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Abstract

With the high variability of natural growth environments, plants exhibit flexibility
and resilience in regard to the strategies they employ to maintain overall fitness,
including maximizing light use for photosynthesis, while simultaneously limiting
light-associated damage. We measured distinct parameters of photosynthetic
performance of Arabidopsis thaliana plants under dynamic light regimes. Plants were
grown to maturity then subjected to the following 5-day (16 h light, 8 h dark)
regime: Day 1 at constant light (CL) intensity during light period, representative of a
common lab growth condition; Day 2 under sinusoidal variation in light intensity
(SL) during the light period that is representative of changes occurring during a clear
sunny day; Day 3 under fluctuating light (FL) intensity during the light period that
simulates sudden changes that might occur with the movements of clouds in
and out of the view of the sun; Day 4, repeat of CL; and Day 5, repeat of FL. We
also examined the global transcriptome profile in these growth conditions based
on obtaining RNA-sequencing (RNA-seq) data for whole plant rosettes. Our
transcriptomic analyses indicated downregulation of photosystem I (PSI) and II (PSII)
associated genes, which were correlated with elevated levels of photoinhibition as
indicated by measurements of nonphotochemical quenching (NPQ), energy-
dependent quenching (gg), and inhibitory quenching (q,) under both SL and FL
conditions. Furthermore, our transcriptomic results indicated downregulation of
tetrapyrrole biosynthesis associated genes, coupled with reduced levels of chloro-
phyll under both SL and FL compared with CL, as well as downregulation of
photorespiration-associated genes under SL. We also noticed an enrichment of the
stress response gene ontology (GO) terms for genes differentially regulated under
FL when compared with SL. Collectively, our phenotypic and transcriptome analyses
serve as useful resources for probing the underlying molecular mechanisms associ-
ated with plant acclimation to rapid light intensity changes in the natural

environment.
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1 | INTRODUCTION

Plants are sensitive to changes in the ambient environment, including
light cues (e.g., predominant wavelengths, direction, or intensity).
Given high variability of natural growth environments, the extent to
which plants adapt to maximize light use for photosynthesis, while
limiting light-associated damage, is critical and associated with overall
plant fitness. Many studies assessing the acclimation response of
plants to high light use constant high light conditions, whereas
insights into natural mechanisms used by plants for persisting in
nature may be advanced though analyses of plant growth and adapta-
tion under dynamic conditions.

Light energy funneled into photosystem Il (PSIl) and photosystem
| (PSI) fuels the primary reactions of photosynthesis, which generally
move electrons from water at the donor side of PSII to ferredoxin and
subsequently to NADPH at the acceptor side of PSI, through a series
of electron carriers known as the photosynthetic electron transfer
chain (pETC). Electron flux is coupled to the accumulation of protons
in the thylakoid lumen forming a proton motive force (pmf) across the
thylakoid membrane, which is used for driving ATP synthesis via the
chloroplast ATP synthase. The ATP and NADPH generated by the
“light reactions” provide chemical energy and reducing power primar-
ily for photosynthetic CO, assimilation through the Calvin Benson
Bassham Cycle, as well as for other metabolic pathways including
photorespiration and nitrate reduction (Noctor & Foyer, 1998).

The light reactions involve formation of high energy redox inter-
mediates capable of interacting with oxygen to form reactive oxygen
species (ROS) such as singlet oxygen (Dogra & Kim, 2020) and super-
oxide (Allen et al., 2012), when the availability of absorbed light
energy exceeds downstream demand for ATP and/or NADPH. For
example, the formation of singlet oxygen is strongly linked to
increased rates of PSIl photoinhibition and is more likely to occur
under fluctuating light (FL) (Davis et al., 2016). Accumulation of ROS
intracellularly can lead to cellular damage, if unmitigated.

There are generally two different types of responses to dynamic
light intensity. One set of responses is rapidly inducible, reversible and
includes transient biological processes. Non-photochemical quenching
(NPQ) encapsulates a number of mechanisms that actively quench, or
appear to quench, absorbed light energy from PSIl antenna. “Energy-
dependent” quenching (gg) depends on pH-dependent activation of
violaxanthin de-epoxidase and protonation of the PsbS protein, result-
ing from the acidification of the lumen that accompanies formation of
the light-induced ApH component of pmf (Ruban, 2016). “Inhibitory”
quenching (q)) is attributed to quenching by photoinhibited PSII cen-
ters, which accumulate when the rate of PSIl photodamage exceeds
the rate of repair (Murata et al., 2012; Tyystjarvi, 2013; Tyystjarvi
et al., 2005). State transitions (gy) can decrease PSIl antenna size

through reversible dissociation of antenna proteins from the complex.
Triggered by the redox state of the plastoquinol pool, state transitions
serve to rebalance the rates of energization between PSIlI and PSI
(Taylor et al., 2019). More recently identified components of NPQ
include gz (zeaxanthin-dependent quenching), which depends solely
on the accumulation of zeaxanthin (Nilkens et al., 2010) and qu, which
is the intensity dependent movement or photorelocation of chloro-
plasts in response to blue light (Suetsugu & Wada, 2007).

The ApH component of pmf not only induces qg but also
decreases the rate of electron transfer to PSI through pH-dependent
slowing of plastoquinol oxidation at the cytochrome bsf complex as
the lumen becomes more acidic (Nishio & Whitmarsh, 1993). Plants
also initiate irreversible developmental responses to FL, including
those that result in changes in the composition and accumulation of
photosynthetic complexes and in the morphology of photosynthetic
organs of plants (Murchie et al., 2005; Weston et al., 2000). One long-
term acclimation to high light is a reduction in the formation of the
semi-crystalline arrays of PSII complexes and PsbS protein accumula-
tion (Koufil et al., 2013). Leaf carotenoid content also increases under
high-light and excess-light conditions (Bartoli et al., 2006; Demmig-
Adams & Adams, 1992; Grace & Logan, 1996; Lichtenthaler, 2007;
Matsubara et al., 2009). Other irreversible changes in response to var-
iations in light intensity result in anatomical changes, such as forma-
tion of extra palisade cell layers in the primordia of young leaves as
well as enlargement of palisade cell surfaces to alter CO, uptake by
chloroplasts under high-light (Terashima et al., 2006).

Plant responses to FL differ from those to either steady high-light
or low-light conditions, depending on the light fluctuation amplitude,
frequency, and duration (Schneider et al., 2019). For example, Arabi-
dopsis plants grown under a diurnal photoperiod (12 h dark/12 h light)
with low-light (50 umol photons m~2 s~1) and short (20-s) pulses of
high-light (650 or 1250 pmol photons m—2 s~ for 7 days exhibited
reductions in PSII, chlorophyll levels, and leaf growth; simultaneously,
NPQ and ROS levels were upregulated (Alter et al., 2012). By compar-
ison, Arabidopsis plants grown in low-light (100 pmol photons
m~2 s71) after fluctuating treatment between 100 and 475 or
between 100 and 810 pmol photons m~2 s~* every 15 min, 1 h, or
3 h over 7 days exhibited an increase in the oxygen evolution capacity
of PSIl, indicating photosynthetic acclimation over days (Yin &
Johnson, 2000).

In the last two decades, researchers were able to use global tran-
script profiling to explore the molecular mechanisms of specific path-
ways controlling plant responses to dynamic light environments (Ding
et al,, 2019; Schneider et al., 2019). In a transcriptome profiling study
to identify differentially expressed genes (DEGs) under FL at distinct
developmental stages in young and mature leaves between morning
and the end of the day, Schneider et al. (2019) analyzed the
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Arabidopsis transcriptome after transferring 4-5 week old plants from
constant light (CL) to FL (i.e., 20-s pulses of ~1000 umol photons
m~2 st every 5 min during the CL period at ~75 pmol photons
m~2 s7%) for 3 days. They reported global reprogramming of gene
expression under FL, including differential expression of genes
involved in photosynthesis, photoprotection, photorespiration, pig-
ment and prenylquinone content, and vitamin metabolism. Here, we
describe global transcriptome profiling based on RNAseq data of
mature, whole plant rosettes exposed to short-term (~24 h) dynamic
light conditions including three light regimes, commonly used CL
followed by dark conditions, sinusoidal light (SL) representing a normal
sunny day, and FL representing a cloudy day, as well as recovery
conditions in CL after SL and FL. Our results indicated global
downregulation of PSI and PSIl genes with some exceptions of
specific genes, as well as overall downregulation in tetrapyrrole
biosynthesis genes, under both SL and FL compared to CL. In addition,
genes involved in photorespiration and the Calvin cycle were
downregulated under SL. Furthermore, we detected a misregulation
of some stress response related genes in FL when compared with
SL. Taken together with measurements of photosynthetic parameters,
these analyses indicate distinct plant responses to SL or FL, compared

with growth of plants in CL.

2 | MATERIAL AND METHODS

21 | Plant materials and growth conditions
Columbia-0 (Col-0) ecotype seeds were used as wild type (WT) and
were stratified for 4 days before germination under white light
(~100 pumol m~2 s~1) with a long-day photoperiod (16 h light and 8 h
dark cycle) at 22°C. After 16-18 days of growth, plants were trans-
ferred to DEPI chambers (Cruz et al., 2016) for further analyses.

2.2 | Chlorophyll fluorescence and photosynthetic
parameter measurements

Chlorophyll fluorescence imaging was performed using the DEPI sys-
tem, as previously described (Cruz et al., 2016). Plants were treated
with three different light regimes for 5 days (R1-R5) under a 16 h
light and 8 h dark cycle. Under the first light regime (R1), the plants
were grown at CL intensity of 100 pmol m=2 s~! during the light
period. For the second light regime (R2), plants were treated with SL
with a maximum light intensity of 500 pmol m™2 s~ in the light
phase. For the third light regime (R3), plants were grown under fluctu-
ating sinusoidal light (FL) that layered an 8-min fluctuation of light
intensity of 2000 pmol m? s* every 30 min over a sinusoidal pattern
that peaked at a maximum intensity of 1000 pumol m~2 s~*. For the
fourth (R4) and fifth (R5) regimes, additional R1 and R3 treatments
were reapplied, respectively. Image data were processed using Visual
Phenomics software developed in-house, as described by Cruz et al.

(2016), to yield images of Fo, Fum, Fs, Fpm’, and Fy” and subsequently
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to calculate values for ¢y, NPQ, qg, and q; (Baker & Oxborough, 2004).
Heat maps of the photosynthetic parameters were generated using
the OLIVER software package (https://caapp-msu.bitbucket.io/
projects/oliver/) developed in-house using Eclipse IDE (https://www.

eclipse.org/).

