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Abstract 20 

Stomata serve dual and often conflicting roles, facilitating CO2 influx into the plant leaf for 21 

photosynthesis and restricting water efflux via transpiration. Thus, strategies for reducing 22 

transpiration without a cost for photosynthesis must circumvent this inherent coupling of CO2 23 

and water vapor diffusion. We expressed the synthetic, light-gated K+ channel, BLINK1, in 24 

25 

BLINK1 introduced a K+ conductance and accelerated both stomatal opening in the light and 26 

Optogenetic manipulation of stomatal kinetics improves carbon assimilation and water 

One sentence summary   Speeding stomatal responses of the model plant Arabidopsis with 

the addition of an engineered ion channel enhances photosynthesis while reducing the 

physiological costs of fluctuating light. 

guard cells surrounding stomatal pores to enhance the solute fluxes that drive stomatal aperture. 



27 

28 

demonstrate the potential of enhancing stomatal kinetics to improve water use efficiency 29 

without penalty in carbon fixation. 30 

31 

32 

Main text 33 

Stomata are pores in the leaf epidermis that form between pairs of guard cells. They 34 

allow CO2 uptake for photosynthetic carbon assimilation at the expense of water loss via 35 

transpiration, thereby influencing global carbon and hydrological cycles (1, 2). Stomatal 36 

aperture is controlled by guard cell turgidity which responds to changes in atmospheric CO2 37 

concentration, light, atmospheric relative humidity, and abscisic acid (5-8), thereby regulating 38 

plant water use. Efforts to improve plant water use efficiency have focused on reducing 39 

stomatal density, despite its implicit penalty in carbon assimilation (3, 4). Approaches that 40 

circumvent the carbon:water trade-off pose greater challenges but also much promise. In 41 

42 

carbon assimilation under high light intensities, while maintaining plant water status when 43 

44 

45 

stomatal aperture with light. We demonstrate that a strategy of enhancing stomatal kinetics is 46 

47 

Thus, BLINK1, and related optogenetic tools offer ways to explore plant growth and its 48 

relationship to WUE without a cost in CO2 availability for photosynthesis. 49 

Opening and closing of stomata is driven by ion transport across the guard cell plasma 50 

51 

changes in guard cell volume and turgor. Blue light (BL) triggers stomatal opening, among 52 

closing following irradiation. Integrated over the growth period, BLINK1 drove a 2.2-fold 

increase in biomass in fluctuating light without cost in water use by the plant. Thus, we 

particular, accelerating the kinetics of stomatal opening and closing could be used to promote 

carbon demand is low (3, 4). Here we have used the synthetic, Blue Light-INduced K+ channel 

1 (BLINK1) as a tool for modulating guard cell K+ conductance and accelerating changes in 

sufficient to promote photosynthetic carbon assimilation and water use efficiency (WUE). 

membrane which, together with the metabolism of organic solutes, promotes water flux and 



53 

54 

K+ uptake (5, 9, 10). We therefore explored whether stomatal opening could be augmented by 55 

tissue-specific expression of the optogenetic tool BLINK1. 56 

BLINK1 is a synthetic, blue light-gated K+ channel, constructed by fusing the LOV2-57 

58 

59 

60 

confirm that BLINK1 also functions in plants, initially we expressed BLINK1 transiently in 61 

tobacco and in Arabidopsis root epidermal cells (12). Immunoblots showed BLINK1 formed 62 

tetramers expected of the functional K+ channel (Fig. S1). On treatments with 100 μmol m-2 s-63 

1 BL, membrane voltages of root epidermal cells bathed in 30 mM K+ showed mean 64 

displacements of 15 mV amplitude toward the predicted K+ equilibrium voltage, as expected 65 

on activating a K+ conductance (Fig. S2). From the voltage kinetics, we concluded that the 66 

67 

68 

To analyze BLINK1 function in guard cells, we used a strong guard cell-specific 69 

promoter (13) to express the synthetic channel in wild-type (wt) Arabidopsis (wt-BLINK) and, 70 

as a background control, in the phot1phot2 (p1p2) (14) double mutant (p1p2-BLINK). 71 

Transcript analysis showed that BLINK1 was expressed at comparable levels in two 72 

independent p1p2-BLINK and wt-BLINK transgenic lines (Fig. 1b and Fig. S3). We measured 73 

the plasma membrane conductance using two-electrode recording methods (15) on intact guard 74 

cells of p1p2-BLINK and wt-BLINK transgenic lines, comparing conductances with each to 75 

the corresponding p1p2 and wt backgrounds. Close to the free-running voltage, the membrane 76 

conductance of Arabidopsis guard cells is normally small, making it difficult to resolve, by 77 

voltage clamp, the conductance changes that would suffice to enhance K+ flux and accelerate 78 

other responses, enhancing photosynthesis through the action of the phototropin receptor 

kinases phot1 and phot2 that lead to activation of guard-cell H+-ATPases, in turn promoting 

Jα photo-switch from Avena sativa phot1 to the small viral K+ channel Kcv; when expressed 

in human embryonic kidney cell cultures, it introduces a K+ conductance that is independent 

of voltage and activated by BL with half-maximal saturation near 40 µmol m-2 s-1 (11). To 

conductance was fully activated within 2 min +BL and decayed over 8-10 min on transfer to 

dark. 



