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SHORT ABSTRACT:  17 
We describe a new technical approach to study photosynthetic responses in higher plants 18 
involving simultaneous measurements of chlorophyll a fluorescence and leaf reflectance using a 19 
PAM and a spectral radiometer for the detection of signals from the same leaf area in 20 
Arabidopsis.  21 
 22 
LONG ABSTRACT:  23 
Chlorophyll a fluorescence analysis is widely used to measure photosynthetic behaviors in intact 24 
plants, and has resulted in the development of many parameters that efficiently measure 25 
photosynthesis. Leaf reflectance analysis provides several vegetation indices in ecology and 26 
agriculture, including the photochemical reflectance index (PRI), which can be used as an 27 
indicator of thermal energy dissipation during photosynthesis because it correlates with non-28 
photochemical quenching (NPQ). However, since NPQ is a composite parameter, its validation is 29 
required to understand the nature of the PRI parameter. To obtain physiological evidence for 30 
evaluation of the PRI parameter, we simultaneously measured chlorophyll fluorescence and leaf 31 
reflectance in xanthophyll cycle defective mutant (npq1) and wild-type Arabidopsis 32 
plants. Additionally, the qZ parameter, which likely reflects the xanthophyll cycle, was 33 
extracted from the results of chlorophyll fluorescence analysis by monitoring relaxation kinetics 34 
of NPQ after switching the light off. These simultaneous measurements were carried out using a 35 
pulse-amplitude modulation (PAM) chlorophyll fluorometer and a spectral radiometer. The fiber 36 
probes from both instruments were positioned close to each other to detect signals from the 37 
same leaf position. An external light source was used to activate photosynthesis, and the 38 
measuring lights and saturated light were provided from the PAM instrument. This experimental 39 
system enabled us to monitor light-dependent PRI in the intact plant and revealed that light-40 
dependent changes in PRI differ significantly between the wild type and npq1 mutant. 41 
Furthermore, PRI was strongly correlated with qZ, meaning that qZ reflects the xanthophyll 42 
cycle. Together, these measurements demonstrated that simultaneous measurement of leaf 43 
reflectance and chlorophyll fluorescence is a valid approach for parameter evaluation.  44 
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 45 
INTRODUCTION:  46 
Leaf reflectance is used to remotely sense vegetation indices that reflect photosynthesis or traits 47 
in plants1,2. The normalized difference vegetation index (NDVI), which is based on infrared 48 
reflection signals, is one of the most widely known vegetation indices for the detection of 49 
chlorophyll-related properties, and it is used in the ecology and agricultural sciences as an 50 
indicator of environmental responses in trees or crops3. In field studies, although many 51 
parameters (e.g., chlorophyll index (CI), water index (WI), etc.) have been developed and used, 52 
few detailed verifications of what these parameters directly (or indirectly) detect have been 53 
performed using mutants. 54 
 55 
Pulse-amplitude modulation (PAM) analysis of chlorophyll fluorescence is an effective method to 56 
measure photosynthetic reactions and processes involved in photosystem II (PSII)4. Chlorophyll 57 
fluorescence can be detected with a camera and used for screening photosynthesis mutants5. 58 
However, camera detection of chlorophyll fluorescence requires complex protocols such as dark 59 
treatment or light saturation pulses, which are difficult to implement in field studies. 60 
 61 
Leaf absorbed solar light energy is mainly consumed by photosynthetic reactions. By contrast, 62 
the absorption of excess light energy can generate reactive oxygen species, which causes damage 63 
to photosynthetic molecules. The excess light energy must be dissipated as heat through non-64 
photochemical quenching (NPQ) mechanisms6. The photochemical reflectance index (PRI), which 65 
reflects light-dependent changes in leaf reflectance parameters, is derived from narrow-band 66 
reflectance at 531 and 570 nm (reference wavelength)7,8. It is reported to correlate with NPQ in 67 
chlorophyll fluorescence analysis9. However, since NPQ is a composite parameter that includes 68 
the xanthophyll cycle, state tradition, and photoinhibition, detailed validation is required to 69 
understand what the PRI parameter measures. We have focused on the xanthophyll cycle, a 70 
thermal dissipation system involving the de-epoxidation of xanthophyll pigments (violaxanthin 71 
to antheraxanthin and zeaxanthin) and a main component of NPQ because correlations between 72 
PRI and conversion of these pigments has been reported in previous studies8.  73 
 74 
Many photosynthesis-related mutants have been isolated and identified in Arabidopsis. The npq1 75 
mutant does not accumulate zeaxanthin because it carries a mutation in violaxanthin de-76 
epoxidase (VDE), which catalyzes the conversion of violaxanthin to zeaxanthin10. To establish 77 
whether PRI only detects changes in xanthophyll pigments, we simultaneously measured PRI and 78 
chlorophyll fluorescence in the same leaf area in npq1 and the wild-type and then dissected NPQ 79 
at varying time scales of dark relaxation to extract the xanthophyll-related component11. These 80 
simultaneous measurements provide a valuable technique for the assignment of vegetation 81 
indices. Furthermore, since PRI correlates with gross primary productivity (GPP), the ability to 82 
assign PRI precisely to one component has important applications in ecology12.  83 
 84 
PROTOCOL:  85 
 86 
1. Cultivation of Arabidopsis plants 87 
 88 



