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Cahaya biru mempengaruhi banyak aspek 

pertumbuhan dan perkembangan tanaman. 

Salah satu pengaruh dari cahaya biru pada 

tanaman adalah pembukaan stomata khusus 

dibawah intensitas cahaya merah yang tinggi. 

Pembukaan stomata akibat cahaya biru 

sebagai signal terjadi akibat perubahan 

tekanan turgor dalam sel penyangga. 

Phototropins (PHOT), yang diexpresikan 

dalam sel garda (penyangga), bertindak 

sebagai reseptor utama cahaya biru yang 

mengakibatkan fosforilasi PHOT. 

Tekanan turgor dalam sel garda adalah fungsi 

dari pergerakan sejumlah ion dan gula 

keluar-masuk sel garda. 

Stomata effectively open in response to blue light, especially under strong red 

light 

Blue light as a signal induces stomatal opening due to changes in the turgor 

pressure of the two guard cells. 

Phototropins expressed in guard cells act as major blue light receptors. 

The turgor pressure of guard cells is controlled by movements of large 

quantities of ions and sugars into and out of the guard cells. 

 
 

LECTURE OUTCOMES 

After the completion of this lecture and mastering the lecture 

materials, students should be able to 

 explain phototropism in relation to the response of plants to 

light and particularly blue light. 
 explain various responses of plants to blue light. 

 explain the regulation of stomatal opening in response to 
blue light. 

 explain photoreceptors of blue light in plants 
 

 
Notes: 
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LECTURE OUTLINE 
 

1. INTRODUCTION 
1. Phototropism 
2. Blue-Light Responses 

2. PHOTOPHYSIOLOGY 
1. Coleoptiles and Arabidopsis 
2. Stem Elongation Inhibition 
3. Stomatal Opening 
4. Proton Pump Activation 
5. Properties of Blue-Light Responses 
6. Guard Cell Osmoregulation 
7. Sucrose Role 
 

3. STOMATAL OPENING REGULATION 
1. H+-ATPase Proton Pump 
2. 14-3-3 Proteins 
4. PHOTORECEPTORS 
1. Early hypotheses  
2. Cryptochromes  
3. Phototropins 
4. Zeaxanthin 
5. Green Light 
 

 

 

1. INTRODUCTION 
 

1. Phototropism 
 Plants, as sessile organism, have evolved sophisticated mechanisms that 

enable them to perceive and respond to environmental changes, and to 

modify their growth accordingly.  

 Some of these processes actually involve movement such as phototropism, 

defined as the directional bending of a plant toward or away from a light 
source. 

 Julius von Sachs, the German botanist, was the first to examine the effect of 
light colors on phototropism in 1887. 

 Sachs found, by using both 
colored glass and solutions to 

illuminate plants with different 
wavelengths of light, that blue 
light was the most effective (Fig. 

18.1). 

 The “three-finger” structure in 

the 400-500 nm region in 
response to blue light (Fig. 

181.1) is not observed in spectra 
for responses to light that are 

mediated by chlorophyll, 
phytochrome, or other 
photoreceptor (Cosgrove, 1994). 

 Phototropism is a photomor-
phogenetic response that is 

particularly dramatic in dark-
grown seedlings of both 
monocots and dicots. 

 Unilateral light is commonly used 
in experimental studies, but 

phototropism can also be 
observed when a seedling is 
exposed to two unequally bright 

light sources from different 
directions (Fig. 18.2). 

 
Fig. 18.1 Action spectrum for blue light-

stimulated phototropism in oat coleoptiles. 

The ”three-finger” pattern in the 400-500 

nm region is characteristic of specific blue-

light responses. (After Thimann and Curry 

1960.) 
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 These blue-light signals are 

transduced into electrical, 

metabolic, and genetic 
processes that allow plants to 

alter growth, development, 
and function (Fig. 18.2).  

 
2. Type of Blue-light responses 

 Blue-light responses, having 
been reported in higher (plants, 
algae, ferns, fungi & 

prokaryotes), include: 
(1) phototropism by asymmetric 

growth,  

(2) anion uptake in algae,  

(3) inhibition of seedling hypocotyl 

(stem) elongation involving 

membrane depolarization,  

(4) stimulation of pigment 

biosynthesis (e.g. chlorophyll & 

carotenoid synthesis),  

(5) activation of gene expression,  

(6) stomatal movements,  

(7) enhancement of respiration,  

(8) tracking of the sun by leaves, 

and  

(9) chloroplast movements within 

cells. 

