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Summary

Light is essential for photosynthesis; however, excess light can increase the accumulation of
photoinhibitory reactive oxygen species that reduce photosynthetic efficiency. Plants have
evolved photoprotective non-photochemical quenching (NPQ) pathways to dissipate excess light
energy. In tobacco and soybean (Cs plants), overexpression of three NPQ genes, violaxanthin
de-epoxidase (VDE), Photosystem Il Subunit S (PsbS), and zeaxanthin epoxidase (ZEP),
hereafter VPZ, resulted in faster NPQ induction and relaxation kinetics, and increased crop yields
in field conditions. NPQ is well-studied in C3 plants; however, NPQ and the translatability of the
VPZ approach in C4 plants is poorly understood. The green foxtail Setaria viridis is an excellent
model to study photosynthesis and photoprotection in C4 plants. To understand the regulation of
NPQ and photosynthesis in Cs plants, we performed transient overexpression in Setaria
protoplasts and generated (and employed) stable transgenic Setaria plants overexpressing one
of the three Arabidopsis NPQ genes or all three NPQ genes (AtVPZ lines). Overexpressing (OE)
AtVDE and AtZEP in Setaria produced similar results as in Cs plants, with increased or reduced
zeaxanthin (thus NPQ), respectively. However, overexpressing AtPsbS appeared to be
challenging in Setaria, with largely reduced NPQ in protoplasts and under-represented
homozygous AtPsbS-OE lines, potentially due to competitive and tight heterodimerization of
AtPsbS and SvPsbS proteins. Furthermore, Setaria AtVPZ lines had increased zeaxanthin, faster
NPQ induction, higher NPQ level, but slower NPQ relaxation. Despite this, AtVPZ lines had
improved growth as compared to wildtype under several conditions, especially high temperatures,
which is not related to the faster relaxation of NPQ but may be attributable to increased zeaxanthin
and NPQ in C4 plants. Our results identified shared and unique characteristics of the NPQ
pathway in C4 model Setaria as compared to Cs plants and provide insights to improve Cs4 crop

yields under fluctuating environmental conditions.

Key words: non-photochemical quenching, VDE, PsbS, ZEP, VPZ, zeaxanthin, Setaria viridis,

photosynthesis

Introduction

Photosynthesis is the key driver for bioenergy and biomass production (Ort et al., 2015; Orr et al.,
2017; Araus et al., 2021; Croce et al., 2024). It crucially depends on light; however, excess light
damages photosynthesis, reducing plant growth and crop yield (Mdller et al., 2001; Dietz, 2015;

Pinnola & Bassi, 2018). Under optimized conditions, photosynthetic rates increase linearly at low


https://doi.org/10.1101/2025.01.12.632622
http://creativecommons.org/licenses/by-nc-nd/4.0/

65
66
67
68
69
70
71
72
73
74
75

76

77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

95

96
97

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.12.632622; this version posted January 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

light irradiances until saturation is reached at intensities often well below peak sunlight (Erickson
et al., 2015; Pinnola & Bassi, 2018). The excess light plants absorb but cannot use for
photosynthesis needs to be dissipated safely and efficiently via photoprotective pathways before
damage occurs (Murchie & Ruban, 2020). Otherwise, excited chlorophyll that cannot transfer the
energy for photosynthesis will interact with O to produce reactive oxygen species (ROS), which
can damage chloroplastic lipids, membranes, and proteins (Mullineaux & Karpinski, 2002;
Takahashi, 2011; Dietz, 2015). Under stressful conditions, e.g., high temperatures, drought,
pathogen infection and others, photosynthesis saturates at a lower light intensity than under ideal
conditions due to stress-induced inhibition of photosynthesis, making photoprotection even more
important (Zhang & Sharkey, 2009; Sharkey & Zhang, 2010; Wang et al., 2018; Lu & Yao, 2018;
Anderson et al., 2021).

Plants have several photoprotection pathways, one of the most important being a suite of non-
photochemical quenching (NPQ) mechanisms (Muller et al., 2001; Rochaix, 2014; Pinnola &
Bassi, 2018). NPQ has several components and its fastest and most dominant component is the
energy-dependent quenching (qE), which is mainly modulated by three proteins: violaxanthin de-
epoxidase (VDE), zeaxanthin epoxidase (ZEP), and the photosystem Il (PSII) polypeptide Subunit
S (PsbS) (Rochaix, 2014; Dietz, 2015; Ruban, 2016). Light triggers photosynthetic electron
transport along the thylakoid membranes and proton translocation across the thylakoid
membranes, acidifying the thylakoid lumen (Kramer et al., 2004; Baker et al., 2007). PsbS senses
the change of lumen pH via two key protonatable glutamate residues, resulting in a conformational
change which likely drives changes in thylakoid inter-protein interactions that transduce this signal
to initiate qE via a yet unresolved mechanism (Li et al., 2004; Correa-Galvis et al., 2016; Krishnan-
Schmieden et al., 2021; Chiariello et al., 2023; Marulanda Valencia & Pandit, 2024). VDE and
ZEP are xanthophyll cycle enzymes: VDE is similarly activated by an acidic lumen pH, converting
violaxanthin to intermediate antheraxanthin, and then to zeaxanthin; ZEP reverses the cycle,
converting zeaxanthin back to violaxanthin (Jahns et al., 2009). Zeaxanthin has an important role
in NPQ: increased zeaxanthin through VDE overexpression increases the induction rate of NPQ;
whereas reduced zeaxanthin through ZEP overexpression decreases NPQ induction and
amplitude (Hieber et al., 2001; Leonelli et al., 2016).

NPQ needs tight regulation to enable sufficient photoprotection without a cost to efficient

photosynthesis. During the transition from high to low light, it is beneficial to relax NPQ quickly to
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98 maximize available light for photosynthesis (Zhu et al., 2010; Ghosh et al., 2023). In field

99  conditions, sunlight often fluctuates between high to low light in several seconds, due to clouds
100 passing by, and shading or movement of other leaves or plants. To improve photosynthesis in
101 field conditions, a VPZ strategy was developed by modulating NPQ and overexpressing all three
102  components of NPQ from the Cs model plant Arabidopsis thaliana: VDE, PsbS, and ZEP
103  (Kromdijk et al., 2016; De Souza et al., 2022). These transgenic lines in tobacco and soybean
104  plants had accelerated NPQ induction and also relaxation and improved yield in field conditions
105 (Kromdijk et al., 2016; De Souza et al., 2022). However, the effects of the VPZ strategy have been
106  difficult to reproduce in different plant species as it reduced plant growth and fitness in Arabidopsis
107 and potato plants (Garcia-Molina & Leister, 2020; Lehretz et al., 2022), suggesting there are still

108  many unknowns in translating optimized photoprotection in different plant species.
109

110 NPQ has been extensively studied in Cs plants, but much less so in C4 plants (Anderson et al.,
111 2021). Cs plants use Cs photosynthesis, in which the first carbon compound produced contains
112  three carbon atoms, e.g., rice and wheat (Yamori et al., 2014). Several important staple crops are
113  C4 plants and utilize C4 photosynthesis, in which the first carbon compound produced contains
114  four carbon atoms, e.g., maize, sorghum, and sugarcane. Cz photosynthesis uses one cell type
115 for photosynthesis, mesophyll (M) cells, whereas C. photosynthesis uses two cell types for
116  photosynthesis, M and the adjacent bundle-sheath (BS) cells (Wang et al., 2011; von Caemmerer
117 & Furbank, 2016). In C4 photosynthesis, CO: is initially fixed in M cells to C4 acids, which are
118  transported to BS cells to release CO; around Ribulose-1,5-bisphosphate carboxylase/oxygenase
119 (Rubisco) for carbon fixation, generating Cs; acids (Sage, 2004; Wang et al., 2011; von
120 Caemmerer & Furbank, 2016). This unique positioning of M and BS cells allows C. plants to
121  concentrate CO; up to 10 X higher than ambient CO, concentration around Rubisco, functioning
122  as a carbon concentrating mechanism (CCM) (Danila et al., 2019). While this CCM comes at a
123  bioenergetic cost to the plant, C4 photosynthesis is more efficient than Cs; photosynthesis in hot
124  and dry environments (Sage, 2004; Sage et al., 2012). While only 3% of the world's terrestrial
125  plant species use C4 photosynthesis, C4 plants are responsible for 20% of global gross primary
126  productivity (Sage et al., 2012; Way et al., 2014). Despite the importance of C4 photosynthesis,
127  its regulation, especially related to NPQ, is under-studied. C4 plants represent a unique platform
128  to study the regulation of NPQ and learn how plants deal with the dilemma of photoprotection and

129 light harvesting, particularly in stressful environments.

130
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131  The C4 green foxtail grass, Setaria viridis, is an excellent model for studying the regulation of C4
132 photosynthesis and NPQ (Brutnell et al., 2010; Li & Brutnell, 2011). It has short stature and
133 relatively short generation time (8~10 weeks from seed to seed, 2 weeks from sowing to sufficient
134  size for photosynthetic measurements). Setaria has a smaller genome size (400 Mb versus 2.3-
135 2.7 Gb in maize) despite a similar number of genes as maize (38,000 in Setaria versus 33,000 in
136  maize) (Mamidi et al., 2020; Thielen et al., 2020). It self-pollinates and produces hundreds of
137 seeds (Brutnell et al., 2010; Li & Brutnell, 2011). Additionally, Setaria has highly efficient
138  transformation protocols (from transformation to the Ty plantlets in about 10 weeks, with up to
139  25% transformation frequency) (Van Eck, 2018), advanced forward genetics protocols, and high-
140  throughput phenotyping tools (Huang et al., 2016). More importantly, Setaria is an excellent model
141  species for bioenergy crops, e.g., maize and sorghum, as all three belong to the same C4
142  photosynthesis subtype (NADP-ME type) (Wang et al., 2011; von Caemmerer & Furbank, 2016;
143  Huang et al., 2016).