2.3 | RNA solation and library preparation

Total RNA was extracted from quadruplicates of whole rosettes
grown in the DEPI system at midday of R1, R2, and R3 using the
OMEGA E.Z.N.A Plant RNA kit (catalog no. R6827) according to the
manufacturer’s protocol. Respective mRNA libraries were prepared
with an lllumina TruSeq Stranded mRNA Library Preparation Kit (Cat.
No. 20020595) using a Perkin Elmer Sciclone G3 robot following man-
ufacturer's recommendations. Completed libraries were assessed for
quality and quantified using a combination of Qubit dsDNA HS and
Advanced Analytical Fragment Analyzer High Sensitivity DNA NGS
assays. cDNA Libraries were quantified using the Kapa Biosystems
lllumina Library Quantification gPCR kit. Each pool was loaded onto
one lane of an lllumina HiSeq 4000 flow cell and sequenced in a
1 x 50bp single read format using HiSeq SBS reagents. Base calling
was done by lllumina Real Time Analysis (RTA) v2.7.7, and output of
RTA was demultiplexed and converted to FastQ format with lllumina
Bcl2fastq v2.19.1.

2.4 | RNAseq data analysis
An initial quality check of the RNA reads was performed using FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Trim-
momatic v0.32 (Bolger et al., 2014) was used to filter the RNA reads
to remove adaptors and low-quality reads. A sliding window method
was used to scan the reads with 4-base wide and cut when the base
quality was below a threshold of 2. The minimum read length cutoff
was 36 bp. Data quality was explored after filtering with FastQC.
STAR/2.6.0c (Spliced Transcripts Alignment to a Reference,
Dobin et al., 2013) was used to map the RNAseq reads to Tair10
genome with the default settings of the twopassMode Basic option
with intron size 21-6000 nt. In all samples, >90% of the RNAseq
reads were mapped to the reference genome. The number of
sequenced reads, filtered reads, and mapping information are pre-
sented in Table S1.

25 |
analyses

Differential expression and clustering

The HTseq-count function in HTseq (High-Throughput sequencing)
v0.6.1 (Anders et al., 2015) was used in the default mode and
stranded = yes for generating read counts. HTseq-count output was
fed into DESeq2 (Love et al, 2014) for differential expression
analysis using the standard steps represented in DESeq function
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(Love et al., 2017). A gene was considered differentially expressed if
the adjusted p value < .05 and the log fold change > 1 and had a
transcript per million (TPM) > 1 in at least one condition. The p value
was adjusted with a g-value false discovery rate (FDR) (Benjamini &
Hochberg, 1995). DEGs from all comparisons among R1, R2, and R3
were categorized into 6 gene sets: Set 1 included upregulated genes
under SL and FL, Set 2 included downregulated genes under SL and
FL, Set 3 represented upregulated genes under SL only, Set 4 included
downregulated genes under SL only, Set 5 represented upregulated
genes under FL only, and Set 6 included down-regulated genes under
FL only (Data Set S1).

2.6 | Gene ontology (GO) enrichment analysis

GO analyses were conducted by Panther classification system
using the PANTHER Enrichment analysis (Released 20200728),
with annotation version GO Ontology database (10.5281/zenodo.
4033054) against GO biological process complete annotation data
set. The results were statistically analyzed using Fisher's Exact test,

and for correction, we used the calculation of FDR.

3 | RESULTS
3.1 | Photosynthetic measurements under
dynamic light treatments

To investigate possible global transcriptome differences in response
to dynamic light environments, we used the DEPI system (Cruz
et al., 2016) to grow Arabidopsis in simulated natural light environ-
ments. We measured PSIl quantum efficiency (¢,) and dissipative
NPQ of absorbed light energy, including additional components of
NPQ including the more rapidly relaxing component gg¢ and more
slowly relaxing q;, which is associated with the photoinhibition of PSII.
In general, the photosynthetic measurements indicated that ¢
decreases with increasing light intensity during R2 (SL) and R3 (FL).
This behavior is hysteretic (where ¢y values collected at the end of
the day tend to be lower than values collected earlier in the day at a
matching intensity), which implies that R2 and R3 lead to net accumu-
lation of photodamage. This assumption is supported by the generally
lower values for ¢y, under CL observed after dynamic light treatments
(R4) relative to the control day (R1). However, the higher values for ¢
during R5 compared with corresponding time points during R3 are
consistent with an acclimation response allowing photosynthetic
electron flux to operate at higher efficiency under FL (Kono &
Terashima, 2014).

In a corresponding manner, NPQ, qg, and q, levels increased with
increased light intensity during R2 and R3, with similar hysteretic
behavior (but with quenching higher at the end of the day relative to
the beginning). More notably, the higher g, observed during R3 and
the beginning of R4 further support the idea that residual photodam-
age accumulates over R2 (SL) and R3 (FL) (Figure 1). As a first

approach for identifying components potentially involved in acclima-
tion of photosynthesis in response to SL and FL, plants grown under
identical conditions as those that were used for photosynthetic mea-
surements were used for mRNA extraction and analyses of DEGs
under CL, SL, and FL conditions. We specifically discuss DEGs that
may be associated with the observed changes in photosynthetic
parameters in response to growth of plants under dynamic conditions,

noting that our FL conditions sequentially follow the SL exposure.

3.2 | Identification of DEGs
We used CL growth (R1) as a baseline for the level of gene expression
in order to identify effects of the SL growth (R2) and our FL growth
(R3) treatments (Figure 2a). Our results indicated a total of 2336
DEGs under SL, including 1433 upregulated and 903 downregulated
genes. By comparison, we identified a total of 1761 DEGs in response
to FL, including 1007 upregulated and 754 downregulated genes.
There were 1212 genes common to SL and FL conditions (Figure 2b).
We categorized the DEGs into seven categories: Set 1 included
689 upregulated DEGs under SL and FL, Set 2 included 522 downre-
gulated DEGs under SL and FL, Set 3 included 744 upregulated DEGs
under SL only, Set 4 included 380 downregulated DEGs under SL
only, Set 5 included 317 upregulated DEGs under FL only, Set
6 included 232 downregulated genes under FL only, and Set
7 included one hypothetical protein-encoding gene (AT5G60260) that

was downregulated under SL and upregulated under FL (Figure 2b).

3.3 |
DEGs

GO enrichment analyses and classification of

Following the identification and categorization of DEGs, we per-
formed GO enrichment analyses. The GO analyses identified a list of
enriched pathways as indicated in Data Set S2. In assessing enrich-
ments in particular growth conditions, 122 GO terms were signifi-
cantly enriched under SL, and 86 were enriched under FL. There were
66 GO terms enriched under both SL and FL; thus, 57 GO terms were
enriched only under SL, and 20 GO terms were significantly enriched
only under FL. Among the pathways enriched under SL and FL, three
photosynthesis and light harvesting reaction pathways were signifi-
cantly downregulated under both SL and FL conditions. The most
enriched biological process based on GO terms according to the
TAIR10 slim GO list was determined for SL (Figure 3a) and FL
(Figure 3b). GO-enrichment analysis indicated that GO terms that
include response to abiotic stimulus, response to radiation, response
to light stimulus, and photosynthesis were significantly enriched under
SL and FL. However, GO terms for protein import into mitochondrial,
protein targeting to mitochondria, protein localization to the mito-
chondrion, and mitochondrial transport were enriched under SL only.
By comparison, GO terms for the response to oxidative stress,
response to heat, and generation of precursor metabolites and energy

were only enriched under FL.
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3.4 | Transcriptome changes in response to SL or

FL light indicate plant resilience to stress

3.4.1 | Effect of changes in light regime on the
photosynthetic and light reaction-related transcripts

The light conditions of any natural environment are responsible for
major shifts in a plant’s global transcriptome to ensure optimal plant
survival. The transcriptome data and GO analyses indicated significant
downregulation of genes encoding eight PSI and three PSII related
proteins, as well as the electron transport protein plastocyanin
1 (PETE1) (Pesaresi et al., 2009) indicating a possible decrease in elec-
tron flux capacity (Data Set S3). Prior analyses demonstrated a
decrease of PSl-related proteins in proteome analyses with Arabidop-
sis (Chen et al., 2022). In addition, genes that encode photosynthesis
antenna proteins including light-harvesting chlorophyll protein com-
plexes (LHCs) are mostly downregulated in SL and FL conditions indi-
cating a decrease in light absorption compared to the CL condition
(Figure 4); this decrease could explain the increased ¢, levels and
decreased NPQ, q;, and gg. Only LHCB7 is overexpressed in both SL
and FL (Figure 4b). Of note, lhcb7 mutants show decreased light-

saturated photosynthesis rates and diminished irradiance threshold
for the activation of NPQ (Peterson & Schultes, 2014), and LHCB7
was upregulated in prior analyses of leaves in FL (Schneider
et al,, 2019). Furthermore, under FL condition, the gene encoding the
PSIl core protein Psb28 is significantly upregulated (Data Set S2,
Figure 4a). This specific protein plays a role in the recovery of PSIl at
high temperatures in the cyanobacterium Synechocystis (Sakata
et al., 2013), although a role for Psb28 in plants remains to be defini-
tively confirmed. PSB28 is known to be highly expressed in green
leaves of Arabidopsis (Winter et al., 2007), as well as regulated by
phytochrome signaling via phytochrome-interacting factor 3 (PIF3)
(Al-Sady et al., 2008; Monte et al., 2007). PSB28 also is induced by
high light in rice (Jung et al., 2008). The observed upregulation of
PSB28 in FL may indicate an organismal attempt to facilitate the repair
of PSIl under these conditions.

Among genes that are most upregulated under SL and FL condi-
tions is GLUCOSE-6-IPHOSPHATE/PHOSPHATE TRANSLOCATOR 2
(GPT2) (Data Set S1), which encodes a protein that regulates the
dynamic acclimation of photosynthetic capacity in response to high
light (Athanasiou et al., 2010). GPT2 is responsible for transferring

glucose 6-phosphate between plastid and cytosol (Niewiadomski
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FIGURE 2 Comparison of transcriptomic responses in Arabidopsis
thaliana rosettes under sinusoidal light (SL) and fluctuating light

(FL) conditions. (a) Heat map highlighting the comparative
transcriptomic responses in SL and FL with a gene considered
differentially expressed if the adjusted p value < .05 and the log fold
change > 1, and there was a transcript per million (TPM) > 1 in at least
one condition. Colors and scale represent the log? fold change.

(b) Venn diagram illustrating the overlaps of differentially expressed
(DE) genes under SL ad FL conditions

et al, 2005). Previously, Kunz et al. (2010) reported that GPT2
expression positively correlates with decreased carbon metabolism
during the light-dark cycle. Also, an increase in photosynthesis due to
an increase in light irradiance leads to increased GPT2 transcript levels
(Athanasiou et al., 2010; Weise et al., 2019). We observed an increase
in GPT2 mRNA levels at high light conditions in both SL and
FL. However, the ¢y, photosynthetic measurement was decreased.
This distinction may be due to the high light intensity level in our
experiment that was higher than those used in prior experiments
(Athanasiou et al., 2010; Weise et al., 2019). The upregulation of

GPT2 under SL and FL in our experiments may indicate a cellular
response of attempting to adjust photosynthetic levels in dynamic
conditions.