79 

steps of ±100 pA at intervals across the plasma membrane of dark-adapted guard cells isolated 80 

in epidermal peels. We monitored the resulting changes in voltage before, during, and after 81 

illuminating with 100 μmol m-2 s-1 BL (Fig. 1b, inset) and calculated the change in membrane 82 

conductance ±BL (ΔG) from Ohm’s Law (Fig. 1b). Photoactivation of BLINK1 led to 83 

84 

the p1p2 mutant and wt controls, respectively, with a 1.6-fold increase in ΔG of wt-BLINK 85 

plants (Fig. 1b). Thus, we concluded that BLINK1 introduces a BL-dependent K+ conductance 86 

in the plasma membrane of guard cells. 87 

To examine whether BLINK1 photoactivation can alter stomatal opening, we recorded 88 

stomatal apertures in epidermal peels exposed to either red light (RL) or BL fluence rates of 89 

100 μmol m-2 s-1 for 2 hours. BLINK1 restored BL-induced stomatal opening in the p1p2 90 

double-mutant background (Fig. 2a) and enhanced the steady-state apertures of wt-BLINK 91 

plants on average by 17% compared to the wt background in BL (Fig. 2b). Similar apertures 92 

were observed for all plants under RL, indicating that the effects were BL-specific and 93 

demonstrating the potential for BLINK1 to augment stomatal opening in vivo. To assess 94 

stomatal kinetics with BLINK1, we used gas exchange and analysed the stomatal conductances 95 

of intact plants ±BL after dark and RL adaptation (Fig. 2c-f and Fig. S4). Compared to the wt, 96 

stomatal conductance was elevated in the p1p2 background in the dark, consistent with 97 

previous observations (16). Against this background, significant increases in stomatal 98 

conductance were recovered in each case in the p1p2-BLINK transgenics with 100 μmol m-2 99 

s-1 BL, whereas p1p2 double-mutant plants were unresponsive to BL (Fig. 2c). BLINK1100 

expression in the wt background led to 22-29% enhancements in stomatal conductance in BL 101 

102 

opening and closing halftimes were accelerated by approximately 40% compared to the wt 103 

controls (Fig. 2e). 104 

stomatal movements (Material & Methods). We therefore used a current clamp to drive 0.5-s 

increased conductance in guard cells of p1p2-BLINK and of wt-BLINK plants compared to 

(Fig. 2d), despite a small reduction in stomatal size in one line (Fig. S7). Mean stomatal 



Pre-adapting plants to 200 μmol m-2 s-1 RL ensures a substantial background of 105 

photosynthetic energy input to reduce CO2 concentration within the leaf and reflects a more 106 

natural background for analyzing stomatal movements. As expected, no significant differences 107 

in steady-state transpiration, and hence in stomatal conductances, were observed between the 108 

109 

conductance in all plants (Table S1). However, wt-BLINK plants showed accelerated changes 110 

in stomatal conductance, with 60-70% reductions in stomatal opening and closing halftimes 111 

112 

113 

114 

115 

One measure of plant productivity is water use efficiency, defined either as the amount 116 

of dry mass produced per unit water transpired (WUE) or as the ratio of the instantaneous rates 117 

of carbon assimilation over transpiration (WUEi). Both measures are affected by light through 118 

the combined influence on carbon demand and associated transpiration (17). We therefore 119 

examined the BLINK1 transgenic lines grown under diel cycles with daylight periods of 120 

constant white light, either at a low fluence rate (LWL) of 75 μmol m-2 s-1 or at a high fluence 121 

rate (HWL) of 190 μmol m-2 s-1. We calculated WUEi over these periods and determined WUE 122 

as the ratio of accumulated dry biomass to water used over the 49-day growth period. Under 123 

the LWL and HWL treatment, growth of wt-BLINK and p1p2-BLINK transgenic plants 124 

showed no significant differences in biomass accumulation, rosette area expansion, or water 125 

use when compared with that of the corresponding wt and p1p2 backgrounds (Fig. S5, S6 and 126 

Table S1). 127 

128 

129 

130 

wt-BLINK and wt plants; in this background, adding 100 μmol m-2 s-1 BL elevated stomatal 

compared to wt plants (Figs. 2f and S4). BLINK1 activity is independent of voltage and 

declined over 8-10 min (Figs. 1, S2 and (11)), so the accelerated kinetics for stomatal closing 

is consistent with BLINK1-promoted K+ efflux as well as influx subject to the electrochemical 

potential for K+ across the guard cell membrane. 

