on MS salt
plates containing various concentrations of GAz or PAC and cultured

2

in a growth chamber with Rc light at 50 pmol m~2 s~ for 7 days at

22°C.

2.6 | Measurement of hydrogen peroxide (H>O5)

Measurement of intracellular hydrogen peroxide (H,O,) levels was
performed as described in Strand et al. (2015). In brief, leaf disks
from 40-d-old plants grown on soil at 22°C under white light with a
long-day photoperiod, or 7-d-old seedlings grown on MS medium
under continuous white light, were harvested, with four biological
replicates assessed per genotype. Leaf disks or whole seedlings were
ground using liquid nitrogen and extracted in 50 mM potassium
phosphate buffer (pH 7.2). After centrifugation of the extract, 10 pl
of the resulting supernatant was incubated with Amplex red (Invitro-
gen, final concentration of 50 pM) and 0.2 units ml~! horseradish
peroxidase in the dark for 30 min at room temperature. The level of
hydrogen peroxide was estimated using excitation at 530 nm and
emission at 590 nm. The pellets remaining after centrifugation of
leaf disk or whole seedling extracts were used to extract chlorophylls
with 80% (v/v) of acetone and chlorophyll concentrations deter-
mined by equations described in Inskeep and Bloom (1985). Hydro-
gen peroxide measurements were normalized to total chlorophyll
content.

2.7 | Chlorophyll fluorescence and photosynthetic
parameter measurements

Chlorophyll fluorescence data for 2-week-old plants grown at 22°C

~2 s71) with a long-day

under white light (approximately 100 pmol m
photoperiod (16 hr light and 8 hr dark cycle) were obtained using a

custom-designed plant imaging system described previously (Cruz
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et al., 2016), with a few modifications as detailed below. Two-week-
old plants were treated with five different light regimes (R1 to R5)
of 24 hr each for 5 days under a 16 hr light and 8 hr dark cycle.
Under the first light regime (R1), the plants were grown at constant

~2 571 during the light period. For the

light intensity of 100 pmol m
second light regime (R2), plants were treated with sinusoidal light
with a maximum light intensity of 500 pmol m~2 s in the light
phase. For the third light regime (R3), fluctuating sinusoidal light with
a maximum intensity of 1,000 umol m™2 s~! was applied. For the
fourth (R4) and fifth (R5) regimes, additional R1 and R3 treatments
were reapplied, respectively.

For in vivo spectroscopic assays using 40-d-old plants grown at
22°C under white light (approximately 100 pmol m—2 s~1) with a
long-day photoperiod, chlorophyll fluorescence was measured as
previously described (Avenson, Cruz, & Kramer, 2004; loannidis,
Cruz, Kotzabasis, & Kramer, 2012). In detail, attached, fully
expanded rosette leaves from dark-adapted adult plants were used
for experiments. Chlorophyll fluorescence was measured after irra-
diation with actinic light (116-500 pmol m~2 s~%) using an in-
house-made spectrophotometer (Hall et al., 2013; Livingston, Cruz,
Kohzuma, Dhingra, & Kramer, 2010), and chlorophyll fluorescence
yields (e.g., Fo, Fm, Fs, Fym, and Fye) were estimated as described
(Baker, Harbinson, & Kramer, 2007). Quantum vyield of PSIl (®),
nonphotochemical quenching (NPQ), and linear electron flow (LEF)
were calculated using the chlorophyll fluorescence vyield values as
described in Strand et al. (2015). Electrochromic shift (ECS) mea-
surements for analysis of proton motif force (pmf) were performed
using dark-interval relaxation kinetics (DIRK) spectroscopy, and ECS
parameters were calculated as described in Baker et al. (2007) and
Strand et al. (2015). Cyclic electron flow (CEF) was estimated by
comparing the slope of the line obtained from graphing v;; (light-
driven proton flux) vs. LEF (linear electron flow) for a particular line
to the slope obtained for wild-type (Avenson et al., 2004) and was
normalized by chlorophyll per leaf area. Chlorophyll was extracted
directly from ground leaf tissue with 80% (v/v) acetone and quanti-

fied according to Inskeep and Bloom (1985).

2.8 | SDS-PAGE gel and immunoblot analysis

For SDS-polyacrylamide gel electrophoresis (SDS-PAGE), total pro-
teins were extracted from liquid-nitrogen-ground leaves of 40-d-old
plants grown in white light (approximately 100 pmol m~—2 s~1) with a
long-day photoperiod using extraction buffer (10 mM Tris-HCI, pH
7.2). Proteins were resolved on 15% (w/v) SDS-PAGE gel and
immunoblotted to polyvinylidene difluoride (PVDF) membrane as
previously described (Montgomery, Yeh, Crepeau, & Lagarias, 1999)
with minor modifications. The membrane was blocked with 2% (w/v)
bovine serum albumin (BSA) in tris-buffered saline and incubated
with 1:4,000 dilution of anti-NDH18 antibody (Peng, Fukao, Fuji-
wara, Takami, & Shikanai, 2009), followed by horseradish peroxi-
dase-conjugated anti-rabbit 1gG (Pierce 1858415; Lot No.
HJ108849; 1:4,000 diluted). Protein signal was detected using Wes-
ternBright enhanced chemiluminescence (Advansta).

2.9 | Statistical analyses

For statistical analysis, two-tailed Student's t test analyses (unpaired
with two-sample equal variance) were performed with Microsoft
Excel 2007 software.

3 | RESULTS

3.1 | SIG2 is required for the retrograde signaling-
dependent transcriptional regulation of a distinct
group of nuclear genes, including growth-, GA-,
stress-, and photosynthesis-related genes

To understand the role of SIG2-dependent transcriptional regulation
that impacts photomorphogenesis and growth in Rc light, we per-
formed RNA-Seq analysis comparing gene expression changes
between Col-0 wild-type (WT) and sig2-2 mutant lines at the whole
genome level. Given the multiple morphological and chlorophyll pig-
mentation defects observed at distinct developmental stages for sig2
mutant seedlings under R light (Oh & Montgomery, 2013), we used
RNA extracted from sig2-2 mutant seedlings grown on MS medium
under constant R light at 50 umol m~2 s~ for 1 or 7 days. From a
RNA-Seqg-based comparison of 1- or 7 days-old samples of WT and
sig2-2 mutant seedlings, we identified 515 and 1,711 misregulated
genes (>2-fold changes, g-value <.05), respectively (Figure 1a).
Among these genes, 106 genes were misregulated at both 1 and
7 days, with 409 genes distinctly misregulated early in development
at 1 day and 1,605 genes misregulated at 7 days. The misregulated
genes were subjected to functional classification using gene ontology
(GO)::TermFinder (Boyle et al., 2004) or (GO) annotations of TAIR
(www.arabidopsis.org/tools/bulk/go/index.jsp). Among 515 genes
misregulated in 1 day samples of sig2-2 mutant seedlings, 127 cate-
gories were significantly overrepresented in GO::TermFinder analysis
(Table S2). By comparison, functional classification (Boyle et al.,
2004) of genes misregulated in sig2-2 from 7 days using (GO):
TermFinder samples indicated that 255 categories were significantly
overrepresented (Table S3).

During the growth and development of plants, expansion of the
cell wall is essential. The cell wall is comprised of a complex network
of various polysaccharides, including cellulose, hemicelluloses, and
pectins, as well as glycoproteins (e.g., extensins) (Keegstra, 2010).
Extensins are hydroxyproline-rich glycoproteins (HRGPs), covalently
cross-linked in cell walls, and have been recognized as important
proteins in the expansion of cell walls (Cannon et al., 2008; Lamport,
Kieliszewski, Chen, & Cannon, 2011). Additionally, extensins are
implicated in root development at distinct developmental stages (re-
viewed in Somssich, Khan, & Persson, 2016). Based on distinct
repetitive amino acid sequence related to potential protein function,
the 20 extensin proteins in Arabidopsis have been categorized into
four distinctive groups, I, lla, llb, and llc (Cannon et al., 2008). We
noticed that all eight genes in group llb (i.e., EXTé — EXT13) were
highly upregulated in the sig2-2 mutant at 1 day, whereas these

genes were all downregulated in the sig2-2 mutant at 7 days,
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FIGURE 1 RNA-Seq analysis of genes misregulated in sig2-2 mutant. (a) Venn diagram of genes misregulated in sig2-2 compared with Col-0
wild-type (WT) (>2-fold changes, g-value <.05). One-day-old or seven-day-old seedlings grown on MS medium containing 1% sucrose and 0.7%
Phytoblend agar at 22°C under Rc (50 pmol m™2 s~1) were used. (b) GO annotations of genes misregulated in sig2-2 using TAIR (www.arabid
opsis.org/tools/bulk/go/index.jsp). Misregulated genes and ~26,000 genes from Arabidopsis whole genome were grouped based on GO
categorization, and the enrichment of selected categories was indicated as percentage. An asterisk on the pie chart indicates a category of
interest. (c to e) Categorization of genes misregulated in one-day-old sig2-2 (d, e) or seven-day-old sig2-2 (c) seedlings using Go:TermFinder.
Enrichment of selected categories in GO biological process is indicated as fold change and p values (in parentheses) on bar graph

compared to Col-O0 WT (Figure S1 and Table S4). We, then, gener-
ated heat maps for the expression of extensin genes in various tis-
sues and light treatments using public Arabidopsis microarray
database (AtGenExpress) and observed high levels of expression of
these extensin genes in roots, suggesting root-related functions (Fig-
ure S2). Notably, the sig2-2 mutant exhibits short roots in red-light
conditions (Oh & Montgomery, 2013). Relatedly, Velasquez et al.
(2011) reported a short root hair phenotype for homozygous T-DNA
mutant lines for EXT6, EXT7, EXT10, EXT11, and EXT12 type llb
extensin genes. Additionally, consistent with the previously observed
disruption in the root elongation phenotype in sig2-2 (Oh & Mont-
gomery, 2013), multiple genes related to root development or differ-
entiation and root morphology were misregulated in this line under
red light (Table S2).