EXORDIUM-LIKE1 (EXL1) was also highly upregulated under both
SL and FL conditions (Data Set S1). EXL1 was previously reported to
be upregulated under extended night, sugar starvation, and anoxia
stress, all conditions that result in low carbon availability, suggesting
that responses to carbon and light availability are controlled by EXL1
(Schroder et al., 2011).

High light intensity stimulates anthocyanin production in many
plant species (Maier & Hoecker, 2015). These pigments assist in the
photoprotection process in Arabidopsis leaves by decreasing the
capacity for light capture, which increases ¢, and decreases NPQ
(Gould et al., 2018). Our results indicated upregulation of most of the
anthocyanin biosynthesis related genes under both SL and FL (Data
Set S4).

We noticed a strong upregulation of the PRODUCTION OF
ANTHOCYANIN PIGMENT 1 & 2 (PAP1 and PAP2) genes under SL and
FL (Data Set S4 and Figure S2). PAP1 has previously been reported to
be positively regulated by HY5, as PAP1 transcript levels were
reduced under far-red and blue light conditions in hy5 mutant lines
(Das et al., 2011; Shin et al., 2013). Cominelli et al. (2008) reported an
increased accumulation of anthocyanins in PAP1 and PAP2 overex-
pressed Arabidopsis lines. Our results suggest that increased HY5
transcript levels may be correlated with upregulation of PAP1 level,
which could lead to elevated anthocyanin biosynthesis under SL
and FL.

3.4.2 | Effect of changes in light regime on
photoreceptor-related transcripts

Genes encoding some of the major photoreceptors are misregulated
with a change of light intensity (Data Set S2). Our results indicated
downregulation of PHYA under SL, with a slight decrease under FL as
well. By contrast, PHYB was upregulated in response to FL and to a
lesser degree under SL. PhyB is known to regulate photosynthetic
processes (Kreslavski et al., 2015; Rao et al., 2011; Schittenhelm
et al., 2004; Thiele et al., 1999). Organismal changes induced by PHYB
upregulation could include increasing sink capacity and altering leaf
morphology, which, in turn, could explain some of the observed
effects on ¢ and quenching.

In Arabidopsis plants, phyB activity results in increased chloro-
phyll and carotenoid levels, as well as smaller but thicker leaves,
increased stomatal density, and higher stomatal conductance that
would increase CO, uptake and availability. In regard to the latter, an
increase in CO; assimilatory capacity increases ¢, and decreases feed-
back regulation of NPQ (Talbott et al., 2003) and supports higher pho-
tosynthetic rates (Boccalandro et al., 2009; Gonzélez et al., 2012).
Similar results were observed when the Arabidopsis PHYB gene was
introduced into potato plants (Kreslavski et al., 2015; Schittenhelm
et al., 2004; Thiele et al., 1999). Transgenic PHYB potato lines also
exhibited higher photoinhibition resistance than WT (Kreslavski
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FIGURE 3 Gene ontology (GO) distribution of differentially expressed transcripts in Arabidopsis rosettes. (a) Sinusoidal light (SL) and
(B) fluctuating light (FL). The results are summarized based on the most enriched biological processes in the TAIR10-Slim GO terms list.

et al., 2015). In our study, we detected elevated photoinhibition (mea-
sured by ¢y) and lower chlorophyll content associated with a slight
increase in PHYB transcript levels under SL and FL. Similar to PHYA,
CRY1 is downregulated in SL (Data Set S1). Previously, Kleine et al.
(2007) and Shaikhali et al. (2012) demonstrated a photoprotective role
of Cry1 under short-term high light stress of 1000 pmol m=2 s~ * for

3 h, conditions distinct from the high light conditions used here for SL
and FL. Moreover, it has been reported that Cry1 is known to play a
role in regulating the redox equilibrium of electron transport chain
when plants are under high light stress (Walters et al., 1999). Also,
Weston et al. (2000) reported that Cryl has a significant role of
regulating LHCB as well as the chlorophyll a/b ratio. Furthermore,
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FIGURE 4 Schematic diagram illustrating the molecular changes in the (a) photosynthesis components and (b) antenna proteins under
sinusoidal light (SL) and fluctuating light (FL). The image was produced using Pathview (https://pathview.uncc.edu; Luo et al., 2017).

Cry1 has been reported to have a role in ROS production by regulat- (Consentino et al., 2015; Danon et al., 2006; El-Esawi et al., 2017 and

ing the several Arabidopsis genes that encode the salt tolerance zinc Kleine et al., 2007). Our results indicated an overexpression of ZAT10,
finger (ZAT10), ascorbate peroxidase 2 (APX2), sigma factor binding ERF4, and NDB2 under both SL and FL; however, SIB1 was upregu-
protein 1 (SIB1), ethylene responsive element binding factor 4 (ERF4), lated only under SL, suggesting that Cryl might negatively regulate

and NAD(P)H dehydrogenase B2 (NDB2) sis at transcription level ROS levels under high light stress. Furthermore, we noticed a
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significantly altered-regulation for some stress-related genes, such as
Glutatione peroxidase7 (GPX7), which is known to play a role in
regulating the plant's response to photooxidative stress (Chang
et al., 2009). GPX7 was upregulated under SL and FL.

Early Light Induced Proteins 1 and 2-encoding genes (ELIP1 and
ELIP2) exhibit elevated transcript levels under high light stress
(Huang et al., 2019) and FL (Schneider et al., 2019). Hutin et al. (2003)
indicated that ELIPs exhibit photoprotection by stabilization of
pigment-binding proteins during light stress or by binding to
chlorophylls released during turnover of those proteins. Both ELIP1
and ELIP2 transiently bind to released chls to prevent the formation
of free radicals and to initiate a photoprotection role under high light
stress conditions (Adamska, 2001; Montané & Kloppstech, 2000).
Both ELIP1 and ELIP2 were upregulated under SL and FL, with higher
levels observed under FL, perhaps suggesting a role for these proteins

in the regulating NPQ levels under SL and FL.

3.4.3 | Expression of genes involved in hormone
signaling pathways is modulated in response to
dynamic light

Many hormonal pathways are involved in mediating light-dependent
changes to dynamic light conditions, including modulation of
photosynthetic efficiency and photoprotection (Lau & Deng, 2010;
Neff et al., 2006; Wang et al., 2019). The change in light intensity
under SL and FL relative to CL conditions resulted in mis-regulation of
some of the major hormone signaling pathways, including
jasmonic acid (JA), gibberellic acid (GA), cytokinin, and auxins
(Data Set S4 and Figure S1).

JA is required for plant acclimation to a change in light intensity
(Balfagén et al., 2019); it is also known to be part of the stress
response. Sirhindi et al. (2020) link JA to improved recovery of PSII
(i.e., repair cycle) in response to stress. Our results indicated mis-
regulation of a number of JA-related genes (Data Set S4 and
Figure S1B). Allene oxide cyclase 3 (AOC3) and Lipoxygenase 3 (LOX3)
genes play important roles in the JA biosynthesis pathway (McGrath
et al., 2005; Gollan et al., 2017, and Zhang et al., 2020) and are upre-
gulated under SL and FL, with higher transcription levels under SL
(Data Set S1 and Data Set S4).

In addition, GA is known to increase the photosynthetic rate and
chlorophyll levels, and, thus, it may also regulate the sink-source
relationship of photosynthetic products (Wen et al., 2018). A number
of gibberellin-regulated genes were misregulated in our analyses;
particularly, genes encoding gibberellin-regulated proteins exhibited
decreased transcript levels in response to a change in light intensity
(Data Sets S1 and S4 and Figure S1C). Furthermore, GA2-oxidases of
classes I, Il, and lll are known to regulate the deactivation of
bioactive GAs (Li et al., 2019). These genes encode proteins whose
activity are correlated with the regulating the rate of photosynthesis
activity. For example, Biemelt et al. (2004) and Zhou et al. (2011)
reported an increase of CO, uptake in GA, overexpressed plants in

tobacco and Brassica napa, respectively. Our results indicated
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that they were all upregulated aligned with the decreased level of ¢
under both SL and FL.

Cytokinins are linked to protection of photosynthetic complexes
and pigments particularly under stress conditions (Chernyad'ev,
I. I, 2009). Some cytokinin biosynthesis genes were upregulated
under both SL and FL (Data Set S4 and Figure S1F). Genes impacted
included those encoding zeatin-O-glycosyltransferases (UGT73C1
and UGT73C3), which encode enzymes that glycosylate brassinoster-
oids and cytokinin in A. thaliana (Hou et al., 2004; Husar et al., 2011).
Our results showed that UGT73C1 and UGT73C3 were upregulated
more under FL compared to SL (Data Sets S1 and S4).

Related to the regulation of photosynthetic process and
anthocyanin synthesis, we were able to detect downregulation of
7 members of auxin-associated B-box protein family-encoding genes
(BBX genes) under SL and FL (Figure 5). Prior downregulation of
BBX17 under FL was reported (Schneider et al., 2019). Of note, four
members of the BBX family were overexpressed under both SL and
FL. BBXs directly and indirectly regulate anthocyanin biosynthesis
genes (Gangappa & Botto, 2014). These factors also play a role
in additional hormone pathways, including brassinosteroid
(Wei et al., 2016), GA (Wang et al., 2011), and ABA signaling path-

ways (Xu et al., 2014).

3.44 | FL promotes expression of genes associated
with stress response pathways in Arabidopsis rosettes

To highlight the difference between plant responses to SL and FL
conditions, we compared transcript levels from R3 and R2 in whole
Arabidopsis rosettes that average distinct changes that may be seen
in individual leaves of distinct developmental stages. Our data indi-
cated 448 DEGs (Data Set S5). We performed pathway enrichment
analysis with this set of DEGs, and the results indicated enrichment of
stress response GO-terms including response to oxidative stress, heat,
and osmotic stress. Notably, a group of genes encoding members of
the family of heat shock proteins (HSPs) was among the most highy
expressed group of genes under FL (R3). These genes included
HSP17.4, HSP17.6A, HSP17.6ll, HSP17.6B, HSP70, and HSP81.1, which
were previously reported to have an important role in mediating
plant responses to light-dependent priming of thermotolerance
(Kim et al, 2021, Roeber et al, 2021, Han et al., 2019a, Han
et al,, 2019b, and others).

