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Abstract 
 
Plants move chloroplasts in response to light, changing the optical properties of leaves. Low irradiance induces chloroplast 
accumulation, while high irradiance triggers chloroplast avoidance. Chloroplast movements may be monitored through 
changes in leaf transmittance and reflectance, typically in red light. We present a step-by-step procedure for the detection of 
chloroplast positioning using reflectance hyperspectral imaging in white light. We show how to employ machine learning 
methods to classify leaves according to the chloroplast positioning. The convolutional network is a method of choice for the 
analysis of the reflectance spectra, as it allows low levels of misclassification. As a complementary approach, we propose a 
vegetation index, called the Chloroplast Movement Index (CMI), which is sensitive to chloroplast positioning. Our method 
offers a high-throughput, contactless way of chloroplast movement detection. 
 
 

Key features 
• Protocol for detached leaves handled in laboratory conditions. 
• Based on differential (dark-adapted versus irradiated) hyperspectral images of plant leaves. 
• Data analysis includes machine learning methods and the calculation of a vegetation index. 
• Requires irradiation equipment apart from the hyperspectral camera set. 
 
 
Keywords: Arabidopsis thaliana, Chloroplast movements, Hyperspectral imaging, Leaf reflectance, Nicotiana 
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Graphical overview 
 

 
 
The main steps of the protocol for the detection of chloroplast responses based on leaf reflectance recorded with a 
hyperspectral camera. (A) Leaves or plants are dark-adapted overnight. (B) The next day, under a safe green light, half of 
the leaf is covered with aluminum foil and the other half with transparent foil on a Petri dish filled with black velvet. (C) 
The leaves are irradiated with blue light of high or low irradiance for 1 h to induce chloroplast movements. (D) Immediately 
after irradiation, the Petri dish is moved under the experimental setup, and a reflectance standard is added. The hyperspectral 
camera and a halogen light are simultaneously switched on. (E) The images are recorded on the computer and further 
processed. (F) The Chloroplast Movement Index may be calculated, or machine learning classification may be applied. 
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Background 
 
Plants show distinct chloroplast positioning, dependent on light conditions. In low light, chloroplasts gather at cell walls 
lying perpendicular to the direction of incident light, a phenomenon known as the accumulation response. In high light, 
chloroplasts show avoidance response by moving to the cell walls parallel to the direction of incident light. Distinct dark 
positioning is also observed, with chloroplasts located at the bottom of the palisade cells [1]. 
Chloroplast movements have been examined using light microscopy for over a century [2,3]. Such observations are still 
important for assessing chloroplast responses, providing a detailed description of the movements of chloroplasts within the 
cell [4]. However, microscopic observations are laborious and usually restricted to the outer layers of the mesophyll in 
unfixed leaves. An alternative approach is to take advantage of the substantial changes in the optical properties of the whole 
leaf that result from chloroplast movements. Their optical effects are often visible to the naked eye. The slit assay is based 
on a simple observation that chloroplast avoidance makes leaves look pale, while chloroplast accumulation renders them 
darker [4]. Changes in leaf transmittance yield information on averaged chloroplast positions within the mesophyll cells and 
enable quantitative assessment of chloroplast movements. Photometric devices are used for measuring blue-light-induced 
changes in red light leaf transmittance [5–7]. They provide a continuous recording of the changes in leaf transmittance, 
which allows for studies of the kinetics of the process, though only one leaf can be examined at a time. Chloroplast 
movements may also be measured by changes in leaf reflectance [8–10]. Red light reflectance was used to monitor 
chloroplast movements with photosynthetic efficiency during the growth of Arabidopsis thaliana [11]. Two previous works 
[12,13] employed an integrating sphere to measure chloroplast movement-induced changes in diffuse reflectance. This 
approach involves the collection of whole (i.e., hemispherical) leaf reflectance, which is independent of the observation 
angle. This reduces the sensitivity of measurements to the leaf orientation and its surface undulations. However, such 
measurements are limited due to the requirement of direct contact with the leaf, which results in low throughput. 
Hyperspectral imaging is a fast, non-contact method of acquiring reflectance spectra in a spatially resolved manner; thus, it 
can be used to assess chloroplast positioning in several leaves at the same time. Such high throughput may be useful for 
phenotyping multiple mutants or studies on leaves collected in the field, in which a large sample is necessary due to the 
heterogeneity of the light conditions in natural environments. However, while a detector connected to an integrating sphere 
can measure light reflected to the whole hemisphere, the camera collects light reflected to a narrow cone. As a result, specular 
reflection from the leaf surface may reduce the accuracy of leaf classification according to chloroplast positioning, especially 
when leaves contain pronounced veins or their surface undulates. Specular reflectance may be reduced for such samples 
using light polarizers [10]. In an alternative approach, used in this protocol, classification of leaves is performed not based 
on raw reflectance, but using the complete visible light reflectance spectrum, through application of pretrained machine 
learning classifiers. The workflow of the protocol is shown in the Graphical overview. 
 