A disproportionate number of misregulated genes in sig2-2 were
assigned to the “response to stress” category, as compared to those
in the whole genome of Arabidopsis (11% in “both 1 and 7 days”
group of genes vs. 6% in Arabidopsis whole genome) (Figure 1b).
Among these, subsets of genes associated with the regulation of

reactive oxygen species (ROS) metabolic processes, regulation of

hydrogen peroxide metabolic processes, response to oxidative stress,
and responses to defense/stress were highly overrepresented (Fig-
ure 1c). These results suggested that regulation of stress-related
genes by SIG2-mediated signaling is correlated with photomorpho-
genesis of Arabidopsis seedlings in Rc light.

A number of electron transport/energy pathway-related genes
were also overrepresented in a comparison of sig2-2 and WT at 1 day
as compared with the whole genome of Arabidopsis (2% in 1 day of
sig2-2 vs. WT compared to 1% in Arabidopsis whole genome) (Fig-
ure 1b). In addition, a number of nuclear photosynthesis-related genes
and R-light-responsive genes were misregulated in sig2-2 relative to
WT, as compared to those in the entire genome of Arabidopsis (Fig-
ure 1d). This observation of misregulation of photosynthesis-related
genes under red-light conditions is consistent with the recognized
involvement of sigma factor proteins in transcriptional regulation of
photosynthesis genes (Kanamaru et al., 1999) and its previously
described role in white light as a retrograde signaling component for
the regulation of PhRANGs (Woodson et al., 2013).

A number of gibberellins (GA) biosynthetic process-related genes

were significantly (~10-fold) misregulated in sig2-2 relative to WT, as
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compared to those in the entire genome of Arabidopsis (Figure 1le,
Table S2). Genes related to GA metabolic processes (ninefold) and
cellular responses to GA stimulus (sevenfold) were also significantly
misregulated in the sig2-2 mutant (Figure 1e, Table S2). These obser-
vations suggest a role for SIG2-mediated aspects of GA signaling,
perhaps as a part of SIG2-mediated retrograde signaling. As most
hormones are synthesized at least partly in chloroplasts, these mole-
cules can be considered as triggers for retrograde signaling. For
example, exogenous treatment of plants with gibberellic acid (GA)
results in the repression of both transcription (tested by run-on
assays) and transcript accumulation (tested by RNA blot hybridiza-
tion) of chloroplast genes (Zubo, Yamburenko, Kusnetsov, & Borner,
2011). However, the precise role of GA in the SIG2-mediated retro-

grade signaling has not been demonstrated.

3.2 | Retrograde-dependent role of SIG2 in GA
signaling during photomorphogenesis

Loss of function of SIG2 causes photomorphological defects such as a
long hypocotyl and small- and pale-green cotyledons in R light (Oh &
Montgomery, 2013). As SIG2 is regulated by phytochrome and these
phenotypic defects were specific to wavelengths associated with phy-
tochrome signaling, these observed photomorphogenic phenotypes
suggest a role of SIG2 in phytochrome-mediated, R-light-specific regu-
lation during photomorphogenesis (Oh & Montgomery, 2013). GAs,
tetracyclic diterpenoid hormones, promote hypocotyl elongation,
while paclobutrazol (PAC) as a GA biosynthesis inhibitor prevents this
elongation (Collett, Harberd, & Leyser, 2000; Cowling, Kamiya, Seto, &
Harberd, 1998). Additionally, GA has been implicated in repressing
photomorphogenesis in darkness (Alabadi, Gil, Blazquez, & Garcia-
Martinez, 2004). GA is involved in phytochrome-mediated hypocotyl
development by regulation of DELLA proteins, which serve as tran-
scriptional regulators for photomorphogenesis (Achard et al., 2007,
Hedden & Phillips, 2000). Our RNA-Seq analysis showed that GA sig-
naling-related genes were overrepresented in 1-d-old sig2-2 seedlings
vs. WT, as compared to representation in the whole genome (Fig-
ure 1e). Given the elongated hypocotyl of sig2-2 in Rc (Oh & Mont-
gomery, 2013; Figure 2a) and the impact of GA levels on hypocotyl
elongation (Alabadi et al., 2004), we hypothesized that misregulation
of GA genes in sig2 mutants may be directly related to the observed
growth defects. Thus, to assess the physiological relevance of these
gene expression analyses, we tested the effect of exogenous gibberel-
lic acid (GA3) or GA inhibitor paclobutrazol (PAC) on hypocotyl elonga-
tion of sig2 mutants in Rc light. Wild-type and a weak sig2 mutant,
that is, sig2-3, showed long hypocotyls in the presence of high con-
centrations of GAs; however, two strong sig2 mutants, sig2-2 and
sig2-4, exhibited only a minor response to exogenous GAz treatment
in regards to hypocotyl elongation in Rc light (Figures 2a and b). Addi-
tionally, sig2-2 and sig2-4 mutants did not exhibit any significant
change in the development of cotyledons upon GAj; treatment (Fig-
ure 2a). PAC inhibited elongation of hypocotyls in both WT, as
expected (Feng et al., 2008), as well as in sig2 mutants in a dosage-
dependent manner (Figure 2c). Our RNA-Seq data for GA signaling-

related genes, altered sig2 mutant sensitivity to GAs, and standard
responsiveness to PAC in sig2 mutants suggested a retrograde-asso-
ciated transcriptional role of SIG2 in GA-dependent processes during
photomorphogenesis. Among misregulated GA genes in sig2-2, a GA
biosynthesis gene, GIBBERELLIN 3-OXIDASE 1 (GA30X1, At1g15550),
which was significantly (3.2-fold) downregulated in a 7-d-old sig2-2
mutant, was confirmed by semiquantitative RT-PCR analysis (Fig-
ure S3). This gene is of particular interest as it is involved in the con-
version of inactive GA precursors to bioactive GA molecules, GA4 and
GA1 (Zhou, Yu, & Pharis, 2004); yet, GA30X1 is also downregulated
when seeds are treated with exogenous GA (Thomas, Phillips, & Hed-
den, 1999). Thus, misregulation of GA30X1 in addition to downregula-
tion of GA20X4 (Table S5), which encodes a protein involved in
inactivation of bioactive GAs (Yamaguchi, 2006), potentially suggested
altered intracellular GA homeostasis. The regulation of GA30X1 and
GA20X4, however, is more complex in that these are also GA-respon-
sive genes, which show downregulation and upregulation, respectively,
upon treatment of seedling with bioactive GA (Thomas et al., 1999).

3.3 | Retrograde-associated transcriptional role of
SIG2 in H,O,-mediated stress response

Functional categorization of misregulated genes from RNA-Seq anal-
ysis showed that a large number of genes related to the regulation
of reactive oxygen species (ROS) and hydrogen peroxide (H,O,)
metabolic processes were misregulated in sig2-2 relative to WT (Fig-
ure 1c). To determine whether these gene expression changes were
correlated with changes in intracellular ROS levels, we measured the
level of HyO, in sig2 mutants grown in white light for either 7 or
40 days (Figure 3). The level of H,O, was high (>2.3-fold greater
than WT) in sig2-2 or sig2-4 compared with WT, at both seedling
and adult stages, but levels were not altered in weak mutant sig2-3
(Figure 3). Notably, ROS, intermediates from the Calvin-Benson-Bas-
sham (CBB) cycle, ATP/ADP ratios, and NADPH/Fd redox states
during photosynthesis, all have been proposed as potential signals
for the regulation of cyclic electron flow (CEF), an important compo-
nent in photosynthesis and which serves a role in protection from
photostress (Breyton, Nandha, Johnson, Joliot, & Finazzi, 2006; Fan
et al,, 2007; Gambarova, 2008; Joliot & Joliot, 2002; Lascano,
Casano, Martin, & Sabater, 2003; Strand et al., 2015). For example,
infiltration of Arabidopsis leaves with H,O, resulted in elevated
levels of CEF, and CEF is indeed activated by H,O, (Strand et al.,
2015). Thus, the elevated H,O, levels in strong sig2 mutants may
indicate disruptions in specific photosynthetic parameters.

3.4 | SIG2 is required for the retrograde signaling-
dependent regulation of photosynthesis-related genes
in red light and maintenance of photosynthetic
efficiency

As anticipated, given prior evidence of a role for SIG2 in chlorophyll
biosynthesis and chloroplast development and signaling, we found
that several nucleus-encoded photosystem | (PSl)-, photosystem Il



OH €T AL

American Societ 7
snensiee. [SHEMBl-wiLEy-L

= " SGCIETY FOR EXPERTNENTAL BIOLOGY

10

Hypocotyl length (mm)
(o]

O sig2-2
O sig2-3
Asig2-4

%'/’W ®Col-0

0 1 10 100
GA; (M)
sig2-2 sig2-4

FIGURE 2 GA;-sensitivity test on :
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hypocotyl growth in Col-O WT and sig2
mutant seedlings. Seedlings were grown on
MS medium containing 1% sucrose and (c) 10
0.7% Phytoblend agar with various
concentrations of (a, b) gibberellic acid
(GAg) or (c) paclobutrazol (PAC) at 22°C
for 7 days under constant Rc

(50 pmol m~2 s71). (a) Representative
images of seedlings were shown. The scale
bar indicated 0.5 cm. (b, c) Data points in
graphs represent mean hypocotyl lengths
of seedlings (£SD, n > 25). Unpaired, two- T *i::::’-;;@ i e
tailed Student’s t test comparing sig2 ‘% = 4%: — d“"éii_‘?_"f:*——:J'
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FIGURE 3 The measurement of H,O, contents in wild-type and sig2 mutants. The level of H,O, was measured using Amplex Red assay
and normalized to total chlorophyll content. (a) The level of H,O, measured using three leaf disks from wild-type (WT) and sig2 mutants
grown on soil under white light (100 umol m~2 52, long-day condition with 8 hr dark/16 hr light cycle) at 22°C for 40 days. (b) The level of
H,0, measured using seedlings of WT and sig2 mutants (n = 27) grown on MS medium under constant white light (100 pmol m~2 s at
22°C for 7 days. Data points in graphs represent mean (+SD, n = 4 biological repeats). Unpaired, two-tailed Student’s t test comparing sig2
mutants to Col-0 WT, *p < .05, **p < .005, ***p < 0005, ****p < 00005