  

1.1 Soak Arabidopsis thaliana seeds in sterilized deionized water in a microtube, and incubate 89 
for 2 days at 4 °C in the dark. 90 
 91 
1.2 Place approximately four of the imbibed, cold-treated seeds onto the soil surface using a 92 
micropipette. Incubate the planted pots in a growth chamber with a 16 h light (120 μmol photons 93 
m–2 s–1) and 8 h dark period at 22 °C and 20 °C, respectively. 94 
 95 
1.3 Grow one plant per pot by thinning other seedlings after germination. Prepare at least 96 
five pots.  Incubate the plants in the growth chamber for an additional 4 weeks. Three plants are 97 
used for the experiments. 98 
 99 
1.4 Use the youngest, fully-opened mature leaf for photosynthesis measurements. 100 
 101 
2. Setting up the sample stage, photosynthetic instruments, and light source 102 
 103 
NOTE: For this protocol, a custom-built sample stage was used for fixing leaves and detection 104 
probes (Figure 1).  105 
 106 
2.1 Attach a 10 cm2 steel plate with a 1 cm diameter hole onto the custom-made sample 107 
stage. The hole size in this plate can be changed to accommodate different leaf samples or plant 108 
species. The stage has a clip for fixing the detection probes and an adjuster to adjust the distance 109 
between the probes and the leaf sample. 110 
 111 
2.2 Prepare thin fiber probes for measuring chlorophyll fluorescence and leaf reflectance. 112 
These thin fiber probes will be positioned closely so that they measure signals from the same leaf 113 
position. 114 
 115 
NOTE: A PAM chlorophyll fluorometer and a spectral radiometer were adapted for signal 116 
detection of chlorophyll a fluorescence and leaf reflectance, respectively. Both instruments use 117 
thin fiber probes with diameters of 1 mm and 2 mm, respectively. 118 
 119 
2.3 Fit these two probes tightly together and wrap them with plastic tape. 120 
 121 
2.4 Clip the taped probes onto the sample stage using a coaxial lens holder (see Figure 1), and 122 
position them vertical to the leaf surface. 123 
 124 
NOTE: The field of view of the fiber optic cable in the spectral radiometer is α = 25°. In this 125 
method, the distance between the fiber probe tips and leaf surface is shorter than 1 cm. 126 
Therefore, the measuring leaf area is almost the same as that of the fiber. 127 
 128 
2.5 Attach a biforked light guide made of glass fibers to the halogen light source and irradiate 129 
the sample stage from both directions at angles of approximately 45°. 130 
 131 
NOTE: A halogen lamp, which is close to the wavelength distribution of natural sunlight, is used 132 