 

Materials and reagents 
 
Biological materials 
 
1. Mature leaves from 6-week-old Nicotiana benthamiana 
2. Fifth or sixth leaf from 4-week-old Arabidopsis thaliana, wild-type, ecotype Col-0, N6673 (NASC, www.arabidopsis.org) 
Note: Plants are sown in Jiffy-7 pots (Jiffy Products International AS, Holand), vernalized at 4 °C for 2 days, and grown in 
a growth chamber (Sanyo MLR 350H, Japan) at 23 °C, 80% relative humidity, with a photoperiod of 10 h light and 14 h 
darkness, with irradiance of 70 µmol·m-2·s-1 supplied by fluorescent lamps (FL40SS.W/37, Sanyo, Japan). After 4 weeks, 
Nicotiana plants are transferred to pots with commercial soil and moved to a walk-in-type growth chamber supplied with 
white LEDs of 100 µmol·m-2·s-1 with a photoperiod of 10 h light and 14 h darkness. 
 
Reagents 
 
1. Tap water (400 ppm) 
 
Laboratory supplies 
 
1. Thick aluminum foil (0.03 mm) (Hutnik Sp. z o.o., Poland) 
2. Transparent polyester foil (e.g., Alpha Autostat CT5, MacDermid, USA) 
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3. Paper towel, cellulose, two-layer (Merida, Poland) 
4. Matte, black velvet (e.g., Musou Black VL Flock Sheet, Musou Black, Germany) 
5. Petri dish, rectangular (100 mm × 100 mm × 20 mm) (Sarstedt, catalog number: 82.9923.422) 
 
 

Equipment 
 
1. Headwall nano hyperspectral camera (Nano-Hyperspec VNIR 400–1,000 nm, Headwall Photonics) 
2. White diffuse reflectance standard (Spectralon or BaSO4-based reflectance standard, e.g., Edmund Optics, catalog number: 
#54-302) 
3. 12 mm objective (Cinegon F/1.4/12-0906, C-Mount, 400–1,000 nm, Schneider Kreuznach) 
4. Rotating platform (Sevenoak SK-ebh01 Pro, Andoer) 
5. Manfrotto 143 magic arm with bracket (Videndum Media Solutions Spa) 
6. Halogen lamp (Hedler HF 65, HEDLER Systemlicht GmbH) 
7. Blue light LED panel (peak 455 nm, XLamp XQ-E HD Royal Blue Cree or equivalent blue light source) 
Note: Several manufacturers offer royal blue LEDs that can be used as an alternative. However, LEDs described as PC-
blue or PC-cyan are not suitable, as their spectrum features a prominent shoulder or second peak in the longer wavelength 
range. 
8. Sensor (LI-COR Biosciences, model: LI-190R) 
9. Leaf state analyzer (Walz, model: LSA-2050)  
 
 

