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Abstract

High throughput image-based phenotyping is a powerful tool to non-invasively

determine the development and performance of plants under specific conditions over

time. By using multiple imaging sensors, many traits of interest can be assessed,

including plant biomass, photosynthetic efficiency, canopy temperature, and leaf

reflectance indices. Plants are frequently exposed to multiple stresses under field

conditions where severe heat waves, flooding, and drought events seriously threaten

crop productivity. When stresses coincide, resulting effects on plants can be distinct

due to synergistic or antagonistic interactions. To elucidate how potato plants respond

to single and combined stresses that resemble naturally occurring stress scenarios,

five different treatments were imposed on a selected potato cultivar (Solanum

tuberosum L., cv. Lady Rosetta) at the onset of tuberization, i.e. control, drought,

heat, waterlogging, and combinations of heat, drought, and waterlogging stresses.

Our analysis shows that waterlogging stress had the most detrimental effect on plant

performance, leading to fast and drastic physiological responses related to stomatal

closure, including a reduction in the quantum yield and efficiency of photosystem II

and an increase in canopy temperature and water index. Under heat and combined

stress treatments, the relative growth rate was reduced in the early phase of stress.

Under drought and combined stresses, plant volume and photosynthetic performance

dropped with an increased temperature and stomata closure in the late phase of stress.

The combination of optimized stress treatment under defined environmental conditions

together with selected phenotyping protocols allowed to reveal the dynamics of

morphological and physiological responses to single and combined stresses. Here, a
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useful tool is presented for plant researchers looking to identify plant traits indicative

of resilience to several climate change-related stresses.

Introduction

The potential effects of climate change, including the increase

in the intensity and frequency of heat waves, flooding,

and drought events, have negative impacts on growing

crops1 . It is important to understand the influence of climate

change on crop variability and the consequent fluctuations

in annual crop production2 . With increasing population

and food demand, maintaining the yield of crop plants

is a challenge, thereby, finding climate-resilient crops for

breeding is urgently required3,4 . Potato (Solanum tuberosum

L.) is one of the essential food crops that contributes to

global food security because of its high nutritional value

and increased water use efficiency. However, reduction

in growth and yield under unfavorable conditions is a

main problem, particularly in the susceptible varieties5,6 .

Many studies highlighted the importance of investigating

alternative approaches to maintain potato crop productivity,

including agricultural practices, finding tolerant genotypes,

and understanding the impact of stress on the development

and yield7,8 ,9 , which is also highly demanded by European

potato growers (or farmers)10 .

Automated phenotyping platforms, including image-based

phenotyping, enable the quantitative analyses of plant

structure and function that are essential for selecting

relevant traits of interest11,12 . High throughput phenotyping

is an advanced non-invasive technique to determine various

morphological and physiological traits of interest in a

reproducible and rapid manner 13 . Although phenotype

reflects genotypic differences in connection to environmental

effects, comparing plants under controlled conditions with

stress enables linking the extensive phenotyping information

to a specific (stress) condition14 . Image-based phenotyping

is essential in describing phenotypic variability, and it is

also capable of screening a set of traits across plant

development regardless of the population size15 . For

instance, the measurement of morphological traits, including

the shape, size, and color index of leaves using Red-

Green-Blue (RGB) imaging sensors, is used to determine

plant growth and development. Moreover, measurements

of physiological traits, including photosynthetic performance,

canopy temperature, and leaf reflectance, are quantified

using multiple types of sensors, such as chlorophyll

fluorescence, thermal infrared (IR), and hyperspectral

imaging16 . Recent studies in controlled environments

showed the potential of using image-based phenotyping in

assessing different mechanisms and physiological responses

of plants under abiotic stresses such as heat in potato17 ,

drought in barley18 , rice19 , and combined drought and

heat treatments in wheat20 . Even though studying the

responses of plants to multiple stress interactions is

complex, the findings reveal new insights in understanding

plant mechanisms in coping with rapid change in climate

conditions21 .

Plant physiological and morphological responses are directly

influenced by abiotic stress conditions (high temperature,

water deficit, and flooding), resulting in yield reduction22 .