 

 
Fig. 18.2 Direction of growth 

 

 
Notes: 
 

 

 

2. PHOTOPHYSIOLOGY 
 

1. Coleoptiles 
 Coleoptile, a modified leaf, 

protects the shoot of a grass 

seedling as it grows through the 
soil that is covered by the 
coleoptile. 
- Coleoptiles stop growing as soon 

as the shoot has emerged from 

the soil and the first true leaf has 

pierced the tip of the coleoptile.  

- In the dark, etiolated coleoptiles 

continue to elongate at high rates 

for several days and, depending 

on the species, can attain several 

centimeters in length. 

 Coleoptiles, with a dramatic 
phototropic response to light 

(Fig. 18.3), have become a 
classic model for studies of 

phototropism (Firn 1994). 
 Over the last three decades, 

 
Notes: 
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phototropism of the stem of the 

small dicot Arabidopsis (Fig. 
18.4) has attracted much 

attention because of the ease 
with which advanced molecular 

techniques can be applied to 
Arabidopsis mutants.  

 

2. Stem Elongation Inhibition 
 The hypocotyl elongation rate of 

lettuce seedlings, given low 
fluence rates of blue light under 
a strong background of yellow 

light, is reduced by more than 
50%. 

 A specific blue light-mediated 
hypocotyl response can also be 

distinguished from one mediated 
by phytochrome by their 
contrasting time courses.  

 Phytochrome-mediated changes 

in elongation rates can be 
detected within 8 to 90 minutes, 
depending on the species, blue-

light responses are rapid, and 
can be measured within 15 to 30 

seconds (Fig. 18.5A). 
 Another rapid response elicited 

by blue light is a depolarization 

of the membrane of hypocotyl 
cells that precedes the inhibition 

of growth rate (Fig.18.5B). 
 
 
Fig. 18.5 Blue light-induced changes in 

elongation rates of etiolated cucumber 

seedlings (A) and membrane potential 

difference (MPD), transient membrane 

depolarization of hypocotyl cells (B). As the 

membrane depolarization (measured with 

intracellular electrodes) reaches its 

maximum, growth rate (measured with 

position transducers) declines sharply. 

Comparison of the two curves shows that 

the membrane starts to depolarize before 

the growth rate begins to decline, 

suggesting a cause-effect relation between 

the two phenomena. (After Spalding and 

Cosgrove 1989.). 

 
 
Fig. 18.3 Time-lapse photograph of a corn 

coleoptile growing toward unilateral blue 

light given from the right. The consecutive 

exposures were made 30 minutes apart. 

(Courtesy of M. A. Quiňones.) 

 
 

 
 
Fig. 18.4 Phototropism in wild-type (A) and 

mutant (B) Arabidopsis seedlings. Unilateral 

light was applied from the right. (Courtesy of 

Dr. Eva Huala.) 
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3. Stomatal Opening 
 The stomatal response to blue 

light is rapid and reversible, and 
it is localized in" a single cell 

type, the guard cell (Fig. 18.6). 
- The stomatal response to blue 

light regulates stomatal 

movements throughout the life of 

the plant. This is unlike 

phototropism and hypocotyl 

elongation, which are functionally 

important only at early stages of 

development. 

 
 In greenhouse-grown leaves of 

broad bean (Vicia faba), stomatal 

movements closely track incident 
solar radiation at the leaf surface 
(Fig. 18.7). This light 

dependence of stomatal 
movements has been 

documented in many species and 
conditions. 

 Since blue light stimulates both 

the specific blue-light response of 
stomata and guard cell 

photosynthesis, blue light alone 
cannot be used to study the 
specific stomatal response to 

blue light. 
 Researchers use dual-beam 

experiments to solve the 
problem.  First, high fluence 
rates of red light are used to 

saturate the photosynthetic 
response; 
- such saturation prevents any 

further stomatal opening 

mediated by photosynthesis in 

response to further increases in 

red or blue light. 

 Then, low photon fluxes of blue 

light are added after the 
response to the saturating red 
light has been established (Fig. 

18.8). 

 An action spectrum for the 

stomatal response to blue light 
under saturating background red 

illumination shows the three-
finger pattern discussed earlier 

(Fig. 18.9). 

 
Fig. 18.6 Light-stimulated stomatal opening 

in detached epidermis of Vicia faba. Open, 

light-treated stoma (A) is shown in the dark-

treated, closed state in (B). Stomatal 

opening is quantified by microscopic 

measurement of the width of the stomatal 

pore. (Courtesy of E. Raveh.) 