Software and datasets 
 
1. Mathematica version 14 or later (Wolfram Research, USA); requires a license 
2. All code has been deposited to GitHub: https://github.com/plantPhotobiologyLab/machine-learning-for-chloroplast-
movement-detection (access date, 08/18/2025) 
3. Original files with hyperspectral images of Nicotiana benthamiana and Arabidopsis thaliana (WT and phot2) leaves, 
including recordings shown in Figure 3 and Figure 4 of this protocol, can be downloaded from 
https://figshare.com/articles/dataset/Hyperspectral_images_of_Arabidopsis_thaliana_and_Nicotiana_benthamiana_leaves/
30402409?file=58898569 
4. Statistical analysis can be performed using the R language (version 4.5 available from https://cran.r-project.org/) in the 
RStudio integrated development environment (available from https://posit.co/products/open-source/rstudio/?sid=1) 
 
 

Procedure 
 
A. Principle 
 
In flowering plants, chloroplast movements are controlled by blue light. In the model plant Arabidopsis thaliana, low blue 
light (450 nm) in the irradiance range of 0.01–20 µmol·m-2·s-1 induces chloroplast accumulation [1]. Irradiance of 1 µmol·m-

2·s-1 is sufficient to trigger chloroplast accumulation in most species examined by us. In Arabidopsis, sustained chloroplast 
avoidance is triggered above 20 µmol·m-2·s-1. We recommend using irradiance of 100 µmol·m-2·s-1 or higher to induce 
avoidance response. At least 1 h of irradiation is needed for saturation of the reaction. The magnitude of changes in leaf 
optical properties depends on the initial chloroplast positioning. To obtain reproducible results, leaves should be kept in 
darkness for at least 8 h before measurements. This time is sufficient for chloroplasts to assume distinct dark positioning. 
The difference in reflectance spectra between the covered and irradiated parts of the leaf provides information on the position 
of chloroplasts. 
Notes:  
1. Choose mature, fully expanded leaves with no signs of senescence. The leaves of different plants cannot differ in age or 
chlorophyll content. It is advisable to control the chlorophyll content across the leaf, as it may directly affect the 
measurements. Chlorophyll content may be measured spectrophotometrically in extracts or intact leaves using hand-held 
optical devices, e.g., the Leaf State Analyzer (Walz). The latter method is more suitable for our purposes, as spatial 

https://github.com/plantPhotobiologyLab/machine-learning-for-chloroplast-movement-detection
https://github.com/plantPhotobiologyLab/machine-learning-for-chloroplast-movement-detection
https://figshare.com/articles/dataset/Hyperspectral_images_of_Arabidopsis_thaliana_and_Nicotiana_benthamiana_leaves/30402409?file=58898569
https://figshare.com/articles/dataset/Hyperspectral_images_of_Arabidopsis_thaliana_and_Nicotiana_benthamiana_leaves/30402409?file=58898569
https://cran.r-project.org/
https://posit.co/products/open-source/rstudio/?sid=1
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chlorophyll distribution throughout the leaf may be monitored. It can then be compared with chlorophyll-specific vegetation 
indices [14–17] calculated from hyperspectral images. 
2. After dark adaptation of the plants, perform all steps of the experiment in low green light, <0.05 μmol·m-2·s-1. We use a 
green LED lamp, additionally covered with a green plastic filter (#740 Aurora Borealis gel, Lee filters company). All devices 
that emit light (such as the computer screen) should also be covered with green foil. 
 