(PSll)-related genes, and chlorophyll biosynthetic pathway genes gene) and PsaE (photosystem | subunit E, i.e., PSI gene) using quanti-
were misregulated in sig2-2 (Table 1). We validated RNA-Seq data of tative RT-PCR (qRT-PCR) analysis (Figure S4). These two genes were
two nucleus-encoded PSl/ll-associated genes, LHCB2.4 (i.e., PSIl chosen for validation of RNA-Seq data because they were
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TABLE 1 RNA-Seq analysis on nucleus genes encoding subunits of photosystem | (PSI) and photosystem Il (PSIl) and encoding steps of the

chlorophyll biosynthetic pathway

1 day 7 days
AGlI no. Gene ID Function WT sig2-2 sig2-2 /WT? Cutoff° WT 5ig2-2 sig2-2 /WT? Cutoff°
At3g61470 LHCA2 PSI 18 37 1.0 Yes 2,241 1,869 -0.3 No
At1g61520%* LHCA3 PSI 39 84 1.1 Yes 3,841 3,633 -0.1 No
At1829920 LHCB1.1 ] 8 20 14 Yes 4,303 5,953 0.5 Yes
At1929930 LHCB1.3 PSII 128 281 11 Yes 16,930 35,208 11 No
At2g34430 LHCB1.4 PSII 1 2 0.8 No 1,637 3,190 1.0 Yes
At2934420 LHCB1.5 PSII 24 56 1.2 Yes 3,759 5,292 0.5 Yes
At3g27690% LHCB2.4 ] 1 1 -0.9 No 766 342 -1.2 Yes
At5954270 LHCB3 PSII 35 73 11 Yes 2,773 2,570 -0.1 No
At5g01530% LHCB4.1 PSII 59 119 1.0 Yes 2,643 2,319 -0.2 No
At2g40100* LHCB4.3 PSII 4 7 0.6 No 26 5 24 Yes
At4g10340* LHCBS PSII 48 93 1.0 Yes 3,510 2,915 -0.3 No
At2920260%* PsaE PSI 16 40 1.3 Yes 750 717 -0.1 No
At3g16140%* PsaH1 PSI 15 31 1.1 Yes 1,306 1,177 -0.1 No
At1g30380* PsaK PSI 11 37 1.8 Yes 2,799 2,050 -04 Yes
At4g12800* Psal. PSI 23 57 1.3 Yes 2,857 1,978 -0.5 Yes
At1308380%* PsaO PSI 14 28 1.0 Yes 3,624 2,607 -05 Yes
At4g05180* PsbQ-2 ] 2 6 1.5 Yes 1,308 812 -0.7 Yes
At1g79040* PsbR PSII 59 126 11 Yes 5,064 4,319 -0.2 No
At5g54190% PORA CP 8 17 1.1 Yes 12 5 -1.2 Yes
At1303630* PORC cp 69 80 0.2 No 196 82 -1.3 Yes

Genes were selected by >2-fold change with significant cutoff (yes or no) in at least one sample between 1 and 7 days from RNA-Seq analysis. Photo-
system | (PSI) and PSll-related genes, nuclear-encoded; chlorophyll biosynthetic pathway genes (CP), nuclear-encoded.

?Fold change (in log2 scale).

bSignificant with g-value <.05. Asterisks on AGI no. indicates genes, downregulated by retrograde signals as identified by microarray analysis from Tables

S6-S7 of Woodson et al. (2013).

significantly downregulated in mesophyll-specific phytochrome-defi-
cient lines, tested by our group previously (Oh et al., 2013), and,
thus, may be related to the red-light-specific defects in sig2-2
mutants. Consistent with RNA-Seq data, gRT-PCR analysis demon-
strated that LHCB2.4 was downregulated in sig2-2 (7 days), and PsaE
was upregulated in sig2-2 (1 day). These results suggest that SIG2
has a role in transcriptional regulation of not only plastid-encoded
genes, but also nucleus-encoded photosynthesis-related genes, as
previously reported for SIG2-mediated retrograde signaling (Wood-
son et al., 2013). As similar expression patterns of several photosyn-
thesis-related genes were observed in  mesophyll-deficient
phytochrome lines and sig2 mutants, phytochrome-dependent regu-
lation of SIG2 expression is important for anterograde signaling (Oh
& Montgomery, 2013) and retrograde signaling back to the nucleus
(Woodson et al., 2013).

To evaluate the physiological impacts of apposite regulation of
SIG2 and associated regulation of H,O, levels on photosynthesis
in vivo, we measured quantum efficiency of PSIl (®,) and nonphoto-
chemical quenching (NPQ) of sig2 mutants compared to WT using a
noninvasive, real-time fluorescence imaging system as described pre-
viously (Cruz et al., 2016). At the adult stage, strong sig2 mutants,

sig2-2 or sig2-4, were small and pale green with fewer leaves

compared with a weak sig2-3 mutant or WT (Figure 4a), similar to
phenotypes observed in seedlings (Oh & Montgomery, 2013; Shirano
et al., 2000). Adult plants were treated with five different light
regimes (R1 to R5) during a long-day photoperiod of 16 hr light/8 hr
dark for 5 days. In detail, R1 and R4 were constant laboratory light

2 571 during the light period; R2 was sinu-

2

conditions at 100 pmol m™
soidal light peaking at 500 pmol m~2 s~ that was intended to mimic
a sunny day; R3 and R5 represented cloudy days with fluctuating sinu-
soidal light with a maximum at 1,000 pmol m~2 s~2, sig2-2 and sig2-4
mutants exhibited low levels of @ relative to WT, whereas sig2-3
showed a level of @, comparable to WT (Figure 4b). Additionally, the
level of NPQ was high in sig2-2 and sig2-4 lines compared to WT (Fig-
ure 4b). Because plants were adapted under 100 pmol m—2 s~1 of
white light before examining, the differences in photosynthetic param-
eters were most prominent when plants were exposed to higher or

fluctuating light intensities (e.g., R2, R3, or R5).

3.5 | Low photosynthetic performance and high
rates of CEF are apparent in sig2 mutants

In addition to utilizing a real-time fluorescence imaging system, we

performed more detailed in vivo light-induced fluorescence and
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absorbance spectroscopic assays using attached, expanded leaves
from 40-day-old plants under various light intensities (116-
500 pmol m~2 s7%) to examine more closely the effects of SIG2
on photosynthesis. Using saturation pulse chlorophyll fluorescence
yield changes, we measured @, and NPQ in WT and sig2 mutants
under these conditions. Similar to data obtained from a fluores-
cence imaging system (Figure 4b), the level of @, was low (about
twofold) in sig2-2 and sig2-4 (Figure 5a), and the level of NPQ
was intensity-dependent and about threefold higher in these
mutant lines, compared with WT or sig2-3 (Figure 5b). sig2-2 and
sig2-4 mutants exhibited lower (approximately 20% reduction)
levels of maximal quantum vyield of PSIl (Fv/Fm), compared with
WT (Figure 5c).

We also used @) to estimate light-saturated linear electron flow
(LEF), which results in the synthesis of reducing power in the form
of ATP and NADPH. By comparing relative estimates of proton flux
with LEF, we estimated the rates of CEF, a process that is activated
under environmental stresses and supplementing ATP pools to bal-
ance the ATP/NADPH ratio for photosynthesis and activate photo-
protective NPQ (Strand et al., 2015). LEF was lower than WT in the
sig2-2 and sig2-4 mutants, most prominently (fivefold lower than

(a)

sig2-2

(b)

Fluence rate
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WT) under the highest light intensity tested (i.e., 500 pmol m~2 s™%)
(Figure 5d).

We also probed the extent of light-induced thylakoid proton
motive force (pmf) and proton flux through the ATP synthase using
the dark-interval relaxation kinetics (DIRK) of the electrochromic
shift (ECS) as described previously (Cruz et al., 2005; Livingston
et al., 2010; Sacksteder & Kramer, 2000). The light-induced transthy-
lakoid pmf, estimated by the ECS, parameter, was high (>3-fold
higher) in sig2-2 and sig2-4 lines compared with WT (Figure 5e). The
conductivity of the thylakoid membrane to proton efflux (g;;), which
primarily indicates the activity of the chloroplast ATP synthase, was
about twofold lower in sig2 mutants compared with WT (Figure 5f).
We estimated the pmf expected from LEF alone (pmfigg), as
described previously (Avenson et al., 2005). The slope of pmf g vs.
ECS;, used to estimate CEF, was high (approximately threefold more)
in sig2-2 and sig2-4 mutants compared with WT (Figure 5g), suggest-
ing that CEF was strongly activated in the mutants.

To investigate the impact of an alteration in SIG2 function on
CEF more directly, we measured the relative light-driven proton flux
(v{;) using ECS techniques (Cruz et al., 2005; Sacksteder & Kramer,
2000) and estimated the level of CEF by comparing the slopes of v},

sig2-3 sig2-4

sig2-2 | WT
5ig2-3/ WT

sig2-4 [ WT

sig2-2 | WT
g sig2-3/ WT
z - -

sig2-4 | WT

FIGURE 4 @, and NPQ measurements in adult wild-type and sig2 mutants. (a) Representative image of adult plants grown on soil under
white light (100 pmol m™2 s™1, long-day condition with 8 hr dark/16 hr light cycle) at 22°C for 30 days. The scale bar indicated 1 cm. (b)
Heatmap showing the level of @), (photochemical efficiencies of PSIl) and NPQ (nonphotochemical quenching), calculated from chlorophyll
fluorescence images captured under five different light regimes (R1 to R5) during the course of 5 days using two-week-old plants grown on
soil under white light (100 pmol m~2 s~1). R1, constant light (100 umol m~2 s 1): R2, sinusoidal light with maximum 500 pmol m—2 s % R3,
fluctuating light between two sinusoidal light intensity curves with maximum 1000 pmol m~2 s~%; R4 and R5, repeat R1 and R3, respectively.
Difference between mutants and wild-type (WT) was shown. Red denotes increased relative level of @, or NPQ in mutants compared to WT;

blue denotes decreased level of @, or NPQ in mutants compared to WT



Ameri Societ:
smericanseciery TS H@HBI-WILEY

SOCIETY FOR EXPERINENTAL BIOLOGY

@ Col-0

| | ™ .
ol O sig2-2
. Osig2-3

1 A sig2-4

& 041 ..% : @
0.2 wnll
e
0.0 : T : : !
0 100 200 300 400 500 600
light intensity (umol m=2s-1)

(c)

0.9
0.6

£
L
H

0.3

8 .6 .82 .6
0.0

WT sig2-2 sig2-3 sig2-4

(e) 7
@ 61 . D
£ 5l o) b
S B i
o P
> 44
2.