 
 

 
Fig 18.7 Stomatal opening tracks PAR at the 

leaf surface. Stomatal opening in the lower 

surface of leaves of V. faba grown in a 

greenhouse, measured as the width of the 

stomatal pore (A), closely follows the levels 

of photosynthetically active radiation (PAR: 

400-700 nm) incident to the leaf (B), 

indicating that the response to light is the 

dominant response regulating stomatal 

opening. (After Srivastava and Zeiger 

1995a.). 
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 When guard cells are treated with cellulolytic enzymes that digest the cell 

walls, guard cell protoplasts are released and can be used for 
experimentation. 

 In the laboratory, guard cell protoplasts swell when illuminated with blue 
light (fig. 18.10), indicating that blue light is sensed within the guard cells 

proper. 
 
4. Proton Pump Activation 

 Several studies have made it clear that blue light activates a proton-pumping 
ATPase in the guard cell plasma membrane. 

- When guard cell protoplasts from broad bean (V. faba) are irradiated with blue 

light under saturating background red-light illumination, the pH of the suspension 

medium becomes more acidic (Fig. 18.11).  

 

 
Fig. 18.11 Acidification of a suspension medium of guard cell protoplasts of 

V. faba stimulated by a 30-s pulse of blue light.  The acidification results 
from the stimulation of an H+-ATPase at the plasma membrane by blue 

light, and it is associated with protoplast swelling (see Figure 18.10). 
(After Shimazaki et al. 1986.) 

 

 
 The activation of electrogenic pumps such as the proton-pumping ATPase can 

be measured in patch-clamping experiments as an outward electric current at 
the plasma membrane. 

 A patch clamp recording of a guard cell protoplast treated in the dark with 

the fungal toxin fusicoccin, a well-characterized activator of plasma 
membrane ATPases, is shown (Fig. 18.12A). 

 This blue light-induced acidification is blocked by inhibitors that dissipate pH 
gradients, such as CCCP (Fig. 18.12), and by inhibitors of the proton-
pumping H+-ATPase, such as orthovanadate. 

 In the intact leaf, this blue-light stimulation of H+ pumping lowers the pH of 
the apoplastic space surrounding the guard cells, and generates the driving 

force needed for; ion uptake and stomatal opening.  
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Fig. 18.12 Activation of the H+-ATPase at the plasma membrane of guard cell 

protoplasts by fusicoccin and blue light can be measured as electric current in patch 

clamp experiments. (A) Outward electric current (measured in picoamps, pA) at the 

plasma membrane of a guard cell protoplast stimulated by the fungal toxin 

fusicoccin, an activator of the H+-ATPase. The current is abolished by the proton 

ionophore carbonyl cyanide m-chlorophenylhydrazone (CCCP). (B) Outward electric 

current at the plasma membrane of a guard cell protoplast stimulated by a blue-light 

pulse. These results indicate that blue light stimulates the H+-ATPase. (A after 

Serrano et al. 1988; B after Assmann et al. 1985.) 

 

 

5. Properties of Blue-Light Responses 
 The temporal stomatal responses to blue-light pulses illustrate some 

important properties of blue-light responses:  

- a persistence of the response after the light signal has been switched off 

(blue-light photoreceptor conversion to an active form by blue light), and  

- a significant lag time separating the onset of the light signal and the 
beginning of the response (the active form reverting slowly to the 

physiologically inactive form after the blue light is switched off).  
 In contrast to typical photosynthetic responses, which are activated very 

quickly after a "light on" signal, and cease when the light goes off, blue-light 
responses proceed at maximal rates for several minutes after application of 
the pulse (Fig. 18.12B). 

 

6. Guard Cell Osmoregulation 
 Blue light modulates guard cell osmoregulation by means of its activation of 

proton pumping, solute uptake and stimulation of the synthesis of organic 

solutes. 

- The discovery of K+ fluxes in guard cells in Japan in the 1940s and in the 

West in the 1960s replaced the starch-sugar hypothesis with the modern 
theory of guard cell osmoregulation by potassium and its counterions, Cl- 

and malate-. 
 K+ concentration in guard cells increases severalfold when stomata open, 

from 100 mM in the closed state to 400 to 800 mM in the open state, 

depending on the species and the experimental conditions.  
 In most species, the large concentration changes in K+ are electrically 

balanced by varying amounts of the anions Cl- and malate- (Fig. 18.13A) 
(Talbott et al. 1996). 