B. Leaf irradiation 
 
1. Dark-adapt plants for at least 8 h. 
Note: Detached plant leaves or branches may be dark-adapted as well, provided that only the petiole or stem is immersed 
in water. Do not immerse the leaf blade in water, as this may lead to partial infiltration of the leaf and substantially change 
its optical properties. 
2. Detach the leaves and place them on Petri dishes covered with matte, thick black velvet. Cover one half of the leaf with 
thick aluminum foil along the main vein (control treatment, chloroplast in dark position) and the other half with a transparent 
polyester foil (for blue light treatment). The leaf petiole should be wrapped in a paper towel soaked with water (Figure 1). 
Sprinkle water over the velvet as well. 
Note: A black, visible-light-absorbing material such as velvet is needed to reduce the reflectance of the substrate during 
hyperspectral imaging. This is important because light reflected from the substrate and then transmitted through the leaf is 
detected together with light reflected from the blade, leading to overestimation of its reflectance. The irradiated part of the 
leaf is covered with transparent polyester foil to mimic other ways in which the foil cover can affect the leaf. The presence 
of aluminum foil may not only block light but, for instance, affect gas exchange or provide mechanical cues to the blade. 
We try to ensure that both sides of the blade are subject to these effects. 
 

 
 
Figure 1. Leaf preparation steps for hyperspectral imaging. (A, E) A plate covered with black velvet is used as a support 
for detached leaves. (B, F) The leaf petiole is covered with a wet paper towel. (C, G) Half of the leaf is then covered with 
aluminum foil, and the other half with polyester foil. (D, H) After irradiation with blue light for 1 h, materials covering the 
leaf halves are removed, and a reflectance standard is added so that the leaves are ready for imaging. 
 
3. Irradiate leaves for 1 h with actinic blue light (ca. 450 nm peak) of 1 µmol·m-2·s-1 to induce chloroplast accumulation or 
100 µmol·m-2·s-1 to induce chloroplast avoidance. During measurements of actinic light, the light-sensitive surface of the 
probe should be covered with the same transparent polyester foil that is used to cover half of the leaf.  
 
Notes:  
1. Loss of water may increase leaf reflectance, even in the visible range [18]. During irradiation, make sure that the petiole 
or stem is tightly wrapped in a wet towel.  
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2. Most illumination fixtures do not provide uniform irradiation on the sample plane. If more leaves are irradiated at one 
time, it is advisable to change the position of leaves on plates during irradiation.  
 
C. Hyperspectral imaging 
 
1. Immediately after blue irradiation finishes, place the leaf on the velvet-covered plate beneath the hyperspectral camera 
mounted on a rotating platform placed 30 cm from the table (Figure 2).  
Note: Provide spacers, such as tape, to position the plate within the field of view of the camera. 
 

 
 
Figure 2. Experimental setup used to detect chloroplast movements based on leaf reflectance recorded with a 
hyperspectral camera. (A) The halogen lamp is located above the hyperspectral camera, which is mounted on a rotating 
platform. The camera must not shadow the plane of observation. The field of view of the camera is covered with black 
velvet. (B) The location in which the plate with leaves is placed should be marked with spacers, e.g., tape strips. A green 
safe light is used for performing all the experimental steps before the halogen light is switched on. The monitor of the PC 
should also be covered with green foil. 
 
2. Place at least one white, diffusely reflecting reflectance standard near the leaf. 
Note: If several leaves are examined at the same time, using multiple standards placed in different locations is recommended 
to reduce errors due to uneven illumination with measuring light. 
3. Remove the polyester and aluminum foil from the leaf. 
4. Switch on the halogen lamp.  
5. Collect hyperspectral images of the whole leaf in the range of 400–800 nm or wider. 
6. Cover the objective of the camera with an opaque, black cap and collect a hyperspectral image of the same field of view. 
The image obtained will be used to subtract dark electronic noise. 
Critical: Perform steps C1–5 as fast as possible. After changing the light conditions, chloroplasts will start to move. This 
process takes several minutes. Try to work within 1 min. 
 