  

as actinic light for inducing photosynthesis. The halogen light source was adapted with a built-in 133 
cold filter, which removes long wavelengths from near infrared, to prevent increases in leaf 134 
surface temperature (λ = 400 to 800 nm). 135 
 136 
2.6 Adjust the light source so that light uniformly illuminates the sample stage without casting 137 
shadows. 138 
 139 
3. Setting up simultaneous measurements of leaf reflectance and chlorophyll fluorescence 140 
 141 
NOTE: All steps are performed in the dark room to avoid the detection of light other than actinic 142 
light. A weak-green light (e.g., green-cellophaned light) should be turned off before the actual 143 
measurements. 144 
 145 
3.1. Measuring the distance between the leaf sample and the probes on the sample stage. 146 
 147 
3.1.1. Place a test leaf on the leaf holder of the sample stage in the dark. Press the leaf against 148 
a steel plate on the stage (black square in Figure 1). 149 
 150 
3.1.2. Turn on the PAM and irradiate the leaf sample with a measuring light. The values of the 151 
chlorophyll fluorescence intensities are confirmed using PAM controlling software (see Table of 152 
Materials).  153 
 154 
3.1.3. Move the adjuster so that the fluorescence intensity measures approximately 100. 155 
Measure the distance between the probe and the leaf. Fix the adjuster, and record the value of 156 
the distance on the adjuster. 157 
 158 
3.1.4. Turn off the measuring light. Remove the test leaf. 159 
 160 
3.2. Measuring the irradiance intensities of the actinic light 161 
 162 
NOTE: To observe light-dependent photosynthetic behaviors, actinic light of varying intensity is 163 
used to irradiate the leaf sample. 164 
 165 
3.2.1. Set a light quantum meter at the position where the sample leaf would be placed. 166 
 167 
3.2.2. Irradiate light from the halogen light source and measure the intensity. 168 
 169 
3.2.3. Determine which positions of the light source dial would generate intensities of 30, 60, 170 
120, 240, and 480 μmol photons m–2 s–1. 171 
 172 
NOTE: Arabidopsis plants are grown under 120 μmol photons m–2 s–1; therefore, the irradiance 173 
intensities of the actinic light are selected to provide a range of small and large intensities. 174 
 175 
3.2.4. Mark each irradiance intensity on the dial. 176 



  

 177 
3.3. Measure a reflection standard. 178 
 179 
NOTE: A reflection standard is required to calculate the leaf reflectance ratio at each irradiance 180 
intensity. 181 
 182 
3.3.1. Place a white plate as a reflectance standard at the position of the leaf sample. 183 
 184 
3.3.2. Turn on a spectral radiometer. The reflectance signal is shown by the spectral radiometer 185 
controlling software. At this time, there are no spectral data because there is no irradiating light. 186 
 187 
3.3.3. Turn on the halogen lamp to irradiate with 480 μmol photons m–2 s–1, the highest 188 
irradiance intensity in this test. 189 
 190 
3.3.4. Adjust the detection strength of the radiometer to avoid saturation. 191 
 192 
3.3.5. Record spectral reflectance between 450–850 nm at 1 nm intervals under illumination 193 
with 30, 60, 120, 240, and 480 μmol photons m–2 s–1. 194 
 195 
NOTE: A baseline electrical signal (dark current) is corrected and subtracted at every spectral 196 
measurement. 197 
 198 
4. Simultaneous measurements of leaf reflectance and chlorophyll a fluorescence, and 199 
calculation of photosynthetic parameters 200 
 201 
4.1 Set a plant at the leaf sample position. 202 
 203 
4.1.1 Transfer the Arabidopsis plant from the grown chamber to the controlled dark room with 204 
the same temperature and humidity as that of the growth chamber. 205 
 206 
4.1.2 Incubate the plant for 1 h in the dark at 22 °C to dissipate electrons from the PSII reaction 207 
center and to relax of non-photochemical quenching.  208 
 209 
4.1.3 Place the dark-adapted whole plant on a lab jack under the sample stage (Figure 1). 210 
 211 
4.1.4 Fix the sample leaf to the leaf holder so that the leaf surface is perpendicular to the 212 
detection probes. 213 
 214 
4.2 Measurement of the maximum quantum yield of PSII. 215 
 216 
4.2.1 Turn on the PAM and start recording the curve. This value is called 0. 217 
 218 
4.2.2 Turn on the measuring light, and wait approximately 30 s for the curve to respond. This 219 
value is called F0. 220 



  