 

Notes: 
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Fig. 18.13 Three distinct osmoregulatory pathways y in guard cells. The thick, dark 

arrows identify the major metabolic steps of each pathway that lead to the 

accumulation of osmotically active solutes in the guard cells. (A) Potassium and its 

counterions. Potassium and chloride are taken up in secondary transport processes 

driven by a proton gradient; malate is formed from the hydrolysis of starch.(B) 

Accumulation of sucrose from starch hydrolysis. (C) Accumulation of sucrose from 

photosynthetic carbon fixation. The possible uptake of apoplastic sucrose is also 

indicated. (From Talbott and Zeiger 1998.)  

 
 

7. Sucrose Role 
 Recent studies of daily courses of stomatal movements in intact leaves have 

shown that the potassium content in guard cells increases in parallel with 

early-morning opening, but it decreases in the early afternoon under 
conditions in which apertures continue to increase.  

 In contrast, sucrose content increases slowly in the morning, and upon 
potassium efflux, sucrose becomes the dominant osmotically active solute in 
guard cells.  

 Stomatal closing at the end of the day parallels a decrease in the sucrose 
content (Fig. 18.14).  

 One implication of these osmoregulatory features is that stomatal opening is 
associated primarily with K+ uptake, and closing is associated with a decrease 
in sucrose content. 
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Fig. 18.14 Daily course of changes in stomatal aperture, and in potassium and 

sucrose content, of guard cells from intact leaves of broad bean (V. faba). These 

results indicate that the changes in osmotic potential required for stomatal opening 

in the morning are mediated by potassium and its counterions, whereas the 

afternoon changes are mediated by sucrose. (After Talbott and Zeiger 1998.) 

 

 

 

3. STOMATAL OPENING REGULATION 
 
1. H+-ATPase Proton Pump 

 The proton-pumping H+-ATPase has a central role in the regulation of 
stomatal movements (Fig. 1). 

 

 

Figure 1. Blue light signaling 

pathway in stomatal guard cells. 

Arrows and a T-bar represent 

positive and negative regulation, 

respectively. The P in the white 

circles indicates a phosphorylation 

of each protein. The timescale of 

each peak of the key signaling 

events for blue light-induced 

stomatal opening (∼2 h) is shown 

as follows: phototropin activation 

(within 1 min), H+ pumping (∼2.5 

min), hyperpolarization (several 

min), K+ accumulation (between 30 

and 60 min). Triacylglycerol 

breakdown, starch degradation, and 

vacuolar remodeling are observed 

within 1 to 2 h after the start of 

light illumination. phot, Phototropin; 

14-3-3, 14-3-3 protein; Chl., 

chloroplast; PAR, photosynthetically 

active radiation; TAG, 

triacylglycerol. Inoue & Kinoshita 

(2017) 
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 Upon blue-light irradiation, the H+-ATPase shows a lower Km for ATP and a 

higher Vmax, indicating that blue light activates the H+-ATPase. 
 The C terminus of the H+-ATPase has an 

autoinhibitory domain that regulates the activity of 
the enzyme (Fig. 2).  

 If this autoinhibitory domain is experimentally 
removed by a protease, the H+-ATPase becomes 
irreversibly activated. 

 Activation of the enzyme involves the 
phosphorylation of serine and threonine residues 

of the C-terminal domain of the H+-ATPase.  
 Blue light-stimulated proton pumping and stomatal 

opening are prevented by inhibitors of protein 

kinases, which might block phosphorylation of the 
H+-ATPase. 

 

 
 
Fig. 2. Schematic structure of PM H+-ATPases. PM H+-ATPases possess 10 

transmembrane domains (TM1 to TM10) and three cytosolic domains, including the 

N-terminal domain, catalytic domain, and C-terminal autoinhibitory domain 

containing the R-I and R-II regions (Palmgren, 2001). There are several 

phosphorylation sites in the C-terminal domain (Thr-881, Ser-899, Thr-924, Ser-931, 

and Thr-947). Inoue & Kinoshita (2017).  Thr-881, Ser-899, and Ser-931 are 

phosphorylated by PSY1R, FERONIA, and PKS5, respectively. The 14-3-3 protein 

binds to the phosphorylated penultimate Thr (Thr-947). The numbering of the amino 

acid residues corresponds to Arabidopsis H+-ATPase. 

 
 

2. 14-3-3 Proteins 
 A regulatory protein, termed 14-3-3 protein, has been found to bind to the 

phosphorylated C terminus of the guard cell H+-ATPase, but not to the 

nonphosphorylated one (Fig. 18.15).  
 In plants, 14-3-3 proteins regulate transcription by binding to activators in 

the nucleus, and they regulate metabolic enzymes such as nitrate reductase. 
 Only one of the four 14-3-3 isoforms found in guard cells binds to the H+-

ATPase, so the binding appears to be specific.  