Even though potatoes have a high water use efficiency

compared to other crops, water deficit negatively affects

the yield quantity and quality due to the shallow root
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architecture5 . Depending on the intensity and duration

of drought level, the leaf area index is reduced, and

retardation in canopy growth with inhibition of new leaf

formation is pronounced during later stages of stress

leading to a reduction in the photosynthetic rate23 . The

threshold level of water is critical with excess water

or prolonged drought periods, resulting in a negative

effect on plant growth and tuber development due to

oxygen limitation, decreased root hydraulic conductivity, and

restriction of gas exchange24,25 . Moreover, potatoes are

sensitive to high temperatures where temperatures above

optimum levels result in delayed tuber initiation, growth, and

assimilation rates26 . When stresses appear in combination,

the biochemical regulations and physiological responses

differ from individual stress responses, highlighting the

necessity of investigating the plant responses to stress

combinations27 . Combined stresses can result in (even

more) severe reductions in plant growth and determinantal

effects on reproductive-related traits28 . The impact of stress

combination depends on the dominancy of each stress

over the others, leading to enhanced or suppressed plant

response (e.g., drought usually leads to stomata closure while

stomata are open to allow cooling of leaf surface under heat

stress). However, combined stress research is still emerging,

and further investigations are required to understand better

the complex regulation mediating plant responses under

these conditions29 . Thus, this study aims to highlight and

recommend a phenotyping protocol using multiple imaging

sensors that can be suitable to assess morpho-physiological

responses and understand the underlying mechanisms of

potato overall performance under single and combined stress

treatments. As hypothesized, combining multiple imaging

sensors proved to be a valuable tool to characterize the early

and later strategies during plant stress response. Optimizing

image-based phenotyping protocol will be an interactive tool

for plant researchers and breeders to find traits of interest for

abiotic stress tolerance.

Protocol

1. Plant material preparation and growth
conditions

1. Transplant in vitro Potato (Solanum tuberosum L., cv.

Lady Rosetta) cuttings from tissue culture into 250 mL

pots.

2. Fill the pots with fully saturated Klasmman Substrate 2

and keep them in the growth chamber under low light

conditions for 1 week.

3. Adjust the light conditions on the canopy level to 160

µmol·m-2·s-1  with a combination of 25% white light and

35% infrared using a light meter.

4. Transplant the plants after 10 days of growing the in vitro

cuttings in soil into 3 L pots (15.5 cm diameter, 20.5 cm

height).

5. Fill the 3 L pot with 1850 g of 3:1 Klasmann Substrate

2: Sand.

6. Place the plants in the growth chamber under light

conditions of 320 µmol·m-2·s-1  with a combination of

55% white light and 81% infrared and set it to a long day

regime (16 h photoperiod).

7. Set the temperature in the growth chamber to 22 °C/19

°C for day/night and relative humidity (RH) to 55% for the

entire experiment.

8. Maintain the pot weight at 60% soil relative water content

(SRWC) as the suitable control level to maintain the

growth and yield30,31 .
 

https://www.jove.com
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NOTE: Based on previous trials, maintaining volumetric

water content above 60% promoted moss growth on

the soil surface and elevated the risk of plant diseases.

Additionally, the presence of moss could generate

misleading positive signals from chlorophyll fluorescence

imaging, which is challenging to filter out. Use the

following equation: SRWC% = (FW-DW)/(TW-DW) ×

100, where FW is the soil fresh weight, TW is the turgor

weight, and DW is the dry weight32 .

1. Select the soil samples (100 g) from three different

Klasmman Substrate 2 mixture bags as replicates

and weigh the fresh weight of the soil.

2. Saturate the soil with water until pots hold water

without dripping and weigh soil turgor weight.

3. Place the sample in the oven at 80 °C for 3 days until

soil samples are dry completely and weigh the soil

dry weight33 .

9. Place the blue mats on the pot surface to reduce

evaporation.
 

NOTE: Blue color is necessary to subtract the soil

background from plant pixels in the image segmentation.