In the natural environment light fluctuates, for example as clouds pass over. 

Photosynthesis generally tracks light energy input, but stomata are slower to respond. The 

slower stomatal kinetics limits gas exchange and can lead to suboptimal assimilation when 



131 

132 

133 

assimilation and water use. We therefore examined the BLINK1 transgenic lines grown with 134 

daylight periods of fluctuating WL (FWL) to give a total photon flux over the daylight period 135 

136 

137 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

148 

149 

saturating light (1000 μmol m-2 s-1) was unaffected in wt-BLINK plants across the 150 

physiological range of internal CO2 concentrations (Fig. 3c), and the Ci/Ca ratios determined 151 

at 70, 200 and 600 μmol m-2 s-1 of white light were similar to wt plants in each case (Fig. 3d). 152 

Thus, we conclude that guard-cell expression of BLINK1 and the accelerated stomatal kinetics 153 

afforded by the synthetic channel are responsible for enhancing carbon assimilation without a 154 

cost in water use. 155 

S2 and S3), and we found a 2.2-fold increase in total dry biomass of plants grown under both 

water-replete and water-deficit conditions which, for similar rates of steady-state transpiration, 

translates to an equivalent and highly significant improvement in WUE in the wt-BLINK plants 

(Fig. 3f). We observed a modest increase in total protein content and decrease in starch in 

water-replete-grown plants, and a highly significant increase in total starch in water-deficit-

grown plants (Fig. S8) The wt-BLINK plants showed significant decreases in fresh/dry weight 

ratios under both conditions (Tables 2 and 3). Much of this biomass is likely therefore to be 

accounted for by changes in cell wall material. We confirmed that this increased biomass was 

not  the consequence of alterations in photosynthesis per se (18): CO2 assimilation under 

fluence rate rises and to transpiration without corresponding assimilation when the fluence rate 

drops quickly (3, 17). Because BLINK1 accelerated stomatal movements (Fig. 2) we predicted 

that, when integrated over periods of fluctuating light, BLINK1 could benefit carbon 

intermediate to the two continuous light regimes. We stepped fluence rates ranging between 

10 and 150 μmol m-2 s-1 at 60-min intervals, which is close to the time normally required for 

stomatal opening (Fig. 2) and therefore would maximize any advantages afforded by BLINK. 

No significant difference was evident in WUEi (Fig. 3b). However, rosette area and fresh 

weight increased in wt-BLINK transgenic plants compared to the wt control (Fig. 3e and Tables 



Optogenetics has revolutionised the study of the mammalian nervous circuitry (11, 19). 156 

Because of the high output gain possible in regulating neuronal membrane voltage, the ion 157 

fluxes introduced by rhodopsin-based pumps and channels have proven sufficient to control 158 

rapid nervous signal transmission (20, 21). Introducing BLINK1 into guard cells now 159 

demonstrates the application potential for optogenetics to manipulate net ion flux in plant cells 160 

which, over periods of many minutes, can directly alter cell volume and osmotically-related 161 

physiology. As many plant ‘movements’, growth, and morphogenic phenomena rely on solute 162 

163 

and control these processes. 164 

Our findings also have implications for strategies to improve crop WUE and enhance 165 

net photosynthetic carbon assimilation. Much research to date has focused on enhancing WUE 166 

by reducing stomatal densities, an approach that suppresses the overall conductance of the leaf 167 

168 

Manipulating the native populations of ion channels and pumps has been shown to affect 169 

stomatal conductance and photosynthesis, but generally at the expense of carbon assimilation 170 

or of WUE (15, 26-28). Indeed, a systems analysis of stomatal physiology shows that 171 

manipulating transporter populations alone is unlikely to improve stomatal performance and 172 

173 

be effective (28). Our findings now demonstrate the efficacy of introducing new controls on 174 

guard cell membrane transport: incorporating BLINK1 adds a light-driven conductance that 175 

176 

177 

178 

179 

available light is an effective strategy to match stomatal movements with the often conflicting 180 

flux to drive turgor and cell expansion, optogenetics offers new strategies with which to study 

but also reduces CO2 availability for photosynthesis and can slow plant growth (3, 22-25). 