- The same 14-3-3 isoform binds to the guard cell H+-ATPase in response to both 

fusicoccin and blue-light treatments.  
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- The 14-3-3 protein seems to dissociate from the H+-ATPase upon 

dephosphorylation of the C-terminal domain (Fig. 18.15). 

 

 
Fig. 18.15 The role of the proton-pumping ATPase in the regulation of stomatal 

movement. Blue light activates the H+-TPase. Activation of the enzyme involves 

the phosphorylation of serine and threonine residues of its C-terminal domain. A 

regulatory protein termed 14-3- 3 protein binds to the phosphorylated C 

terminus of the guard cell H+-ATPase. 

 

 
 Only one of the four 14-3-3 isoforms found in guard cells binds to the H+-

ATPase, so the binding appears to be specific.  
- The same 14-3-3 isoform binds to the guard cell H+-ATPase in response to both 

fusicoccin and blue-light treatments.  

- The 14-3-3 protein seems to dissociate from the H+-ATPase upon 

dephosphorylation of the C-terminal domain (Fig. 18.15). 

 

 

QUIZ 
 

1. What is phototropism? 

2. What was it found by Sachs? 

3. What is the characteristic of specific blue-light responses? 

4. What is the type of light commonly used in experimental studies of phototropism? 

5. What are the type of blue-light responses? 

6. What is coleoptile and its function? 

7. What is the difference between changes in elongation rates mediated by 

phytochrome and those mediated by blue light? 

8. What is the effect of blue light on stomatal opening? 

9. How is the relationship between stomatal movements and incident solar radiation? 

10. What is the experimental approach used to separate the specific effect of blue light 

on stomatal opening? 

11. What is orthovanadate? 

12. How is H+-ATPase activated in relation to stomatal opening with blue light? 

13. How long does it take for stomatal opening after blue light illumination? 

14. How long does it take for K+ accumulation in the guard cells in response to blue light 

illumination? 

15. What is likely the function of 14-3-3 proteins in the stomatal opening in response to 

blue light? 
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4. BL PHOTORECEPTORS 
 

1. Early hypotheses  
 During phototropism, blue light is perceived in the coleoptile tip based on 

experiments carried out by Charles Darwin and his son Francis in the 
nineteenth century.  

 Early hypotheses about blue-light photoreceptors focused on two pigments 
found in the coleoptile tip, carotenoids and flavins.  

 Photoreceptors involved in blue-light responses based on ensuing long 

studies include: 
- cryptochromes, functioning primarily in the inhibition of stem elongation and 

flowering;  

- phototropins, functioning primarily in phototropism; and  

- zeaxanthin, functioning in the blue-light response of stomatal movement.  

 

2. Cryptochromes  
 Cryptochromes were first identified in Arabidopsis and later discovered in 

many organisms including cyanobacteria, ferns, algae, fruit flies, mice, and 
humans. 

 The identification of cryptochrome was achieved in studies with the hy4 

mutant of Arabidopsis, which lacks the blue light-stimulated inhibition of 
hypocotyl elongation. 

 The HY4 protein, later renamed cryptochrome 1 (CRY1), was proposed to 
be a blue-light photoreceptor mediating the inhibition of stem elongation. 

 Cryptochromes mediate several blue-light responses including: 
1. suppression of hypocotyl elongation,  

2. promotion of cotyledon expansion,  

3. membrane depolarization,  

4. petiole elongation,  

5. anthocyanin production, and  

6. the regulation of circadian clocks.  

 
 Overexpression of the CRY1 protein in transgenic tobacco or Arabidopsis 

plants results in a stronger blue light-stimulated inhibition of hypocotyl 

elongation, as well as increased production of anthocyanin (Fig. 18.16). 
 

 
Fig. 18.16 Blue light stimulates the accumulation of anthocyanin (A) and the 

inhibition of stem elongation (B) in transgenic and mutant seedlings of Arabidopsis.  

These bar graphs show the phenotypes of a transgenic plant overexpressing the 

gene that encodes CRY1 (CRY1 OE), the wild type (WT), and cry1 mutants. The 

enhanced blue-light response of the CRY1 overexpressor demonstrates the important 

role of this gene product in stimulating anthocyanin biosynthesis and inhibiting stem 

elongation. (After Ahmad et al. 1998.) 
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 A second gene product homologous to CRY1, named CRY2, has been isolated 

from Arabidopsis (Lin 2000).  
 Both CRY1 and CRY2 are detectable in the nucleus upon illumination, and 

they interact with COP1, the ubiquitin ligase. 
 Both CRY1 and CRY2 appear to be ubiquitous throughout the plant kingdom.  