 221 
4.2.3 Give a saturated pulse of 4000 μmol photons m–2 s–1 for 0.8 s from the PAM. 222 
 223 
4.2.4 Obtain the highest value of the spike in the curve with increased fluorescence intensity. 224 
This value is called FM. 225 
 226 
4.2.5 Calculate the maximum quantum yield of PSII in the dark (FV/FM), using the following 227 
equation. 228 
FV/FM = (FM – F0) / FM 229 
 230 
4.3  Measurement of photosynthetic behaviors at steady state. 231 
 232 
4.3.1 Turn on the halogen lamp as the external light source with the measuring light on after 233 
recording FM (see 4.2.4). First, irradiate the leaf sample with the weakest light (30 μmol photons 234 
m–2 s–1). 235 
 236 
4.3.2 Turn on the spectral radiometer at the same time to monitor the leaf reflectance. 237 
 238 
4.3.3 Wait for 20 min or longer for the photosynthetic reaction to reach steady state under the 239 
light conditions. The fluorescence intensity of the steady state is called Fs. 240 
 241 
4.3.4 Supply a saturating pulse at intervals of 1 min during illumination with the actinic light. 242 
The maximum fluorescence value achieved under the pulsed light is called FM′. 243 
 244 
4.3.5 Record the data of FM′ at 20 min after turning on the actinic light.  245 
 246 
4.3.6 Take leaf reflectance data by averaging 10 scans at an optimized integration time, with a 247 
dark current subtraction.  248 
 249 
4.4 Calculation of photosynthetic parameters at steady state.   250 
 251 
4.4.1 Calculate the quantum yields of PSII photochemistry (ΦPSII), which can be estimated by 252 
irradiating with saturated pulses under actinic light, using the following equation. 253 
ΦPSII = (FM′- FS) / FM′ 254 
 255 
4.4.2 Estimate the linear electron flux (LEF) from the PSII reaction center as follows 4. 256 

LEF = The irradiance intensity of the actinic light ΦPSII  0.5  0.84 257 
 258 
4.4.3 Calculate the NPQ, which can be expressed the thermal dissipation, using the following 259 
equation. 260 
NPQ = (FM - FM′) / FM′ 261 
 262 
NOTE: Light energy is primarily consumed by photosynthesis reactions. However, when plants 263 
absorb more light energy than energy consumed by photosynthesis, the mechanisms for the 264 



  

thermal dissipation are induced to avoid the excess energy. 265 
 266 
4.4.4 Using the spectral data acquired with the radiometer under the same light conditions, 267 
calculate the leaf reflectance ratio as follows. 268 
Reflectance ratio = Rleaf / Rstandard  269 
 270 
4.4.5 Calculate PRI from 531 nm and 570 nm as follows. These two wavelengths are extracted 271 
from the reflectance ratio. 272 
PRI = (R531–R570) / (R531+R570) 273 
 274 
NOTE: R is a reflectance.  275 
 276 
4.5 Measuring of the relaxation kinetics of non-photochemical quenching. 277 
 278 
4.5.1 Turn off the actinic light after acquiring Fs and leaf reflectance. 279 
 280 
4.5.2 Monitor chlorophyll fluorescence by PAM for 10 min after turning off light. 281 
 282 
4.5.3   Provide a saturating pulse at intervals of 1 min during the dark relaxation. The maximum 283 
fluorescence value induced by the saturation pulse under the dark is called FM′′. Obtain ten of 284 
FM′′ in one test. 285 
 286 
4.5.4 Save the data of FM′′ at 2 min and 10 min after turning off the actinic light. 287 
 288 
4.5.5 Turn the actinic light on set to the next irradiance intensity, 60 μ mol photons m–2 s–1. 289 
 290 
4.5.6 Repeat a light adaptation for 20 min and a dark relaxation for 10 min with pulsing 291 
saturation light at intervals of 1 min. Record all data as described above. Repeat all steps and 292 
measurements using irradiation at 120, 240, and 480 μ mol photons m–2 s–1. 293 
 294 
4.6 Calculation of parameters of the non-photochemical quenching from the relaxation kinetics. 295 
 296 
NOTE: Light-dependent induction of NPQ is relaxed by turning off the light source13. It is possible 297 
to fractionate each NPQ function by adjusting the relaxation timescales.  298 
 299 
4.6.1 Estimate the qE (energy-dependent quenching) fraction using FM′′ after 2-min dark 300 
adaptation. 301 
qE = (FM2m′′–FM′) / FM′ 302 
 303 
NOTE: The qE fraction is rapidly reversed within 1–2 min. This fraction includes mainly PsbS 304 
protonation and part of xanthophyll conversion, which depend on light-induced ΔpH across the 305 
thylakoid membrane13. Both are reversible on breakdown of the gradient.  306 
 307 
4.6.2 Calculate the qZ (zeaxanthin dependent quenching) fraction using FM′′ after 10-min dark 308 