144

145  In this work, to investigate the regulation of NPQ in C4 plants, we first overexpressed Arabidopsis
146  NPQ genes in Setaria protoplasts and revealed the surprising suppression effects on NPQ by
147  overexpressing AtPsbS in Setaria protoplasts. We then generated stable transgenic Setaria
148  plants by overexpressing one of the three Arabidopsis NPQ genes (AtNPQ lines, or AtVDE,
149  AtZEP, AtPsbS, respectively) and employed Setaria transgenic lines overexpressing all three
150 NPQ genes (AtVPZ lines) (Stone et al., 2024), performed thorough photosynthetic measurements
151  in these plants, and phenotyped them under different environmental conditions. Our results show
152  that AtVDE and AtZEP proteins worked similarly in C4 plants as in Cs plants; however, AtPsbS
153 may be incompatible in Setaria, due to possible tighter binding to SvPsbS. Furthermore, the
154  Setaria AtVPZ lines grew better than wildtype (WT) under several conditions, especially high
155  temperature conditions, which is not related to the faster relaxation of NPQ but may be attributable

156  to increased zeaxanthin and NPQ.
157

158  Materials and Methods

159  Plant growth conditions

160 Setaria WT and homozygous transgenic plants (Ts-Ts lines) were grown under the control
161  condition, 50% humidity, 31°C, plant-level light intensity of 250 umol photons m™s™, and 12/12-
162  hour day/night cycle. Seeds were sown in Pro-Line C/V (Jolly Gardener, #18-10651). Plants were
163  fertilized with 15-5-15 CA-MG LX (Jack’s Professional, #77940) and 15-16-17 Peat-Lite (Jack’s
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164  Professional, #77220). Seedlings in 5x5.5%6 cm pots were transplanted seven days after sowing
165 (DAS) into 8x8x6 cm pots. Plants were watered morning and afternoon as needed. At 14 DAS,
166  the fourth fully expanded leaf of a plant was used for photosynthetic measurements, tissue

167  collection for RNA, protein, pigment, and abscisic acid (ABA) measurements.
168
169 Protoplast isolation, transformation, and chlorophyll fluorescence measurements

170  Protoplasts were isolated using the third leaf of 12-day-old Setaria viridis WT plants grown in the
171  control condition mentioned above; about ~0.75 g with 15-20 leaves and the middle leaf segments
172 (one centimeter from the base and tip of the leaf) were used for isolation. Leaves were cut
173 vertically into small strips about one millimeter wide using a razor blade in a sterile petri dish in a
174  drop of enzyme solution (0.3 g cellulase R10, 0.1 g macerozyme R10, 1 mL 0.2 M 4-
175  morpholineethanesulfonic acid (MES), 10 mL 0.8 M mannitol, 20 uL 1 M MgCl, 20 yL 1 M CaCly,
176 7 pL 2-mercaptoethanol, 200 pL 10% bovine serum albumin, 100 uL 10 mg mL™" carbenicillin, and
177  8.65 mL water). Then leaf pieces were transferred to a petri dish containing 20 mL of the enzyme
178  solution mentioned above. The petri dish was loosely covered in foil and placed in a desiccator
179  with a dark blanket and vacuum was applied for 30 minutes (min) to pull the enzyme solution into
180 the leaf fragments, followed by shaking (30 rpm) for 2-3 hours then 60 rpm for 20 min at room
181 temperature. The enzyme solution was pipetted out slowly of the petri dish into a 50 mL tube
182  through a Falcon® 70 pm Cell Strainer with a 10 mL serological pipette to avoid breaking the
183  cells. All centrifugation steps took place at room temperature, but tubes were kept on ice during
184  all other steps. The protoplasts were spun down at 100 g for 5 min, then resuspended in 8 mL of
185  WS5 buffer (1.54 mL 5 M NaCl, 6.25 mL 1M CaCl,, 125 pyL 2M KCI, and 0.5 mL 0.2M MES), then
186  layered on top of 5 mL of 0.55 M sucrose in a 15 mL tube, next centrifuged at 500 g for 5 min.
187  The dark green layer above the sucrose and below the debris was removed and pipetted into a
188  sterile 50 mL tube containing 10 mL of W5 buffer. This solution was centrifuged at 100 g for 5
189  min, and the cells were resuspended in 5 mL of W5. A small volume of the protoplast solution
190 was used for imaging (check quality) and cell counting (for quantity). The cells were then spun
191 down at 100 g for 5 min. MMG buffer (20 mL, 50 mL 0.8M mannitol, 2 mL 0.2 M MES, 1.5 mL 1
192 M MgClz and 46.5 mL water) was added to the pelleted cells to have a final concentration of 1x10°

193  protoplasts per mL.
194

195  To transform protoplasts, 2.2 mL of protoplast solutions isolated above was added into a 50 mL

196  tube containing 110 ug of plasmids of interest, mixed gently by tapping and then incubated in
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197  dark for 5 min. An equal volume of 40% PEG solution (4 g PEG 4000, 2.5 mL 0.8 M mannitol, 1
198 mL 1 M CaCl,, and 3 mL water) was added to the tube and mixed by gentle inversion, followed by
199  dark incubation on shaker (20-30 rpm) for 20 min. The W5 buffer (8.8 mL) was added to the tube
200 to stop the transformation, followed by 5 min centrifugation at 100 g. This step was repeated two
201  more times and the cells were resuspended in 2.2 mL of W5. Finally, 110 pL of Fetal Bovine
202  Serum (FBS, Sigma F4135) and 11 pL of 10 mg mL™" carbenicillin were added to the cells, which

203  were kept in the dark overnight and transferred to low light the next morning.
204

205  Chlorophyll fluorescence in transformed protoplasts were measured at 25°C using a multi-
206  wavelength kinetic spectrophotometer/fluorometer with a stirring enabled cuvette holder
207 (standard 1 cm pathlength) designed and assembled by the laboratory of Dr. David Kramer at
208  Michigan State University using the method described for algal cells with some modifications
209  (Lucker & Kramer, 2013; Zhang et al., 2022). A 2.2 mL volume (around 12~13 ug chlorophyll) of
210  Setaria protoplasts were supplemented with 25 pL of fresh 0.5 M NaHCOs, loaded into a
211 fluorimeter cuvette (C0918, Sigma-Aldrich), and dark-adapted for 10 min. Fluorescence
212  measurements were taken with measuring pulses of 100 ps duration. The pulsed measuring
213  beam was provided by a 505 nm peak emission light emitting diode (LED) filtered through a BG18
214  (Edmund Optics) color glass filter. The maximum efficiency of PSII (Fv/Fm) was measured with
215  the application of a saturating pulse of actinic light with peak emission of 625 nm at the end of the
216  dark adaptation period. After dark-adaptation, the protoplasts sample was illuminated by a pair of
217  LEDs (Luxeon Il LXHL- PDQ9, Philips) with maximal emission at 620 nm, directed toward both
218 sides of the cuvette, perpendicular to the measuring beam. We conducted two kinds of
219 measurements separately: (1) light responses curves from dark to 15, 35, 50, 100, 150 ymol
220  photons m™ s~ light, each light lasted 3 min; (2) following the light response curve as in method
221 1, protoplasts samples were stay in 150 ymol photons m™2 s™" for 15 min before 15 min dark, this
222 methods allowed us to monitor NPQ induction in light and relaxation in dark. Isolated Setaria
223 protoplasts were sensitive to light, thus, the maximum light of 150 pmol photons m™ s™" was used.
224  NPQ was calculated as (Fn-Fm)/Frv; PSII efficiency was calculated as (Fm-Fo)/Fm or (Fm-Fs)/Fr in
225  dark or light adapted protoplasts, respectively (Baker et al., 2007; Zhang et al., 2022). Fm and Fry
226 were the maximum chlorophyll fluorescence in dark and light adapted protoplasts, respectively.
227 F, and Fs were the minimum and steady chlorophyll fluorescence in dark and light adapted

228  protoplasts, respectively.

229
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230  Protein structure prediction

231  The structure predictions for the Arabidopsis and Setaria NPQ proteins are generated by
232 MULTICOMS3 (Liu et al., 2023a,b), which was built on top of AlphaFold2/AlphaFold-Multimer
233 v2.2.0 (Jumper et al.,, 2021; Evans et al., 2022). Compared to the standard version of
234  AlphaFold2/AlphaFold-Multimer v2.2.0, MULTICOM3 can improve the accuracy of tertiary
235  structure prediction by 8-10% and quaternary structure prediction by 5-8% on the Critical
236  Assessment of Structure Prediction (CASP15) dataset. For each protein, MULTICOMS3 generated
237  up to 55 structural predictions, from which the one with the highest AlphaFold2 pLDDT score was
238  selected for display in Figure S2. The transmembrane domain predictions for the Arabidopsis and
239  Setaria PsbS proteins are generated by DeepTMHMM v1.0.24 (Hallgren et al., 2022), a deep
240 learning tool that can predict the topology of transmembrane proteins. For the dimer structure
241  prediction of AT1G44575 (AtPsbS) and Sevir.5G400800 (SvPsbS), a total of 165 structure
242  predictions were generated. The structure prediction with the highest AlphaFold-Multimer
243  confidence score (0.7003) (Bryant et al., 2022) indicates a potential interaction between two

244  proteins. See more information in Supplemental File 1.
245
246  Generating transgenic Setaria lines

247  Setaria viridis WT (ME034) was used for all transformations. The Setaria AtVPZ lines were
248  generated by the DARPA LISTENS team, with PvUbi2 promoter and AtHSP terminator for each
249  of the three AINPQ genes (AtPsbS, AtVDE, AtZEP) in one plasmid (Stone et al., 2024). The
250 coding sequence of each Arabidopsis gene was codon optimized for the Setaria genome. The
251  single-gene overexpression lines were generated by the Zhang Lab, with PvUbi2 promoter and
252  AtHSP terminator for AtPsbS-overexpression (OE), AtVDE-OE, and AtZEP-OE lines, and
253  pZmUbi1 and AtHSP terminator for SvPsbS-OE lines using the Golden Gate Cloning approach
254  (Marillonnet & Grutzner, 2020; Bird et al., 2022). Agrobacterium-mediated transformation in
255  Setaria tissue culture was performed as described (Finley et al., 2021). All transgenic lines were

256  selected using hygromycin and confirmed by genotyping.
257
258 DNA isolation and genotyping

259  Two 2-cm segments of healthy leaf tissues were used for DNA extraction using a similar protocol
260  as described (Chen & Ronald, 1999). Tissue was collected in a 1.75 mL tube with a grinding bead
261 and frozen at -80°C until use. The tissue was homogenized using a TissuelLyser Il (QIAGEN, #
262  20.747.0001), followed by addition of 250 uL cetyltrimethylammonium bromide (CTAB) extraction
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263  buffer, incubated at 60°C for 30 min, and centrifuged at 10,000 g for 10 min (same speed for the
264  rest of the centrifugation steps). The supernatant was transferred to a new tube with 2.5 uL of
265 RNase A (10 mg mL™), incubated at room temperature for 15 min, and then centrifuged for 5 min.
266  The supernatant was added an equal volume of 24:1 chloroform/isoamyl alcohol, vortexed, and
267  centrifuged for 1 min. The aqueous phase was transferred to a new tube with 0.7 volumes of cold
268  isopropanol, incubated at -20°C for 20-30 min, and then centrifuged for 10 min. The supernatant
269 was decanted, and the DNA pellet was washed with 70% ethanol then left to dry and finally
270  resuspended in 20 uL of nuclease free water. DNA concentrations and quality were measured
271  using dsDNA High-Sensitivity (HS) Qubit (Thermo Fisher Scientific Inc., #Q32854) and a
272 NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific Inc., ND2000USCAN),
273 respectively. Genotyping was performed using the TagMan Genotyping Master Mix (Cat#
274 4371355, Life Technologies), reference probe (SiLeafy), target probe (hygromycin), reference
275  primer set (ORZ937/938), and target primer set (ORZ875/876) (See primer sequences in
276  Supplemental Table S1b). Leaf DNA of 15 ng in 8 pL were mixed with 12.4 uL of master mix for
277  two technical replicates, thus 10 L for each reaction in a Hard-Shell(R) 384-Well PCR Plate (Bio-
278 Rad, # HSP3805). Three biological replicates were used for each genotype. Genotyped
279  transgenic lines with confirmed zero, one (calibrator), two, or four copies of hygromycin genes
280  were included as positive controls; water and WT DNA were used as negative controls. The g°PCR
281  reaction was performed in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad) with the
282  following protocol: 10 min at 95°C; then 50 cycles of 15 seconds at 95°C, 1 min at 60°C followed
283 by a fluorescence reading. The cycle concluded with a cool down to 14°C for 5 min. The dual-
284  channel probe option was used, detecting fluorophores HEX (SiLeafy) and FAM (hygromycin).
285 HEX and FAM Cq values were used to calculate the number of hygromycin copies for each DNA
286  sample. ®Cq was first calculated by subtracting the HEX Cq value from the FAM Cq value of the
287 same sample. ®®Cq was calculated by subtracting the mean ®Cq of the single-copy calibrator
288  technical replicates from the ®Cq value of the target sample. The number of hygromycin copies