Another important group of genes among those most downregu-
lated under FL compared with SL are the APETALA2/ETHYLENE
RESPONSIVE FACTOR (AP2/ERF) family transcription factors
(AP2/ERFs), such as ERF018, CBF1, CBF3, ERF105, ERF104, ERF103,
ERFO5, ERF06, ERF11, RAP2.9, ERF1, ERF2, ERF54, and CYTOKININ
RESPONSE FACTOR 2 (CRF2). The AP2/ERFs are involved in plant
responses to various abiotic stresses (Licausi et al, 2013; Xie
et al., 2019). For example, CYTOKININ RESPONSE FACTORS (CRFs)
are induced by different abiotic stresses to regulate osmotic positively
and freezing tolerance (Rashotte et al., 2006; Rashotte & Goertzen,
2010); in addition, the ERF-VII subfamily in Arabidopsis and rice play



ALAMELDIN ano MONTGOMERY

10 of 15 WI LEY

(a) Color Key

American Society B
of Plant Biologists

" SOCIETY FOR EXPERIMENTAL BIOLOGY

SAUR_DEGs

-6 0 4

I SAUR48
SAUR79
SAURA41

SAUR28
SAUR1
SAUR3

I SAURST

%
%
%

&
S
& Q &

Color Key
(b) BBX_DEGs

BBX29
BBX32
BBX11
BBX8
BBX22
BBX30
BBX1
BBX2
BBX28
BBX3
BBXS
BBX6
BBX16
BBX15

| BBX14
BBX17
BBX27

S
RS

Ny
2 &

FIGURE 5 Heat map showing the differentially expressed genes
(DEGs) of two gene families. (a) SAUR gene family involved in the
auxin biosynthesis pathway, and (b) BBX gene family involved in the
anthocyanin biosynthesis pathway. (Colors and scale representing the
log? fold change.)

significant roles in flooding and low oxygen (hypoxia) (Bailey-Serres
et al.,, 2012; Bui et al., 2015; Gibbs et al., 2015). Additionally, RESPI-
RATORY BURST OXIDASE HOMOLOG D (RbohD), an NADPH oxi-
dase, generates ROS (Yao et al., 2017). It is important to note that
AP2/ERF is overexpressed in FL compared with CL but downregu-
lated when compared with SL, and that can be due to the accumula-
tion effect of damage due to high light exposure during the SL

treatment.

4 | CONCLUSIONS

Light is one of the most critical environmental factors that affect
major pathways in plants, and any change in light intensity may lead
to significant changes in key biological processes. Those changes can
be reversible (Johnson et al., 2011; Yamori & Shikanai, 2016) or irre-
versible (Anderson et al., 1998). Here, we presented the responses of
plant rosettes at the transcriptomic level to sinusoidal and subsequent
FL, as well as the effects of the change of light regimes on the photo-
synthetic capacity of plants. Our analyses of plant rosettes average
changes in transcript levels at the individual leaf level that likely
exhibits distinct responses based on spatial and developmental
differences.

We detected a downregulation of genes encoding key factors
important for major photosynthesis, light-harvesting, and light reac-
tion pathways in rosettes, as well as pathways associated with upre-
gulation of flavonoids, specifically anthocyanin biosynthesis and
metabolism, under both SL and FL conditions (Data Set S4). Further-
more, our photosynthetic measurement results indicated that SL and
FL are associated with a lower ¢y, and elevated NPQ, gg and g, levels
(Figure 1). Mattila et al. (2018) reported that when chlorophyll is
decreased during senescence, flavonoid and anthocyanin levels are
increased. Relatedly, flavonoids, especially anthocyanins, do not
absorb visible light and can serve to block light absorption
(Solovchenko & Merzlyak, 2008); thus, regulation of genes related to
flavonoid biosynthesis and metabolism may be a part of regulating the
photoprotection process to protect leaves from the excess light
exposure.

Our results indicate a major reduction in transcripts for some hor-
mone signaling pathways, especially aspects of the auxin-mediated
signaling pathway associated with anthocyanin accumulation
(Figure S2). We also noticed elevated transcripts associated with the
JA stimulus pathway under SL only. Suzuki et al. (2015) reported that
12% of early accumulated transcripts under light stress were JA
response transcripts.

In our experiments, the illumination of SL and FL treatments was
performed in sequence; thus, the observed plant responses are likely
to reflect both immediate and cumulative effects of individual light
conditions. Notedly, our transcriptome data analyses (Data Set S5)
indicated that rosette responses to FL differ from the response to SL;
our data show enrichment of genes for a number of abiotic stress
pathways under FL. The expression levels of genes encoding key tran-
scription factors families were altered under FL comparing with SL,
including HSP-encoding genes that play essential roles in plant
responses to excess light (Han et al., 2019a; Han et al., 2019b; Kim
et al., 2021; Roeber et al., 2021) and AP2/ERF-encoding genes, which
are considered key regulators of several abiotic stresses and that
respond to multiple hormones (Chandler, 2018; Dietz et al., 2010;
Mizoi et al., 2012).

Taken together, our data provide global transcriptome profiles
under three different light regimes. In order to fully understand plant
responses to dynamic light, it will be important to consider other

levels of regulation including post-trancriptional, translational, and
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post-translational regulations, inclusive of proteomic and metabolomic
regulation. The wide range of changes in transcript levels in rosettes
associated with the major central pathways for under SL and FL
regimes suggests that the dynamicity of the natural light environment
should be considered in a wide range of plant research and opens the
door for future questions about the regulation of gene expression at
transcriptional and post-transcriptional levels.

ACKNOWLEGMENTS

We thank Professor David Kramer and Dr. Jeffery Cruz from the
MSU-DOE Plant Research Laboratory at Michigan State University
for their assistance with the DEPI system, analyzing the DEPI data,
and fruitful discussions throughout the experiments. Furthermore, we
would like to thank the Genomic Core Facility at MSU for performing
the RNAseq and the High-Performance Computing Center (HPCC) at
MSU for providing the computing capacity to analyze the RNAseq
data. We also thank the anonymous reviewers for their helpful feed-
back. The National Science Foundation supported this research (grant
no. MCB-1515002 to B.L.M.).

AUTHOR CONTRIBUTIONS

H.F.A. designed the research, performed research, analyzed data, and
wrote the paper; B.L.M. designed the research, analyzed data, and edi-
ted the paper.

CONFLICT OF INTEREST

The authors did not report any conflict of interest.

DATA AVAILABILITY STATEMENT

The data for this study are available online at the National Center for
Biotechnology Information (NCBI) Sequence Read Archive (SRA)
repository. (BioProject ID: PRINA912091).

ORCID

Hussien F. Alameldin "= https://orcid.org/0000-0002-7446-3708

Beronda L. Montgomery = https://orcid.org/0000-0003-2953-0956

REFERENCES

Adamska, I. (2001). The Elip family of stress proteins in the thylakoid
membranes of pro-and eukaryota. In Regulation of Photosynthesis
(pp. 487-505). Springer. https://doi.org/10.1007/0-306-48148-
0.28

Allen, J. P, Olson, T. L., Oyala, P., Lee, W. J,, Tufts, A. A, & Williams, J. C.
(2012). Light-driven oxygen production from superoxide by
Mn-binding bacterial reaction centers. Proceedings of the National
Academy of Sciences, 109(7), 2314-2318. https://doi.org/10.1073/
pnas.1115364109

Al-Sady, B., Kikis, E. A., Monte, E., & Quail, P. H. (2008). Mechanistic
duality of transcription factor function in phytochrome signaling.
Proceedings of the National Academy of Sciences, 105(6), 2232-2237.
https://doi.org/10.1073/pnas.0711675105

Alter, P., Dreissen, A., Luo, F. L., & Matsubara, S. (2012). Acclimatory
responses of Arabidopsis to fluctuating light environment: Compari-
son of different sunfleck regimes and accessions. Photosynthesis
Research, 113, 221-237. https://doi.org/10.1007/s11120-012-
9757-2

& . SI@E-wiLEy- 2

Anders, S., Pyl, P. T., & Huber, W. (2015). HTSeq—a Python framework to
work with high-throughput sequencing data. Bioinformatics, 31(2),
166-169. https://doi.org/10.1093/bioinformatics/btué38

Anderson, J. M., Park, Y. |, & Chow, W. S. (1998). Unifying model for the
photoinactivation of photosystem Il in vivo under steady-state pho-
tosynthesis. Photosynthesis Research, 56(1), 1-13. https://doi.org/10.
1023/A:1005946808488

Athanasiou, K., Dyson, B. C., Webster, R. E., & Johnson, G. N. (2010).
Dynamic acclimation of photosynthesis increases plant fitness in
changing environments. Plant Physiology, 152(1), 366-373.
https://doi.org/10.1104/pp.109.149351

Bailey-Serres, J., Fukao, T., Gibbs, D. J., Holdsworth, M. J., Lee, S. C,,
Licausi, F., Perata, P., Voesenek, L. A. C. J,, & van Dongen, J. T.
(2012). Making sense of low oxygen sensing. Trends in Plant Science,
17(3), 129-138. https://doi.org/10.1016/j.tplants.2011.12.004

Baker, N. R, & Oxborough, K. (2004). Chlorophyll fluorescence as a
probe of photosynthetic productivity. In Chlorophyll a Fluorescence
(pp. 65-82). Springer. https://doi.org/10.1007/978-1-4020-3218-
93

Balfagdn, D., Sengupta, S., Gémez-Cadenas, A., Fritschi, F. B., Azad, R. K.,
Mittler, R., & Zandalinas, S. I. (2019). Jasmonic acid is required for
plant acclimation to a combination of high light and heat stress. Plant
Physiology, 181(4), 1668-1682. https://doi.org/10.1104/pp.19.
00956

Bartoli, C. G, Yu, J., Gomez, F., Fernandez, L., McIntosh, L., & Foyer, C. H.
(2006). Inter-relationships between light and respiration in the con-
trol of ascorbic acid synthesis and accumulation in Arabidopsis thali-
ana leaves. Journal of Experimental Botany, 57(8), 1621-1631.
https://doi.org/10.1093/jxb/erl005

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate:
A practical and powerful approach to multiple testing. Journal of the
Royal Statistical Society: Series B: Methodological, 57(1), 289-300.