10. Select ten biological replicates per treatment.

11. Randomize the pots during irrigation (in total, 50 pots).

12. Add the blue holders to support the plants and

avoid mechanical damage when placing them in the

phenotyping system.

2. Stress application

1. At the early tuberization stage (28 days after

transplanting the in vitro cuttings), divide the plants into

five treatment groups and phenotype ten plants per

treatment (Figure 1).

2. Induce the single and combined stress to a level that is

not detrimental as follows:

1. In the growth chamber, keep the plants under

control, drought, and waterlogging treatments at

22 °C/19 °C day/night (step 1.7), with different

percentages of SRWC:
 

Control (C) with 60% SRWC for the entire

experiment.
 

Drought (D) with 20% SRWC gradually for 7 days,

followed by 1 day of recovery.
 

Waterlogging (W) with 160% SRWC for 5 days,

followed by 10 days of recovery.

2. To maintain the water level above the soil surface in

the waterlogging treatment, insert a plastic bag into

the empty pot and then place the main pot with soil

into the prepared second pot.

3. Place the plants in a growth capsule at 30/28 °C day/

night and 55% RH for heat treatments. Impose single

and combined heat stresses as follows:

1. For Heat (H), maintain the temperature 30-28

°C with 60% of SRWC for 15 days.

2. For Heat + Drought + Waterlogging (HDW)

triple stress, expose the plants to heat treatment

at 30 °C/28 °C day/night temperature for the

first 7 days (keeping 60% SRWC), followed by

drought + heat combined treatment for the other

7 days (20% SRWC and 30 °C/28 °C) and finally

expose the plants to waterlogging stress for 1

day. For the latter, place the plants back in the

growth chamber (see step 1.7 for conditions)

and induce waterlogging to 160% SRWC for 1

day.
 

https://www.jove.com
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NOTE: The selected durations of the induced

stresses were based on a pilot experiment

that showed stress effects without detrimental

impacts with 100% survival of the treated

plants. In the growth chamber environment, the

variation of environmental conditions was in the

range ± 0.2 °C for temperature and ± 3% for

humidity.

3. Plant preparation for phenotyping

1. After lights are turned on at 6:00 am in the growth

chambers, allow plants to acclimatize under the constant

growth light conditions (320 µmol·m-2·s-1) for at least

2-3 h before the phenotyping protocol initiation. This

ensures that photosynthesis and stomatal regulation are

in a steady state34 .

2. Before the measurement, transfer the plants from

their cultivation location into the growth buffer area of

the phenotyping system used for manual loading of

plants into the system while automated scoring is in

standby mode and positioned within the greenhouse

(Supplementary Figure 1, Supplementary Figure 2,

and Supplementary Figure 3).
 

NOTE: Plants were kept in the growth buffer area during

the phenotyping period lasting 3.5 h. In the greenhouse,

the variation of environmental conditions was in the

range of ± 2 °C for temperature, ± 5% for humidity,

and 20% fluctuation in the light intensity. Thus, consider

that the measurements should start immediately and be

short, avoiding the influence of greenhouse conditions on

plants.

3. In the phenotyping platform, place the pots in the

disks that automatically move on a conveyor belt in

given intervals to the imaging sensor according to the

measurement protocols specified in section 4.

4. Label each plant/tray with a unique ID to ensure

the measured data is assigned to the correct plant

throughout the experiment.

4. Phenotyping protocol

1. Optimize the phenotyping protocol using multiple

imaging sensors (chlorophyll fluorescence, thermal IR,

RGB, and hyperspectral imaging), thereby allowing

simultaneous measurement of both the physiological and

morphological parameters of plants (Figure 2).
 

NOTE: Since plant responses reflect the environmental

conditions and diurnal effects, it is important to consider

randomization of the pots and performing phenotyping

within the same period of the day.

2. In the phenotyping platform, ensure that the plants enter

the system through an adaptation tunnel (Figure 2A)

where the height of the plant is captured first, and then

the height of each sensor is adjusted based on fixed

working distance.

3. Conduct the measurements in two rounds as justified in

the measuring protocol using the software.

1. In the first round, comprise the measurements

of physiological responses quantified as "fast

reactions" using chlorophyll fluorescence and

thermal imaging.