289  was calculated as 2099,
290
291 RNA isolation, cDNA synthesis, and quantitative real-time PCR (RT-qPCR)

292  Leaf tissue was collected from the middle 2-cm section of a fourth leaf of 14-day old plants. One
293 leaf segment was collected from three different plants for each genotype into a 2 mL tube with a
294  grinding bead (4039GM-S050, Inframat® Advanced Materials LLC), flash frozen in liquid nitrogen

295  immediately after collection, and stored at -80°C until use. RNA was extracted as described before
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296  (Anderson et al., 2021). Leaf tissue was homogenized in a TissuelLyser II (QIAGEN, #
297  20.747.0001), added 1 mL of TRIZOL (Thermo fisher, #15596026), and mixed well before 200 L
298  of 24:1 chloroform/isoamyl alcohol (Sigma-Aldrich, #C0549-1PT). The mixture was centrifuged
299 for 15 min at 4°C and 11,000 rpm (the same speed and condition for all centrifugations). The top
300 supernatant was transferred to a new tube, added equal volume of 24:1 chloroform/isoamyl
301 alcohol, centrifuged for 5 min. The top supernatant was transferred to a new tube, added 0.7
302 volumes of cold 100% isopropanol, incubated at -20°C for 30 min, followed by 15 min
303 centrifugation. Cold 75% ethanol was added to the pellet before centrifuging again for 2 min. The
304 ethanol was decanted, and the last step was repeated. The pellet was left to dry, then
305 resuspended in 50 uL of nuclease-free UltraPure water (Life Technologies, #10977015). RNA
306  concentrations and quality were measured using Qubit RNA Broad Range (BR) Assay Kit
307 (Thermo Fisher Scientific Inc., #Q10210) and a NanoDrop 2000 Spectrophotometer (Thermo
308  Fisher Scientific Inc., ND200OUSCAN), respectively. A 0.5 ug of RNA in 8 uL was used for cDNA
309 synthesis using a SUPERSCRIPT Il 1ST STRAND Kit (Thermo Fisher, #18080051) and cDNA
310 was diluted to 1:20 for a 10-uL RT-gPCR reaction per well using the SensiFAST SYBR No-ROS
311 kit (Bioline, BIO-98020). Two reference genes (UBIQ4 and BIND) were chosen based on their
312  consistent expression in WT (Martins et al., 2016; Anderson et al., 2021). A primer set was
313  designed to amplify each gene of interest: AtZEP, AtVDE, AtPsbS, SvZEP, SvVDE, and SvPsbS
314  (See primer sequences in Supplemental Table S1b). Three biological replicates were used for
315  each genotype, and three technical replicates were used for each biological replicate performed
316 in a CFX384 Real-Time System (C 1000 Touch Thermal Cycler, Bio-Rad, Hercules, California).
317 The RT-gPCR protocol was set up as follows: (1) 2 min at 95°C; (2) 40 cycles of 5s at 95°C, 10 s
318 at 60°C and 15s at 72°C; (3) final melt curve, 5s at 95°C, 5s at 60°C, followed by continuous
319  ramping of temperature to 99°C at a rate of 0.5°C s™; (4) Cool down 30 s at 37°C. Melting curves
320 and RT-gPCR products were checked to ensure there are no primer dimers or nonspecific PCR
321  products. All gPCR products were sequenced to verify their identities by Eton Bioscience InC.
322  The Cq value from two reference genes (UBIQ4 and BIND) was averaged for each sample. The
323 mean Cq reference value was subtracted from the Cq value of the target gene for the same

324  sample to calculate ACq. Relative expression was calculated by 202¢9,
325
326  Protein isolation and western blot

327  Two 2-cm segments from the middle section of a top fully expanded 4th leaf were collected from
328 14-day old plants for protein isolation. Leaf tissue was immediately frozen in liquid nitrogen after

329 collection and stored at -80°C before use. Leaf tissue was homogenized using a grinding bead
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330 and TissueLyser Il (QIAGEN, # 20.747.0001). Protein extraction buffer (1.25 mL 80% glycerol,
331 1.25 mL 0.5 M Tris-HCI, 2 mL 10% SDS, 0.5 mL 100% 2-mercaptoethanol, and 5mL water) was
332  added to each sample equal to 50 mg fresh weight per mL. Samples were centrifuged at 13,000
333  gfor 1 min at 4°C and the supernatant was transferred to a new tube. Protein concentrations were
334  checked using a Pierce 660 nm kit. For western, a lower polyacrylamide SDS gel was made by
335  mixing 2.5 mL of 4X lower buffer (1.5 M Tris pH 8.8 and 0.4% SDS), 2 mL 40% acrylamide, 5.5
336  mL sterile water, 100 yL 100% APS, and 10 yL TEMED. An upper 8% acrylamide SDS gel was
337  made by mixing 4 mL 4X upper buffer (0.5 M Tris pH 6.8 and 0.4% SDS), 1 mL 40% acrylamide,
338 44 pL 10% APS, and 4.4 yL TEMED. Gel electrophoresis was performed, and the gel was
339 transferred to a nitrocellulose membrane, both of which were surrounded on each side by five
340 layers of Whatman filter paper. The gel, membrane, and filter paper were soaked in a 1X transfer
341  buffer before assembling into layers. After the transfer, ponceau S stain was poured over the
342 membrane and left for 5 min, then rinsed with water. Blocking was then performed by covering
343  the membrane in milk solution (1 g milk powder, 20 mL 1X PBS buffer, and 0.1% tween) overnight
344  at4°C on a shaker. The 20X PBS buffer was made with 160 g NaCl, 4 g KCI, and 2.88 g Na;HPO..
345  After sitting overnight, the membrane was rinsed for 15 s two times with 10 mL of 1 x PBST
346  (diluted from 20X PBS and 0.1% of tween). The primary antibody was diluted in PBST, poured
347 onto the blot, and left to incubate for one hour at room temperature on a shaker. The membrane
348  was then washed three times for 5 min each with PBST. The membrane was then treated with
349 the secondary antibody (Anti-Rabbit IgG, Sigma, A9169, 1:10,000 dilution) for one hour at room
350 temperature on a shaker and washed three times for 5 min each with PBST. To image the
351 membrane, PICO solution was made by mixing 350 uL of each reagent and pouring over the
352  membrane. A Chemiluminescence machine was used to image the western blots. The primary
353 antibody used are all from Agrisera (Sweden): AtPsbS (AS09533, 1:2000 dilution), AtVDE
354  (AS153091, 1:2000 dilution), AtZEP (AS153092, 1:500 dilution). We used 9 ug proteins per lane
355  for westerns using antibodies of AtPsbS and AtVDE, but 27 ug proteins per lane for westerns
356  using antibodies of AtZEP due to its low sensitivity. Western bands of interest were quantified

357  from densitometry of the western blots using ImagelLab Software, normalized to WT.
358
359  Xanthophyll pigment analysis

360 Setaria plants grown under the control conditions for 14 days were subjected to fluctuating light
361 treatment and the 4th leaves were harvested at one of three time points: (1) after 25 min dark
362  adaptation in a dark chamber; (2) after time point 1 and 3 min at 1500 pmol photons m™ s~ inside
363  ofthe LI-6800 leaf chamber; (3) after time point 1, and fluctuating light (1500, 200, 1500, 200, and
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364 1500 pmol photons m™ s™', each light 3 min) followed by 5 min dark inside of the LI-6800 leaf
365 chamber. Leaf segments inside the LI-6800 leaf chamber were collected in screw cap tubes (USA
366  Scientific, #1420-9700), flash frozen in liquid nitrogen, and stored at -80°C until used. Xanthophyll
367 pigments were quantified as described (Anderson et al., 2021). Three biological replicates of each
368  genotype for each time point were collected. For pigment extraction, 600 L of cold acetone was
369 added to samples, then they were homogenized in a FastPrep-24 5G (MP Biomedicals,
370  #116005500) at 6.5ms™" for 30 seconds at room temperature. Samples were centrifuged at
371 21,000 g for 1 min to remove cell debris. The supernatant was filtered through a 4 mm nylon glass
372 syringe with a pore size of 0.45 um (Thermo Scientific, #44504-NN). After filtration, samples were
373  analyzed by HPLC on an Agilent 1100 separation module equipped with a G1315B diode array
374  and a G1231A fluorescence detector. The data were collected and analyzed using the Agilent LC
375  Open Lab ChemStation software. Pigments were separated on a ProntoSIL 200-5 C30, 5.0 ym,
376 250 mm x 4.6 mm column equipped with a ProntoSIL 200-5-C30, 5.0 ym, 20 mm x 4.0 mm guard
377  column (Bischoff Analysentechnik). De-epoxidation state was calculated by (zeaxanthin +0.5
378  antheraxanthin) / (violaxanthin + antheraxanthin + zeaxanthin), assuming interconversion of the

379 intermediate antheraxanthin between zeaxanthin and violaxanthin.
380
381 Gas exchange and chlorophyll fluorescence measurements

382 A gas-exchange system LI-6800 with a Fluorometer head 6800-01 A was used to measure pulsed
383  amplitude modulated chlorophyll a fluorescence (LI-COR Biosciences, Lincoln, NE) as described
384  with some modifications (Anderson et al., 2021). The environmental parameters in the LI-COR
385 leaf chamber were maintained at 400 ppm CO2, 25°C leaf temperature, 500 umol s™' flow rate,
386 1.5 kPa leaf VPD and 10,000 RPM fan speed for all measurements. Before LI-COR
387 measurements, a 14-day old Setaria plant was dark-adapted in a dark chamber inside of a growth
388  chamber with the control conditions for 20 min. Then a dark-adapted, 4™ intact leaf was put into
389 the LI-6800 chamber for an extra 5 min in dark, followed by a pulse of saturating light to measure
390 maximum PSII operating efficiency (F\/Fm). Fm and F, are the maximum and variable chlorophyll
391 fluorescence in dark-adapted leaves (Maxwell & Johnson, 2000; Baker et al., 2007). For the
392  fluctuating light protocol, plants were exposed to alternating cycles of 1500, 200, 1500, 200, 1500
393  pmol photons m™ s~ light. Each light phase lasted 3 min, with gas exchange and chlorophyll
394  fluorescence measured every 1 min. PSII operating efficiency was measured as (1-Fs/F’); Fs and
395 Fy’ are the steady and maximum chlorophyll fluorescence in light-adapted leaves. The fluctuating
396 light protocol was followed by 5 min darkness to measure NPQ relaxation, with chlorophyll

397 fluorescence measured every 30 seconds. The NPQ dark relaxation was performed in several
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398 batches of plants so the chlorophyll fluorescence measurements were shifted by 5 s relative to
399 the light-off time point and with 5 s time shift interval between two sequential batches as described
400 (Kromdijk et al., 2016). Each batch has at least 3 biological replicates. NPQ in light and post-light
401 dark was calculated as (Fm/Fm'-1) and (Fn/Fn’-1); Fw' and Fn” are the maximum chlorophyll
402  fluorescence in light-adapted leaves and post-light leaves in dark, respectively (Maxwell &
403  Johnson, 2000; Baker et al., 2007). NPQ values during post-light dark were normalized to NPQ
404  values just before dark relaxation within each set. Normalized NPQ values of all batches for each
405  genotype were compiled as a function of time to generate time-series with a 5 s resolution, which
406  was fitted by 1% or 2" order exponential decay using the OriginLab software to get the decay time
407  constants. For the light response curves, a dark-adapted leaf was exposed to increasing light
408 intensities, 100, 200, 400, 600, 800, 1200, 1500 umol photons m™2 s™', with 3 min for each light
409 intensity and one measurement per min.