Biemelt, S., Tschiersch, H., & Sonnewald, U. (2004). Impact of altered gib-
berellin metabolism on biomass accumulation, lignin biosynthesis,
and photosynthesis in transgenic tobacco plants. Plant Physiology,
135(1), 254-265. https://doi.org/10.1104/pp.103.036988

Boccalandro, H. E., Rugnone, M. L., Moreno, J. E., Ploschuk, E. L., Serna, L.,
Yanovsky, M. J.,, & Casal, J. J. (2009). Phytochrome B enhances pho-
tosynthesis at the expense of water-use efficiency in Arabidopsis.
Plant Physiology, 150(2), 1083-1092. https://doi.org/10.1104/pp.
109.135509

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible trim-
mer for lllumina sequence data. Bioinformatics, 30(15), 2114-2120.
https://doi.org/10.1093/bioinformatics/btu170

Bui, L. T., Giuntoli, B., Kosmacz, M., Parlanti, S., & Licausi, F. (2015). Consti-
tutively expressed ERF-VII transcription factors redundantly activate
the core anaerobic response in Arabidopsis thaliana. Plant Science,
236, 37-43. https://doi.org/10.1016/j.plantsci.2015.03.008

Chandler, J. W. (2018). Class Vlllb APETALA2 ethylene response factors in
plant development. Trends in Plant Science, 23(2), 151-162.
https://doi.org/10.1016/j.tplants.2017.09.016

Chang, C. C, Slesak, I, Jorda, L., Sotnikov, A., Melzer, M., Miszalski, Z.,
Parker, J. E., Karpinska, B., & Karpinski, S. (2009). Arabidopsis chloro-
plastic glutathione peroxidases play a role in cross talk between pho-
tooxidative stress and immune responses. Plant Physiology, 150(2),
670-683. https://doi.org/10.1104/pp.109.135566

Chen, Q. Xiao, Y., Ming, Y., Peng, R., Hu, J,, Wang, H. B., & Jin, H. L.
(2022). Quantitative proteomics reveals redox-based functional regu-
lation of photosynthesis under fluctuating light in plants. Journal of
Integrative Plant Biology, 64, 2168-2186. https://doi.org/10.1111/
jipb.13348

Chernyad'ev, I. I. (2009). The protective action of cytokinins on the photo-
synthetic machinery and productivity of plants under stress. Applied
Biochemistry and Microbiology, 45(4), 351-362. https://doi.org/10.
1134/50003683809040012


https://orcid.org/0000-0002-7446-3708
https://orcid.org/0000-0002-7446-3708
https://orcid.org/0000-0003-2953-0956
https://orcid.org/0000-0003-2953-0956
https://doi.org/10.1007/0-306-48148-0_28
https://doi.org/10.1007/0-306-48148-0_28
https://doi.org/10.1073/pnas.1115364109
https://doi.org/10.1073/pnas.1115364109
https://doi.org/10.1073/pnas.0711675105
https://doi.org/10.1007/s11120-012-9757-2
https://doi.org/10.1007/s11120-012-9757-2
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1023/A:1005946808488
https://doi.org/10.1023/A:1005946808488
https://doi.org/10.1104/pp.109.149351
https://doi.org/10.1016/j.tplants.2011.12.004
https://doi.org/10.1007/978-1-4020-3218-9_3
https://doi.org/10.1007/978-1-4020-3218-9_3
https://doi.org/10.1104/pp.19.00956
https://doi.org/10.1104/pp.19.00956
https://doi.org/10.1093/jxb/erl005
https://doi.org/10.1104/pp.103.036988
https://doi.org/10.1104/pp.109.135509
https://doi.org/10.1104/pp.109.135509
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1016/j.plantsci.2015.03.008
https://doi.org/10.1016/j.tplants.2017.09.016
https://doi.org/10.1104/pp.109.135566
https://doi.org/10.1111/jipb.13348
https://doi.org/10.1111/jipb.13348
https://doi.org/10.1134/S0003683809040012
https://doi.org/10.1134/S0003683809040012

ALAMELDIN ano MONTGOMERY

12 of 15 Wl LEY—

Cominelli, E., Gusmaroli, G., Allegra, D., Galbiati, M., Wade, H. K,
Jenkins, G. I, & Tonelli, C. (2008). Expression analysis of anthocyanin
regulatory genes in response to different light qualities in Arabidopsis
thaliana. Journal of Plant Physiology, 165(8), 886-894. https://doi.
org/10.1016/j.jplph.2007.06.010

Consentino, L., Lambert, S., Martino, C., Jourdan, N., Bouchet, P. E,,
Witczak, J., Castello, P., El-Esawi, M.  Corbineau, F,
d’Harlingue, A., & Ahmad, M. (2015). Blue-light dependent reactive
oxygen species formation by Arabidopsis cryptochrome may define a
novel evolutionarily conserved signaling mechanism. New Phytologist,
206(4), 1450-1462. https://doi.org/10.1111/nph.13341

Cruz, J. A, Savage, L. J., Zegarac, R, Hall, C. C., Satoh-Cruz, M,
Davis, G. A, Kovac, W. K., Chen, J., & Kramer, D. M. (2016). Dynamic
environmental photosynthetic imaging reveals emergent pheno-
types. Cell Systems, 2(6), 365-377. https://doi.org/10.1016/j.cels.
2016.06.001

Danon, A, Coll, N. S., & Apel, K. (2006). Cryptochrome-1-dependent
execution of programmed cell death induced by singlet oxygen
in Arabidopsis thaliana. Proceedings of the National Academy of
Sciences, 103(45), 17036-17041. https://doi.org/10.1073/pnas.
0608139103

Das, P. K., Geul, B., Choi, S. B,, Yoo, S. D., & Park, Y. I. (2011). Photosyn-
thesis-dependent anthocyanin pigmentation in Arabidopsis. Plant
Signaling & Behavior, 6(1), 23-25. https://doi.org/10.4161/psb.6.1.
14082

Davis, G. A., Kanazawa, A., Schéttler, M. A., Kohzuma, K., Froehlich, J. E.,
Rutherford, A. W. Satoh-Cruz, M., Minhas, D. Tietz, S,
Dhingra, A., & Kramer, D. M. (2016). Limitations to photosynthesis
by proton motive force-induced photosystem Il photodamage. eLife,
5,e16921. https://doi.org/10.7554/¢elife. 16921

Demmig-Adams, B., & Adams, W. W. Ill (1992). Carotenoid composition in
sun and shade leaves of plants with different life forms. Plant, Cell
and Environment, 15(4), 411-419. https://doi.org/10.1111/j.1365-
3040.1992.tb00991.x

Dietz, K. J., Vogel, M. O., & Viehhauser, A. (2010). AP2/EREBP transcrip-
tion factors are part of gene regulatory networks and integrate meta-
bolic, hormonal and environmental signals in stress acclimation and
retrograde signalling. Protoplasma, 245(1), 3-14. https://doi.org/10.
1007/s00709-010-0142-8

Ding, J., Zhao, J., Pan, T., Xi, L., Zhang, J., & Zou, Z. (2019). Comparative
transcriptome analysis of gene expression patterns in tomato under
dynamic light conditions. Genes, 10(9), 662.

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S.,
Batut, P., Chaisson, M., & Gingeras, T. R. (2013). STAR: Ultrafast uni-
versal RNA-seq aligner. Bioinformatics, 29(1), 15-21. https://doi.org/
10.1093/bioinformatics/btsé635

Dogra, V., & Kim, C. (2020). Singlet oxygen metabolism: From genesis to
signaling. Frontiers in Plant Science, 10, 1640. https://doi.org/10.
3389/fpls.2019.01640

El-Esawi, M., Arthaut, L. D., Jourdan, N. d'Harlingue, A. Link, J.,
Martino, C. F., & Ahmad, M. (2017). Blue-light induced biosynthesis
of ROS contributes to the signaling mechanism of Arabidopsis cryp-
tochrome. Scientific Reports, 7(1), 1, 13875-9. https://doi.org/10.
1038/s541598-017-13832-z

Gangappa, S. N., & Botto, J. F. (2014). The BBX family of plant transcrip-
tion factors. Trends in Plant Science, 19(7), 460-470. https://doi.org/
10.1016/j.tplants.2014.01.010

Gibbs, D. J., Conde, J. V., Berckhan, S., Prasad, G., Mendiondo, G. M., &
Holdsworth, M. J. (2015). Group VII ethylene response factors coor-
dinate oxygen and nitric oxide signal transduction and stress
responses in plants. Plant Physiology, 169(1), 23-31. https://doi.org/
10.1104/pp.15.00338

Gollan, P. J,, Lima-Melo, Y., Tiwari, A., Tikkanen, M., & Aro, E. M. (2017).
Interaction between photosynthetic electron transport and chloro-
plast sinks triggers protection and signalling important for plant

% American Society B
of Plant Biologists

" SOCIETY FOR EXPERIMENTAL BIOLOGY

productivity. Philosophical Transactions of the Royal Society, B: Biologi-
cal Sciences, 372(1730), 20160390. https://doi.org/10.1098/rstb.
2016.0390

Gonzélez, C. V., Ibarra, S. E., Piccoli, P. N., Botto, J. F., & Boccalandro, H. E.
(2012). Phytochrome B increases drought tolerance by enhancing
ABA sensitivity in Arabidopsis thaliana. Plant, Cell & Environment,
35(11), 1958-1968. https://doi.org/10.1111/j.1365-3040.2012.
02529.x

Gould, K. S., Jay-Allemand, C., Logan, B. A., Baissac, Y., & Bidel, L. P.
(2018). When are foliar anthocyanins useful to plants? Re-evaluation
of the photoprotection hypothesis using Arabidopsis thaliana mutants
that differ in anthocyanin accumulation. Environmental and Experi-
mental Botany, 154, 11-22. https://doi.org/10.1016/j.envexpbot.
2018.02.006

Grace, S. C., & Logan, B. A. (1996). Acclimation of foliar antioxidant sys-
tems to growth irradiance in three broad-leaved evergreen species.
Plant Physiology, 112(4), 1631-1640. https://doi.org/10.1104/pp.
112.4.1631

Han, S. H., Park, Y. J., & Park, C. M. (2019a). Light primes the thermally
induced detoxification of reactive oxygen species during develop-
ment of thermotolerance in Arabidopsis. Plant and Cell Physiology,
60(1), 230-241. https://doi.org/10.1093/pcp/pcy206

Han, S. H., Park, Y. J., & Park, C. M. (2019b). Light priming of thermotoler-
ance development in plants. Plant Signaling & Behavior, 14(1),
1554469. https://doi.org/10.1080/15592324.2018.1554469

Hou, B., Lim, E. K., Higgins, G. S., & Bowles, D. J. (2004). N-glucosylation
of cytokinins by glycosyltransferases of Arabidopsis thaliana. Journal
of Biological Chemistry, 279(46), 47822-47832. https://doi.org/10.
1074/jbc.M409569200

Huang, J., Zhao, X., & Chory, J. (2019). The Arabidopsis transcriptome
responds specifically and dynamically to high light stress. Cell Reports,
29(12), 4186-4199. https://doi.org/10.1016/j.celrep.2019.11.051

Husar, S., Berthiller, F., Fujioka, S., Rozhon, W., Khan, M., Kalaivanan, F.,
Elias, L., Higgins, G. S., Li, Y., Schuhmacher, R., Krska, R., Seto, H.,
Vaistij, F. E., Bowles, D., & Poppenberger, B. (2011). Overexpression
of the UGT73Cé alters brassinosteroid glucoside formation in Arabi-
dopsis thaliana. BMC Plant Biology, 11(1), 1, 51-14. https://doi.org/
10.1186/1471-2229-11-51

Hutin, C., Nussaume, L., Moise, N., Moya, ., Kloppstech, K., & Havaux, M.
(2003). Early light-induced proteins protect Arabidopsis from photo-
oxidative stress. Proceedings of the National Academy of Sciences,
100(8), 4921-4926. https://doi.org/10.1073/pnas.0736939100

Johnson, M. P., Brain, A. P., & Ruban, A. V. (2011). Changes in thylakoid
membrane thickness associated with the reorganization of photosys-
tem Il light harvesting complexes during photoprotective energy dis-
sipation. Plant Signaling & Behavior, 6(9), 1386-1390. https://doi.org/
10.4161/psb.6.9.16503

Jung, K. H,, Lee, J., Dardick, C., Seo, Y. S., Cao, P., Canlas, P., Phetsom, J.,

Xu, X., Ouyang, S., An, K, Cho, Y. J, Lee, G. C, Lee, Y, An, G, &

Cho, Y. J. (2008). Identification and functional analysis of light-

responsive unique genes and gene family members in rice. PLoS

Genetics, 4(8), e€1000164. https://doi.org/10.1371/journal.pgen.