The CRY2 protein is preferentially degraded under blue light, whereas CRY1 
is much more stable. 

 The CRY1 protein, and to a lesser extent CRY2, accumulate in the nucleus 

and interact with the ubiquitin ligase COP1, both in vivo and in vitro.  
 The activity of cryptochrome is related to its phosphorylation state, and both 

CRY1 and CRY2 have been shown to interact with phytochrome A in vivo, and 
to be phosphorylated by phytochrome A in vitro. 

 

3. Phototropin 
 Phototropin (phot) is a protein encoded by the nphl gene, later renamed 

photl, and phot1 and phot2 mediate phototropism, chloroplast movement, 
rapid inhibition of growth of etiolated seedlings, and leaf expansion. 

 The C-terminal half of phototropin is a serine/threonine kinase. The N-

terminal half contains two similar domains, called LOV (light, oxygen, or 
voltage) domains, of about 100 amino acids each. 

 

 
Fig. 4. Phototropin structure. (A) Cartoon illustrating the domain structure of 

phototropin blue light receptors. (B) Structural model of the phototropin LOV2 

domain in the dark state. The position of the FMN chromophore is indicated.  

 

 
 The N-terminal half of phototropin binds flavin mononucleotide (FMN) and 

undergoes a blue light-dependent autophosphorylation reaction. 
 A FMN molecule is noncovalently bound to each LOV domain in the dark, but 

becomes covalently bound to a cysteine residue in the phototropin molecule 

iupon blue light illumination, forming a cysteine-flavin covalent adduct (Fig. 
18.17). This reaction is reversed by a dark treatment.   

 

 
Fig. 18.17 Adduct formation of FMN and a cysteine residue of phototropin protein 

upon blue-light irradiation XH and X- represent an unidentified proton donor and 

acceptor, respectively. (After Briggs and Christie 2002.) 
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 The interactions among phototropin, CRY1, CRY2, and the phytochrome PHYA 

occur in the changes in growth rate mediating the inhibition of hypocotyl 
elongation by blue light.  

 After a lag of 30 seconds, blue light-treated, wild-type Arabidopsis seedlings 
show a rapid decrease in elongation rates during the first 30 minutes, and 

then they grow very slowly for several days (Fig. 18.18). 
 

 
Fig. 18.18 Sensory transduction process of blue light-stimulated inhibition of stem 

elongation in Arabidopsis. Elongation rates in the dark (0.25 mm h-1) were 

normalized to 1. Within 30 seconds of the onset of blue-light irradiation, growth rates 

decreased; they approached zero within 30 minutes, then continued at very reduced 

rates for several days. If blue light was applied to a photl mutant, dark-growth rates 

remained unchanged for the first 30 minutes, indicating that the inhibition of 

elongation in the first 30 minutes is under phototropin control. Similar experiments 

with cryl, cry2, and phyA mutants indicated that the respective gene products control 

elongation rates at later times. (After Parks et al. 2001.) 

 

 Recent studies have shown the implication of pho1 and phot2 in the blue 
light-activated chloroplast movement.   
- phot2 plays a key role in the movement of chloroplasts to the cell surfaces that 

are parallel to the incident light under strong illumination, thus minimizing light 

absorption and avoiding photodamage (the avoidance response) 

- Both photl and phot2 contribute to the accumulation response, chloroplasts 

gathering at the upper and lower surfaces of the mesophyll cells, thus maximizing 

light absorption. 

 

4. Zeaxanthin 

 Zeaxanthin is a component of the xanthophyll cycle of chloroplasts which 
protects photosynthetic pigments from excess excitation energy. Zeaxanthin 

functions as a blue-light photoreceptor in guard cells, mediating blue light-
stimulated stomatal opening. Compelling evidence for this role of Zeaxanthin 

ensues from the observation that, in the absence of Zeaxanthin, guard cells 
from npq1 lack a specific blue-light response (Fig. 18.19). 

 Additional evidence further indicates that zeaxanthin a blue light 

photoreceptor in guard cells includes: 
1. In daily opening of stomata in intact leaves, incident radiation, zeaxanthin content 

of guard cells, and stomatal apertures are closely related (Fig. 13.20).   

2. The absorption spectrum of zeaxanthin (Fig.18.21) closely matches the action 

spectrum for blue light-stimulated stomatal opening. 