410

411  MultispeQ measurement

412  Photosynthetic parameters were measured using a MultispeQ v2.0 (Kuhlgert et al., 10/2016;
413  Anderson et al., 2021) (PhotosynQ, East Lansing, MI, USA) using intact, light-adapted Setaria
414  leaves inside the control growth chamber. The MultispeQ was modified with a light guide mask to
415 improve measurements on smaller leaves. Measurements were taken within 15 s at room
416  temperature. Electrochromic shift (ECS), a useful tool for measuring proton fluxes and the
417  transthylakoid proton motive force (pmf) in vivo, was measured through light to dark transition
418 induced electric field effects on carotenoid absorbance bands (Witt, 1979; Baker et al., 2007).
419 The decay time constant (tecs) of light—dark-transition-induced ECS signal is inversely
420 proportional to proton conductivity (gn*=1/tecs), which is proportional to the aggregate
421  permeability of the thylakoid membrane to protons and largely dependent on the activity of ATP
422  synthase. The proton flux rate (v4:) was calculated by ECSy/tecs. Photosynthetic parameters were
423  measured at 250, 500, and 1000 umol photons m™ s™" using a modified photosynthesis RIDES
424  protocol.

425
426 Plant stress treatments

427  Setaria plants were grown under control conditions for nine days with normal watering as
428 mentioned above. Then some plants stayed in the control condition while others were subjected
429 to different stress treatments for five days, including high temperature (constant 40°C), drought

430  (no watering), high light (950 ymol photons m™ s™"), low light (100 umol photons m™ s™'), and
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431 greenhouse conditions (dynamic changes of environmental conditions, August 2022 and July
432 2024, St. Louis, USA). For stress treatments in growth chambers, other unmentioned
433  environmental parameters stayed the same as the control condition. When plants were 14 days
434  old under either the control or stressful conditions, images were taken of each plant, and wet and
435 dry biomass of the entire plant (from base just above the soil) were quantified. Dry biomasses
436  were measured by placing the whole above-ground plant in a drying oven at 60°C for six to seven
437  days. Plant height, from plant base to the highest stem, was quantified using plant images using
438 Imaged. Several rounds of stress treatment were performed. Within one round of treatment, each
439  plant parameter was normalized to the mean values of WT plants grown under the same

440  conditions.
441
442  Chlorophyll extraction

443  The 4™ fully expanded leaf was collected from 14-day old plants. The fresh weight of leaves was
444  measured. Leaves were harvested in a tube containing a grinding bead and put into liquid
445  nitrogen, then stored at -80°C. For chlorophyll extraction, samples were grinded in a TissueLyser
446 Il (QIAGEN, # 20.747.0001). One mL of 80% acetone was added to the homogenized tissue and
447  mixed thoroughly. Samples were centrifuged at 3,000 g for 5 min at 4°C. The supernatant (~200
448 L) was added to 800 pL of 80% acetone. This mixture was added to a cuvette and measured
449  using a spectrophotometer. One mL of 80% acetone was used as a blank and wavelengths of
450 663 nm (chlorophyll a), 646 nm (chlorophyll b), and 470 nm (carotenoids) were measured.
451  Chlorophyll content was calculated using the following formula (Wellburn, 1994): [(12.21xA663) -
452  (2.81xA646)] x DF/FW where DF is dilution factor (which is 5) and FW is fresh weight. Chlorophyll
453 b content was calculated using the following formula: [(20.13xA646) — (5.03 x A663)] x DF/FW.
454  Carotenoid content was calculated using the following formula: [(1000 x A470) - (3.27 x Chl a) —
455 (104 x Chl b)/198] x DF/FW. All calculated pigment units are ug mL™.

456
457  ABA quantification

458  After control and stress treatments, a 4th leaf was harvested for ABA measurement as described
459  before (McAdam et al., 03/2016; Anderson et al., 2021). Frozen samples were homogenized, and
460  15ng of [*He]-abscisic acid was added as an internal standard. Samples were placed under a
461 vacuum to be dried completely, resuspended in 200 yL of 2% acetic acid in water (v/v),
462  centrifuged, and an aliquot was used for ABA quantification. Measurements of foliar ABA levels

463  were quantified using liquid chromatography tandem mass spectrometry with an added internal
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464  standard via Agilent 6400 Series Triple Quadrupole liquid chromatograph associated with a

465 tandem mass spectrometer.
466
467  Statistical analysis

468  For most cases, we used a two tailed t-test assuming unequal variance for statistical analysis,
469  with a significance level as of P<0.05. To compare light response curves with lots of data points
470 as in Figure S8, S9, we analyzed the whole curves but not individual data points by performing
471  statistical modeling and posterior probabilities. For long LICOR experiments with gradually
472  increased light intensity (Fig. S8), the data of NPQ was modeled using a monomolecular growth
473  curve with an intercept term; the data of PSII operating efficiency was modeled as monomolecular
474  decay from an initial starting value using Student’s t-distribution for robust regression; the data of
475 net CO; assimilation rate was modeled using a Student’s {-distribution as monomolecular growth
476  with a three parameter logistic submodel for the sigma parameter. MultiSpeQ data were analyzed
477  using Bayesian hierarchical growth (or decay) models (Fig. S9): ECS; data was modeled as a
478 linear trend; gu+ data was modeled as a power law growth curve with an intercept term; the data
479  of vu+ and PS1 oxidized centers were modeled as a power law growth curve with an intercept
480 term. All models were fit using 4 chains, with each chain running 1000 burn-in iterations and 1000
481 sampling iterations. Posterior distributions from the fit models were compared between
482  parameters for all genotypes testing for a difference in posterior distributions with posterior
483  probability of at least 95% as significance. All the analyses mentioned were run in R version 4.3.2
484  running on Ubuntu 22.04. We used the pcvr (version 0.2.0), brms (version 2.21.0), ggplot2
485  (version 3.5.1), and readxl (version 1.4.3), and cmdstanr (version 0.6.1) in R packages as well as
486 CmdStan version 2.33.1 for model fitting (Wickham, 2009; Blrkner, 2017; Wickham H, 2023;
487  Summer, 2024).

488
489 Results

490 To investigate the function of Arabidopsis NPQ orthologs in Setaria, we first overexpressed
491  codon-optimized Arabidopsis NPQ genes in Setaria protoplasts (Fig. 1). Freshly isolated Setaria
492  protoplasts were transformed with cassettes containing Arabidopsis NPQ genes, then recovered
493 in dark for 24 h before chlorophyll fluorescence measurements using a Kkinetic
494  spectrophotometer/fluorometer. Due to the light sensitivity of isolated protoplasts, we performed
495  light responses curves from dark to a maximum light of 150 umol photons m™2s™". In response to

496 increased light, AtVDE-OE protoplasts (with overexpressed AtVDE) induced a greater amount of
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497  NPQ at lower light intensities than the negative controls with water (Fig.1a). AtZEP-OE protoplasts
498 had a slight reduction of NPQ as compared to the water control. Surprisingly, AtPsbS-OE
499  protoplasts had significantly reduced NPQ. The differences in PSII operating efficiency were small
500 among all constructs except for a significant decline in AtPsbS-OE protoplasts (Fig.1b). To
501 understand temporal responses of NPQ induction and relaxation in transformed Setaria
502  protoplasts, we extended the previous light response curves by adding a 15-min constant light at
503 150 pmol photons m™ s™, followed by 15 min in dark (Fig.1c, d). This long protocol gave similar
504  results as the short protocol. And AtZEP-OE protoplasts had increased PSII efficiency than the
505  water control. The results suggest AtVDE and AtZEP proteins may behave similarly in Setaria as
506 in Cs plants; however, the AtPsbS protein may function or be regulated differently in C4 plants and

507  overexpressing AtPsbS may be unfavorable in Setaria protoplasts.
508

509 Protein alignments and structural predictions of Setaria and Arabidopsis NPQ proteins show high
510 similarity in sequences and structures (Fig. S1, S2). Like the AtPsbS protein, SvPsbS protein also
511  has four transmembrane domains and the two conserved glutamate residues for pH sensing (Fig.
512  S1, S3) (Li et al., 2004). However, our computational structure prediction suggests that AtPsbS
513  can heterodimerize with SvPsbS to form a dimer, and that their binding is tighter than any other
514  PsbS pairs we tested, including the expected homodimers of AtPsbS or SvPsbS (Fig. 2). The
515  Sv/At, At/At, Sv/Sv PsbS dimer pairs were predicted to have 11, 9, 7 interacting sites, respectively,
516  with the pH-sensing glutamates either in or near the interacting sites (Fig. 2a, b, S3b, c,

517  Supplemental file 1).
518

519 To assess the physiological relevance of the observed protoplast phenotypes and computational
520 prediction, we next generated stable transgenic lines overexpressing one of the three Arabidopsis
521  NPQ genes (AtNPQ lines, called AtVDE, AtZEP, or AtPsbS lines) and employed AtVPZ lines that
522  overexpressed all three NPQ genes (Stone et al., 2024) (Fig. 3a). The Setaria AtVPZ lines we
523  used had minimal phenotyping characterization previously (Stone et al., 2024). Because of the
524  surprisingly reduced NPQ results when overexpressing the AtPsbS gene in Setaria protoplasts
525  (Fig. 1), we also generated stable transgenic lines overexpressing Setaria PsbS, called SvPsbS
526 lines. Homozygous overexpression lines were identified using genotyping gPCR. Most lines had
527  reasonable chances for identification of homozygous lines (11%-25%), except for AtPsbS: we

528  only identified one homozygous AtPsbS line out of 96 T+ or T. plants screened, which is around
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529 1% (Table 1). The result suggests that overexpression of AtPsbS in Setaria may be costly to

530 overall fitness.
531

532  We then used RT-gPCR to check the RNA expression level of overexpressed genes in T4 or Ts
533  homozygous Setaria lines (Fig. 3b-g). The three AtVPZ lines had increased transcript levels of all
534  three NPQ genes compared to WT, although different lines varied in the induction level. The
535 AtVPZ-2 line had the smallest magnitude of overexpression of the three NPQ genes, whereas
536 AtVPZ-7 and AtVPZ-1 lines had higher, but similar expression levels between the two lines.
537  AtZEP, AtVDE, AtPsbS, and SvPsbS transcripts had the expected increase in corresponding
538 single trait overexpression lines as compared to WT. The AtNPQ lines with single gene
539  overexpression often had much higher induction of the targeted transcripts than that in the AtVPZ
540 lines. Additionally, the effects of overexpression on the native Setaria NPQ transcripts were
541  mostly minimal, though we observed reduced SvVDE transcript levels in AtVPZ-7 and AtVDE-5
542 lines and increased SvPsbS transcripts in AtVPZ-1 lines (Fig. 3e-q).