1000164

T., Samraj, S., Jiménez, J., Gémez, C., Liu, T., & Begcy, K. (2021).

Genome-wide identification of heat shock factors and heat shock

proteins in response to UV and high intensity light stress in lettuce.

BMC Plant Biology, 21(1), 1, 185-20. https://doi.org/10.1186/

$12870-021-02959-x

Kleine, T., Kindgren, P., Benedict, C., Hendrickson, L., & Strand, A. (2007).
Genome-wide gene expression analysis reveals a critical role for
CRYPTOCHROMEL1 in the response of Arabidopsis to high irradi-
ance. Plant Physiology, 144(3), 1391-1406. https://doi.org/10.1104/
pp.107.098293

Kono, M., & Terashima, I. (2014). Long-term and short-term responses of
the photosynthetic electron transport to fluctuating light. Journal of

Kim


https://doi.org/10.1016/j.jplph.2007.06.010
https://doi.org/10.1016/j.jplph.2007.06.010
https://doi.org/10.1111/nph.13341
https://doi.org/10.1016/j.cels.2016.06.001
https://doi.org/10.1016/j.cels.2016.06.001
https://doi.org/10.1073/pnas.0608139103
https://doi.org/10.1073/pnas.0608139103
https://doi.org/10.4161/psb.6.1.14082
https://doi.org/10.4161/psb.6.1.14082
https://doi.org/10.7554/eLife.16921
https://doi.org/10.1111/j.1365-3040.1992.tb00991.x
https://doi.org/10.1111/j.1365-3040.1992.tb00991.x
https://doi.org/10.1007/s00709-010-0142-8
https://doi.org/10.1007/s00709-010-0142-8
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.3389/fpls.2019.01640
https://doi.org/10.3389/fpls.2019.01640
https://doi.org/10.1038/s41598-017-13832-z
https://doi.org/10.1038/s41598-017-13832-z
https://doi.org/10.1016/j.tplants.2014.01.010
https://doi.org/10.1016/j.tplants.2014.01.010
https://doi.org/10.1104/pp.15.00338
https://doi.org/10.1104/pp.15.00338
https://doi.org/10.1098/rstb.2016.0390
https://doi.org/10.1098/rstb.2016.0390
https://doi.org/10.1111/j.1365-3040.2012.02529.x
https://doi.org/10.1111/j.1365-3040.2012.02529.x
https://doi.org/10.1016/j.envexpbot.2018.02.006
https://doi.org/10.1016/j.envexpbot.2018.02.006
https://doi.org/10.1104/pp.112.4.1631
https://doi.org/10.1104/pp.112.4.1631
https://doi.org/10.1093/pcp/pcy206
https://doi.org/10.1080/15592324.2018.1554469
https://doi.org/10.1074/jbc.M409569200
https://doi.org/10.1074/jbc.M409569200
https://doi.org/10.1016/j.celrep.2019.11.051
https://doi.org/10.1186/1471-2229-11-51
https://doi.org/10.1186/1471-2229-11-51
https://doi.org/10.1073/pnas.0736939100
https://doi.org/10.4161/psb.6.9.16503
https://doi.org/10.4161/psb.6.9.16503
https://doi.org/10.1371/journal.pgen.1000164
https://doi.org/10.1371/journal.pgen.1000164
https://doi.org/10.1186/s12870-021-02959-x
https://doi.org/10.1186/s12870-021-02959-x
https://doi.org/10.1104/pp.107.098293
https://doi.org/10.1104/pp.107.098293

ALAMELDIN anxo MONTGOMERY

Photochemistry and Photobiology B: Biology, 137, 89-99. https://doi.
org/10.1016/j.jphotobiol.2014.02.016

Kouril, R., Wientjes, E., Bultema, J. B., Croce, R., & Boekema, E. J. (2013).
High-light vs. low-light: Effect of light acclimation on photosystem II
composition and organization in Arabidopsis thaliana. Biochimica et
Biophysica Acta (BBA)-Bioenergetics, 1827(3), 411-419. https://doi.
org/10.1016/j.bbabio.2012.12.003

Kreslavski, V. D., Kosobryukhov, A. A., Shmarev, A. N., Aksenova, N. P.,
Konstantinova, T. N., Golyanovskaya, S. A., & Romanov, G. A. (2015).
Introduction of the Arabidopsis PHYB gene increases resistance of
photosynthetic apparatus in transgenic Solanum tuberosum plants to
UV-B radiation. Russian Journal of Plant Physiology, 62(2), 204-209.
https://doi.org/10.1134/51021443715020119

Kunz, H. H., Hausler, R. E., Fettke, J., Herbst, K., Niewiadomski, P.,
Gierth, M., Bell, K., Steup, M., Fliigge, U.-l., & Schneider, A. (2010).
The role of plastidial glucose-6-phosphate/phosphate translocators
in vegetative tissues of Arabidopsis thaliana mutants impaired in
starch biosynthesis. Plant Biology, 12, 115-128. https://doi.org/10.
1111/j.1438-8677.2010.00349.x

Lau, O. S., & Deng, X. W. (2010). Plant hormone signaling lightens up: Inte-
grators of light and hormones. Current Opinion in Plant Biology, 13(5),
571-577. https://doi.org/10.1016/j.pbi.2010.07.001

Li, C,, Zheng, L., Wang, X., Hu, Z., Zheng, Y., Chen, Q., Hao, X., Xiao, X,
Wang, X., Wang, G., & Zhang, Y. (2019). Comprehensive expression
analysis of Arabidopsis GA2-oxidase genes and their functional
insights. Plant Science, 285, 1-13. https://doi.org/10.1016/j.plantsci.
2019.04.023

Licausi, F., Ohme-Takagi, M., & Perata, P. (2013). APETALA2/Ethylene
Responsive Factor (AP2/ERF) transcription factors: Mediators of
stress responses and developmental programs. New Phytologist,
199(3), 639-649. https://doi.org/10.1111/nph.12291

Lichtenthaler, H. K. (2007). Biosynthesis, accumulation and
emission of carotenoids, a-tocopherol, plastoquinone, and isoprene
in leaves under high photosynthetic irradiance. Photosynthesis
Research, 92(2), 163-179. https://doi.org/10.1007/s11120-007-
9204-y

Love, M. I., Anders, S., & Huber, W. (2017). Analyzing RNA-seq Data with
DESeq2. R package reference manual. European Bioconductor.

Love, M. 1., Huber, W., & Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol-
ogy, 15(12), 1, 550-21. https://doi.org/10.1186/s13059-014-
0550-8

Luo, W., Pant, G., Bhavnasi, Y. K, Blanchard, S. G. Jr.,, & Brouwer, C.
(2017). Pathview Web: User friendly pathway visualization and data
integration. Nucleic Acids Research, 45(W1), W501-W508. https://
doi.org/10.1093/nar/gkx372

Maier, A., & Hoecker, U. (2015). COP1/SPA ubiquitin ligase complexes
repress anthocyanin accumulation under low light and high light con-
ditions. Plant Signaling & Behavior, 10, €970440.

Matsubara, S., Krause, G. H., Aranda, J., Virgo, A., Beisel, K. G,, Jahns, P., &
Winter, K. (2009). Sun-shade patterns of leaf carotenoid composition
in 86 species of neotropical forest plants. Functional Plant Biology,
36(1), 20-36. https://doi.org/10.1071/FP08214

Mattila, H., Valev, D., Havurinne, V., Khorobrykh, S., Virtanen, O.,,
Antinluoma, M., Mishra, K. B., & Tyystjarvi, E. (2018). Degradation of
chlorophyll and synthesis of flavonols during autumn senescence—
The story told by individual leaves. AoB Plants, 10(3), ply028. https://
doi.org/10.1093/aobpla/ply028

McGrath, K. C., Dombrecht, B., Manners, J. M., Schenk, P. M., Edgar, C. 1.,
Maclean, D. J., Scheible, W. R., Udvardi, M. K., & Kazan, K. (2005).
Repressor-and activator-type ethylene response factors functioning
in jasmonate signaling and disease resistance identified via a
genome-wide screen of Arabidopsis transcription factor gene expres-
sion. Plant Physiology, 139(2), 949-959. https://doi.org/10.1104/pp.
105.068544

X . 13 of 15
snsiesecey [SHBHBL-W1 LEY-L2o

" SOCIETY FOR EXPERIMENTAL BI0LOGY

Mizoi, J., Shinozaki, K., & Yamaguchi-Shinozaki, K. (2012). AP2/ERF family
transcription factors in plant abiotic stress responses. Biochimica et
Biophysica Acta (BBA)-Gene Regulatory Mechanisms, 1819(2), 86-96.
https://doi.org/10.1016/j.bbagrm.2011.08.004

Montané, M. H., & Kloppstech, K. (2000). The family of light-harvesting-
related proteins (LHCs, ELIPs, HLIPs): Was the harvesting of light
their primary function? Gene, 258(1-2), 1-8. https://doi.org/10.
1016/50378-1119(00)00413-3

Monte, E., Al-Sady, B., Leivar, P., & Quail, P. H. (2007). Out of the dark:
How the PIFs are unmasking a dual temporal mechanism of phyto-
chrome signalling. Journal of Experimental Botany, 58(12), 3125-
3133. https://doi.org/10.1093/jxb/erm186

Murata, N., Allakhverdiev, S. 1., & Nishiyama, Y. (2012). The mechanism of
photoinhibition in vivo: Re-evaluation of the roles of catalase,
a-tocopherol, non-photochemical quenching, and electron transport.
Biochimica et Biophysica Acta (BBA)-Bioenergetics, 1817(8), 1127-
1133. https://doi.org/10.1016/j.bbabio.2012.02.020