that alterations targeting the control of transport, including channel gating, are more likely to 

accelerates stomatal opening and closing to match the temporal demands for guard cell ion 

flux. Our findings highlight the gains that might be achieved by enhancing stomatal kinetics 

under changing light environments. Furthermore, we demonstrate that stomatal speed (3) can 

improve WUE without a cost in carbon assimilation. Enhancing guard cell ion flux with 



demands of safeguarding water use, at the same time gaining in photosynthetic assimilation 181 

during vegetative growth. 182 

183 
184 
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316 

317 

Figure 1. BLINK1 expression in planta facilitates K+ fluxes across guard cell plasma 318 

membrane. (a) qRT-PCR analysis of relative BLINK1 transcript levels normalised to reference 319 

gene ISU(29) (n=4). (b) Change in membrane conductance ±BL as means ±SE (n=4). 320 

321 

322 

Scale bar: 10 mV, vertical;, 5 s, horizontal. Inset (below): Schematic to show the consequence 323 

for fixed-amplitude current steps on membrane voltage before (black) and during (blue) BL to 324 

introduce an increase in conductance. Grey and blue shading indicates the range of voltage 325 

deflections. Dotted lines indicate current clamp amplitude. 326 

327 

Significance determined by student’s t-test: wt/wt-BLINK, P=0.036; p1p2/p1p2-BLINK, 

P=0.022. Inset (above): Voltage deflections on current clamp with ±100 pA in 0.5-s steps. 



328 
329 

Figure 2. BLINK1 photoactivation promotes stomatal opening and accelerates stomatal 330 

kinetics. (a,b) BLINK1 restoration of BL-induced stomatal opening in the p1p2 double mutant 331 

(a) and enhanced BL-induced stomatal opening in the wt background (b). Data are means ±SE332 

(n>100). Lettering indicates statistically significant differences from the wild-type and p1p2 333 

backgrounds, as determined by Kruskal-Wallis ANOVA on Ranks (P<0.05). Inset: Schematic 334 

of stomatal pore width for measurement. (c,d) Stomatal conductances measured from p1p2 and 335 

p1p2-BLINK plants (c) and from wild-type and wt-BLINK plants (d) before, during and after 336 

100 μmol m-2 s-1 BL treatments. (e,f) Halftimes for stomatal opening and closing of wt and wt-337 

BLINK plants with steps from dark (e) and against a background of 100 μmol m-2 s-1 RL (f) 338 



were estimated by non-linear least-squares fitting of data following light transitions to a simple 339 

exponential function. Data are means ±SE (n=5) from wt (white) and the two wt-BLINK lines 340 

(dark and light blue) in each case.  Asterisks indicate statistically significant differences, as 341 

determined by student’s t-test (P<0.05). 342 

343 
344 



345 
346 

347 
Figure 3. BLINK1 expression enhances photosynthetic carbon assimilation and water use 348 

efficiency. Plants were grown under diel cycles with white light fluctuating at 1-h intervals 349 

between 10 to 150 μmol m-2 s-1, at 390 μL/L CO2, 22ºC and 55% relative humidity. Scale bar, 350 

5 cm. (a) Representative wt (white) and two wt-BLINK plants (cross-referenced below in dark 351 

and light blue). (b) Instantaneous water use efficiency (WUEi), (c) relationship of CO2 352 

assimilation to intracellular CO2 concentration (Ci) at saturating (1000 μmol m-2 s-1) white light 353 

and (d) Ci/Ca ratio at 70, 200 and 600 μmol m-2 s-1 of white light. Data are means ±SE (n=4 354 

for each line). (e,f) Long-term plant growth measured as rosette area and shoot fresh weight 355 

356 

357 

(e) and as shoot dry weight and WUE (f) determined for each experiment as dry biomass per

liter of water applied. Data in (f) is for plants grown under water-replete (+water, open and 



358 solid bars) and water-deficit (-water, hatched bars) conditions. Data are means ±SE (n=15 

359 water-replete; n=6 water-deficit). Asterisks indicate statistically significant differences 

360 compared to wt by student’s t-test (P<0.05).  

361 
362 
363 
364 
365 
366 

367 
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Material and Methods 

Plant Material and Growth 

Wild-type (wt) Arabidopsis thaliana L. Heynh. (gl-1, ecotype Columbia) and the double 

mutant phot1-5 phot2-1 (p1p2) were described previously (9). Plants were grown in short day 

conditions (8-h-light/16-h-dark cycle with, 22°C/18°C, and 60% and 70% relative humidity). 

Three daylight regimes of were used for growth experiments, either with steady 75 or 190 μmol 

m-2 s-1 or with light stepped at 1-h intervals at light intensities ranging between 10 and 150

μmol m-2 s-1. For growth under water-deficit, after 21 d soil moisture was monitored daily with 

a Delta-T HH2-ML3 moisture sensor (Delta-T Devices, Cambridge UK) and maintained at 

10% with water as required. 