2. Start by measuring the physiological parameters

under heat stress treatments and then the rest of the

treatments.

3. In the second round, proceed with other

measurements for assessing slower responses,

https://www.jove.com
https://www.jove.com/


Copyright © 2024  JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com June 2024 • 208 •  e66255 • Page 6 of 25

including structural RGB and hyperspectral imaging,

followed by weight assessment and watering.

4. During the weighing and watering step, define the

reference weight for each plant to enable automated

watering and weighing to the given treatment.

1. Ensure the total reference weight includes the

weight of the disk, insert located on the conveyor

belt, supporting blue holder, blue mat, pot, soil, and

plant biomass in the defined protocol.

2. For accurate measurement of evapotranspiration

during the weighing and watering step, prepare

empty pots as a reference. In addition, prepare

additional pots to correct for plant biomass weight.

5. To measure 50 plants, the whole phenotyping protocol

duration takes 215 min (85 min in the 1st  round and 130

min in the 2nd  round).

6. Phenotype daily all plants under control conditions (1

day before the treatment) and then induce the stress

treatments to monitor the dynamic responses and assess

the early and late phases of the induced stress.

5. Adjusting settings for each imaging sensor

1. Kinetic chlorophyll fluorescence imaging
 

NOTE: Kinetic chlorophyll fluorescence is used to

investigate the photosynthetic capacity of plants in

response to different environmental conditions, including

abiotic stresses, and to provide valuable information

about the quantum efficiency of photochemistry and heat

dissipation (non-photochemical process).

1. Conduct chlorophyll fluorescence measurement on

light-adapted plants using a short light protocol

to discriminate responses of plants under different

treatments.

2. Acclimate35  the plants for 5 min under the light in

the adaptation tunnel equipped with cool-white LEDs

(6500 K) at 500 µmol·m-2·s-1 .
 

NOTE: Chlorophyll fluorescence imaging is the first

measurement after the light adaptation used to

monitor changes in the photosynthetic capacities of

plants.

3. Select and optimize the pre-defined protocol

according to the plant size and required light

intensities.

4. Optimize the measurement settings, including

camera and light intensity settings to ensure the

acquisition of a strong signal with an optimal signal-

to-noise ratio.

1. Adjust camera settings such as shutter

(exposure time, duration of measuring flashes)

and sensitivity (electrical gain of the camera).

Use the shutter at 2 ms and sensitivity at 12%.
 

NOTE: These values being adjusted based on

the leaf size and shape and the defined distance

between the top of the canopy and the imaging

sensor.

2. Adjust the actinic light intensity at 500

µmol·m-2·s-1  and set the saturation pulse at

3200 µmol·m-2·s-1 , which is at least 6-7 times

higher than the actinic light.

5. To measure parameters in light steady-state (Lss)

(described below) light-adapt plants for 5 min before

the measurements in the light adaptation tunnel.

https://www.jove.com
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6. To estimate the steady-state photosystem II (PSII)

quantum yield of light-adapted plants, select the

short light protocol (Figure 3) and set the protocol

as follows.
 

NOTE: The protocol duration was 10 s per plant.

1. Start the measurement by turning on the cool-

white actinic light at 500 µmol·m-2·s-1  for 3 s to

measure the steady-state fluorescence in light

(Ft_Lss aka. Ft')

2. Apply saturation pulse at 3200 µmol·m-2·s-1  for

800 ms to measure the steady-state maximum

fluorescence in light (Fm_Lss aka. Fm')

3. Turn off the actinic light, then turn on the far-

red light (735 nm) to enable PSII to relax in the

dark for 800 ms and measure the steady-state

minimum fluorescence in light (Fo_Lss aka. Fo').

7. To calculate the relative parameters, use data

analyzer software that subtracts the background and

extracts the relevant parameters.
 

NOTE: Parameters extracted from the used protocol

are: maximum efficiency of PSII photochemistry

of light-adapted sample in light steady-state

determined as Fv/Fm_Lss aka. Fv'/Fm', photosystem

II quantum yield or operating efficiency of

photosystem II in light steady-state defined as

QY_Lss aka. φPSII = Fq'/Fm', and the fraction of open

reaction centers in PSII (oxidized QA) is determined

as qL_Lss = (Fq'/Fv') x (F0'/Ft').