  

adaptation. 309 
qZ = (FM10m′′–FM′) / FM′ 310 
 311 
NOTE: A relaxation kinetics of NPQ at approximately 10 min after actinic light off reflects a 312 
xanthophyll cycle14. Most of the xanthophyll conversion is reversed at longer timescales of 313 
approximately 10 min (qZ) because the conversion requires a VDE (violaxanthin de-epoxidase) 314 
enzymatic reaction. The fraction is also relaxed by breakdown of the ΔpH across the thylakoid 315 
membrane.  316 
 317 
4.6.3 Calculate the qI (photoinhibitory state) as follows. 318 
qI = (FM–FM10m′′) / FM′ 319 
 320 
NOTE: The slowest recovery among NPQ fractions is thought to be photodamage of PSII 321 
(indicating D1 turnover). This fraction of the photoinhibitory state (qI), which does not recover 322 
by 10 min15.  323 
 324 
REPRESENTATIVE RESULTS:  325 
Figure 1 presents a schematic diagram of the experimental set up for simultaneously measuring 326 
chlorophyll fluorescence and leaf reflectance. The fiber probes of the PAM and spectral 327 
radiometer were set perpendicularly to the leaf surface at the leaf holder on the custom-made 328 
sample stage, and a halogen lamp was used for actinic light irradiation from both left and right 329 
directions without casting any shadows. The PAM and leaf reflectance signals were detected 330 
using the software of the separate systems. This experimental system was used to compare 331 
Arabidopsis wild-type (Col) and npq1 mutant (lack zeaxanthin) plants (Figure 2). The ΔPRI 332 
calculated from the leaf reflectance was plotted against light-dependent linear electron flow 333 
from PSII estimated by the PAM (Figure 2A). PRI is reported to be affected not only by xanthophyll 334 
but also by carotenoids16. The PRI was corrected by being PRI at each light intensity minus PRI at 335 
the lowest light intensity (ΔPRI) to observe only light-dependent PRI changes11. The results 336 
showed that ΔPRI was negatively correlated with LEF in wild-type plants, but not in npq1. We also 337 
dissected qZ, which represents the xanthophyll cycle, from the dark relaxation kinetics of NPQ 338 
and plotted it as ΔPRI in Figure 2B. The results show that qZ is strongly correlated with ΔPRI (r2 = 339 
–0.87, p-value < 0.001), implying that PRI reflects the xanthophyll cycle. 340 
 341 
FIGURE AND TABLE LEGENDS:  342 
Figure 1. Schematic diagram of the experimental system for simultaneous measurement of 343 
chlorophyll a fluorescence and leaf reflectance. Details are described in the Protocol section. A 344 
plant pot was positioned by a lab jack (solid double-headed arrow). A halogen lamp was used to 345 
irradiate various light intensities to activate photosynthesis (thin solid arrow). Chlorophyll a 346 
fluorescence signals were detected using a system of pulse amplitude modulation (PAM); the red 347 
line indicates the fiber probe from the PAM chlorophyll fluorometer. The leaf reflectance was 348 
detected by a spectral radiometer under the light illumination; the blue line indicates the fiber 349 
probe from the spectral radiometer. The measuring light (dotted arrow) and the short-saturated 350 
light (thick solid arrow) also were provided by the PAM chlorophyll fluorometer. The saturated 351 
lights were pulsed with 1 min intervals during light adaptation for 20 min and dark relaxation for 352 



  