Note: Cover the whole area illuminated with halogen light with black velvet to reduce light scatter. The halogen light should 
deliver irradiance of ca. 300 µmol·m-2·s-1 in the PAR (400–700 nm) range at the sample plane. Using lower irradiance 
values may lead to high noise in the blue part of the reflectance spectrum, as the output of halogen lamps is low for short 
wavelengths. The angle of light incidence with respect to the leaf normal should be small, ideally <15°. The camera is 
mounted on a rotating platform, so the angle of observation changes. However, it should always be smaller in magnitude 
than the angle of incidence of halogen light. This helps to reduce the amount of specular (mirror-like) reflection recorded 
by the camera. The time required to record a single image is 25–30 s. 
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D. Machine learning procedures for leaf classification 
 
In this section, leaves will be classified according to the chloroplast positioning, using a pretrained convolutional neural 
network. The network is available in the software package HyperspectralImageProcessing.m, written by us in Mathematica 
(Wolfram Research, USA) and distributed through GitHub. The package allows for classification of leaves based on both 
single reflectance spectra as well as differences in reflectance spectra between irradiated and darkened leaf halves. Use the 
latter approach when following this protocol. A free introduction to Mathematica can be found online [19]. The core 
command of the package, readInHeadwallFileImages, creates an object representing a hyperspectral image recorded with a 
Headwall camera (Figure 3). It can be acted upon by additional functions that allow for the extraction and display of spectra 
from custom regions of interest. The list of functions available in the package can be produced with the command 
Names["HyperspectralImageProcessing`*"]. For each function, the details about its parameters and returned values can be 
obtained using the Information command. For example, executing Information[readInHeadwallFileImages] will yield usage 
information for the readInHeadwallFileImages function. 
 

 
 
Figure 3. Differential reflectance spectra after blue light irradiation of N. benthamiana leaves. Leaves detached from 
dark-adapted plants were irradiated with either 1.6 or 120 µmol·m-2·s-1 of blue light for 1 h to induce chloroplast 
accumulation and avoidance responses, respectively. Half of the leaf remained in the dark-adapted state, as it was covered 
with aluminum foil during irradiation. (A, B) Mean difference in reflectance spectra between irradiated and darkened leaf 
halves calculated from hyperspectral images of 23 low- and 31 high-light-irradiated leaves. Note that the y-axis range in 
panels A and B is different. The standard deviation is indicated in light blue, and the standard error in darker blue. (C, D) 
Reflectance images of N. benthamiana leaves, calculated as an average of the hyperspectral images in the visible (400–700 
nm) range. Spectra in A and B redrawn from Hermanowicz, P. and Łabuz, J. 2025 [20]. 
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1. Download the files from our GitHub repository (https://github.com/plantPhotobiologyLab/machine-learning-for-
chloroplast-movement-detection). All files must be kept in the same directory. 
2. Open the HyperspectralImageProcessing.m file in Mathematica 14.1 or later. Select Evaluation and then Evaluate 
initialization cells in the main menu. 
3. Open a new Mathematica notebook (select File → New → Notebook in the main menu). 
4. Read in a hyperspectral image and assign it to a variable, executing the command hyperspectralImage = 
readInHeadwallFileImages[path1.hdr, path2.hdr], where path1.hdr and path2.hdr are paths to the hyperspectral image and 
the dark calibration file, respectively (Figure 4).  
5. Display the image of the reflectance in the green range (550 nm, corresponding to high leaf reflectance), executing 
hyperspectralImage [displayImageDataByWavelength][550]. 
 

 
 
Figure 4. Main steps of the analysis of chloroplast positioning based on a hyperspectral image 
 
6. Double-click the image with a mouse and use the keyboard shortcut Ctrl + D to activate graphical tools. Select the polygon 
tool and draw rough outlines of (1) the irradiated and (2) darkened parts of the leaf. Select the ellipse drawing tool and draw 
an ellipse within the image part occupied by the white reflectance standard. Copy these shapes and assign them to new 
variables. 
Note: The individual reflectance spectra of leaf halves can be examined by executing hyperspectralImage 
[extractReflectanceSpectrum][roiLeaf, roiStandard], where roiLeaf and roiStandard are polygons drawn for a leaf part of 
interest and the white standard, respectively. The difference in reflectance spectra (irradiated minus dark-adapted) can be 
calculated using hyperspectralImage [extractDifferenceInReflectenceSpectrum] [roiDarkened, roiIrradiated, roiStandard]. 
7. Classify the response of chloroplasts in the leaf, using the command hyperspectralImage 
[classifyChloroplastResponse][roiDarkened, roiIrradiated, roiStandard]. The returned value is 1 for the chloroplast 
avoidance and 0 for the chloroplast accumulation response. 
  