3 3 C
~ 24
9] 9
Q o
o 11 @

0 | : : ' !
0 100 200 300 400 500 600
light intensity (umol m-2s-1)
)

(ga 7 . @ Col-0 ¥ =2952x-0.5818
L 6 ; Osig2-2 vy =9.946x+1.005
g 5 & Osig2-3 v =3.066x-0.517
s - i A sig2-4 v =7582x+1.336
:; 4 % } = 1
B B
2 3 @

v 2
O &
w1 [ 2
0 T T T
00 02 04 06 08 10 12 14 16
P ge
M 12
1.0 & B
0.8- e
o 06 g@t"
04| & @Col-0 Y=1.133x+0.222
L O sig2-2 y=1676x+0.226
0.2 [ sig2-3 y=1.094x+0.239
6 A sig2-4 v=1.936x+0.227

00 01 02 03 04 05 06 07 08

relative to LEF in sig2 mutants to WT. The steeper slope of v}| vs.
LEF in sig2-2 (slope equals to 0.027) and sig2-4 (slope equals to
0.023) mutants compared with WT (slope equals to 0.003) and sig2-
3 (slope equals to 0.003) (Figure 5h) is consistent with strong activa-
tion of CEF. When the average of v}{/LEF from four light intensity
experiments (116-500 pmol m™
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s 1 was calculated, sig2-2 and
sig2-4 mutants exhibited high fold change (6.8-fold, 6.6-fold, respec-

tively) in comparison with WT (Table 2). These results confirmed
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sig2 mutants (Figure 5h).

FIGURE 5 Measurement of
photosynthetic properties in wild-type and
sig2 mutants grown on soil. Plants were
grown at 22°C under white light

(100 pmol m~2 571, long-day condition
with 8 hr dark/16 hr light cycle) for

40 days. Undetached leaves from WT
(filled circle), sig2-2 (open circle), sig2-3
(square), or sig2-4 (triangle) were used for
measurements of distinct photosynthetic
properties. (a) @) (photochemical efficiency
of PSII) vs. light intensity, (b) NPQ
(nonphotochemical quenching) vs. light
intensity, (c) maximal quantum yield of PSII
(Fv/Fm), (d) LEF (linear electron flow) vs.
light intensity, (e) ECS; (total magnitude of
ECS decay) vs. light intensity, (f) g},
(steady-state rate of proton flux) vs. light
intensity, (g) ECS; versus pmf g (pmf,
generated solely by LEF), (h) CEF (cyclic
electron flow) determined from slope of
the linear regression of v;; vs. LEF, and (i)
PSI (@) vs. PSII (®,). Data points in graphs
represent mean (£SD, n = 3 individual
plants). (a—f) Unpaired, two-tailed Student’s
t test comparing sig2 mutants to Col-O
WT, #p < .05, **p < .005, ***p < 0005,
*ikkp < ,00005. (G-I) Linear regression
equations are shown for each plant line

high CEF (as estimated above by plotting pmf_ge vs. ECSy) in strong

Cyclic electron flow involves PSI-dependent recycling of elec-
trons from reduced ferredoxin of NADPH to the cytochrome bgf
complex via plastocyanin. Thus, high CEF mutants often exhibit high
PSI quantum efficiencies (®)) (Livingston et al., 2010). ®, was esti-
mated as described previously (Klughammer & Schreiber, 1993) and
compared with @, (Figure 5i). The slope of @, vs. @, was higher for
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sig2-2 and sig2-4 mutants than WT or the weak sig2-3 mutant (slope
of linear regression of sig2-2: 1.68; sig2-4: 1.94; WT: 1.14; sig2-3:
1.09), indicating higher efficiency of ®, than that of @, in sig2
mutants. These data further supported high PSl-related levels of CEF

in sig2 mutants.

3.6 | CEF-impacting components in sig2 mutants

The ~550 kDa NADPH dehydrogenase supercomplex (NDH),
responsible for one of the proposed CEF pathways (Burrows, Saza-
nov, Svab, Maliga, & Nixon, 1998; Endo, Shikanai, Sato, & Asada,
1998), consists of more than 31 subunits in Arabidopsis (Peng,
Yamamoto, & Shikanai, 2011; Suorsa, Sirpio, & Aro, 2009) and is
similar to the photosystems in that it consists of both nuclear- and
plastid-encoded proteins (Rumeau et al., 2005; Suorsa et al., 2009).
Among components of NDH complex, 11 subunits (NDH-A to K)
are encoded by chloroplast genes, and more than 20 of the sub-
units are encoded by nuclear genes (Peng et al., 2011; Suorsa et al.,
2009). Based on the localization of the protein complex on thy-
lakoid membranes and interactions with other partner proteins, the
NDH complex could be divided into four subcomplexes, membrane
subcomplex, subcomplex A, subcomplex B, and lumen subcomplex
(Peng et al., 2009). We noticed that several nuclear NDH subunit
genes (NDHM, NDHN, CRR3, CRR7, NDH48/NDF1, NDH45/NDF2,
NDF6, NDH18, CRR6/NDF3, NDF5, TLP21, FKBP16-2, and PsbQ-like)
were moderately misregulated in sig2-2 mutant grown in Rc light
for 7 days (Table 3). Among them, the NDH18 gene, encoding a
component of subcomplex B, was downregulated (1.6-fold) in the
sig2-2 mutant at 7 days (Table 3). Protein gel blot analysis using
extracts from 40-day-old plants showed less accumulation of
NDH18 in sig2-2 and sig2-4, compared with WT or sig2-3, indicat-
ing that the downregulation of NDH18 gene correlated with
reduced protein accumulation in sig2-2 and sig2-4 mutants (Fig-
ure 6). Previously, it also has been proposed that ferredoxin qui-
none reductase complex (FQR) is involved in the regulation of CEF
(Bendall & Manasse, 1995) and that Proton Gradient Regulation 5
(PGR5) and PGR5-like protein 1 (PGRL1) might be components of
this complex (DalCorso et al., 2008; Munekage et al., 2002). Our
RNA-Seq analysis showed that the expression of genes encoding
PGR5 and PGRL1 was unchanged in sig2-2 mutant seedlings com-
pared to WT (Table 3).

TABLE 2 High CEF (v}{/LEF) in sig2 mutants

Fold change
Standard (vs. Col-0
Plants Average deviation WT)
Col-0 0.0022 0.0002 1.0
sig2-2 0.0148 0.0018 6.8
sig2-3 0.0023 0.0002 1.1
sig2-4 0.0143 0.0022 6.6

CEF (v},/LEF) values from four light intensity experiments (116-500 umol

m~2 s71) in plants were averaged, and fold change was calculated.
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4 | DISCUSSION

Sigma factor protein 2 is a transcriptional regulator that regulates
chloroplast gene expression and impacts retrograde signaling-
mediated regulation of nuclear-encoded photosynthesis genes
(Woodson et al., 2013). Recently, we hypothesized that SIG2 is
required for phytochrome-mediated photomorphogenesis and
growth, in addition to known roles of SIG2 in plastid development
(Oh & Montgomery, 2013). The contribution of SIG2 to photomor-
phogenesis (e.g., inhibition of hypocotyl elongation and expansion of
cotyledons) and regulation of some nuclear genes (e.g., phytochrome-
interacting factor 4, PIF4; Elongated Hypocotyl 2, and HY2) appears to
be R-light-specific (Oh & Montgomery, 2013). Compared to chloro-
plast genes (i.e., mostly plastid-encoded RNA polymerase-dependent)
directly transcribed by SIG2 (Nagashima et al., 2004), we have lim-
ited knowledge about the nuclear genes targeted by SIG2-mediated
retrograde signaling which impact both photosynthesis- and photo-
morphogenesis-dependent phenotypes in red light. Previous microar-
ray analysis indicates that only 83 genes (0.3% out of whole
genome) are misregulated in white-light-grown 2-day-old sig2-2
(Woodson et al., 2013). Our RNA-Seq analysis identified a subset of
nuclear genes (2% from 1 day sample, 7% from 7 days sample, out
of the whole genome) that are misregulated in sig2-2 mutant com-
pared to WT grown in R light (Figure 1a), suggesting a much greater
impact of R-dependent SIG2 expression on plants than previously
recognized. We compared the misregulated genes in two distinct
developmental stages of seedlings, 1- and 7-day-old, and found that
only 106 genes were misregulated in both stages (Figure 1a), sug-
gesting a distinctive role for SIG2 in the transcriptional regulation of
developmentally associated genes, that is, early and later in seedling

development.