Stable Transformation 

For stable transformations, the plasmid pEZR(K)-LN (30) was digested with SacI and 

BamHI. The primer pairs CTCACTATAGGGAGCTCACAAGGACACAAGGACATATG 



and CATCCCATTAAGCCTGCTTTTTTGTACAAAC were used to amplify the guard-cell 

promoter (pMYB60) (13, 31), and the primer pairs 

CAGGCTTAATGGGATGTACAGTCTCTGC and 

CAGCGGCAGCAGCCGTCATAAAGTTAGAACGATGAAG were used to amplify the 

BLINK1 coding sequence (11).  The final pEZ pMYB60::BLINK1 construct was generated by 

Gibson Assembly. 

Transformation of Arabidopsis thaliana gl1 and phot1-5 phot2-1 (14) with 

Agrobacterium was performed as described previously (32). T3 lines with a single transgene 

locus were selected by segregation of the kanamycin resistance (33). 

Transient Transformation of Nicotiana benthamiana and Arabidopsis 

For transient expression of BLINK1 under the control of the CaMV 35S promoter in N. 

benthamiana, the entry clone was generated by PCR using specific primers containing attB3 

5’-

GGGGACAACTTTGTATAATAAAGTTGTCAACATGGGATGTACAGTCTCTGCAGA

G-3’ and attB2 sites 5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTATCATAAAGTTAGAACGATGAAGAA

CACTG-3’. The gel purified PCR product was used together with the pDONR 221 P3-P2 

vector to create the final DONR vector using BP-clonase II (Life technologies) according to 

the manufacturer’s instructions. After verifying the product of the BP-reaction by sequencing, 

LR-clonase II (Life Technologies) was used together with the pFRET cg-2in1-cc vector (34) 

to generate the final destination vector pFRET cg-2in1-cc BLINK1/mCherry. Infiltration of N. 

benthamiana leaves was performed with transformed Agrobacterium as described previously 

(35). Transient transformation of Arabidopsis roots was performed as described previously 

(12). 



Immunoblot Analysis 

Total protein extracts were prepared from N. benthamiana leaf discs 3 days post infiltration. 

Plant tissue was ground with a pestle in SDS sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% 

SDS, 10% glycerol, 5% 1mM DTT, 0.004% bromophenol blue) and centrifuged at 10,000 g, 

at 4 °C for 5 min. Half of the supernatant was directly used for immunoblot analysis of the 

BLINK1 tetramer (unboiled sample). Protein samples were subjected to 7.5% SDS-PAGE 

detection for the BLINK1 tetramer. Proteins were transferred onto nitrocellulose membrane 

(BioRad) by electroblotting and detected with anti-Kcv antibody (36). Blots were developed 

with horseradish peroxidase (HRP)-linked secondary antibodies (Promega) and Pierce ECL 

Plus Western Blotting Substrate (Thermo Fisher Scientific). 

Gas Exchange and Stomatal Apertures 

Gas exchange measurements were carried out using the LI-COR 6400 XT Infrared Gas 

Analyzer (LICOR Biosciences) and whole-plant Arabidopsis chamber (LI-COR 6400-17) (37). 

Light was adjusted using an integrated RGB light source (LI-COR 6400-18). Stomatal 

conductance was calculated from transpiration rates at a temperature of 22°C. Measurements 

were carried out over the same period of the diurnal cycle and were normalised to rosette area 

calculated from images using ImageJ 1.43u (http://rsb.info.nih.gov/ij). 

Apertures were recorded from stomata in epidermal peels continuously superfused with 

5 mM Ca2+-MES, pH 6.1, with 10 mM KCl(33, 37), in the dark and under RL and/or BL of 

100 μmol m-2 s-1 for 2 h. Following measurements, the stomata were incubated for 5 min in 

buffer supplemented with 20 μM fluorescein diacetate to confirm viability. Only stomata with 

guard cells retaining a fluorescein signal under confocal fluorescence microscopy were 

included for analysis. 

RNA Extraction and Real-Time PCR 



Total RNA was extracted from leaf tissue from 4-week old plants using Plant RNeasy Mini kit, 

and cDNA synthesis was carried out using Quanti-script (Qiagen) kit. Real-time PCR was 

carried out using Brilliant III Ultra-Fast SYBR QPCR kit (Applied Biosystems) with primer 

pairs ATGGAACTGAGCATGTCCGA and TTTTGTCCGGGTTTGCAACA to amplify 

BLINK, and GCCATCGCTTCTTCATCTGTTGC and 

GTGGGGAGAGAAAGATGCTTTGCG to amplify the reference ISU gene (29). For each 

transcript, amplification was assayed over a range of cycle numbers to select optimal conditions 

for visualization of the PCR product and quantification.  