543

544  We also quantified the abundances of overexpressed NPQ proteins in these homozygous
545  transgenic Setaria lines using western blots (Fig. 4). The VDE antibody used showed specificity
546  to the Arabidopsis NPQ orthologs, but the PsbS and ZEP antibodies may not distinguish the
547  Arabidopsis and Setaria versions of these proteins. The three AtVPZ lines had increased but
548  variable levels of all three NPQ proteins as compared to WT. The AtVPZ-2 line had the least
549  induction of the three NPQ proteins and the AtVPZ-1 line had the highest induction of ZEP protein.
550 The AtVDE, AtZEP, and SvPsbS lines with single gene overexpression often had much higher
551 induction of the targeted proteins than that of the AtVPZ lines, except for the AtPsbS line. The
552  induced NPQ protein levels were often consistent with the induced corresponding transcription
553 levels (Fig. 3), except for the AtPsbS transcripts. Considering the significant induction of AtPsbS
554  transcripts but much lower than expected of AtPsbS proteins (only 1.5 X folds as compared to
555  WT) in these lines (Fig. 3c, 4), it may evidence post-transcriptional repression or degradation of
556  the AtPsbS protein in Setaria.

557

558 Under the control growth conditions, these transgenic lines had little changes in chlorophyll or
559  carotenoid contents as compared to WT (Fig. S4). In dark-adapted leaves, the maximum PSII
560 efficiency of these transgenic lines was mostly similar to WT, except for AtVPZ-2 and SvPsbS-3
561 (higher and lower than WT, respectively) (Fig. S5a). AtVPZ-1 and AtVDE-16 lines had lower
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562  minimal chlorophyll fluorescence F, than WT (Fig. S5b); while AtVPZ-2 and AtVPZ-7 had higher
563  maximum chlorophyll fluorescence Fr and the AtVDE lines had lower F,, than WT (Fig. S5¢). The
564 lower F, and Fn in the two AtVDE lines than WT may suggest quenching of chlorophyll

565  fluorescence even in dark-adapted leaves of the AtVDE lines.
566

567  We further characterized these homozygous transgenic Setaria lines by xanthophyll pigment
568 analysis (Fig. 5). Dark-adapted, intact leaves were subjected to fluctuating light between 200
569  (control light) and 1500 (high light) umol photons m™2s™" in a LI-6800 leaf chamber (Fig. 5a). After
570 25 min dark acclimation and prior to actinic light treatment, the AtVDE lines still retained
571  substantial amounts of zeaxanthin and antheraxanthin levels in contrast to all other lines (Fig. 5b,
572  c), which may correlate with the lower F, and F,, in the AtVDE lines as mentioned above (Fig.
573  S5). With a 3-min high light treatment, zeaxanthin was quickly induced to above detectable level
574  in most lines (except for AtZEP-4), with highest levels in AtVDE lines, followed by two AtVPZ lines
575 (line 7 and 1). After 5-min dark acclimation following the fluctuating light regime (TP3), two of the
576  AtVPZ lines (line 7 and 1) and two AtVDE lines had much higher zeaxanthin levels than WT,
577  consistent with overexpressed AtVDE gene, while the two AtZEP lines had significantly reduced
578  zeaxanthin levels as compared to WT, consistent with the accelerated zeaxanthin epoxidation
579 due to the overexpression of A{ZEP. Additionally, the AtVDE and AtVPZ lines had reduced
580 violaxanthin levels as compared to WT after the 5-min post-light dark treatment (Fig. 5d),
581  consistent with their increased zeaxanthin levels and overexpressed AtVDE proteins. The de-
582  epoxidation states were consistent with zeaxanthin abundances (Fig. 5e). These results strongly
583  support that: (1) the overexpressed AtVDE and AtZEP worked as expected in vivo in Setaria; (2)
584  overexpression of AtPsbS or SvPsbS did not significantly affect zeaxanthin levels in Setaria; and
585  (3) the AtVPZ and AtVDE lines had more zeaxanthin than WT even after 5-min dark recovery.

586

587  Overexpression of AtVDE, AtZEP, SvPsbS, but not AtPsbS, had expected effects on NPQ
588 induction kinetics under the fluctuating light condition (Fig. 6). Two of the three AtVPZ lines
589  (AtVPZ-1 and -7) had faster NPQ induction and higher NPQ levels than WT during the high-light
590 phase of the fluctuating light experiment, whereas AtVPZ-2 had WT-like induction capacity but
591 lower residual NPQ during the second low light phase (Fig. 6b). The AtVDE and SvPsbS lines
592  also had faster NPQ induction and higher NPQ level than WT during the high-light phase of the
593 fluctuating light experiment, while the two AtZEP lines had lower NPQ levels, as expected (Fig.
594  6c¢c-e). However, the AtPsbS line had WT-level NPQ (Fig. 6e), which may correlate with the lower
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595 PsbS protein abundances observed (Fig. 4a). The magnitude of NPQ phenotypes in these
596 transgenic lines were consistent with their induced zeaxanthin levels during the fluctuating light
597 treatment (Fig 5). AtVPZ lines, and in particular AtVPZ_2 (p < 0.01), had higher net CO
598 assimilation rates than WT under the fluctuating light condition, but no significant differences in

599  PSIl operating efficiencies across all these transgenic lines as compared to WT (Fig. S6).
600

601  Overexpression of NPQ genes affected the normalized rate of NPQ relaxation during the 5-min
602  dark treatment following the fluctuating light regime in Setaria (Fig. 7). The NPQ decay time
603  constant (inverse to NPQ decay rate) was quantified using the 1 order exponential decay. AtVPZ
604 and AtVDE lines had increased NPQ decay time constants, which means slower NPQ decay in
605 the dark (Fig. 7a, b, e), consistent with their higher zeaxanthin levels than WT after 5 min post-
606  light darkness (Fig. 5b). AtZEP, AtPsbS, SvPsbS lines had reduced NPQ decay time constants,
607  which means faster NPQ decay in the dark (Fig. 7c, d, e). The faster NPQ decay rates in AtZEP
608 lines were consistent with the reduced zeaxanthin levels in these lines after 5 min post-light
609  darkness. Though the faster NPQ decay rates in AtPsbS, SvPsbS lines could not similarly be
610 explained by differences in zeaxanthin content (Fig. 5b), our results are consistent with results
611 reported in Arabidopsis AtPsbS-OE lines which suggested increased PsbS abundance
612  accelerated NPQ relaxation (Steen et al., 2020). We also quantified the NPQ decay using the 2™
613  order exponential decay and got similar results (e.g. AtVPZ-1), though the effects were separated
614 into two phases and the calculated time constants from the 1% phase showed greater relative
615  variations (Fig. S7).

616

617  In contrast to fluctuating light, the differences in NPQ capacity between transgenic lines and WT
618  were smaller with gradual increased light (light response curves) (Fig. S8a). But SvPsbS, AtVPZ-
619 1, AtVDE-5 lines still had significantly higher NPQ than WT. AtVDE, AtZEP, and SvPsbS lines
620 often had lower net CO, assimilation rates than WT (significantly lower in SvPsbS-8, AtVDE-5,
621 and AtZEP-5). The AtVPZ-1 line had WT-level net CO. assimilation rates despite higher NPQ
622 (Fig. S8a, c). The differences in PSIl operating efficiency from WT were minimal in these
623  transgenic lines (except for SvPsbS-3 and AtVDE-5 with lower values) (Fig. S8b).

624

625 Inlight-adapted leaves, AtVPZ lines had slightly higher proton motive force and higher proton flux
626  rates than WT; while AtVDE, AtZEP, and SvPsbS lines often had reduced proton motive force
627 and PSI active centers as compared to WT, either slightly or significantly (Fig. S9). The results
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628  suggest overexpressing single NPQ genes may cause imbalanced or compromised

629  photosynthesis in Setaria.
630

631  We further phenotyped these transgenic lines under different environmental conditions (Fig. 8, 9,
632 and S10). These environmental conditions we used affected WT plants at different levels in terms
633  of plant height, wet, or dry biomass (Fig. S10a-c). Overall, the values of wet biomass were highly
634  correlated with those of dry biomass across almost all conditions (Fig. S10d). The AtVPZ lines,
635  especially AtVPZ-1, were taller and/or had more biomass than WT under six out seven conditions
636  we tested: including control, high light, high temperature, greenhouse (August run), drought, and
637 low light conditions (Fig. 8, 9, and S10). AtVPZ-2 and AtVPZ-7 lines had improved growth in three
638 and four conditions based on plant height, wet or dry biomass data (Supplemental Table S1a).
639 The AtVDE lines also had increased dry biomass under control or high temperature conditions
640  (Fig. 8). Additionally, we phenotyped these transgenic lines twice (August 2022 and July 2024) in
641  greenhouse conditions where the environmental parameters were controlled but could be affected
642 by outside ambient conditions (Fig. 9). The August experiment had higher temperatures than the
643  July run, with 5°C differences in maximum high temperatures (Fig. 9a). Our results show that the
644  AtVPZ lines grew better than WT in the August experiment with higher temperatures, but worse
645 than WT in the July experiment with lower temperatures, suggesting some potential links between

646  improved growth and high NPQ/zeaxanthin under high temperature conditions.
647

648  The xanthophyll cycle is connected with the ABA pathway as violaxanthin is the precursor of ABA
649 and ZEP is an important enzyme in ABA biosynthesis (Ilvanov et al., 1995; Ederli et al., 1997;
650 Park et al., 2008; Jahns et al., 2009; Latowski et al., 2011; Kaiser et al., 2019). We measured the
651 leaf ABA levels in these transgenic lines and WT plants under three selected conditions: control,
652  drought, and high temperatures of 40°C (Fig. S11). In WT, leaf ABA levels increased slightly under
653  drought and high temperatures as compared to the control condition. Overall, there were no

654  differences in ABA levels in these transgenic lines as compared to WT.
655
656 Discussion

657 NPQ is essential to prevent photodamage in plants under excess light conditions, especially
658  during stressful conditions when photosynthesis is compromised (Rochaix, 2014; Dietz, 2015).
659 NPQ has been well studied in C3 plants, but much less so in C4 plants, with translation of research

660 complicated by biochemical and anatomical differences between the two photosynthetic
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661 pathways (Wang et al., 2011; von Caemmerer & Furbank, 2016). Through transient expression
662 in Setaria protoplasts, and characterization of stable transgenic plants, we investigated the
663  function of NPQ genes from the Cs model Arabidopsis in the C4 model Setaria, demonstrated that
664  overexpression of AtVDE and AtZEP achieved similar results in Setaria as it did in Cs plants,
665 revealed the possible incompatibility of AtPsbS with SvPsbS in Setaria, evaluated VPZ strategies

666 in Setaria, and helped expand our functional understanding of NPQ in C4 plants.
667

668 VDE, ZEP, and PsbS proteins in Setaria are quite similar to those in Arabidopsis, in terms of
669  protein sequence and structure prediction (Fig. S1-3). The phenotypes of transgenic lines
670  overexpressing AtVDE and AtZEP in Setaria resembled those in Cs plants: overexpressing AtVDE
671 increased zeaxanthin formation and NPQ induction while overexpressing A{ZEP decreased
672  zeaxanthin formation and NPQ amplitude (Fig. 1. 5, 6) (Hieber et al., 2001; Leonelli et al., 2016).
673  These results suggest that the activity of VDE and ZEP, and functional contributions of zeaxanthin