2. Thermal Infrared (IR) imaging
 

NOTE: Thermal IR imaging is used for non-invasive

measurement of actual canopy temperature, thereby

determining the different stomatal regulations. In the

thermal IR imaging unit, a thermal camera is mounted

laterally on the robotic arm to measure the canopy

temperature from the side view.

1. To increase the contrast of the background

temperature over the temperature of the imaged

object during the image processing, use an

automatically controlled heated wall on the opposite

side of the thermal camera to increase the contrast.

Regulate the wall temperature at 8 °C above the air

temperature in the imaging unit.
 

NOTE: The thermal images were acquired in

darkness using line scan mode35 .

2. After image acquisition, generate a plant mask

based on RGB side-view data and employ it to co-

register with thermal data in the image analysis. This

ensures precise identification of the scanned object

while eliminating background interference such as

plant holder.

3. To prevent the influence of fluctuating environmental

conditions throughout the entire experiment,

calculate the parameter temperature difference

(delta T or ΔT).
 

NOTE: Delta T (ΔT) is defined as the difference

between the measured temperature of the leaf

surface (the average of all pixels from the entire

detected surface of the plant) and the ambient air

temperature inside the imaging box.

3. RGB imaging
 

NOTE: RGB imaging is based on visual inertial system

(VIS) cameras that detect light in the visible range from

400-700 nm, where it is used for in-depth analysis of plant

morphology, architecture, and extraction of color index

features.

https://www.jove.com
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1. The imaging unit contains a rotating table for precise

positioning of the tray and simultaneously allows

multi-angle imaging for side views.

2. Set RGB imaging based on side-view imaging to

capture the plant from three angles (0°, 120°, and

240°), which is taken in line scanning mode (RGB1)

and top-view imaging in snapshot mode (RGB2).

3. Both cameras have an LED-based light source,

ensuring homogeneous lighting of the imaged plant

and, thus, accurately determining morphological and

color features.

4. Extract calculated parameters by using data

analyzer software.

5. For additional parameters based on side and

top views, calculate the plant volume (digital

biomass)36 :
 

6. Calculate the relative growth rate (RGR)37 :
 

 

Where Tn and Tn+1 indicate the time interval (days).

4. Hyperspectral imaging
 

NOTE: Hyperspectral imaging is used for the

visualization of the spectral reflectance of the plants. The

changes in leaf reflectance are indicators of the different

physiological status of the given plant.

1. Use the hyperspectral imaging sensor to quantify

canopy reflectance in the visible part of the

light spectra, with a visible-near-infrared (VNIR)

hyperspectral camera in range 380-900 nm and a

short-wavelength infrared camera (SWIR) in range

900-1700 nm.

2. The cameras are mounted on a robotic arm with

an implemented halogen tube light source (600 W)

for homogenous and spectrally appropriate sample

illumination during image acquisition moving across

the XZ area.

3. Both cameras operate in line scan mode and are

placed in a light-insulated imaging box.

4. Before each measurement round, perform two

calibration measurements (automatically): dark

current calibration and radiometric calibration using

the spectral reflectance Teflon standard.

5. The dark calibration image is subtracted from the

raw and white calibration image to remove the dark

current noise. Then, generate the final hyperspectral

by dividing the raw image after subtraction by the

white calibration image.

6. Exporting data and Image analysis

1. Use the data analyzer software for automatic extraction,

background subtraction, and Plant Mask segmentation

of the image processing pipeline (Figure 2B).

2. The software performs a fully automated analysis

where mask application, background subtraction in

which plants are isolated from their background, and

parameter calculation are processed as described for

RGB imaging38  and thermal imaging20 .

3. Extract the measured and calculated parameters from

the plant-specific pixels as defined by the RGB image-

generated Plant Mask and Tray Mask.