4.1 | Role of SIG2 in light-mediated GA signaling
during seedling development

Functional analysis of genes misregulated in sig2-2 under R-light
conditions suggested a potential retrograde signaling-dependent role
of SIG2 in GA homeostasis or signaling: genes related to GA meta-
bolic process, GA biosynthetic process, and cellular responses to
GA stimulus were overrepresented in the misregulated gene sets
from sig2-2 vs. WT (Figure 1e). In the phytochrome-mediated light
signaling pathway, SIG2 is required for the negative regulation of
PIF4, which encodes a negative regulator of photomorphogenesis
(Oh & Montgomery, 2013). The activity of PIF4 on gene transcrip-
tion for photomorphogenesis depends on the abundance of PIF-
binding protein, DELLA, and the abundance of DELLA protein is
increased by reduced levels of GA after light treatment in plants
(Achard et al., 2007; Li et al., 2016). Thus, it is plausible that a
transcriptional role of SIG2 in the regulation of GA signal-related
genes may be important for PIF-mediated photomorphogenesis
through DELLA-associated GA signaling. sig2-2 and sig2-4 mutants
exhibited reduced sensitivity to exogenous GA; but similar

responses to PAC, a GA biosynthesis inhibitor, compared to WT,
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TABLE 3 Expression of genes encoding NDH subunits, auxiliary proteins for the NDH complex, and PGR proteins
1 day 7 days
Gene name WT sig2-2 sig2-2 /WT? Cutoff® WT sig2-2 sig2-2 /WT? Cutoff®
NDHM 5 6 0.18 No 126 90 -0.47 Yes
NDHN 13 18 0.47 Yes 134 97 —0.46 Yes
NDHO 15 29 0.90 Yes 183 165 -0.15 No
CRR23/NDHL 13 21 0.70 No 302 252 —-0.26 No
CRR3 3 6 1.02 Yes 47 36 -0.39 Yes
CRR7 25 32 0.38 No 49 39 —-0.32 Yes
NDH48/NDF1 8 10 0.35 No 146 119 -0.29 Yes
NDH45/NDF2 29 45 0.65 Yes 154 117 -0.40 Yes
NDFé 21 31 0.57 Yes 350 280 —0.32 Yes
NDH18 25 38 0.58 Yes 196 120 -0.71 Yes
CRR1 20 25 0.32 No 48 43 -0.14 No
CRR2 20 20 —0.06 No 9 10 0.05 No
CRR4 1 1 0.28 No 1 1 -0.23 No
CRR6/NDF3 30 39 0.37 Yes 55 67 0.28 Yes
CRR21 10 13 0.40 Yes 14 14 0.07 No
CRR22 6 5 -0.11 No 5 5 0.02 No
CRR28 7 10 0.47 No 6 6 0.20 No
CP31A 622 720 0.21 No 675 590 -0.19 No
PGR3 17 20 0.23 No 19 22 0.23 No
NDF4 23 29 0.37 No 117 75 —0.65 No
NDF5 14 17 0.28 No 26 21 -0.28 Yes
PIFI 12 15 0.35 No 140 125 -0.16 No
PPL2 11 14 0.30 No 145 120 -0.27 No
TLP21 109 121 0.15 No 158 112 -0.49 Yes
FKBP16-2 3 7 1.03 Yes 101 59 —0.78 Yes
PsbQ-like 8 10 0.40 No 188 144 -0.38 Yes
PGRL1A 23 29 0.32 No 312 266 -0.23 No
PGRL1B 5 6 0.15 No 16 18 0.16 No
PGR5 50 56 0.15 No 190 200 0.08 No

Genes were selected by >2-fold change with significant cutoff (yes or no) in at least one sample between 1 and 7 days. NDH-related genes were

described previously (Suorsa et al., 2009). NDHM to NDH18: genes encoding NDH subunits; CRR1 to PsbQ-like: genes encoding auxiliary proteins for

the NDH complex; PGRL1A to PGR5: genes encoding PGR proteins.
?Fold change (in log2 scale).
bSignificant with g-value <.05.

based on a hypocotyl growth assay (Figure 2). Of note, phyB
mutants exhibit longer hypocotyls than WT when treated with
exogenous GAs, an inhibition of hypocotyl similar to WT when
treated with PAC, and no difference in endogenous GA levels was
apparent between phyB mutant and WT, all of which suggest a role
for phytochrome in responsiveness to GA, rather than in changing
total intracellular GA levels (Reed, Foster, Morgan, & Chory, 1996).
In our RNA-Seq analysis of sig2-2, two genes encoding GA 3-oxi-
dases (GA30X1, At1 g15550; GA30X2, and Atl g80340), which
function in converting inactive precursor GAs to their bioactive
forms but which are also GA-responsive genes, were downregu-
lated (3.2-fold, 2.5-fold, respectively) in 7-day-old sig2-2 mutant

(Table S5), and the downregulation of GA30X1 was validated by
semiquantitative RT-PCR analysis (Figure S3). Given the prior asso-
ciation of downregulation of GA30X1 in response to GA application
(Thomas et al., 1999), this could indicate higher accumulation of GA
in strong sig2 mutants, which would correspond to the longer
hypocotyls observed for these lines and their insensitivity to treat-
ment relative to WT in GA-dependent hypocotyl elongation assays.
Of note, phytochromes positively regulate GA30X1 and GA30X2
genes in R light during Arabidopsis seed germination (Yamaguchi,
Smith, Brown, Kamiya, & Sun, 1998), supporting the idea that SIG2
is an important component in phytochrome-dependent GA signaling
via the regulation of GA biosynthetic genes.
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FIGURE 6 Accumulation of NDH18 proteins in wild-type and
sig2 mutants. Western blot analysis was performed using anti-
NDH18 antibody (Top panel). Total soluble proteins were extracted
from rosette leaves of 40-day-old plants grown on soil at 22°C
under white light (100 umol m~2 51, long-day condition with 8 hr
dark/16 hr light cycle), and were resolved on 15% SDS-PAGE gel
(Bottom panel). An arrow indicates NDH18 proteins (estimated as
23.8 kDa)

4.2 | SIG2 is involved in H,O,-mediated oxidative
stress response

Our RNA-Seq analysis identified a significant number of stress-,
ROS-, and H,0,-related genes that were differentially regulated in
sig2-2 mutant compared to WT (Figures 1b and c), and in particular,
the level of H,O, was high (~3-fold) in the sig2-2 and sig2-4
mutants at the young (7 days) or more mature (40 days) develop-
mental stages (Figure 3). Similar to stress-responsive SIG5, SIG2
appears to play an important role in stress signaling by
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transcriptional regulation of stress (H,O,)-related genes. Plants gen-
erate H,O, during oxygenic processes of cell metabolism or under
stress conditions in most cell compartments, including chloroplasts,
mitochondria, and peroxisomes, and then H,O, can serve as a sig-
nal for cellular responses or cause oxidative damage to the cell
(Halliwell, 2006). In chloroplasts, the oxygenic reactions during pho-
tosynthetic electron transfer generate superoxide radicals, which
are converted to H,O, by superoxide dismutase, whereas in peroxi-
somes, photorespiration-related glycolate oxidase is involved in the
generation of H,O, (Saxena, Srikanth, & Chen, 2016). Overexpres-
sion of glycolate oxidase (355::GO) in chloroplasts results in high
accumulation of H,O, and growth defects, including small and
pale-green rosettes and late-flowering (Fahnenstich, Scarpeci, Valle,
Fligge, & Maurino, 2008), similar to sig2 mutants (Oh & Mont-
gomery, 2013). Recent work has shown that mutants that display
elevated H,0, also show distinct effects on photosynthetic perfor-
mance, in particular, on cyclic electron flow (CEF), which is impor-
ATP/NADPH
photosynthesis (Strand et al., 2015). Intriguingly, sig2 showed a sim-

tant for balancing the energy budget of
ilar phenotypic pattern, with suppressed LEF and elevated CEF (Fig-
ure 5), suggesting possible regulatory or metabolic links between
H,O, and CEF. For instance, H,O, may directly activate CEF
enzymes or it may induce ATP synthesis to counteract a deficit in
the production of ATP relative to NADPH (Strand, Fisher, & Kra-

mer, 2016).

4.3 | SIG2 contributes to the retrograde signaling-
dependent regulation of photosynthesis-related genes
in red light

Our functional classification from RNA-Seq analysis suggested that
SIG2 is required for the retrograde-associated regulation of photo-
synthesis-related genes in red light (Figures 1b and d) as expected
based on prior analyses (Woodson et al., 2013). Additionally, photo-
system | (PSI), PSII, and chlorophyll biosynthesis genes were misregu-
lated in the sig2-2 mutant in red light, in particular (Table 1). In the
light-induced chlorophyll biosynthesis pathway, protochlorophyllide
(Pchlide) is converted to a precursor of chlorophyll, chlorophyllide
(Chlide) by POR (protochlorophyllide oxidoreductase), while in the
dark, Pchlide along with POR enzyme is abundant (Griffiths, 1978).
In the light, Pchlide can interact with oxygen, resulting in production
of reactive oxygen species (ROS); thus, fine regulation of this POR
gene/enzyme is crucial for survival (Reinbothe & Reinbothe, 1996).
sig2 mutants accumulate low levels of chlorophyll (Oh & Mont-
gomery, 2013), corresponding to the downregulation of PORA and
PORC genes in light-grown 7-day-old seedlings (Table 1). Unlike the
downregulation of PORA in 7-d-old seedlings, this gene was upregu-
lated in 1-day-old seedlings, in which chlorophyll biosynthesis is
likely induced by light at the very young developmental stage
(Table 1). This observation is supported by the fact that PORA acts
at the very early stage of dark-to-light transition, and the amount of
PORA protein is reduced rapidly after illumination (Forreiter, van
Cleve, Schmidt, & Apel, 1991).
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Similar to a phyB mutant (Campos et al., 2016), sig2-2 and sig2-
4 mutants exhibited low photosystem Il efficiency (®;), and non-
photochemical quenching (NPQ) and maximal quantum vyield (Fv/
Fm) were also disrupted under various light regimes (Figure 4b;
Figure 5a—c). It was not unexpected to observe significant defects
in photosynthetic performance in sig2 mutants because of small
and chlorotic mutant phenotypes (Figure 4a); however, it was not
still clear how SIG2 affects distinct aspects of photosynthesis. The
accumulation of H,O, may arise from defects in metabolism in
strong sig2 mutants that could lead to disruptions in photosynthe-
sis that result in the accumulation of highly reactive electron trans-
fer intermediates that produce H,O,. Alternatively, the high level
of H,0, in sig2 mutants may cause a defect in photosynthetic per-
formance, resulting in a change in the demands for ATP relative to
NADPH, which in turn may lead to increased CEF through the
NADH dehydrogenase-like complex (NDH) (Figures 3 and 5h).
Strand et al. (2015) provided evidence that H,O,, a product of
imbalanced redox reactions in chloroplasts, can activate NDH-
mediated CEF in vivo, and in a mutant deficient of the NDH com-
plex, the level of CEF is not increased after H,O, treatment. The
high level of H,O, with elevated levels of CEF has also been
observed in glycolate oxidase overexpression plants and in an hce-
f1 mutant (high cyclic electron flow 1), and a high level of NDH
protein content in the glycolate oxidase overexpression plants also
was observed (Livingston et al., 2010; Strand et al., 2015). Analysis
of an additional high cyclic mutant, that is, hcef2, indicated that
disruptions in the expression of chloroplast proteins due to a
mutation of a gene coding for a plastid targeted tRNA-editing
enzyme resulted in elevated H,O, and CEF (Strand et al., 2017).
Notably, hcef2 did not show a reduction in the accumulation of
NDH protein (Strand et al., 2017). In our studies, we observed
reduced accumulation of NDH 18 protein in sig2-2 and sig2-4
mutants (Figure 6) that corresponds to a moderate downregulation
(1.6-fold) of the NDH18 gene in 7-day-old sig2-2 mutant seedlings
(Table 3). NDH is a supercomplex, consisting of proteins, encoded
in both nucleus and plastid genomes, such as photosystems. With
either overexpression or underexpression of a component of a
multisubunit complex such as NDH or the photosystems, an imbal-
ance in the stoichiometry of components could result in complexes
with decreased or modified functions. In this regard, NDH18 is
plant-specific protein that has been shown specifically to be impor-
tant for NDH complex stability (Peng et al., 2009). Thus, the
reduced amount of NDH18 protein in sig2 mutants likely causes
a defect of NDH-mediated CEF. Furthermore, the relative content
of NDH versus LEF-specific components, especially PSIl, may be
critical.