674  to NPQ are similar in Cz and C;4 plants.
675

676  The results of AtPsbS overexpression in Setaria are surprising, including the significantly reduced
677  NPQ in AtPsbS-OE protoplasts (Fig. 1), and the non-Mendelian recovery of homozygous AtPsbS
678 lines (Table 1). The only stable AtPsbS line recovered exhibited one of the highest AtPsbS
679  transcript expression levels relative to the reference transcripts but ultimately had WT-level PsbS
680  protein abundance and NPQ (Fig. 3, 4, 6). These results suggest that accumulation of AtPsbS
681  protein in Setaria is costly to photosynthetic efficiency and plant fitness, or it may be largely post-
682  transcriptionally silenced or degraded as we observed in the AtPsbS 14 and AtVPZ lines. These

683  unusual results indicate possible unique regulation of Setaria PsbS.
684

685 It is hypothesized that AtPsbS proteins form dimers in dark-adapted leaves where NPQ is not
686  needed; light-induced lumen acidification triggers the monomerization of PsbS dimers, which
687  induce the conformational change of LHCII for NPQ (Bergantino et al., 2003; Correa-Galvis et al.,
688  2016; Krishnan-Schmieden et al., 2021). Our computational analysis showed that AtPsbS protein
689 interacts with SvPsbS protein, with an interaction strength score higher than any other PsbS
690  protein pairs we checked, including any two possible pairs of PsbS from Setaria, Arabidopsis,
691 tobacco, and soybean (Fig. 2c). Thus, the heterologous expression of AtPsbS in WT Setaria

692  protoplasts may affect functional PsbS-dependent protein-protein interactions that negatively

21


https://doi.org/10.1101/2025.01.12.632622
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.12.632622; this version posted January 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

693  affect photosynthesis (Fig. 1). The reduced NPQ capacity of At/Sv-PsbS pair may also contribute
694  to the difficulties in identifying homozygous AtPsbS lines (Table 1).

695

696  In tobacco and soybean, overexpression of all three Arabidopsis VPZ genes increased the rate
697  of NPQ induction and relaxation, which was hypothesized to sustain sufficient photoprotection
698  under high light but also support efficient photosynthesis under low light (Kromdijk et al., 2016;
699 De Souza et al., 2022). We employed three Setaria AtVPZ lines which overexpressed all three
700 NPQ-related genes from Arabidopsis in Setaria (Stone et al., 2024). The AtVPZ lines had
701  improved growth in 3-6 conditions (Fig. 8-9, S10, Supplemental Table S1a), however they had
702  increased zeaxanthin, faster NPQ induction, but slower NPQ relaxation, which correlated with
703  their higher zeaxanthin levels than WT in 5 min post-light dark (Fig. 5-7). This is especially true
704  for the AtVPZ-1 line, which had the highest NPQ induction but slowest NPQ relaxation among all
705  three AtVPZ lines and grew better in six out of the seven conditions we tested. Our results suggest
706  that overexpressing all three AINPQ genes can improve Cy4 plant growth, but the faster NPQ
707  relaxation may be dispensable or less critical for growth improvement in C4 plants under stressful

708 conditions.
709

710 It has been proposed that the effects of VPZ strategy on plant growth improvement may be
711  species-specific and the stoichiometries rather than the absolute abundances of the three NPQ
712 proteins are important (Croce et al., 2024). For example, the YZ-26-1C soybean line had little
713  AtPsbS protein and the lowest abundance of AtZEP and AtVDE proteins as compared to other
714  transgenic lines, but it still had 21.7% yield increase as compared to WT plants, while two other
715  soybean lines (ND-17-20 and ND-19-8A) had significantly increased all three AtINPQ proteins but
716  had no growth improvement (De Souza et al., 2022). We also performed stoichiometry analysis
717  of NPQ proteins in our work and published literature (Kromdijk et al., 2016; Garcia-Molina &
718  Leister, 2020; De Souza et al., 2022; Lehretz et al., 2022) (Supplemental Table S1a). But due to
719  the limited sample size in different species and difference in protein quantification, there seemed
720 to be no clear patterns associating ideal stoichiometry of NPQ proteins and plant growth
721  improvement. However, our results suggest that growth improvement could be achieved without
722  substantially higher amounts of PsbS proteins. Given the fithess gains despite WT-like levels of
723  AtPsbS proteins in our AtVPZ lines, the simplified VZ strategy (instead of VPZ) may make it easier

724  for genetic engineering to improve plant growth.

725
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726  Additionally, our photosynthesis measurements showed that overexpressing single NPQ genes
727  may cause imbalanced or compromised photosynthesis in Setaria, in terms of photosynthetic light
728 reactions and carbon fixation (Fig. S8, S9). Altogether, our data support the idea that awareness
729  of native photoprotective capacities and needs, alongside investigation in physiologically relevant
730  environments, will be critical in engineering increased photosynthetic efficiency at the leaf and
731 field scales (Croce et al., 2024).

732

733 Furthermore, our research reveals potential links among increased zeaxanthin, NPQ, and
734  thermotolerance in C4 plants. Our greenhouse experiments show that AtVPZ lines grew better
735  under warmer temperatures but worse under cooler temperatures than WT (Fig. 9). The increased
736  zeaxanthin and NPQ in our AtVPZ lines may help stabilize thylakoid membranes and protect
737  photosynthetic damages under warm temperatures (Sharkey & Zhang, 2010; Demmig-Adams et
738  al., 2020; Anderson et al., 2021). This is further supported by the improved growth of AtVPZ lines
739  and AtVDE-5 lines under high temperature of 40°C (Fig. 8). In agreement with this, a recent result
740  showed that overexpression of VDE alone increased NPQ induction and biomass production by
741  about 11-16% in rice under the field conditions (Xin et al., 2023). These rice plants were grown
742  during the summertime in southern China (Songjiang), with daily average temperature likely
743  above 27°C. Our Setaria plants were grown in growth chambers with a control temperature of
744  31°C.

745

746  Our research advances the understanding of the regulation of NPQ in C4 plants and paves the
747  way to improve Cas photosynthesis. Future exciting questions regarding NPQ regulation in C4
748  plants may include: (1) Does NPQ have cell-type specificity (M or BS cells) in C4 plants? (2) How
749 is PsbS regulated to achieve sufficient photoprotection and efficient photosynthesis in C4 plants?
750  (3) How do M and BS cells coordinate to regulate NPQ and photosynthesis? (4) How could we
751  further improve C4 photosynthesis under stressful conditions? We hope our results will cultivate
752  more interest in C4 NPQ and promote research to answer these important and intriguing

753  questions.
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1016
1017  Main figures
1018

1019  Figure 1. Overexpression of AtPsbS in Setaria protoplasts resulted in reduced NPQ and
1020 PSIl operating efficiency. Isolated Setaria protoplasts were transformed with constructs
1021  overexpressing one of the indicated NPQ genes from Arabidopsis (AtVDE, AtZEP, AtPsbS).
1022  Protoplasts transformed with water served as negative controls. Chlorophyll fluorescence was
1023 measured in protoplasts 24 h after the transformation. (a, b) Transformed, dark-adapted
1024  protoplasts were subjected to a series of increased light intensity of 0, 15, 35, 50, 100, 150 umol
1025 photons m™2s™, each light lasted 3 min. (¢, d) Transformed, dark-adapted protoplasts were
1026  subjected to a series of increased light intensity of 0, 15, 35, 50,100 ymol photons m™ s™', each
1027  light lasted 3 min, then illuminated with 150 pymol photons m™ s™" light for 15 min, followed by 15
1028  min darkness to monitor NPQ decay. *, P<0.05, compared to protoplasts transformed with water
1029  using a Student's two-tailed t-test assuming unequal variance. Mean + standard errors (SE), n=3-
1030 10. Some error bars are too small to see. The replication numbers were marked in panel b and
1031 d.

1032

1033  Figure 2. The dimer structure predictions of AtPsbS and SvPsbS suggest a potentially tight
1034 interaction. (a) AtPsbS (brown) and SvPsbS (cyan) are predicted to interact with each other. The
1035 predicted cleavage site for chloroplast transit peptide of each protein is highlighted in red. The N
1036 and C terminus of each protein are marked. The predicted interacting regions are marked by blue
1037 lines. Due to the visualization angle of the predicted structure, only some interaction clusters are
1038 shown. (b) A close view of AtPsbS (brown) and SvPsbS (cyan) interaction sites (blue). The
1039 conserved glutamate residues of PsbS that sense pH are marked in purple. (¢) AtPsbS and
1040 SvPsbS were predicted to have tighter interactions than other PsbS pairs. The interaction
1041 confidence scores and interaction strength scores of protein pairs were predicted by
1042  MULTICOMBS, a protein complex structure prediction system powered by AlphaFold-Multimer. The
1043 interaction confidence scores have a cutoff of >0.5, the bigger a score, the higher confidence for
1044  the predicted interaction, scores of <0.5 means no confident interaction. Contact pair strength

1045  score is the number of interacting residue pairs that have a minimum distance < 4A (angstrom,
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1046 0.1 nm). The bigger a contact pair strength score, the tighter the predicted interaction between
1047  two proteins. At, Arabidopsis thaliana; Sevir, Setaria viridis; NP, Nicotiana tabacum, tobacco;
1048  Glyma, Glycine max, soybean. Arabidopsis, Setaria, tobacco all have one PsbS protein. Soybean

1049  has three copies of the PsbS protein.
1050

1051 Figure 3. Setaria homozygous transgenic lines with overexpressed NPQ genes were
1052  confirmed at the transcript level through RT-qPCR. (a) Simplified NPQ pathways of NPQ and
1053  zeaxanthin formation as well as our related Setaria transgenic lines. Overexpression, OE. Each
1054  table contains names of transgenic lines that overexpress the indicated genes. At, genes from
1055  Arabidopsis. Sv, genes from Setaria. AtVPZ lines are Setaria transgenic plants that overexpress
1056  all three of the Arabidopsis NPQ genes: AtVDE, AtPsbS, and AtZEP. Independent transgenic
1057 lines are indicated by the numbers after a dash. The box color for transgenic lines in the tables
1058  match the color of lines and bars representing these transgenic lines in the rest of our figures. (b-
1059 g) Relative expression based on RT-gPCR results for the indicated transcript labeled at the top
1060 of each panel: Arabidopsis (b, ¢, d) and Setaria (e, f, g) NPQ genes, in Setaria WT and transgenic
1061 lines. *, P<0.05; #, P<0.01, transgenic lines were compared to WT for each indicated transcript

1062  using a Student's two-tailed t-test assuming unequal variance. Mean £ SE, n=3. ND, not detected.
1063

1064  Figure 4. Setaria transgenic lines were confirmed at the protein level using western blots.
1065 The names for transgenic lines were the same as in Figure 3. (a) Representative western blot
1066  analysis of protein levels. The blotting for AtVDE and AtPsbS proteins were performed in the
1067  same run with all lines (9 ug protein per lane); the blotting for AtZEP protein was performed in a
1068 different run due to low sensitivity of the ZEP antibody which required increased protein loading
1069 (27 g protein per lane). Ponceau stain was used as a loading control. (b-d) Protein level