4. If the images were not fully selected, which can occur

due to changes in vegetation greenness during later

developmental stages or the effect of stress treatment,

https://www.jove.com
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open the local data analysis part in the software and re-

adjust Plant Mask settings in the data analyzer software

dependent on each sensor.

5. In chlorophyll fluorescence image processing, adjust the

chlorophyll fluorescence Plant Mask settings analysis

parameters (Supplementary Figure 4).

1. Set the threshold as True, meaning that plant

segmentation is performed automatically.

2. Set the Mask Frame Index as False, meaning that

for Plant Mask detection, the Time-Visual frame is

used as defined in chlorophyll fluorescence protocol.

6. In thermal image processing, set the parameters for the

Plant Mask analysis (Supplementary Figure 5).

1. Set the automatic threshold for the Object Mask

Generation as False.

2. Set the mask from RGB side image as True to be

used for analysis.

7. In RGB image processing, adjust Plant Mask settings

analysis parameters (Supplementary Figure 6 and

Supplementary Figure 7) depending on the species and

the developmental stage.

1. Select the formula 4*G-3*B-R, which is the definition

for object mask generation and defines the color

component used (Red, Green, Blue component).
 

NOTE: This standard formula and other settings

can change depending on the type of camera used

(Top or size view), applied treatment, and different

cultivars.

2. Adjust the Threshold used for conversion of the

grayscale image with an enhanced green channel to

a binary image-determining the surface covered by

the plant.

3. Adjust the Median Filter Size used to reduce the

noise and invalid pixels and fill in missing ones.

4. Adjust the Minimal size of the object in pixels to be

included in the analysis.

5. Adjust the Minimal Size of holes in the mask

objects in pixels, typically tens of pixels. The holes

smaller than this value are closed and taken into the

object pixels.

6. Set the Use Reflection Reduction as True for

normalizing RGB values in each pixel.

7. Set the Skip Bad Exposed Points as True for

cropping over/under exposed pixels from the plant

mask (e.g., omission of the surface reflections or the

dark pixels where the noise is larger than the signal).

8. Color the segmentation settings analyzed from RGB

using the data analyzer software to provide information

about color changes related to stress responses and

plant senescence.
 

NOTE: Greenness is estimated using a pre-defined

range of colors representing all stages of plant

development. The intensity in color channels from all

pixels corresponding to the plant surface was grouped

and clustered to be used as a source color map for color

segmentation.

1. Provide the processed RGB image (removed

background), color map - list of hues for specific

analysis, as an input in the software.

2. To get unbiased results, perform hues selection

using a "training" dataset and select different

developmental stages and treatments.
 

NOTE: Analysis saves R, G, and B values of each

pixel of each image from this training dataset.

https://www.jove.com
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3. Define the number of hues (select 6 hues) using the

software for the color definition output, ranging from

0-255 for each channel.

4. Provide the list of hues generated in the data

analyzer software (Colors).

9. In hyperspectral image processing, process the acquired

hyperspectral data using the pixel-by-pixel analysis

implemented in the hyperspectral analyzer software,

featuring radiometric and dark noise calibration,

background subtraction, and plant mask segmentation.

Use the average spectra and vegetation indices for

further analysis.

10. Create the mask for data extraction from the

hyperspectral image from the VNIR image taken

by the VNIR Hyperspectral camera. For the SWIR

hyperspectral scan, generate a plant mask based on

SWIR analysis.

1. In VNIR Plant Mask, use the

formula 1.2*(2.5*(R740-R672)-1.3*(R740-R556)) for

visualizing the images where R represents

reflectance value in a specific wavelength

(Supplementary Figure 8).

2. In SWIR Plant Mask, use the formula (R960-

R1450)-(R960-R1200) in image processing for

visualizing the images (Supplementary Figure 9).

7. Weighing and watering

1. Store the weight (before) watering during the weighing

and watering procedure. Then apply watering, and keep

the weight after watering as well.

2. Water the trays in the reference mode - each tray had a

reference value stored in the database, to which it was

always watered. Determine the reference based on the

treatment.

8. Data analysis

1. Analyze the data using ANOVA and Shapiro test.

2. Conduct Pairwise comparisons between different

treatments by Pairwise Wilcox test in R studio (version

4.2.3) using (dplyr), (tidyverse), (rstatix), and (ggpubr)

packages.
 