Guard Cell Electrophysiology 

Voltages and current clamp data were recorded from Arabidopsis root epidermal cells and 

intact guard cells in epidermal peels using Henry’s EP Software Suite 

(http://www.psrg.org.uk). Double-barrelled microelectrodes (tip resistances >100 MΩ) were 

filled with 200 mM K+-acetate (pH 7.5) as described previously (37-40) after equilibration 

against resin-bound BAPTA [for 1,2-bis(o-aminophenoxy)ethane-N,N,N9,N9-tetraacetic acid; 

Invitrogen] to prevent Ca2+ loading of the cytosol from the microelectrode. Voltages in root 

epidermal cells were recorded under continuous superfusion with 5 mM Ca2+-MES, pH 6.1, 

with 30 mM KCl. Current clamp recordings in guard cells used ±100 pA steps of 0.5 s with a 

5-s cycle. Measurements were carried out in 5 mM Ca2+-MES, pH 6.1, with 1 mM KCl to

minimize background currents. Surface areas of impaled guard cells were calculated assuming 

a spheroid geometry (39) and voltages were analysed using Henry’s EP Software Suite. 

Current clamp offers advantages in quantifying small changes in conductance. Between 

the fully closed and fully open state of the stoma, the osmotic content of an Arabidopsis guard 

cell rises by approximately 200 to 300 mM on a cell volume basis (5). Roughly half of this 

osmotic content is made up of K+ transported across the plasma membrane and translates to 

approximately 70 fmol of K+ per guard cell. Assuming that 60 min are required for stomatal 



Statistical Analysis 

Statistically significance was determined by Student’s t-test or ANOVA at P< 0.05 using 

SigmaPlot12 (Systat) software. Data are reported as means ±SE of n observations with the 

exception of stomatal assays which are reported as medians ±SE along with 0.25 – 0.75 ranges. 

opening, the mean K+ flux needed to drive opening is 10 amol s-1, equivalent to a current of 

0.9 pA. This value is below the limit of resolution for whole-cell voltage clamp measurements 

from plant cells. It represents less than 0.5% of the K+ currents typically recorded when 

Arabidopsis guard cells are clamped near the voltage extremes more than ±100 mV from the 

free-running voltage (5). 

Total Protein and Total Starch Quantification 

Leaves were harvested into liquid nitrogen and finely ground. 20 mg of material was weighed 

to extract total starch using  Starch GO/B Assay kit (Sigma, Poole UK) according to the 

manufacturer’s instructions. 10 mg of material was weighed to extract protein using 

homogenization buffer [0.0625M Tris·HCl pH 6.8, 1% (wt/vol) SDS,10% (vol/vol) glycerol, 

and 0.01% (vol/vol) 2-mercaptoethanol]. Samples were incubated at 65 °C for 10 min before 

centrifuging at 13000 rpm for 10 min. Supernatant was collected and protein was quantified 

using Pierce BCA kit (Thermo Scientific, Loughborough, UK) according to the manufacturer’s 

Leaves were harvested into liquid nitrogen and finely ground. 20 mg of material was weighed 

to extract total starch using  Starch GO/B Assay kit (Sigma, Poole UK) according to the 

manufacturer’s instructions. 10 mg of material was weighed to extract protein using 

homogenization buffer [0.0625M Tris·HCl pH 6.8, 1% (wt/vol) SDS,10% (vol/vol) glycerol, 

and 0.01% (vol/vol) 2-mercaptoethanol]. Samples were incubated at 65 °C for 10 min before 

centrifuging at 13000 rpm for 10 min. Supernatant was collected and protein was quantified 

using Pierce BCA kit (Thermo Scientific, Loughborough, UK) according to the manufacturer’s 

instructions. 



Fig. S1. Functional tetramer formation of BLINK1 in planta. Immunoblot analysis of total 

protein extracts from N. benthamiana leaves BLINK1 (+) or not expressing BLINK1 (-). The 

protein extract volumes indicated were probed with anti-Kcv monoclonal antibody recognizing 

specifically the tetrameric form of the channel. Expected Mw of BLINK1 is 106.5 kDa. Lower 

Mw bands likely represent proteolytic cleavage products. Black arrow indicates the tetramer 

formation of BLINK1.  



Fig. S2. BLINK1 photoactivation drives the membrane towards the K+ equilibrium 

voltage (EK). Representative recordings of membrane voltage in 5 mM Ca2+-MES, pH 6.1, 

with 30 mM KCl from wt (grey) and transiently BLINK1-transformed (black) Arabidopsis 

roots(12). Treatments with 100 μmol m-2 s-1 BL indicated by shading. Scale bar: 10 mV, 

vertical; 2 min, horizontal. Estimated EK, -30 mV. Mean halftimes and voltage displacements: 

89±8 s (+BL); 351±24 s (-BL); 15±2 mV (n=10).  



Fig. S3. BLINK1 expression in Arabidopsis plants. RT-PCR analysis of BLINK1 expression 

compared to reference gene ISU (29) from wild-type, p1p2 double mutant, wt-BLINK and 

p1p2-BLINK transgenic plants. 