In sig2-2 and sig2-4 mutants, linear electron flow (LEF) was low
(Figure 5d) and CEF was high (Figure 5h), similar to glycolate oxidase
overexpression plants (Strand et al., 2015). LEF is required for net
reduction in NADPH and also generates thylakoid proton motive
force (pmf) that drives the synthesis of ATP; both NADPH and ATP
are required to power the Calvin-Benson-Bassham (CBB) cycle. LEF-
generated ATP is also involved in activating NPQ (i.e., qE), a

photoprotective mechanism, to dissipate stressful excessive light
energy during photosynthesis (Eberhard, Finazzi, & Wollman, 2008).
The amount of ATP generated by LEF alone is not sufficient for the
proper ratio with NADPH for photosynthesis; thus, additional ATP-
generating mechanisms (e.g., CEF) are necessary (Kramer & Evans,
2011). As the ratio of ATP and NADPH can vary based on environ-
mental conditions or developmental state, synthesis of ATP by CEF
could also be different in various environmental conditions or even
in different species (Kramer & Evans, 2011). For example, drought
stress can cause high levels of CEF, along with high production of
H,0, (Cruz de Carvalho, 2008; Kohzuma et al., 2009). We hypothe-
size that SIG2 is a light stress-responsible component during retro-
grade signaling through the transcriptional regulation of H,O, and
photosynthesis (i.e., CEF)-related genes. Tests of the physiological
responses upon environmental stresses (e.g., high light, drought, and
salt.) in sig2 mutants and genetic analysis of SIG2 and known CEF
components (e.g., glycolate oxidase and NDH) would provide addi-
tional details for the role of SIG2 on H,O,-mediated CEF phe-
nomenon during photosynthesis.

Using RNA-Seq analysis and physiological approaches, we discov-
ered the importance of SIG2 in red-light-dependent photomor-
phogenic development and photosynthesis. As a retrograde signaling
component, SIG2 regulated a subset of nuclear genes, including hor-
monal genes, stress-responsive genes, and photosynthesis-related
genes under these conditions. Indeed, sig2 mutants exhibited
reduced sensitivity to GA, high levels of H,O,, and defects in photo-
synthetic performance, including loss of overall photosynthetic
capacity accompanied by elevated CEF. SIG2, thus, contributes to
growth and development by regulating hormonal responses that are
critical for the optimal development and function of the photosyn-
thetic apparatus under red-light conditions associated specifically

with phytochrome-dependent regulation of photomorphogenesis.

ACKNOWLEDGMENTS

This research was supported by the National Science Foundation
(grant no. MCB-1515002 to B.L.M.), by infrastructure support from
the Office of Science of the US Department of Energy (grant no.
DE-FG02-91ER2002 to D.M.K. and B.LM.), and MSU AgBioRe-
search support for the MSU Center for Advanced Algal and Plant
Phenotyping (CAAPP).

AUTHOR CONTRIBUTIONS

S.O and B.L.M designed the research; S.O. and D.S. performed
research; S.0., D.S., D.MK,, J.C, and B.L.M. analyzed data; S.O. and
B.L.M wrote the manuscript; and S.0O., D.S., D.M.K,, and B.L.M criti-
cally edited the manuscript.

ACCESSION NUMBERS

RNA expression data are available in the NCBI Gene Expression

Omnibus database under accession number GSE104518.



OH eT AL American Societ: 15
| of Plant Biologis¥s E El WI LEYJ—
REFERENCES Imaging reveals emergent phenotypes. Cell Systems, 2, 365-377.

Achard, P., Liao, L., Jiang, C., Desnos, T., Bartlett, J., Fu, X., & Harberd, N.
P. (2007). DELLAs contribute to plant photomorphogenesis. Plant
Physiology, 143, 1163-1172. https://doi.org/10.1104/pp.106.092254

Alabadi, D., Gil, J., Blazquez, M. A., & Garcia-Martinez, J. L. (2004). Gib-
berellins repress photomorphogenesis in darkness. Plant Physiology,
134, 1050-1057. https://doi.org/10.1104/pp.103.035451

Avenson, T. J, Cruz, J. A, & Kramer, D. M. (2004). Modulation of
energy-dependent quenching of excitons in antennae of higher
plants. Proceedings of the National Academy of Sciences of the United
States of America, 101, 5530-5535. https://doi.org/10.1073/pnas.
0401269101

Avenson, T. J., Kanazawa, A, Cruz, J. A, Takizawa, K., Ettinger, W. E., &
Kramer, D. M. (2005). Integrating the proton circuit into photosyn-
thesis: Progress and challenges. Plant, Cell and Environment, 28, 97—
109. https://doi.org/10.1111/j.1365-3040.2005.01294 .x

Baker, N. R., Harbinson, J., & Kramer, D. M. (2007). Determining the limi-
tations and regulation of photosynthetic energy transduction in
leaves. Plant, Cell and Environment, 30, 1107-1125. https://doi.org/
10.1111/j.1365-3040.2007.01680.x

Bendall, D. S., & Manasse, R. S. (1995). Cyclic photophosphorylation and
electron transport. Biochimica et Biophysica Acta, 1229, 23-38.
https://doi.org/10.1016/0005-2728(94)00195-B

Boyle, E. I, Weng, S., Gollub, J., Jin, H., Botstein, D., Cherry, J. M., &
Sherlock, G. (2004). GO:TermFinder-open source software for access-
ing Gene Ontology information and finding significantly enriched
Gene Ontology terms associated with a list of genes. Bioinformatics,
20, 3710-3715. https://doi.org/10.1093/bioinformatics/bth456

Breyton, C., Nandha, B., Johnson, G., Joliot, P., & Finazzi, G. (2006).
Redox modulation of cyclic electron flow around Photosystem | in
C3 plants. Biochemistry, 45, 13465-13475. https://doi.org/10.1021/
bi061439s

Burrows, P. A, Sazanov, L. A, Svab, Z., Maliga, P., & Nixon, P. J. (1998).
Identification of a functional respiratory complex in chloroplasts
through analysis of tobacco mutants containing disrupted plastid ndh
genes. EMBO Journal, 17, 868-876. https://doi.org/10.1093/emboj/
17.4.868

Campos, M. L., Yoshida, Y., Major, I. T., de Oliveira Ferreira, D., Wera-
duwage, S. M., Froehlich, J. E., ... Howe, G. A. (2016). Rewiring of
jasmonate and phytochrome B signalling uncouples plant growth-
defense tradeoffs. Nature Communications, 7, 12570. https://doi.org/
10.1038/ncomms12570

Cannon, M. C,, Terneus, K., Hall, Q. Tan, L., Wang, Y., Wegenhart, B. L.,

. Kieliszewski, M. J. (2008). Self-assembly of the plant cell wall
requires an extensin scaffold. Proceedings of the National Academy of
Sciences of the United States of America, 105, 2226-2231. https://doi.
org/10.1073/pnas.0711980105

Collett, C. E., Harberd, N. P., & Leyser, O. (2000). Hormonal interactions
in the control of Arabidopsis hypocotyl elongation. Plant Physiology,
124, 553-562. https://doi.org/10.1104/pp.124.2.553

Cowling, R. J., Kamiya, Y., Seto, H., & Harberd, N. P. (1998). Gibberellin
dose-response regulation of GA4 gene transcript levels in Arabidop-
sis. Plant Physiology, 117, 1195-1203. https://doi.org/10.1104/pp.
117.4.1195

Cruz, J. A, Avenson, T. J., Kanazawa, A., Takizawa, K., Edwards, G. E., &
Kramer, D. M. (2005). Plasticity in light reactions of photosynthesis
for energy production and photoprotection. Journal of Experimental
Botany, 56, 395-406.

Cruz de Carvalho, M. H. (2008). Drought stress and reactive oxygen spe-
cies: Production, scavenging and signaling. Plant Signaling and Behav-
ior, 3, 156-165. https://doi.org/10.4161/psb.3.3.5536

Cruz, J. A, Savage, L. J., Zegarac, R., Hall, C. C., Satoh-Cruz, M., Davis, G.
A., ... Kramer, D. M. (2016). Dynamic Environmental Photosynthetic

https://doi.org/10.1016/j.cels.2016.06.001

DalCorso, G., Pesaresi, P., Masiero, S., Aseeva, E., Schiinemann, D.,
Finazzi, G., ... Leister, D. (2008). A complex containing PGRL1 and
PGR5 is involved in the switch between linear and cyclic electron
flow in Arabidopsis. Cell, 132, 273-285. https://doi.org/10.1016/j.ce
1.2007.12.028

Eberhard, S., Finazzi, G., & Wollman, F. A. (2008). The dynamics of pho-
tosynthesis. Annual Review of Genetics, 42, 463-515. https://doi.org/
10.1146/annurev.genet.42.110807.091452

Endo, T., Shikanai, T., Sato, F., & Asada, K. (1998). NAD(P)H dehydroge-
nase dependent, antimycin A-sensitive electron donation to plasto-
quinone in tobacco chloroplasts. Plant and Cell Physiology, 39, 1226
1231. https://doi.org/10.1093/oxfordjournals.pcp.a029324

Fahnenstich, H., Scarpeci, T. E., Valle, E. M., Fligge, U. I, & Maurino, V.
G. (2008). Generation of hydrogen peroxide in chloroplasts of Ara-
bidopsis overexpressing glycolate oxidase as an inducible system to
study oxidative stress. Plant Physiology, 148, 719-729. https://doi.
org/10.1104/pp.108.126789