Murchie, E. H., Hubbart, S., Peng, S., & Horton, P. (2005). Acclimation of
photosynthesis to high irradiance in rice: Gene expression and inter-
actions with leaf development. Journal of Experimental Botany,
56(411), 449-460. https://doi.org/10.1093/jxb/eri100

Neff, M. M., Street, I. H., Turk, E. M., & Ward, J. M. (2006). Interaction of
light and hormone signalling to mediate photomorphogenesis. In
Photomorphogenesis in Plants and Bacteria (pp. 439-473). Springer.
https://doi.org/10.1007/1-4020-3811-9_21

Niewiadomski, P., Knappe, S., Geimer, S., Fischer, K., Schulz, B., Unte, U. S,
Rosso, M. G., Ache, P., Fliigge, U.-I., & Schneider, A. (2005). The Ara-
bidopsis plastidic glucose 6-phosphate/phosphate translocator GPT1
is essential for pollen maturation and embryo sac development. Plant
Cell, 17(3), 760-775. https://doi.org/10.1105/tpc.104.029124

Nilkens, M., Kress, E., Lambrev, P., Miloslavina, Y. Miller, M,
Holzwarth, A. R., & Jahns, P. (2010). Identification of a slowly induc-
ible zeaxanthin-dependent component of non-photochemical
quenching of chlorophyll fluorescence generated under steady-state
conditions in Arabidopsis. Biochimica et Biophysica Acta (BBA)-Bioen-
ergetics, 1797(4), 466-475. https://doi.org/10.1016/j.bbabio.2010.
01.001

Nishio, J. N., & Whitmarsh, J. (1993). Dissipation of the proton electro-
chemical potential in intact chloroplasts (ll. The pH gradient moni-
tored by cytochrome f reduction kinetics). Plant Physiology, 101(1),
89-96. https://doi.org/10.1104/pp.101.1.89

Noctor, G., & Foyer, C. (1998). A re-evaluation of the ATP:NADPH budget
during C3 photosynthesis: A contribution from nitrate assimilation
and its associated respiratory activity? Journal of Experimental Botany,
49(329), 1895-1908.

Pesaresi, P., Scharfenberg, M., Weigel, M., Granlund, 1., Schréder, W. P,
Finazzi, G., Rappaport, F., Masiero, S., Furini, A. Jahns, P., &
Leister, D. (2009). Mutants, overexpressors, and interactors of Arabi-
dopsis plastocyanin isoforms: Revised roles of plastocyanin in photo-
synthetic electron flow and thylakoid redox state. Molecular Plant,
2(2), 236-248. https://doi.org/10.1093/mp/ssn041

Peterson, R. B., & Schultes, N. P. (2014). Light-harvesting complex B7
shifts the irradiance response of photosynthetic light-harvesting reg-
ulation in leaves of Arabidopsis thaliana. Journal of Plant Physiology,
171(3-4), 311-318. https://doi.org/10.1016/j.jplph.2013.09.007

Rao, A. Q,, Irfan, M., Saleem, Z., Nasir, I. A., Riazuddin, S., & Husnain, T.
(2011). Overexpression of the phytochrome B gene from Arabidopsis
thaliana increases plant growth and yield of cotton (Gossypium hirsu-
tum). Journal of Zhejiang University Science B, 12(4), 326-334.
https://doi.org/10.1631/jzus.B1000168

Rashotte, A. M., & Goertzen, L. R. (2010). The CRF domain defines
Cytokinin Response Factor proteins in plants. BMC Plant Biology,
10(1), 74. https://doi.org/10.1186/1471-2229-10-74

Rashotte, A. M., Mason, M. G., Hutchison, C. E., Ferreira, F. J.,
Schaller, G. E., & Kieber, J. J. (2006). A subset of Arabidopsis AP2


https://doi.org/10.1016/j.jphotobiol.2014.02.016
https://doi.org/10.1016/j.jphotobiol.2014.02.016
https://doi.org/10.1016/j.bbabio.2012.12.003
https://doi.org/10.1016/j.bbabio.2012.12.003
https://doi.org/10.1134/S1021443715020119
https://doi.org/10.1111/j.1438-8677.2010.00349.x
https://doi.org/10.1111/j.1438-8677.2010.00349.x
https://doi.org/10.1016/j.pbi.2010.07.001
https://doi.org/10.1016/j.plantsci.2019.04.023
https://doi.org/10.1016/j.plantsci.2019.04.023
https://doi.org/10.1111/nph.12291
https://doi.org/10.1007/s11120-007-9204-y
https://doi.org/10.1007/s11120-007-9204-y
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/gkx372
https://doi.org/10.1093/nar/gkx372
https://doi.org/10.1071/FP08214
https://doi.org/10.1093/aobpla/ply028
https://doi.org/10.1093/aobpla/ply028
https://doi.org/10.1104/pp.105.068544
https://doi.org/10.1104/pp.105.068544
https://doi.org/10.1016/j.bbagrm.2011.08.004
https://doi.org/10.1016/S0378-1119(00)00413-3
https://doi.org/10.1016/S0378-1119(00)00413-3
https://doi.org/10.1093/jxb/erm186
https://doi.org/10.1016/j.bbabio.2012.02.020
https://doi.org/10.1093/jxb/eri100
https://doi.org/10.1007/1-4020-3811-9_21
https://doi.org/10.1105/tpc.104.029124
https://doi.org/10.1016/j.bbabio.2010.01.001
https://doi.org/10.1016/j.bbabio.2010.01.001
https://doi.org/10.1104/pp.101.1.89
https://doi.org/10.1093/mp/ssn041
https://doi.org/10.1016/j.jplph.2013.09.007
https://doi.org/10.1631/jzus.B1000168
https://doi.org/10.1186/1471-2229-10-74

ALAMELDIN ano MONTGOMERY

14 of 15 Wl LEY

transcription factors mediates cytokinin responses in concert with a
two-component pathway. Proceedings of the National Academy of
Sciences, 103(29), 11081-11085. https://doi.org/10.1073/pnas.
0602038103

Roeber, V. M., Bajaj, |., Rohde, M., Schmiilling, T., & Cortleven, A. (2021).
Light acts as a stressor and influences abiotic and biotic stress
responses in plants. Plant, Cell & Environment, 44(3), 645-664.
https://doi.org/10.1111/pce.13948

Ruban, A. V. (2016). Nonphotochemical chlorophyll fluorescence quench-
ing: Mechanism and effectiveness in protecting plants from photo-
damage. Plant Physiology, 170(4), 1903-1916. https://doi.org/10.
1104/pp.15.01935

Sakata, S., Mizusawa, N., Kubota-Kawai, H., Sakurai, ., & Wada, H. (2013).
Psb28 is involved in recovery of photosystem Il at high temperature
in Synechocystis sp. PCC 6803. Biochimica et Biophysica Acta (BBA)-
Bioenergetics, 1827(1), 50-59. https://doi.org/10.1016/j.bbabio.
2012.10.004

Schittenhelm, S., Menge-Hartmann, U., & Oldenburg, E. (2004). Photosyn-
thesis, carbohydrate metabolism, and vyield of phytochrome-B-
overexpressing potatoes under different light regimes. Crop Science,
44(1), 131-143.

Schneider, T., Bolger, A., Zeier, J., Preiskowski, S., Benes, V., Trenkamp, S.,
Usade, B., Farré, E. M., & Matsubara, S. (2019). Fluctuating light
interacts with time of day and leaf development stage to reprogram
gene expression. Plant Physiology, 179(4), 1632-1657. https://doi.
org/10.1104/pp.18.01443

Schréder, F., Lisso, J., & Mssig, C. (2011). EXORDIUM-LIKE1 promotes
growth during low carbon availability in Arabidopsis. Plant Physiology,
156(3), 1620-1630. https://doi.org/10.1104/pp.111.177204

Shaikhali, J., de Dios Barajas-Lopéz, J., Otvés, K., Kremnev, D.
Garcia, A. S., Srivastava, V., Wingsle, G., Bako, L., & Strand, A. (2012).
The CRYPTOCHROME1-dependent response to excess light is
mediated through the transcriptional activators ZINC FINGER PRO-
TEIN EXPRESSED IN INFLORESCENCE MERISTEM LIKE1 and
ZML2 in Arabidopsis. Plant Cell, 24(7), 3009-3025. https://doi.org/
10.1105/tpc.112.100099

Shin, D. H., Choi, M., Kim, K., Bang, G., Cho, M., Choi, S. B., Choi, G., &
Park, Y. I. (2013). HY5 regulates anthocyanin biosynthesis by induc-
ing the transcriptional activation of the MYB75/PAP1 transcription
factor in Arabidopsis. FEBS Letters, 587(10), 1543-1547. https://doi.
org/10.1016/j.febslet.2013.03.037

Sirhindi, G., Mushtaq, R., Gill, S. S., Sharma, P., Abd Allah, E. F., &
Ahmad, P. (2020). Jasmonic acid and methyl jasmonate modulate
growth, photosynthetic activity and expression of photosystem Il
subunit genes in Brassica oleracea L. Scientific Reports, 10(1), 1,
9322-14. https://doi.org/10.1038/541598-020-65309-1

Solovchenko, A. E., & Merzlyak, M. N. (2008). Screening of visible and UV
radiation as a photoprotective mechanism in plants. Russian Journal
of Plant Physiology, 55(6), 719-737. https://doi.org/10.1134/
$1021443708060010

Suetsugu, N., & Wada, M. (2007). Chloroplast photorelocation movement
mediated by phototropin family proteins in green plants. Biological
Chemistry, 388(9), 927-935. https://doi.org/10.1515/BC.2007.118

Suzuki, N., Devireddy, A. R., Inupakutika, M. A., Baxter, A., Miller, G.,
Song, L., Shulaev, E., Azad, R. K., Shulaev, V., & Mittler, R. (2015).
Ultra-fast alterations in mRNA levels uncover multiple players in light
stress acclimation in plants. The Plant Journal, 84(4), 760-772.
https://doi.org/10.1111/tpj.13039

Talbott, L. D., Shmayevich, I. J., Chung, Y., Hammad, J. W., & Zeiger, E.
(2003). Blue light and phytochrome-mediated stomatal
opening in the npgl and photl phot2 mutants of Arabidopsis.
Plant Physiology, 133(4), 1522-1529. https://doi.org/10.1104/pp.
103.029587

Taylor, C. R, van leperen, W., & Harbinson, J. (2019). Demonstration of a
relationship between state transitions and photosynthetic efficiency

American Society B
of Plant Biologists

" SOCIETY FOR EXPERIMENTAL BIOLOGY

in a higher plant. Biochemical Journal, 476(21), 3295-3312. https://
doi.org/10.1042/BCJ20190576