Fig. S4. BLINK1 photoactivation stimulates stomatal opening. Stomatal conductance (a, c) 

and CO2 assimilation rates (b, d) measured from RL-adapted wt, wt-BLINK, p1p2 and p1p2-

BLINK plants on adding 100 μmol m-2 s-1 BL. Transitions from RL to RL+BL were carried 

out once stomatal conductances reached a steady state. Data are means ±SE (n=5 for each line). 



Fig. S5. BLINK1 has a marginal effect on carbon assimilation and WUE under diel cycles 

of continuous low light intensity. Wild type (white) and two wt-BLINK transgenic plants 

(dark and light blue bars and symbols) were grown under diel cycles of with steady illumination 

of 75 μmol m-2 s-1. Scale bar, 5 cm (above). (a) WUEi calculated from plants exposed to 75 

μmol m-2 s-1 of homogeneous white light, at 390 ppm of CO2, 22ºC and 55% relative humidity. 

Data are means ±SE (n=4 for each line). (b,c) Growth of plants followed for 49 days to measure 

rosette expansion (b) and accumulation of dry biomass and long term WUE (c). Data are means 

±SE (n=10 independent experiments). 



Fig. S6. BLINK1 has a marginal effect on carbon assimilation and WUE under diel cycles 

of continuous high light intensity. Wild type (white) and two wt-BLINK transgenic plants 

(dark and light blue bars and symbols) were grown under diel cycles of with steady illumination 

of 190 μmol m-2 s-1. Scale bar, 10 cm (above). (a) WUEi calculated from plants exposed to 190 

μmol m-2 s-1 of homogeneous white light, at 390 ppm of CO2, 22ºC and 55% relative humidity. 

Data are means ±SE (n=4 for each line). (b,c) Growth of plants followed for 49 days to measure 

rosette expansion (b) and accumulation of dry biomass and long term WUE (c). Data are means  

±SE (n=10 independent experiments). 



Fig. S7. BLINK1 expression did not alter stomatal characteristics. Stomatal density and size (area 

of the stomatal complex) were measured from epidermal peels subjected to blue light treatment. Data 

are means ±SE (n=40 stomata). Asterisk indicates statistically significant difference by student’s t-test 

(P<0.05). 



Fig. S8. BLINK1 induces starch accumulation under water limited conditions. Plants were 

grown under diel cycles with white light fluctuating at 1-h intervals between 10 to 150 μmol 

m-2 s-1, at 390 μL/L CO2, 22ºC and 55% relative humidity. Plants exposed to two water regimes,

water-replete (+water; open and solid bars) and water-deficit (-water; hatched bars) with 10% 

soil moisture. a) Total protein amount and (b) total starch amount, quantified as mg per g of 

fresh shoot weight. Data are means ±SE (n=4). Asterisks indicate statistically significant 

differences, determined by student’s t-test (P<0.05). 



Table S1. Gas exchange characteristics of BLINK1 transgenic and wild type plants 

adapted to either darkness or red light. 

Blue light ON Blue light OFF 
Max. Stomatal 
Conductance 
(mol m-2 s-1) 

Opening 
Halftime (min) 

Min. Stomatal 
Conductance 
(mol m-2 s-1) 

Closing 
Halftime (min) 

D
ar

k 
- B

lu
e 

L
ig

ht
 

R
es

po
ns

e 

wt 0.49 ±0.03 40.32 ±2.65 0.28 ±0.05 4.94 ±0.48 

#1 0.50 ±0.03 
22.94 ±0.34 
(P<0.001) 

0.22 ±0.03 
3.64 ±0.34 
(P=0.03) 

#2 0.59 ±0.04 
23.90 ±6.09 
(P=0.045) 

0.22 ±0.03 
3.18 ±0.47 
(P=0.019) 

R
ed

 - 
B

lu
e 

L
ig

ht
 

R
es

po
ns

e 

wt 0.46 ±0.05 24.46 ±7.39 0.22 ±0.03 4.41 ±0.77 

#1 0.50 ±0.09 
6.69 ±1.06 
(P=0.012) 

0.20 ±0.04 
1.81 ±0.48 
(P=0.013) 

#2 0.38 ±0.04 
6.37 ±1.23 
(P=0.007) 

0.20 ±0.03 
2.98 ±0.39 
(P=0.045) 



wt-BLINK p1p2-BLINK 
wt #1 #2 p1p2 #1 #2 

L
W

L
 (7

5 
μm

ol
 m

-2
 s-1

) 

Fresh Weight 
(g) 0.94 ±0.09 1.21 ±0.17 1.12 ±0.09 0.41

±0.05 
0.39 

±0.08 
0.44 

±0.05 

Dry Weight 
(g) 0.11 ±0.02 0.14 ±0.01 0.10 ±0.02 0.04

±0.005 
0.05 

±0.01 
0.04 

±0.01 

Rosette Area 
(cm2) 