Fan, D. Y., Nie, Q., Hope, A. B., Hillier, W., Pogson, B. J., & Chow, W. S.
(2007). Quantification of cyclic electron flow around Photosystem |
in spinach leaves during photosynthetic induction. Photosynthesis
Research, 94, 347-357. https://doi.org/10.1007/s11120-006-9127-z

Feng, S., Martinez, C., Gusmaroli, G., Wang, Y., Zhou, J., Wang, F., ...
Deng, X. W. (2008). Coordinated regulation of Arabidopsis thaliana
development by light and gibberellins. Nature, 451, 475-479.
https://doi.org/10.1038/nature06448

Forreiter, C., van Cleve, B., Schmidt, A., & Apel, K. (1991). Evidence for a
general light-dependent negative control of NADPH-protochlorophyl-
lide oxidoreductase in angiosperms. Planta, 183, 126-132. https://d
0i.org/10.1007/BF00197576

Gambarova, N. G. (2008). Activity of photochemical reactions and accu-
mulation of hydrogen peroxide in chloroplasts under stress condi-
tions. Russian Agricultural Sciences, 34, 149-151. https://doi.org/10.
3103/5106836740803004X

Griffiths, W. T. (1978). Reconstitution of chlorophyllide formation by iso-
lated etioplast membranes. Biochemistry Journal, 174, 681-692.
https://doi.org/10.1042/bj1740681

Hall, C. C., Cruz, J., Wood, M., Zegarac, R., DeMars, D., Carpenter, J., ...
Kramer, D. M. (2013). Photosynthetic measurements with the idea
spec: An integrated diode emitter array spectrophotometer/fluorome-
ter. In T. Kuang, C. Lu & L. Zhang (Eds.), Photosynthesis research for
food, fuel and future (pp. 184-188). Heidelberg, Germany: Springer.
https://doi.org/10.1007/978-3-642-32034-7

Halliwell, B. (2006). Reactive species and anti oxidants: Redox biology is
a fundamental theme of aerobic life. Plant Physiology, 141, 312-322.
https://doi.org/10.1104/pp.106.077073

Hedden, P., & Phillips, A. L. (2000). Gibberellin metabolism: New insights
revealed by the genes. Trends in Plant Science, 5, 523-530. https://d
0i.org/10.1016/51360-1385(00)01790-8

Inskeep, W. P., & Bloom, P. R. (1985). Extinction coefficients of chloro-
phyll a and b in n, n-dimethylformamide and 80% acetone. Plant
Physiology, 77, 483-485. https://doi.org/10.1104/pp.77.2.483

loannidis, N. E., Cruz, J. A., Kotzabasis, K., & Kramer, D. M. (2012). Evi-
dence that putrescine modulates the higher plant photosynthetic pro-
ton circuit. PLoS ONE, 7, €29864. https://doi.org/10.1371/journal.
pone.0029864

Ishizaki, Y., Tsunoyama, Y., Hatano, K., Ando, K., Kato, K., Shinmyo, A,
... Shiina, T. (2005). A nuclear-encoded sigma factor, Arabidopsis
SIGé, recognizes sigma-70 type chloroplast promoters and regulates
early chloroplast development in cotyledons. Plant Journal, 42, 133—
144. https://doi.org/10.1111/j.1365-313X.2005.02362.x

Joliot, P., & Joliot, A. (2002). Cyclic electron transfer in plant leaf.
Proceedings of the National Academy of Sciences of the United States


https://doi.org/10.1104/pp.106.092254
https://doi.org/10.1104/pp.103.035451
https://doi.org/10.1073/pnas.0401269101
https://doi.org/10.1073/pnas.0401269101
https://doi.org/10.1111/j.1365-3040.2005.01294.x
https://doi.org/10.1111/j.1365-3040.2007.01680.x
https://doi.org/10.1111/j.1365-3040.2007.01680.x
https://doi.org/10.1016/0005-2728(94)00195-B
https://doi.org/10.1093/bioinformatics/bth456
https://doi.org/10.1021/bi061439s
https://doi.org/10.1021/bi061439s
https://doi.org/10.1093/emboj/17.4.868
https://doi.org/10.1093/emboj/17.4.868
https://doi.org/10.1038/ncomms12570
https://doi.org/10.1038/ncomms12570
https://doi.org/10.1073/pnas.0711980105
https://doi.org/10.1073/pnas.0711980105
https://doi.org/10.1104/pp.124.2.553
https://doi.org/10.1104/pp.117.4.1195
https://doi.org/10.1104/pp.117.4.1195
https://doi.org/10.4161/psb.3.3.5536
https://doi.org/10.1016/j.cels.2016.06.001
https://doi.org/10.1016/j.cell.2007.12.028
https://doi.org/10.1016/j.cell.2007.12.028
https://doi.org/10.1146/annurev.genet.42.110807.091452
https://doi.org/10.1146/annurev.genet.42.110807.091452
https://doi.org/10.1093/oxfordjournals.pcp.a029324
https://doi.org/10.1104/pp.108.126789
https://doi.org/10.1104/pp.108.126789
https://doi.org/10.1007/s11120-006-9127-z
https://doi.org/10.1038/nature06448
https://doi.org/10.1007/BF00197576
https://doi.org/10.1007/BF00197576
https://doi.org/10.3103/S106836740803004X
https://doi.org/10.3103/S106836740803004X
https://doi.org/10.1042/bj1740681
https://doi.org/10.1007/978-3-642-32034-7
https://doi.org/10.1104/pp.106.077073
https://doi.org/10.1016/S1360-1385(00)01790-8
https://doi.org/10.1016/S1360-1385(00)01790-8
https://doi.org/10.1104/pp.77.2.483
https://doi.org/10.1371/journal.pone.0029864
https://doi.org/10.1371/journal.pone.0029864
https://doi.org/10.1111/j.1365-313X.2005.02362.x

OH ET AL

Ameri Societ:
nsensedey [SHE@BI-WILEY

SOCIETY FOR EXPERINENTAL BIOLOGY

10209-10214. https://doi.org/10.1073/pnas.

of America, 99,
102306999

Kanamaru, K., Fujiwara, M., Seki, M., Katagiri, T., Nakamura, M., Mochi-
zuki, N., ... Takahashi, H. (1999). Plastidic RNA polymerase sigma
factors in Arabidopsis. Plant and Cell Physiology, 40, 832-842.
https://doi.org/10.1093/oxfordjournals.pcp.a029612

Keegstra, K. (2010). Plant cell walls. Plant Physiology, 154, 483-486.
https://doi.org/10.1104/pp.110.161240

Klughammer, C., & Schreiber, U. (1993). An improved method, using satu-
rating light pulses, for the determination of Photosystem | quantum
yield via P700+-absorbance changes at 830 nm. Planta, 192, 261-
268.

Kohzuma, K., Cruz, J. A. Akashi, K., Hoshiyasu, S., Munekage, Y. N,
Yokota, A., & Kramer, D. M. (2009). The long-term responses of the
photosynthetic proton circuit to drought. Plant, Cell and Environment,
32, 209-219. https://doi.org/10.1111/j.1365-3040.2008.01912.x

Kramer, D. M., & Evans, J. R. (2011). The importance of energy balance
in improving photosynthetic productivity. Plant Physiology, 155, 70—
78. https://doi.org/10.1104/pp.110.166652

Lamport, D. T., Kieliszewski, M. J., Chen, Y., & Cannon, M. C. (2011). Role
of the extensin superfamily in primary cell wall architecture. Plant
Physiology, 156, 11-19. https://doi.org/10.1104/pp.110.169011

Lascano, H. R, Casano, L. M., Martin, M., & Sabater, B. (2003). The activ-
ity of the chloroplastic Ndh complex is regulated by phosphorylation
of the NDH-F subunit. Plant Physiology, 132, 256-262. https://doi.
org/10.1104/pp.103.020321

Leister, D. (2012). Retrograde signaling in plants: From simple to complex
scenarios. Frontiers in Plant Science, 3, 135.

Li, K, Yu, R, Fan, L. M., Wei, N., Chen, H., & Deng, X. W. (2016).
DELLA-mediated PIF degradation contributes to coordination of light
and gibberellin signalling in Arabidopsis. Nature Communications, 7,
11868. https://doi.org/10.1038/ncomms11868

Livingston, A. K., Cruz, J., Kohzuma, K., Dhingra, A., & Kramer, D. M.
(2010). An Arabidopsis mutant with high cyclic electron flow around
Photosystem | (hcef) involving the NDH complex. Plant Cell, 22, 1-13.

Mardis, E. R. (2008). Next-generation DNA sequencing methods. Annual
Review of Genomics and Human Genetics, 9, 387-402. https://doi.org/
10.1146/annurev.genom.9.081307.164359

Montgomery, B. L., Yeh, K. C., Crepeau, M. W., & Lagarias, J. C. (1999).
Modification of distinct aspects of photomorphogenesis via targeted
expression of mammalian biliverdin reductase in transgenic Arabidop-
sis plants. Plant Physiology, 121, 629-639. https://doi.org/10.1104/
pp.121.2.629

Munekage, Y., Hojo, M., Meurer, J., Endo, T., Tasaka, M., & Shikanai, T.
(2002). PGR5 is involved in cyclic electron flow around photosystem
| and is essential for photoprotection in Arabidopsis. Cell, 110, 361-
371. https://doi.org/10.1016/50092-8674(02)00867-X

Nagashima, A., Hanaoka, M., Shikanai, T., Fujiwara, M., Kanamaru, K.,
Takahashi, H., & Tanaka, K. (2004). The multiple-stress responsive
plastid sigma factor, SIG5, directs activation of the psbD blue light-
responsive promoter (BLRP) in Arabidopsis thaliana. Plant and Cell
Physiology, 45, 357-368. https://doi.org/10.1093/pcp/pch050

Oh, S., & Montgomery, B. L. (2013). Phytochrome-induced SIG2 expres-
sion contributes to photoregulation of phytochrome signaling and
photomorphogenesis in Arabidopsis thaliana. Journal of Experimental
Botany, 64, 5457-5472. https://doi.org/10.1093/jxb/ert308

Oh, S., & Montgomery, B. L. (2014). Phytochrome-dependent coordinate
control of distinct aspects of nuclear and plastid gene expression dur-
ing anterograde signaling and photomorphogenesis. Frontiers in Plant
Science, 5, 171.