1070  quantification relative to WT, determined from densitometry of western results. Mean + SE, n=3.
1071

1072  Figure 5. Setaria transgenic lines were confirmed at the pigment level using high-
1073  performance liquid chromatography (HPLC). (a) Leaves were collected after three time points
1074  (TP): 25 min in dark, 3 min at 1500 pmol photons m™ s™" light, and fluctuating light conditions
1075  followed by 5 min in dark. (b, ¢, d, e) The levels of zeaxanthin (Z), antheraxanthin (A), violaxanthin
1076  (V), and the xanthophyll cycle de-epoxidation state in Setaria WT and transgenic lines. *, P<0.05;
1077  #, P<0.01, transgenic lines were compared to WT under the same condition using a Student's

1078  two-tailed t-test assuming unequal variance. Mean = SE, n=3.
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1079

1080  Figure 6. Setaria transgenic lines were confirmed through NPQ measurements. Plants were
1081 dark-adapted for 25 min, then a fully expanded 4th leaf was used for NPQ measurements by
1082  chlorophyll fluorescence in a LI-6800 using the fluctuating light treatment as shown in (a). Each
1083  light phase lasted 3 min. (b-e) NPQ of WT and transgenic plants during fluctuating light conditions.
1084  Genotype names were labeled by the corresponding curves with the same color as the curve. *,
1085 P<0.05; #, P<0.01, transgenic lines were compared to WT under the same condition using a

1086  Student's two-tailed f-test assuming unequal variance. Mean + SE, n=18-23.
1087

1088  Figure 7. Setaria transgenic AtVPZ, AtVDE lines had slower NPQ decay rates while AtZEP,
1089  AtPsbS, SvPsbS lines had faster NPQ decay in dark after the fluctuating light treatment.
1090 Plants were treated with fluctuating light as in Figure 6 before NPQ measurement in dark. NPQ
1091 data was normalized to the last NPQ values before the post-light dark for each plant. (a-d) The
1092  NPQ decay curves were fitted using 1% order exponential decay. Genotype names were labeled
1093 next to their corresponding curve with the same color as the fitted curve and data points. Note
1094  that wild type data has been plotted on each graph for comparison. (e) NPQ decay time constant
1095  from the 1% order exponential decay fitting for all genotypes. The bigger NPQ decay time constant,
1096 the slower NPQ decay rate. The dashed lines mark the WT level. Mean + SE, n=3-5.

1097

1098 Figure 8. Setaria transgenic AtVPZ lines had increased plant height and/or dry biomass as
1099 compared to WT plants under the control, high light, and high temperature conditions.
1100 Plant height (a, ¢, €) and whole plant dry biomass (b, d, f) under different conditions were
1101  quantified and normalized to the mean values of WT plants grown under the same conditions.
1102  Plants were grown under the control conditions (constant 31 °C, 250 umol photons m™ s~ light,
1103  12/12 h day/night) for 9 days before exposed to control (a, b), high light (¢, d, 950 pmol photons
1104  m=2 s 'light), or high temperature (e, f, constant 40°C) conditions for 5 days. Other environmental
1105  parameters of the high light or high temperature conditions stay the same as the control condition.
1106  The dashed lines mark WT levels. *, P<0.05; #, P<0.01, transgenic lines were compared to WT
1107  under the same condition using a Student's two-tailed t-test assuming unequal variance. Mean +
1108  SE, n=3-33.

1109

1110  Figure 9. Setaria transgenic AtVPZ lines grew better under warmer temperatures but worse

1111  under cooler temperatures than WT in greenhouses. (a) Air temperature data of two runs in
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1112  greenhouses. The August run had warmer temperatures than the July run. The greenhouses had
1113  environmental controls, but the inside air temperatures were affected by the outside weather
1114  conditions. August run temperature setting: 31/22°C day/night. July run temperature setting:
1115  25/22°C day/night. (b) Plant dry biomass in July. The dry biomass data for the August run was
1116  unavailable. Plant height (¢, €) and whole plant wet biomass (d, f) after growing in greenhouses.
1117  The dashed lines mark WT levels. *, P<0.05; #, P<0.01, transgenic lines were compared to WT
1118  under the same condition using a Student's two-tailed t-test assuming unequal variance. Mean +
1119 SE, n=6-14.

1120
1121 Table 1. Homozygous transgenic lines with AtPsbS overexpression were under-
1122  represented. We screened and genotyped T1 and T2 plants from Ty parent plants with one copy

1123 of hygromycin (hygro) gene using qPCR. We expect about 25% of plants from a parent plant with

1124  one hygro copy to be homozygous (with two copies of hygro gene).

1125

1126  Supplemental Table S1. (a) NPQ protein stoichiometries; (b) Primers used.
1127

1128  Supplemental File S1. Protein structure and interaction prediction

1129

1130  Supplemental figures

1131  Figure S1. Protein alignment of NPQ proteins from Arabidopsis and Setaria. Alignment of
1132  Setaria and Arabidopsis PsbS (a), ZEP (b), and VDE (c) proteins. Arabidopsis and Setaria each
1133  have one copy of PsbS and VDE. Arabidopsis has one copy of ZEP while Setaria has two copies
1134  of ZEP. The more abundant SvZEP1 was used. Setaria protein sequences were from Setaria
1135  viridis genome V4.1 in Phytozome. Arabidopsis protein sequences were from TAIR 10 in
1136  Phytozome. The purple stars (*) in panel (a) denote the conserved glutamate residues of PsbS
1137  that sense pH. Chloroplast transit peptide cleavage sites are marked with red vertical lines.

1138

1139  Figure S2. The tertiary structure of Arabidopsis and Setaria NPQ proteins were predicted
1140 by MULTICOMS3. At, proteins from Arabidopsis. Sv, proteins from Setaria. (a) AtPsbS and Sv
1141  PsbS; (b) AtVDE and SvVDE; (¢) AtZEP and SvZEP1. The predicted cleavage site for chloroplast

1142  transit peptide of each protein is highlighted in red. The N and C terminus of each protein are
1143  marked.
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1144

1145  Figure S3. The structures and interactions of Arabidopsis and Setaria PsbS proteins were
1146  predicted. (a) Arabidopsis and Setaria PsbS proteins both have four transmembrane domains
1147  predicted by DeepTMHMM. (b, ¢) The dimer structure predictions of At/AtPsbS and
1148  Sv/SvPsbS pairs. AtPsbS (brown) and SvPsbS (cyan) are predicted to self-interact to form
1149 homodimers. The predicted cleavage site for chloroplast transit peptide of each protein is
1150 highlighted in red. The N and C terminus of each protein are marked. The predicted interacting
1151 regions are marked by blue lines. Due to the visualization angle of the predicted structure, only
1152  some interaction clusters are shown. A close view of interaction sites is also shown. The

1153  conserved glutamate residues of PsbS that sense pH are marked in purple.
1154

1155 Figure S4. Setaria transgenic lines had no significant differences in chlorophyll or
1156  carotenoid contents as compared to WT under the control condition. (a) Chlorophyll (Chl) a
1157  content. (b) Chl b content. (¢) Chl a and b, or total Chl content. (d) Carotenoid content. Transgenic
1158 lines were compared to WT using a Student's two-tailed t-test assuming unequal variance. NS,
1159  not significant. Mean £ SE, n=3.

1160

1161  Figure S5. Photosynthetic parameters from dark-adapted Setaria WT and transgenic lines.
1162  Plants were dark-adapted for 25 min before measurements. A fully expanded intact 4" leaf was
1163  used for chlorophyll fluorescence measurements in a LI-6800 machine. (a) Maximum PSI|
1164  efficiency (FW/Fm), (b) minimum and (¢) maximum chlorophyll fluorescence (Fn and Fo) in dark-
1165 adapted leaves. The dashed lines mark WT levels. *, P<0.05; #, P<0.01, transgenic lines were
1166  compared to WT under the same condition using a Student's two-tailed f-test assuming unequal

1167  variance. Mean = SE, n=5.
1168

1169 Figure S6. Photosynthetic parameters from Setaria WT and transgenic lines with
1170  fluctuating light treatment. Leaves were dark-adapted for 25 min before fluctuating light
1171  treatments. (a) PSIl operating efficiency, (b-e) net CO, assimilation rate of all lines during the
1172 fluctuating light condition. Genotype names were labeled by the corresponding curves with the
1173  same color and order as the curves. *, P<0.05; #, P<0.01, transgenic lines were compared to WT
1174  under the same condition using a Student's two-tailed t-test assuming unequal variance. NS, not
1175  significant. Mean x SE, n=18-23.

1176
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1177  Figure S7. NPQ decay time constants in Setaria WT and transgenic lines were quantified
1178  using 2" order exponential decay. Plants were treated with fluctuating light as in Figure S6
1179  before measurement of NPQ decay in dark. NPQ data was normalized to the last NPQ values
1180  before the post-light dark for each plant. (a-d) The NPQ decay curves were fitted using 2" order
1181  exponential decay. Genotype names were labeled next to the corresponding curve with the same
1182  color as the fitted curve and data points. (e, f) NPQ decay time constants from the 2" order
1183  exponential decay fitting for all genotypes, T1 is the time constant for the 1% and faster decay
1184  component, T2 is the time constant for the 2" and slower decay component. Mean + SE, n=3-5.
1185 (g, h) The transgenic AtVPZ_1 had slower NPQ decay than WT, evaluated using both 1% and 2"

1186  order exponential decays.
1187

1188  Figure S8. Photosynthetic parameters from Setaria WT and transgenic lines with gradually
1189 increased light intensity. (a) Non-photochemical quenching, NPQ, (b) PSII operating efficiency,
1190 (c) net CO; assimilation rates were measured in plants with 25 min dark adaptation followed by
1191  gradually increased light from 0 to 1500 umol photons m™ s™'. Each light lasted 5 min. Genotype
1192 names were labeled by the corresponding curves with the same color and order as the curves.
1193  The light response curves of transgenic lines were compared to that of WT using statistical
1194  modeling and posterior probabilities, *, P>0.95 as significance. Mean + SE, n=5-10.

1195

1196  Figure S9. Setaria transgenic SvPsbS lines had reduced fraction of PSI active centers.
1197 Photosynthetic parameters were measured in intact leaves of light adapted Setaria WT and
1198 transgenic plants using the MultispeQ. (a) Proton motive force, ECS;, measured by electrochromic
1199 shift (ECS), proportional to the transthylakoid proton motive force. (b) Proton conductivity,
1200  (gn" = 1/tecs), proton permeability of the thylakoid membrane and largely dependent on the activity
1201  of ATP synthase, inversely proportional to the decay time constant (tecs) of light-dark-transition-
1202  induced ECS signal. (c) Proton flux rate, vu+, calculated by ECSy/tecs, the initial decay rate of the
1203  ECS signal during the light-dark transition and proportional to proton efflux through ATP synthase
1204  to make ATP. (d) The fraction of PSI active centers. The light response curves of transgenic lines
1205  were compared to that of WT using statistical modeling and posterior probabilities, *, P>0.95 as
1206  significance. Mean = SE, n=5-10.