10 min.  353 
 354 
Figure 2. Changes in photosynthetic parameters in wild-type Columbia (black squares), and 355 
npq1 mutant (red squares) Arabidopsis plants. ΔPRI (PRI at each irradiance intensity minus PRI 356 
at the lowest intensity of 30 µmol photons m-2 s-1) was plotted against (A) the rate of linear 357 
electron flux (LEF), and (B) qZ after dark relaxation for 10 min. The irradiance intensity of the 358 
actinic light was 30, 60, 120, 240, and 480 µmol photons m-2 s-1. Data points and error bars 359 
represent means ± SD for n=3. The line in B is a regression curve that applies for all data points. 360 
 361 
DISCUSSION: 362 
In this study, we obtained additional evidence to show that PRI represents xanthophyll pigments 363 
by simultaneously measuring chlorophyll fluorescence and leaf reflectance.  364 
 365 
A halogen light, which has wavelengths similar to sunlight, was adapted for use as an actinic light 366 
source to activate photosynthesis. We initially used a white LED light source to avoid thermal 367 
damage of the leaf surface, but this produced slow dark relaxation kinetics and exceptionally high 368 
qI (photoinhibitory quenching), possibly by photodamaging PSII. We therefore adapted the 369 
halogen lamp with a built-in cold filter to reduce heat production. This light source did not cause 370 
any abnormalities in dark recovery or qI. 371 
 372 
The most important variable in our method is the positional relationship between the leaf, the 373 
light source, and the detection probes. We have tested measuring the chlorophyll fluorescence 374 
and leaf reflectance from various diagonal angles with light irradiating from directly above to the 375 
leaf. However, the intensity of the detection signals differed depending on the angle. To avoid 376 
this variability, the probes were fixed vertically above the leaf sample (Figure 1). The light source 377 
was delivered using bifurcated fibers that irradiated the leaf surface from both the left and right 378 
sides to generate a uniform irradiating light (Figure 1). 379 
 380 
Studies of leaf reflectance have been primarily used in ecology to determine various plant 381 
vegetation indices in field settings, such as differences between plant species, nutritional 382 
conditions, or seasonal changes. However, few studies have tested and verified these vegetation 383 
indices in model plants such as Arabidopsis and tobacco, whose mutants could possess a wealth 384 
of genetic information and omics analyses data. Verifying and developing vegetation indices for 385 
these plants could identify novel photosynthetic parameters represented in innovative 386 
vegetation indices, which would contribute to the discipline of ecology. 387 
 388 
This study focused on the dark relaxation kinetics of NPQ to verify the xanthophyll cycle behavior. 389 
New photosynthesis-related parameters are currently under development for chlorophyll 390 
fluorescence analysis (e.g., estimations of the redox state of the plastoquinone pool (qL) or the 391 
activity of cyclic electron flow around PSI17,18). The simultaneous measurement of chlorophyll 392 
fluorescence and leaf reflectance in related Arabidopsis mutants will advance research into the 393 
molecular mechanisms of photosynthesis and help to utilize this knowledge in field studies. A 394 
recent study reported that chlorophyll fluorescence in plants can be remotely sensed from leaf 395 
spectral reflectance. The parameter calls solar-induced chlorophyll fluorescence (SIF) is 396 



  

measured utilizing a Fraunhofer line, dark lines absorbed by Oxygen, under solar light 12,19. If the 397 
currently developed vegetation indices were reassigned using these techniques, it would be 398 
possible to remotely assess photosynthetic responses in plants without using special treatments 399 
such as saturated pulses or dark adaptation. 400 
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Name of Material/ Equipment Company Catalog Number

Halogen light source OptoSigma SHLA-150

Light quantum meter LI-COR LI-1000

PAM chlorophyll fluorometer Walz JUNIOR-PAM

PAM controliing  software Walz WinControl-3.27 

Reflectance standard Labsphere, Inc. SRT-99-050

Spectral radiometer ADS Inc. Field Spec3

Spectral radiometer controlling software ADS Inc. RS3 
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Dear Bing Wu 
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Evaluation of photosynthetic behaviors by simultaneous measurements of leaf 

reflectance and chlorophyll fluorescence analyses 

Thank you for handling our manuscript and comments. We have revised our 

manuscript according to them. Listed in below.  

 

 

1. The highlighting is quite confusing in the manuscript. Please highlight complete sentences 

(not of parts of sentences) for filming. Please use only one color for highlighting. When 

highlighting protocol steps for filming, please ensure that you include all details. 

1.Response: We re-highlighted sentences for filming. 

 

2. Please do not use more than one note per step. 

1.Response: Done. 

 

3. Please sort the items in alphabetical order according to the name of material/equipment. 

1.Response: Done. 

 

We hope this revision goes well.  

 

Sincerely yours, 

Kaori Kohzuma, Ph.D. 

Tohoku University 

kohzuma@googlemail.com 
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