https://github.com/plantPhotobiologyLab/machine-learning-for-chloroplast-movement-detection
https://github.com/plantPhotobiologyLab/machine-learning-for-chloroplast-movement-detection
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E. Chloroplast Movement Index 
 
To obtain a quantitative measure of chloroplast positioning based on reflectance spectra, the Chloroplast Movement Index 
[20] can be used, defined by the following formula:  
 

𝐶𝐶𝐶𝐶𝐶𝐶 =
𝑅𝑅635 − 𝑅𝑅555
𝑅𝑅635 + 𝑅𝑅555

 

 
where R555 and R635 are relative reflectance values in narrow bands centered at 555 and 635 nm, respectively. The index 
usually takes negative values. An increase in the value of the index (values approximating 0) indicates a chloroplast 
avoidance response, and a decrease in the index points to a chloroplast accumulation response (Figure 5). The CMI index 
can be calculated using a hyperspectral image read in with the HyperspectralImageProcessing.m package. 
 

 
 
Figure 5. Chloroplast Movement Index calculated for each pixel of N. benthamiana leaves. Detached leaves were 
irradiated with either 1.6 or 120 µmol·m-2·s-1 of blue light for 1 h. Half of the blade was covered with aluminum foil, and 
the other half with polyester foil. The chloroplast movement index was calculated for each pixel of the hyperspectral images. 
 
1. Perform steps D1–5. 
2. Display a map of values of the chloroplast movement index, using the command hyperspectralImage 
[displayChloroplastMovementIndex]. 
3. Calculate the average value of the CMI, executing 
hyperspectralImage[calculateMeanChloroplastMovementIndex][roiLeaf, roiStandard], where roiLeaf is the polygon 
drawn on the irradiated leaf part, and roiStandard is the polygon located within the image area occupied by the white 
reflectance standard. 
Note: The histogram of CMI can be displayed for an arbitrary region of the leaf using the command 
displayChloroplastMovementIndexHistogram. If the histogram exhibits substantial deviations from the normal distribution, 
e.g., it has long tails, the median can be used instead of the arithmetic mean as a measure of the central tendency of values 
of the CMI. In such a case, use the function calculateMedianChloroplastMovementIndex instead of 
calculateMeanChloroplastMovementIndex. 
 
 

Data analysis 
 
A. Recommended number of biological and technical replicates 
 
When one leaf from a plant is examined, either the mean or median of the values of the CMI calculated for pixels within a 
single leaf should be treated as a biological replicate. If multiple leaves collected from the same plant are analyzed, the 
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obtained results for all leaves should be averaged before statistical tests are used. Variance in the results of measurements 
of chloroplast movements is often considerable. Usually, leaves from at least 15–20 plants should be measured for each 
experimental group. When plants are grown in laboratory conditions, at least three batches of plants cultivated at different 
times should be examined. The experiment should be balanced, ideally with the same number of replicates in each 
experimental group. Differences in plant responses are pronounced if light conditions during growth are heterogeneous. 
Irradiance in growth chambers is usually not uniform. Thus, the position of pots should be frequently exchanged to ensure 
that all plants receive a similar amount of light during growth. If more plant lines are used, the pots with the same line should 
never form spatial clusters. Instead, plants with all lines should be randomly distributed within the growth chamber. 
 