Oh, S., Warnasooriya, S. N., & Montgomery, B. L. (2013). Downstream
effectors of light- and phytochrome-dependent regulation of hypoco-
tyl elongation in Arabidopsis thaliana. Plant Molecular Biology, 81,
627-640. https://doi.org/10.1007/s11103-013-0029-0

Peng, L., Fukao, Y., Fujiwara, M., Takami, T., & Shikanai, T. (2009). Effi-
cient operation of NAD(P)H dehydrogenase requires supercomplex
formation with Photosystem | via minor LHCI in Arabidopsis. Plant
Cell, 21, 3623-3640. https://doi.org/10.1105/tpc.109.068791

Peng, L., Yamamoto, H., & Shikanai, T. (2011). Structure and biogenesis
of the chloroplast NAD(P)H dehydrogenase complex. Biochimica et
Biophysica Acta, 1807, 945-953. https://doi.org/10.1016/j.bbabio.
2010.10.015

Reed, J. W, Foster, K. R., Morgan, P. W., & Chory, J. (1996). Phytochrome
B affects responsiveness to gibberellins in Arabidopsis. Plant Physiol-
ogy, 112, 337-342. https://doi.org/10.1104/pp.112.1.337

Reinbothe, S., & Reinbothe, C. (1996). The regulation of enzymes
involved in chlorophyll biosynthesis. European Journal of Biochemistry,
237, 323-343. https://doi.org/10.1111/j.1432-1033.1996.00323.x

Rumeau, D., Bécuwe-Linka, N., Beyly, A., Louwagie, M., Garin, J., & Pel-
tier, G. (2005). New subunits NDH-M, -N, and -O, encoded by
nuclear genes, are essential for plastid Ndh complex functioning in
higher plants. Plant Cell, 17, 219-232. https://doi.org/10.1105/tpc.
104.028282

Sacksteder, C., & Kramer, D. M. (2000). Dark-interval relaxation kinetics
(DIRK) of absorbance changes as a quantitative probe of steady-state
electron transfer. Photosynthesis Research, 66, 145-158. https://doi.
org/10.1023/A:1010785912271

Saxena, I, Srikanth, S., & Chen, Z. (2016). Cross talk between H,O, and
interacting signal molecules under plant stress response. Frontiers in
Plant Science, 7, 570.

Shirano, Y., Shimada, H., Kanamaru, K., Fujiwara, M., Tanaka, K., Taka-
hashi, H., ... Shibata, D. (2000). Chloroplast development in Ara-
bidopsis thaliana requires the nuclear-encoded transcription factor
Sigma B. FEBS Letters, 485, 178-182. https://doi.org/10.1016/
S0014-5793(00)02216-X

Somssich, M., Khan, G. A,, & Persson, S. (2016). Cell wall heterogeneity
in root development of Arabidopsis. Frontiers in Plant Science, 7,
1242.

Strand, D. D., Fisher, N., & Kramer, D. M. (2016). Distinct energetics and
regulatory functions of the two major cyclic electron flow pathways
in chloroplasts. In H. Kirchhoff, (Ed.), Chloroplasts: Current research
and future trends (pp. 89-100). Poole, UK: Caister Academic Press.

Strand, D. D., Livingston, A. K., Satoh-Cruz, M., Froehlich, J. E., Maurino,
V. G., & Kramer, D. M. (2015). Activation of cyclic electron flow by
hydrogen peroxide in vivo. Proceedings of the National Academy of
Sciences of the United States of America, 112, 5539-5544. https://doi.
org/10.1073/pnas.1418223112

Strand, D. D., Livingston, A. K., Satoh-Cruz, M., Koepke, T., Enlow, H. M.,
Fisher, N., ... Kramer, D. M. (2017). Defects in the expression of
chloroplast proteins leads to H,O, accumulation and activation of
cyclic electron flow around Photosystem I. Frontiers in Plant Science,
7, 2073.

Suorsa, M., Sirpid, S., & Aro, E. M. (2009). Towards characterization of
the chloroplast NAD(P)H dehydrogenase complex. Molecular Plant, 2,
1127-1140. https://doi.org/10.1093/mp/ssp052

Thomas, S. G., Phillips, A. L., & Hedden, P. (1999). Molecular cloning and
functional expression of gibberellin 2-oxidases, multi-functional
enzymes involved in gibberellin deactivation. Proceedings of the
National Academy of Sciences of the United States of America, 966,
4698-4703. https://doi.org/10.1073/pnas.96.8.4698

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R, ...
Pachter, L. (2012). Differential gene and transcript expression analysis
of RNA-seq experiments with TopHat and Cufflinks. Nature Protocols,
7, 562-578. https://doi.org/10.1038/nprot.2012.016

Tsunoyama, Y., Morikawa, K., Shiina, T., & Toyoshima, Y. (2002). Blue
light specific and differential expression of a plastid sigma factor,
Sig5 in Arabidopsis thaliana. FEBS Letters, 516, 225-228. https://doi.
org/10.1016/50014-5793(02)02538-3


https://doi.org/10.1073/pnas.102306999
https://doi.org/10.1073/pnas.102306999
https://doi.org/10.1093/oxfordjournals.pcp.a029612
https://doi.org/10.1104/pp.110.161240
https://doi.org/10.1111/j.1365-3040.2008.01912.x
https://doi.org/10.1104/pp.110.166652
https://doi.org/10.1104/pp.110.169011
https://doi.org/10.1104/pp.103.020321
https://doi.org/10.1104/pp.103.020321
https://doi.org/10.1038/ncomms11868
https://doi.org/10.1146/annurev.genom.9.081307.164359
https://doi.org/10.1146/annurev.genom.9.081307.164359
https://doi.org/10.1104/pp.121.2.629
https://doi.org/10.1104/pp.121.2.629
https://doi.org/10.1016/S0092-8674(02)00867-X
https://doi.org/10.1093/pcp/pch050
https://doi.org/10.1093/jxb/ert308
https://doi.org/10.1007/s11103-013-0029-0
https://doi.org/10.1105/tpc.109.068791
https://doi.org/10.1016/j.bbabio.2010.10.015
https://doi.org/10.1016/j.bbabio.2010.10.015
https://doi.org/10.1104/pp.112.1.337
https://doi.org/10.1111/j.1432-1033.1996.00323.x
https://doi.org/10.1105/tpc.104.028282
https://doi.org/10.1105/tpc.104.028282
https://doi.org/10.1023/A:1010785912271
https://doi.org/10.1023/A:1010785912271
https://doi.org/10.1016/S0014-5793(00)02216-X
https://doi.org/10.1016/S0014-5793(00)02216-X
https://doi.org/10.1073/pnas.1418223112
https://doi.org/10.1073/pnas.1418223112
https://doi.org/10.1093/mp/ssp052
https://doi.org/10.1073/pnas.96.8.4698
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1016/S0014-5793(02)02538-3
https://doi.org/10.1016/S0014-5793(02)02538-3

OH €T AL

American Society

Velasquez, S. M., Ricardi, M. M., Dorosz, J. G., Fernandez, P. V., Nadra, A.
D., Pol-Fachin, L., ... Estevez, J. M. (2011). O-glycosylated cell wall
proteins are essential in root hair growth. Science, 332, 1401-1403.
https://doi.org/10.1126/science.1206657

Warnasooriya, S. N., & Montgomery, B. L. (2009). Detection of spatial-
specific phytochrome responses using targeted expression of biliver-
din reductase in Arabidopsis. Plant Physiology, 149, 424-433.
https://doi.org/10.1104/pp.108.127050

Woodson, J. D., Perez-Ruiz, J. M., Schmitz, R. J., Ecker, J. R., & Chory, J.
(2013). Sigma factor-mediated plastid retrograde signals control
nuclear gene expression. Plant Journal, 73, 1-13. https://doi.org/10.
1111/tpj.12011

Yagi, Y., & Shiina, T. (2014). Recent advances in the study of chloroplast
gene expression and its evolution. Frontiers in Plant Science, 5, 61.

Yamaguchi, S. (2006). Gibberellin biosynthesis in Arabidopsis. Phyto-
chemistry Reviews, 5, 39-47. https://doi.org/10.1007/s11101-005-
4248-0

Yamaguchi, S., Smith, M. W., Brown, R. G., Kamiya, Y., & Sun, T. (1998).
Phytochrome regulation and differential expression of gibberellin 3
beta-hydroxylase genes in germinating Arabidopsis seeds. Plant Cell,
10, 2115-2126.

Zhou, R, Yu, M., & Pharis, R. P. (2004). 16,17-dihydro gibberellin A5
competitively inhibits a recombinant Arabidopsis GA3 beta-hydro-

[SI®Bl- wiLey-Z

SOCIETY FOR EXPERINENTAL BIOLODY

f Plant Biologists

xylase encoded by the GA4 gene. Plant Physiology, 135, 1000-
1007.

Zubo, Y. O., Yamburenko, M. V., Kusnetsov, V. V., & Borner, T. (2011).
Methyl jasmonate, gibberellic acid, and auxin affect transcription and
transcript accumulation of chloroplast genes in barley. Journal of Plant
Physiology, 168, 1335-1344. https://doi.org/10.1016/].jplph.2011.01.
009

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-
porting information tab for this article.

How to cite this article: Oh S, Strand DD, Kramer DM, Chen J,
Montgomery BL. Transcriptome and phenotyping analyses
support a role for chloroplast sigma factor 2 in red-light-
dependent regulation of growth, stress, and photosynthesis.
Plant Direct. 2018;2:1-17. https://doi.org/10.1002/pld3.43



https://doi.org/10.1126/science.1206657
https://doi.org/10.1104/pp.108.127050
https://doi.org/10.1111/tpj.12011
https://doi.org/10.1111/tpj.12011
https://doi.org/10.1007/s11101-005-4248-0
https://doi.org/10.1007/s11101-005-4248-0
https://doi.org/10.1016/j.jplph.2011.01.009
https://doi.org/10.1016/j.jplph.2011.01.009
https://doi.org/10.1002/pld3.43