1207

1208  Figure S$10. Setaria WT and transgenic lines were phenotyped under various conditions.

1209 (a) Plant height, (b) whole plant wet biomass, (c¢) whole plant dry biomass of WT plants under the
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1210  control, high temperature (HT), high light (HL), drought, low light (LL), and greenhouse (GH)
1211  conditions. Two rounds of greenhouse experiments were conducted, one in August 2022 (GH-A)
1212 and the otherin July 2024 (GH-J). Plants were grown under the control conditions (constant 31 °C,
1213 250 pymol photons m™ s™"light, 12/12 h day/night, with daily water) for 9 days before exposure to
1214  different conditions for 5 days: HT, constant 40°C; HL, 950 uymol photons m™ s~ light; drought,
1215  no water; LL, 100 pmol photons m™ s™" light; GH, affected by dynamic changes of natural light
1216  and temperatures; other unmentioned environmental parameters stay the same as the control
1217  condition. (d) Whole plant wet and dry biomass were highly correlated with each other under
1218  different conditions. Plant height (e, g) and whole plant dry biomass (f, h) under different
1219  conditions were quantified and normalized to the mean values of WT plants grown under the
1220 same conditions. (e-h) The dashed lines mark WT levels. *, P<0.05; #, P<0.01, transgenic lines
1221  were compared to WT under the same condition using a Student's two-tailed t-test assuming

1222  unequal variance. Mean * SE, n=5-20.
1223

1224  Figure S$11. The leaf ABA contents were not significantly different between WT and
1225 transgenic lines under the control, drought, and high temperature conditions. Plants were
1226  treated with the indicated condition as in Figure 8 and S10 and a fully expanded 4™ leaf from a
1227  plant after 5-day control or stress treatments was used for ABA measurement. The dashed lines
1228 mark WT levels. DW, dry weight of a leaf. Transgenic lines were compared to WT under the same
1229  condition using a Student's two-tailed t-test assuming unequal variance. NS, not significant,
1230 P>0.05. Mean = SE, n=4-7.

1231

37


https://doi.org/10.1101/2025.01.12.632622
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.12.632622; this version posted January 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Main figures

Figure 1
1r 1 ¢

o ' [@ (b)

= * >

208 | AtVDE 2038 |

8 K]

& ]

w© 06 [ AtZEP 55 0.6

E Water E’

£o04 | S 04

3

8 g

2 AtPsbS = AtZEP, n=4
£ = ]

g 0.2 * * 4 0.2 Water, 6

5 AtVDE, 3
z B AtPsbsS, 10

0 1 1 0 1 f x
0 50 100 150 0 50 100 150
Light Intensity (umol photons m2 s™1) Light Intensity (umol photons m=2s™1)
(c) Light, umol photons m2 s (d) Light, umol photons m2 s
07 10 15-100 07 0 15-100

e 9
o o
T T

o
FS

el
N

Non-photochemical quenching
=] =]
- w

AtPsbS

Time (minutes) Time (minutes)


https://doi.org/10.1101/2025.01.12.632622
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.12.632622; this version posted January 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Figure 2

()

N-terminus

(c)

available under aCC-BY-NC-ND 4.0 International license.

AT1G44575, AtPsbS

Sevir. 56400800 SvPsbS

C -terminus ‘v‘/\

PsbS 1
AT1G44575
AT1G44575
Sevir.5G400800
AT1G44575
AT1G44575
AT1G44575
AT1G44575
NP_001312190
Glyma.06G113200
Glyma.06G113200
Glyma.04G249700

AtPsbS  SvPsbS

Interacting regions

Contact pair
strength score
(< 4A)

101
81
76
83
80
79

81
81

N-terminus
Conserved glutar:\ate residues

Confidence

score for

interaction
PsbS 2 (cutoff > 0.5)
Sevir.5G400800 0.70
AT1G44575 0.71
Sevir.5G400800 0.69
NP_001312190 0.68
Glyma.06G113200 0.67
Glyma.04G249700 0.68
Glyma.13G078900  0.42
NP_001312190 0.65
Glyma.04G249700 0.66
Glyma.13G078900  0.37
Glyma.13G078900  0.35



https://doi.org/10.1101/2025.01.12.632622
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.12.632622; this version posted January 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 3
(@)

PsbS-OE AtNPQ-OE

AtPsbS_14 i AtVPZ_2
SvPsbS_3 AtVP

AtVPZ lines:
Overexpression of

VDE-OE

all three AtNPQ genes:

AtVDE_5 AtVDE,

AtVDE_16 AtPsbS,

AtZEP

140 160 45
(b) AtVDE © AtPsbS @ AtZEP P
120 140 40

# | 35
100 | 120 #

80
60
40

20

10 2000 12

Relative expression, by RT-qPCR
o

(e) SvVDE (f) SvPsbS # (9) SvZEP
s | 1600 | 10
#1 gl
6 | 1200 |
l 6 |
4t L # 800 | I
# 4|
2 | 400 | ] .|
0 o 0
\l“ A Q’l«/ < o Q“ 124 A 6/ sx&‘ 1, Q/
- \Y < 12N\ 6/ v v 1,/ <Q ?/ <
S S QEQCSE


https://doi.org/10.1101/2025.01.12.632622
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.12.632622; this version posted January 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 4

(a)

VDE

PsbS

Ponceau

ZEP

Ponceau

40

30

2000

Relative protein level, normalized to WT

00

00

1000

0
35

20

5

2

0
25

20

15

10

5 -

0

\X‘«

1
o
O

AN s N g
s - P S OO
RV P %7 27 487 07 0% 50
yis y’.s S{lg’ \>§l’ ?186

(b) VDE

N

[ (c) PsbS

w s B0 an Wl IJ]
i (d) ZEP
| - -J_i = I_' t_i_i_
14N % AG b % A a9
@" /?1// e/ Q Q. S O S
NI 0% ¢~ < e 07 200”20


https://doi.org/10.1101/2025.01.12.632622
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.12.632622; this version posted January 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 5

(a) 25 3 3 3 3 3 5 Minutes
0 1500 200 1500 200 1500 0  pmol photons m2s™

P14 P24 TP3
After 25 min dark 3min high light Fluctuating light, then 5 min dark

70
(b)

60

50 |

SvPsbS_8
H*
1+
*

40 |

H*

AtPsbS 14
SvPsbS_3

N~
&
g

20 I

I .

TP1 TP2 TP3

Zeaxanthin (umol/mol total Chl)

#
a
=

(c)

8 8 & 8

Antheraxanthin (umol/mol total Chl)
S
*
H
*

TP1 TP2 TP3

=N
N
o

-

o

o
T

-]
o
T

60

Violaxanthin (umol/mol total Chl)

TP1 TP2 TP3

De-epoxidation state
(0.5A+Z)/(V+A+2Z)

TP1: After 25 min dark TP2: 3min high light  TP3: Fluctuating light, then 5 min dark


https://doi.org/10.1101/2025.01.12.632622
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.12.632622; this version posted January 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 6
(@) 25 3 3 3 3 3
0 1500 200 1500 200 1500
2
(b) # *og oy

Non-photochemical quenching, NPQ

-
o

-
N

e
©

o
FS

o

1.6

0.8

0.4

WT

Time, minutes
Light, pmol photons m~2 s™*

(c)

AtVDE_16
AtVDE_5

SvPsbS_3
[ 71 svPsbs_8

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Time (min)

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (min)


https://doi.org/10.1101/2025.01.12.632622
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.12.632622; this version posted January 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Figure 7

1.0 1

o
=]
1

0.6

0.4 1

Normalized NPQ

0.2 1

available under aCC-BY-NC-ND 4.0 International license.

AtVPZ_7

*AtvPZ_1°2]

(b)

1.0 1
0.8 4

0.6 4

WT
+* AtVDE_5

3, * AtVDE_16

\'i-l‘.

0.0 +—

0.8 +

0.6 4

0.4 1

Normalized NPQ

0.2 +

T v T v
100 200
Time (sec)

— T
300 400

— T T
500 600 700

0.0 +—

T
100

T T
200

—— T
300 400

Time (sec)

.+ AtPsbS_14
* SvPsbS_3
SvPsbS_8

NPQ decay time constant, s
S 8 &8 8 8 3

-
o

r T r T
300 400
Time (sec)

T r T
100 200

1
12¢ 1«
W e

0.0 +—

T
100

T
200

—T— T
300 400

Time (sec)


https://doi.org/10.1101/2025.01.12.632622
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.12.632622; this version posted January 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 8
1.8
(@) Control, 31°C (b) Control, 31°C |,
1.6 # 250 pmol photons m=2 s~ % 250 pmol photons m-2 s-1
1.4
12 } J o {15
* *
! 1 BT F [
0.8 1 == == Eh i 1
0.6
0.4 {05
0.2
(] 0
1.8 —
(c) # High light, 31°C (d) High light, 31°C
E 1.6 | 950 pmol photons m=2 s-1 950 pumol photons m-2 s 12 E
) I 2
b 1.4 » 3
-g 1.2 * {15 N
= o 1 ©
El y ¥ E
5 - - g W 41 |0
o|os c
+<| 0.6 )
3 s &
‘S| 0.4 4 0.
2 s
+=10.2 2
s >
o| 0 0 |0
1.8
(e) High temperature, 40°C ) High temperature, 40°C
1.6 250 pmol photons m=2 s-1 250 pmol photons m=2 s-1 12
#
1.4 . #
12 | 1 I *
1 ______ - [RNRE e —— - - - -
os @@ B Bl B BB |- -o---B7--- -—-
0.6
0.4
0.2
0
- SN 9 A k_% AN DD <« A A ) b b -
Q’L/Q'l// 0?//?,/ ?/Q 6 7 S, v%/vg/ Q1’/Q1’/ o@ P /?’ 7 S, v%/vg/
S SRS S S R D i OO e g s


https://doi.org/10.1101/2025.01.12.632622
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.12.632622; this version posted January 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 9
40 1.2
() (b) Greenhouse July %
_________________________________ 1
o # ]
o # =
e I 08 5
E # # E
'g_ 0.6 2
")
'S 0.4 @
£
0
—e—Greenhouse August| 28 35 22 0.2 '35
15 —6—Greenhouse July 25 30 22 0 E
1.2
() Greenhouse July (d) Greenhouse July 1,
* * {15
it
#
_______________________ W
S L ¥ g
#
2 j_i h " o
° -t
] °
N @
- N
£ ‘s
1
g #Greenhouse August 1) Greenhouse August 12 3’»
© 1]
2 ;
-t
E {15 5
o . I ]
[ § g
______ _—— R S - 41
I_I I_I |
o ) b. 5] ) °
% b \‘&( Be Ab ? -
er 1 RGR 7 PR 8 > vt LI o xR 5P7
) ‘S\o W W 2 uRo®® P~‘ = O P G 0 3239


https://doi.org/10.1101/2025.01.12.632622
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.12.632622; this version posted January 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Table 1
Overexpressed | Total T1 or T2 # of plants with | % of plants | % of plants | % of plants
gene plants 0,1,and 2 with 0 with 1 with 2
screened hygro copies hygro copy | hygro copy | hygro copies

SvPsbS 37 8,21,8 22% 57% 22%
AtPsbS 96 78,17,1 81% 18% 1%
AtVDE 22 11,8,3 50% 36% 14%
AtZEP 35 16, 10, 9 46% 29% 26%
AtVPZ 18 13,3,2 72% 17% 11%
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Figure S3
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Figure S7
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Figure S9
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