NOTE: The image analysis was automatically done by

using data analyzer software. For further analysis of

the image acquisition, use sensor-specific data analyzer

software.

Representative Results

In this study, automated image-based phenotyping was used

to investigate the morphological and physiological responses

of potato (cv. Lady Rosetta) under single and combined

stress. The applied approach showed the dynamic responses

of plants in high spatio-temporal resolution when stress was

induced at the tuber initiation stage. To assess the early

and late phases of stress, the results were presented as 3

time periods ([0-5 days of phenotyping (DOP)], [6-10 DOP],

and [11-15 DOP]) (Figure 1). Until 0 DOP, all plants were

grown under control conditions (C), then from 1-5 DOP,

where waterlogging stress (W) and heat stress (H) were

applied. Thus, the responses were observed as follows: (i)

in 0-5 DOP, indicated the initial heat and waterlogging; (ii)

in 6-10 DOP, reflected the early drought (D) and combined

heat and drought (HD) was observed and (iii) in 11-15

DOP, showed the late heat, drought and combined heat +

drought + waterlogging (HDW) stresses. The recovery from

waterlogging was observed in 6-10 DOP and 11-15 DOP.

Morphological traits
 

https://www.jove.com
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RGB imaging was applied to determine the effect of different

stresses and combinations on above-ground plant growth.

The results in Figure 4 show that heat treatment and

waterlogging stress (0-5 DOP) already cause a reduction of

plant volume and RGR compared to control. During 6-10

DOP, plant volume and RGR of control plants continuously

increased, while under heat, combined heat, drought, and

waterlogging, this increase in plant volume was clearly

reduced (Figure 4A). As plants are very susceptible to

waterlogging stress, a decrease was pronounced in RGR

(Figure 4B). During late drought stress (11-15 DOP), where

SRWC was maintained at 20%, a clear reduction in RGR was

observed compared to the control. However, in the late phase

of combined HDW, the application of waterlogging treatment

caused an increase in RGR on the last day of stress.

Physiological traits
 

The combination of structural and physiological phenotyping

was applied to reveal further responses to stress. Using

multiple imaging sensors enables the determination of the

physiological responses under the early phase of stress.

Further analysis of the chlorophyll fluorescence data showed

that waterlogging was negatively affecting the photosynthetic

efficiency where Fv'/Fm' (Fv/Fm_Lss) decreased dramatically

in 0-5 DOP and 6-10 DOP, but a recovering response was

observed in 11-15 DOP where Fv'/Fm' slightly increased

(Figure 5A). During the late stress phase (11-15 DOP), a

reduction of Fv'/Fm' was observed in drought and combined

heat and drought. In waterlogged plants, the operating

efficiency of plants (QY_Lss aka. φPSII) was significantly

lower compared to other treatments in 0-5 DOP and 6-10

DOP but a slight increase at 11-15 DOP, thus indicating plant

recovery (Figure 5B). Moreover, the different mechanisms in

regulating the efficiency contributing to the protection of PSII

were determined by calculating the fraction of open reaction

centers in PSII in a light steady-state (qL_Lss) (Figure 5C).

Only under drought was an increase in qL observed, probably

due to photoinhibition.

These findings were in accordance with IR data that reflected

different underlying mechanisms under stresses (Figure 6).

An increase in deltaT (ΔT) was observed in waterlogging,

reducing the gas exchange rate. Under late drought and

combined heat and drought stresses, an increase in ΔT

was due to stomata closure, considered one of the primary

responses to avoid excess water loss. On the other hand,

a reduction in ΔT under heat treatments was observed as

stomata open to enhance the transpiration efficiency and cool

the leaf surface.

By investigating the hyperspectral data, two parameters were

selected from the hyperspectral VNIR data to assess the

leaf reflectance indices, including NDVI as an indicator of

chlorophyll content and PRI as an indicator of the efficiency

of photosynthesis. The results showed a decrease in NDVI

and PRI only under waterlogging in connection to the

reduction observed in the morphological traits (Figure 7A,B).