B. Statistical analysis 
 
Perform statistical analysis using the R software [21]. Values of chloroplast movement index may be modeled as linearly 
dependent on fixed factors (e.g., irradiation conditions during growth, mutant line). It is advisable to also include random 
factors in the analysis, such as the batch of plants (for laboratory-grown plants using multiple batches) or the plant collection 
site (for studies on leaves collected at multiple field sites). Such mixed linear models may be fitted using the lme command 
of the nlme package in the R software [22,23]. The fitted models should allow for variance to differ between groups. 
Accounting for the possibility of unequal variance yields a more reliable analysis. Variance often grows with the mean, 
which leads to bias in the estimated p-values if homogeneity of variance is assumed. Calculations of differences between 
means for specific groups may be performed using the emmeans package [24], which allows for a custom set of comparisons, 
with corrections preventing inflation of the family-wise error rate. Alternatively, Tukey’s method can be used by combining 
the emmeans and multcomp packages (cld method) [25]. An example statistical analysis of the data is given in Figures 5–6 
of [20]. 
The following steps can be used to perform a simple test of statistical significance of differences in means using Tukey’s 
method in the absence of random factors (e.g., when differences between plant batches can be neglected): 
1. Collect all results in a CSV file. The file should contain one column for every experimental factor (e.g., plant line) and 
one column that contains the values of the response variable—in our case, values of the CMI. Often, the plant line is the 
factor of interest, with several levels (e.g., wild type and mutants 1, 2, etc.). Every row of such a file should correspond to 
an independent replicate.  
2. Open RStudio, a free code editor for the R programming language. In the main menu, choose Session → Set Working 
Directory → Choose directory and set the working directory to the directory that contains the CSV file with your results. 
3. Install the required packages (emmeans, nlme, multcomp). For example, to install the emmeans package, execute the 
command install. packages(“ememans”). Note that the name of the package is in quotes. This step can be skipped if the 
packages are already installed. 
4. Load the required packages, using the library command (e.g., library(emmeans); a bit confusingly, the name of the 
package should now be written without quotes). 
5. Load the data to be analyzed, running myData = read.csv(“filename.csv”). We use only the file name and not the whole 
path to the file, as the file is in the working directory. Read-in data are stored in myData variable. 
6. Fit a linear model of the relationship between the response (e.g., value of the CMI) and the experimental factors (e.g., 
plant line), running the command of the form myFit = gls(Response ~PlantLine, data = myData, weights=varIdent(form = 
~ 1|PlantLine)). The purpose of the optional argument weights is to account for the possibility of unequal variances. 
7. Perform analysis of variance to check whether testing the significance of the difference between means of particular 
groups is warranted. Run the command of the form summary(anova(myFit)). If the p-value assigned in the output to our 
factor of interest is smaller than 0.05, we can proceed to the next step. 
8. Calculate the compact letter display of differences between group means, running the command of the form 
multcomp::cld(emmeans(myFit,~PlantLine), alpha=0.05)). In the compact letter display, two groups are marked as differing 
in means if they do not share a common letter. 
 
 

Validation of protocol 
 
This protocol was validated using chloroplast movement mutants of Arabidopsis thaliana, confirming that the observed 
differences in reflectance spectra are due to different chloroplast positions within cells. This protocol (or parts of it) has been 
used and validated in the following research article: 
Hermanowicz, P. and Łabuz, J. (20). Hyperspectral imaging for chloroplast movement detection. J Exp Bot.: Figure 1D–G, 
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Figure 2B, Figure 3, and Figure 4. Supplementary Information: Figure S2, Figure S3, Figure S4, and Figure S5.  
 
 

General notes and troubleshooting 
 
General notes 
 
1. A light sensor in the PAR (photosynthetically active radiation) range is needed to measure light irradiance at all steps of 
the experiment. A sensor (e.g., LI-190R sensor) equipped with a flat diffuser (e.g., opal glass or ground glass) should be 
used. Unlike bare photodiodes, such sensors are cosine-corrected, properly accounting for the geometry of the light beam. 
2. White light can be used instead of blue light to induce chloroplast movements. Such an approach may provide more 
ecologically relevant results, especially if the spectrum of the light is close to that of sunlight. However, as only the blue 
part of the spectrum triggers the response, higher irradiance is necessary. Irradiation with high light causes heating, which 
may result in loss of water. Thus, the use of blue light is recommended when working with detached leaves or cut-off shoots. 
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