Terashima, ., Hanba, Y. T., Tazoe, Y., Vyas, P, & Yano, S. (2006).
Irradiance and phenotype: Comparative eco-development of sun and
shade leaves in relation to photosynthetic CO, diffusion. Journal of
Experimental Botany, 57(2), 343-354. https://doi.org/10.1093/jxb/
erj014

Thiele, A., Herold, M., Lenk, I, Quail, P. H., & Gatz, C. (1999).
Heterologous expression of Arabidopsis phytochrome B in trans-
genic potato influences photosynthetic performance and tuber
development. Plant Physiology, 120(1), 73-82. https://doi.org/10.
1104/pp.120.1.73

Tyystjarvi, E. (2013). Photoinhibition of photosystem Il. International
Review of Cell and Molecular Biology, 300, 243-303. https://doi.org/
10.1016/B978-0-12-405210-9.00007-2

Tyystjarvi, E., Hakala, M., & Sarvikas, P. (2005). Mathematical modelling of
the light response curve of photoinhibition of photosystem Il. Photo-
synthesis Research, 84(1), 21-27. https://doi.org/10.1007/s11120-
004-7174-x

Walters, R. G., Rogers, J. J., Shephard, F., & Horton, P. (1999). Acclimation
of Arabidopsis thaliana to the light environment: The role of photore-
ceptors.  Planta, 209(4), 517-527. https://doi.org/10.1007/
s004250050756

Wang, Q. M,, Zeng, J. X,, Deng, K. Q., Tu, X. J.,, Zhao, X. Y., Tang, D. Y., &
Liu, X. M. (2011). DBB1a, involved in gibberellin homeostasis, func-
tions as a negative regulator of blue light-mediated hypocotyl elon-
gation in Arabidopsis. Planta, 233(1), 13-23. https://doi.org/10.
1007/s00425-010-1274-y

Wang, F., Zhang, L., Chen, X., Wu, X., Xiang, X., Zhou, J., Xia, X., Shi, K,,
Yu, J., Foyer, C. H., & Zhou, Y. (2019). SIHY5 integrates temperature,
light, and hormone signaling to balance plant growth and cold toler-
ance. Plant Physiology, 179(2), 749-760. https://doi.org/10.1104/pp.
18.01140

Wei, C. Q. Chien, C. W,, Ai, L. F., Zhao, J., Li, K. L, Burlingame, A,
Sun, Y., & Wang, Z.-Y. (2016). The Arabidopsis B-box protein
BZS1/BBX20 interacts with HY5 and mediates strigolactone regula-
tion of photomorphogenesis. Journal of Genetics and Genomics, 43(9),
555-563. https://doi.org/10.1016/j.jgg.2016.05.007

Weise, S. E., Liu, T, Childs, K. L., Preiser, A. L., Katulski, H. M.,
Perrin-Porzondek, C., & Sharkey, T. D. (2019). Transcriptional
regulation of the glucose-6-phosphate/phosphate translocator 2 is
related to carbon exchange across the chloroplast envelope.
Frontiers in Plant Science, 10, 827. https://doi.org/10.3389/fpls.
2019.00827

Wen, Y, Su, S. C, Ma, L. Y, & Wang, X. N. (2018). Effects of
gibberellic acid on photosynthesis and endogenous hormones of
Camellia oleifera Abel. In 1st and 6th leaves. Journal of Forest
Research, 23(5), 309-317. https://doi.org/10.1080/13416979.2018.
1512394

Weston, E., Thorogood, K., Vinti, G., & Lépez-Juez, E. (2000). Light quan-
tity controls leaf-cell and chloroplast development in Arabidopsis
thaliana wild type and blue-light-perception mutants. Planta, 211(6),
807-815. https://doi.org/10.1007/s004250000392

Winter, D., Vinegar, B., Nahal, H., Ammar, R., Wilson, G. V., & Provart, N. J.
(2007). An “electronic fluorescent pictograph” browser for exploring
and analyzing large-scale biological data sets. PLoS ONE, 2(8), e718.
https://doi.org/10.1371/journal.pone.0000718

Xie, Z., Nolan, T. M., Jiang, H., & Yin, Y. (2019). AP2/ERF transcription fac-
tor regulatory networks in hormone and abiotic stress responses in
Arabidopsis. Frontiers in Plant Science, 10, 228. https://doi.org/10.
3389/fpls.2019.00228

Xu, D. Q, Li, J. G, Gangappa, S. N. Hettiarachchi, C., Lin, F.,
Andersson, M. X,, Jiang, Y., et al. (2014). Convergence of light and
ABA signaling on the ABI5 promoter. PLoS Genetics, 10(2),
€1004197. https://doi.org/10.1371/journal.pgen.1004197


https://doi.org/10.1073/pnas.0602038103
https://doi.org/10.1073/pnas.0602038103
https://doi.org/10.1111/pce.13948
https://doi.org/10.1104/pp.15.01935
https://doi.org/10.1104/pp.15.01935
https://doi.org/10.1016/j.bbabio.2012.10.004
https://doi.org/10.1016/j.bbabio.2012.10.004
https://doi.org/10.1104/pp.18.01443
https://doi.org/10.1104/pp.18.01443
https://doi.org/10.1104/pp.111.177204
https://doi.org/10.1105/tpc.112.100099
https://doi.org/10.1105/tpc.112.100099
https://doi.org/10.1016/j.febslet.2013.03.037
https://doi.org/10.1016/j.febslet.2013.03.037
https://doi.org/10.1038/s41598-020-65309-1
https://doi.org/10.1134/S1021443708060010
https://doi.org/10.1134/S1021443708060010
https://doi.org/10.1515/BC.2007.118
https://doi.org/10.1111/tpj.13039
https://doi.org/10.1104/pp.103.029587
https://doi.org/10.1104/pp.103.029587
https://doi.org/10.1042/BCJ20190576
https://doi.org/10.1042/BCJ20190576
https://doi.org/10.1093/jxb/erj014
https://doi.org/10.1093/jxb/erj014
https://doi.org/10.1104/pp.120.1.73
https://doi.org/10.1104/pp.120.1.73
https://doi.org/10.1016/B978-0-12-405210-9.00007-2
https://doi.org/10.1016/B978-0-12-405210-9.00007-2
https://doi.org/10.1007/s11120-004-7174-x
https://doi.org/10.1007/s11120-004-7174-x
https://doi.org/10.1007/s004250050756
https://doi.org/10.1007/s004250050756
https://doi.org/10.1007/s00425-010-1274-y
https://doi.org/10.1007/s00425-010-1274-y
https://doi.org/10.1104/pp.18.01140
https://doi.org/10.1104/pp.18.01140
https://doi.org/10.1016/j.jgg.2016.05.007
https://doi.org/10.3389/fpls.2019.00827
https://doi.org/10.3389/fpls.2019.00827
https://doi.org/10.1080/13416979.2018.1512394
https://doi.org/10.1080/13416979.2018.1512394
https://doi.org/10.1007/s004250000392
https://doi.org/10.1371/journal.pone.0000718
https://doi.org/10.3389/fpls.2019.00228
https://doi.org/10.3389/fpls.2019.00228
https://doi.org/10.1371/journal.pgen.1004197

ALAMELDIN anxo MONTGOMERY

Yamori, W., & Shikanai, T. (2016). Physiological functions of cyclic electron
transport around photosystem | in sustaining photosynthesis and
plant growth. Annual Review of Plant Biology, 67(1), 81-106.
https://doi.org/10.1146/annurev-arplant-043015-112002

Yao, Y., Chen, X, & Wu, A. M. (2017). ERF-VIl members exhibit
synergistic and separate roles in Arabidopsis. Plant Signaling &
Behavior, 12(6), €1329073. https://doi.org/10.1080/15592324.
2017.1329073

Yin, Z. H., & Johnson, G. N. (2000). Photosynthetic acclimation of higher
plants to growth in fluctuating light environments. Photosynthesis
Research, 63(1), 97-107. https://doi.org/10.1023/A:
1006303611365

Zhang, N., Zhou, S., Yang, D., & Fan, Z. (2020). Revealing shared and dis-
tinct genes responding to JA and SA signaling in Arabidopsis by
meta-analysis. Frontiers in Plant Science, 11, 908. https://doi.org/10.
3389/fpls.2020.00908

Zhou, B., Peng, D., Lin, J., Huang, X., Peng, W., He, R., Guo, M., Tang, D.,
Zhao, X., & Liu, X. (2011). Heterologous expression of a Gibberellin

. . 15 of 15
i [SI@Bl-wi LEY-L2

" SOCIETY FOR EXPERIMENTAL BI0LOGY

2-Oxidase gene from Arabidopsis thaliana enhanced the photosynthe-
sis capacity in Brassica napus L. Journal of Plant Biology, 54(1), 23-32.
https://doi.org/10.1007/s12374-010-9139-2

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

How to cite this article: Alameldin, H. F., & Montgomery, B. L.
(2023). Plasticity of Arabidopsis rosette transcriptomes and
photosynthetic responses in dynamic light conditions. Plant
Direct, 7(1), e475. https://doi.org/10.1002/pld3.475



https://doi.org/10.1146/annurev-arplant-043015-112002
https://doi.org/10.1080/15592324.2017.1329073
https://doi.org/10.1080/15592324.2017.1329073
https://doi.org/10.1023/A:1006303611365
https://doi.org/10.1023/A:1006303611365
https://doi.org/10.3389/fpls.2020.00908
https://doi.org/10.3389/fpls.2020.00908
https://doi.org/10.1007/s12374-010-9139-2
https://doi.org/10.1002/pld3.475

	Plasticity of Arabidopsis rosette transcriptomes and photosynthetic responses in dynamic light conditions
	1  INTRODUCTION
	2  MATERIAL AND METHODS
	2.1  Plant materials and growth conditions
	2.2  Chlorophyll fluorescence and photosynthetic parameter measurements
	2.3  RNA isolation and library preparation
	2.4  RNAseq data analysis
	2.5  Differential expression and clustering analyses
	2.6  Gene ontology (GO) enrichment analysis

	3  RESULTS
	3.1  Photosynthetic measurements under dynamic light treatments
	3.2  Identification of DEGs
	3.3  GO enrichment analyses and classification of DEGs
	3.4  Transcriptome changes in response to SL or FL light indicate plant resilience to stress
	3.4.1  Effect of changes in light regime on the photosynthetic and light reaction-related transcripts
	3.4.2  Effect of changes in light regime on photoreceptor-related transcripts
	3.4.3  Expression of genes involved in hormone signaling pathways is modulated in response to dynamic light
	3.4.4  FL promotes expression of genes associated with stress response pathways in Arabidopsis rosettes


	4  CONCLUSIONS
	ACKNOWLEGMENTS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