3. The blue-light sensitivity of guard cells increases as a function of their zeaxanthin 

concentration. The conversion of voilaxanthin to zeaxanthin depends on the pH of 

the thylakoid lumen. Light-driven proton pumping at the thylakoid membrane 
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alkalinizes the lumen compartment and increases the concentration of zeaxanthin 

(Fig. 18.22). Because of this property of the xanthophyll cycle, guard cells 

illuminated with red light accumulate zeaxanthin. 

4. Blue light-stimulated stomatal opening is inhibited by 3 mM dithiothreitol (DTT), 

and the inhibition is concentration dependent. Zeaxanthin formation is blocked by 

DTT, a reducing agent that reduces S-S bonds to -SH groups and effectively 

inhibits the enzyme that converts violaxanthin into zeaxanthin. 

 
Fig. 18.19 (A) The blue-light sensitivity of the Zeaxanthin-less mutant npql, and of 

the phototropin-less double mutant phot1/phot2. The blue-light responses are 

assayed under 100 mol m-2 s-1 red light to prevent stomatal opening resulting from 

the stimulation of photosynthesis by blue light. Darkness is shown as zero fluence 

rate. Neither mutant shows opening when illuminated with 10 mol m-2 s-1 blue light. 

The phot1/phot2 mutant opens at higher fluence rates of blue light, whereas the npql 

mutant fails to show any blue light-stimulated opening. In fact, npql stomata close, 

most likely because of an inhibitory effect of the additional blue light on 

photosynthesis-driven opening. (B) Blue light-stimulated opening in the wild type. 

Note the reduced scale of the y-axis, showing the reduced magnitude of the opening 

of photl/phot2 stomata, as compared with the wild type. (After Talbott et al. 2002.) 

 

 

 
Fig. 18.20 The zeaxanthin content of guard cells is closely tracks photosynthetically 

active radiation and stomatal apertures. (A) Daily course of photosynthetically active 

radiation reaching the leaf surface (red trace), and of zeaxanthin content of guard 

cells (blue trace) and mesophyll cells (green trace) of V. faba leaves grown in a 

greenhouse. The white areas within the graph highlight the contrasting sensitivity of 

the xanthophyll cycle in mesophyll and guard cell chloroplasts under the low 

irradiances prevailing early and late in the day. (B) Stomatal apertures in the same 

leaves used to measure guard cell zeaxanthin content. (After Srivastava and Zeiger 

1995a.) 
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Fig. 18.21 The absorption spectrum of 

zeaxanthin in ethanol. (Courtesy of 

Professor Wieslaw Gruszecki.) 

 
 

 
Fig. 18.22 The role of zeaxanthin in blue light sensing in guard cells. Zeaxanthin 

concentration in guard cells varies with the activity of the xanthophyll cycle. The 

enzyme that converts violaxanthin to zeaxanthin is an integral thylakoid protein 

showing a pH optimum of 5.2 (Yamamoto 1979). Acidification of the lumen 

stimulates zeaxanthin formation, and alkalinization favors violaxanthin formation. 

Lumen pH depends on levels of incident photosynthetically active radiation (most 

effective at blue and red wavelengths; see Chapter 7), and on the rate of ATP 

synthesis, which consumes energy and dissipates the pH gradient across the 

thylakoid. Thus, photosynthetic activity in the guard cell chloroplast, lumen pH, 

zeaxanthin content, and blue-light sensitivity play an interactive role in the 

regulation of stomatal apertures. Compared with their mesophyll counterparts, guard 

cell chloroplasts are enriched in photosystem ll, and they have unusu- ally high rates 

of photosynthetic electron transport and low rates of photosynthetic carbon fixation 

(Zeiger et al. 2002). These properties favor lumen acidification at low photon fluxes, 

and they explain zeaxanthin formation in the guard cell chloroplast early in the day 

(see Figure 18.20). The regulation of zeaxanthin content by lumen pH, and the tight 

coupling between lumen pH and Calvin-Benson cycle activity in the guard cell 

chloroplast further suggest that rates of carbon dioxide fixation in the guard cell 

chloroplast can regulate zeaxanthin concentrations and integrate light and CO2 

sensing in guard cells (see WEB ESSAY 18.2). (Zeiger et al. 2002.) 
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5. Green Light 
 Green light in the 500-600 nm region of the spectrum reverses blue light-

stimulated stomatal opening in pulse experiments (Fig. 18.23). Stomata in 

detached epidermis open in response to a 30-s blue-light pulse and the 
opening is abolished if the blue-light pulse is followed by a green-light pulse. 

 

 
Fig. 18.23 Blue-green reversibility of stomatal movements. Stomata open when 

given a 30-s blue-light pulse (1800 mol m-2 s-1) under a background of continuous 

red light (120 mol m-2 s-1). A green-light pulse (3600 mol m-2 s-1) applied alter the 

blue-light pulse blocks the blue-light response, and the opening is restored upon 

application of a second blue-light pulse given after the green-light pulse. (After 

Frechilla et al. 2000.) 