36.26 
±3.40 

36.00 
±1.87 

43.85 
±1.95 

13.67 
±2.22 

9.72 
±0.90 

13.83 
±1.75 

WUEi 
(μmol of 

CO2/mmol of 
H2O) 

2.36 ±0.36 2.73 ±0.36 2.47 ±0.27 - - - 

WUE 
(g/L of H2O) 4.52 ±0.60 5.43 ±0.48 4.00 ±0.32 1.46 

±0.22 
1.81 

±0.43 
1.72 

±0.33 

FW:DW 8.56 ±0.18 8.64 ±0.16 11.2 ±0.13 
(P<0.001) 

10.25 
±0.02 

7.80 
±0.04 

11.00 
±0.06 

H
W

L
 (2

00
 μ

m
ol

 m
-2

 s-1
) 

Fresh Weight 
(g) 2.00 ±0.25 2.07 ±0.21 2.16 ±0.14 1.00

±0.07 
0.72 

±0.14 
0.76 

±0.13 

Dry Weight 
(g) 0.16 ±0.02 0.17± 0.01 0.17 

±0.007 
0.08 

±0.02 
0.06 

±0.01 
0.05 

±0.02 

Rosette Area 
(cm2) 

68.31 
±5.09 

58.11 
±9.08 

62.62 
±2.62 

24.26 
±1.15 

21.27 
±3.60 

19.60 
±2.18 

WUEi 
(μmol of 

CO2/mmol of 
H2O) 

2.58 ±0.30 2.62 ±0.45 2.36 ±0.10 - - - 

WUE 
(g/L of H2O) 6.23 ±0.84 6.66 ±0.46 6.69 ±0.29 3.29 

±0.80 
2.07 

±0.53 
1.85 

±0.30 

FW:DW 12.5 
±0.016 

12.18 
±0.01 

12.71 
±0.004 

12.5 
±0.06 

12.00 
±0.03 

15.2 
±0.16 

Table S2. Growth characteristics of BLINK1-transgenic, wild type and p1p2 plants 

grown under two continuous light regimes. 



wt-BLINK p1p2-BLINK 
wt #1 #2 p1p2 #1 #2 

Fl
uc

tu
at

in
g 

w
hi

te
 li

gh
t  

(w
at

er
-s

uf
fic

ie
nt

) 

Fresh 
Weight 

(g) 
0.66 ±0.02 0.77 ±0.07 

(P<0.001) 
0.72 ±0.06 
(P=0.001) 

0.34 
±0.01 

0.45 
±0.05 

0.39 
±0.05 

Dry 
Weight 

(g) 

0.082 
±0.005 

0.13 
±0.002 

(P<0.001) 

0.12 
±0.003 

(P<0.001) 

0.05 
±0.01 

0.09 
±0.03 

0.07 
±0.02 

Rosette 
Area (cm2) 

23.87 
±1.13 

28.72 
±1.67 

(P=0.027) 

27.28 
±1.45 

(P=0.048) 

11.06 
±0.72 

13.77 
±0.73 

12.83 
±0.96 

WUEi 
(μmol of 

CO2/mmol 
of H2O) 

1.72 ±0.15 1.92 ±0.08 1.89 ±0.05 - - - 

WUE 
(g/L of 
H2O) 

2.67 ±0.16 4.19 ±0.08 
(P<0.001) 

4.15 ±0.10 
(P<0.001) 

2.18 
±0.57 

2.78 
±0.79 

2.84 
±0.78 

FW:DW 8.054 
±0.001 

5.926 
±0.008 

(P<0.001) 

6.006 
±0.007 

(P<0.001) 

6.80 
±0.04 

5.00 
±0.11 

5.57 
±0.08 

Fl
uc

tu
at

in
g 

w
hi

te
 li

gh
t  

(w
at

er
-li

m
ite

d)
 

Fresh 
Weight 

(g) 

0.60 
±0.005 0.75 ±0.09 0.71 

±0.003 - - - 

Dry 
Weight 

(g) 

0.064 
±0.003 

0.121 
±0.001 

(P<0.001) 

0.11 ±0.01 
(P=0.003) - - - 

Rosette 
Area (cm2) 

26.78 
±1.18 

26.18 
±0.69 

28.07 
±1.01 - - - 

WUE 
(g/L of 
H2O) 

2.08 ±0.11 3.66 ±0.03 
(P<0.001) 

3.52 ±0.32 
(P=0.008) - - - 

FW:DW 9.46 ±0.08 6.47 ±0.09 
(P<0.001) 

6.81 ±0.03 
(P<0.001) - - - 

Table S3. Growth characteristics of BLINK1-transgenic, wild type and p1p2 plants 

grown under fluctuating light and two water regimes. 
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