 
 

 Stomata from intact, attached leaves of Arabidopsis illuminated with blue, 

red, and green light in a growth chamber open when the green light is turned 
off and close when the green light is turned on again (Fig. 18.24). 

 Stomata from the phototropin-less double mutant photl/phot2 respond to 
blue light and open further when green light is turned off, but stomata from 
the zeaxanthin-less mutant npql do not (Fig. 18.24). These results indicate 

that the green reversal of the blue light response requires zeaxanthin but not 
phototropin. 

 An action spectrum for the green reversal of blue light- stimulated opening 
shows a maximum at 540 nm and two minor peaks at 490 and 580 nm (Fig. 

18.25). Such an action spectrum rules out the involvement of phytochrome 
or chlorophylls. 

 A carotenoid-protein complex which functions as a light intensity sensor 

provides a model system for the blue-green photocycle in guard cells.   
 The orange carotenoid protein (OCP) is a soluble protein associated with 

the phycobilisome antenna of photosystem II in cyanobacteria. 
 The OCP is a 35 kDa protein that contains a single noncovalently bound 

carotenoid, 3-hydroxyechinenone. 
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 Blue light causes structural changes in both the carotenoid and the protein of 

the OCP and converts a dark form into a light, active form (Fig. 18.26). 
 Recent findings, however, have shown that phytochrome modulates stomatal 

movements in the orchid Paphiopedilum and in the zeaxanthin-less mutant of 
Arabidopsis npql. 

 It is therefore clear that guard cells can respond to blue light using three 
different sensory transduction pathways, mediated by; 
- a specific blue light photoreceptor, 

- photosynthesis in the guard cell chloroplast, and 

- phytochrome 

 

 
Fig. 18.24 Green light regulates stomatal apertures in the intact leaf. Stomata from 

intact, attached leaves of Arabidopsis grown in a growth chamber under blue, red, 

and green light open when green light is removed and close when green light is 

restored. Blue light is required for the expression of this stomatal sensitivity to green 

light. Stomata from the zeaxanthin-less npql mutant fail to respond to green light, 

whereas stomata from the photl/phot2 double mutant have a response similar to 

that of the wild type. (After Talbott et al. 2006.) 

 

 
Fig. 18.25 Action spectrum for 

blue light-stimulated stomatal 

opening (left curve,'from 

Karlsson 1986) and for its 

reversal by green light (Frechilla 

et al. 2000).  The action 

spectrum for blue light—

stimulated opening was obtained 

from measurements of 

transpiration as a function of 

wavelength in wheat leaves kept 

under a red light background.  

The action spectrum for the 

green light reversal of blue light-

stimulated opening was 

calculated from measurements of aperture changes in stomata from detached 

epidermis of Vicia faba irradiated with a constant fluence rate of blue light and 

different wavelengths of green light. Note that the two spectra are similar, with the 

spectrum for the green reversal displaced by about 90 nm. Similar spectral red 

shifts have been observed upon the isomerization of carotenoids in a protein 

environment.  
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Fig. 18.26 Absorption spectrum of blue-green reversal of the orange carotenoid 

protein. 

 
 
 

 
 

RECIPROCITY LAW 
 Over a century ago, Fröschel (1908) and Blaauw (1909) first reported that 

the phototropic responses of Lepidium spp. seedlings and Avena spp. 
coleoptiles obeyed the reciprocity law of Bunsen and Roscoe (1862).  

 The law states that as long as the light dose (fluence: intensity × time) is 
held constant, a given light response, in these two cases phototropism, will 
remain the same over a broad range of intensity × time combinations. 

Plants,  
 The fluence-response for the phototropic responses of Avena spp. coleoptiles 

over an immense range of fluences (8 orders of magnitude), was analysed by 
du Buy and Nuernbergk (1934) on the basis of data from a number of 

authors resulting in an oscillating graph (Fig. 1).  
 Over 50 years ago. Briggs (1960) finally reinvestigated the reciprocity 

relationships of phototropism for maize (Zea mays) and oat (Avena sativa) 

coleoptiles over a wide range of fluences and demonstrated that the 
reciprocity law was valid only for first positive curvature but not for second.  

 In all cases, for fluences above 10,000 MCS (meter-candle second), 
maximum phototropic curvature for both species was attained after about 20 
min of unilateral light stimulus irrespective of fluence. 

 
 

 
 