Furthermore, from the SWIR hyperspectral data used for

assessing the water content in the plants, an increase in

water index in waterlogging was observed during 0-5 DOP

(Figure 7C). However, under heat treatments, an opposite

response was observed where the water index was lower

than the control. These findings were in accordance with

an examination of vegetation from the color segmentation

of RGB Top view. The changes in the proportion of hues

indicate the stress responses over time (Figure 8). The

greening index showed a reduction in the pigment content

under drought and combined HDW at the late stress phase

and gradual recovery from waterlogging treatment. Thus,

using the multiple imaging sensors reflected the correlation

https://www.jove.com
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of morpho-physiological traits and enabled the assessment of

the overall plant performance under abiotic stresses.

 

Figure 1: Timeline of applying the different treatments, including the age of plants in days after transplanting the

in vitro cuttings. Day 0 of phenotyping (DOP) was measured under control (C) conditions, and then the different stresses

were induced with different durations. From 1-5 DOP waterlogging (W) stress was applied and the initial response of heat

treatment (H). The following days 6-10 DOP, where the initial phase of drought stress (D) and combined heat and drought

stress (HD) were presented. During 11-15 DOP, the response of plants to the late phase of drought and heat treatments and

the application of waterlogging to HD (HDW) for 1 day was reflected. Please click here to view a larger version of this figure.

https://www.jove.com
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Figure 2: Scheme summarizing the phenotyping protocol and data analysis. (A) Overview of the phenotyping protocol.

Plants are transported to the phenotyping system from the controlled conditions at the FS-WI growth chamber (PSI). Plants

were light acclimated in the light adaptation chamber for 5 min at 500 µmol.m-2 .s-1  before the measurements. Multiple

imaging sensors were used to determine morphological and physiological traits, followed by the weighting and watering

station. Depending on the treatment, plants were placed back in controlled conditions, either at 22 °C/19 °C or 30 °C/28 °C.

(B) Automatic extraction and segmentation of the image processing pipeline from each imaging sensor. Please click here to

view a larger version of this figure.

https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/66255/66255fig02large.jpg
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Figure 3: Short light protocol overview for chlorophyll fluorescence imaging. The measuring protocol started by turning

on cool-white actinic light to measure the steady-state fluorescence in light (Ft_Lss) and then applying a saturation pulse to

measure the steady-state maximum fluorescence in light (Fm_Lss). The actinic light was turned off, and the Far-red light was

turned on to determine the steady-state minimum fluorescence in light (Fo_Lss). The duration of the protocol was 10 s per

plant. Please click here to view a larger version of this figure.

https://www.jove.com
https://www.jove.com/
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Figure 4: RGB imaging used for morphological assessment. (A) Plant volume calculated from the RGB top and side

views area. (B) Relative growth rate (RGR) during the tuber initiation stage. The data represent mean values ± standard

deviation (n = 10). Please click here to view a larger version of this figure.

https://www.jove.com
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Figure 5: Chlorophyll fluorescence imaging on light-adapted plants. (A) Maximum efficiency of PSII photochemistry

of light-adapted sample in light steady-state (Fv/Fm_Lss). (B) Photosystem II quantum yield or operating efficiency of

photosystem II in light steady-state (QY_Lss). (C) Fraction of open reaction centers in PSII in light steady-state (oxidized QA)

(qL_Lss). The data represent mean values ± standard deviation (n = 10). Please click here to view a larger version of this

figure.

https://www.jove.com
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Figure 6: Thermal IR imaging was used to calculate the difference between canopy average temperature extracted

from thermal IR images and air temperature (ΔT). The data represent mean values ± standard deviation (n = 10). Please

click here to view a larger version of this figure.

https://www.jove.com
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Figure 7: Hyperspectral imaging for determining vegetation indices and water content. (A) Normalized Difference

Vegetation Index (NDVI). (B) Photochemical Reflectance Index (PRI) calculated from VNIR imaging. (C) Water index

calculated from SWIR imaging. The data represent mean values ± standard deviation (n = 10). Please click here to view a

larger version of this figure.

https://www.jove.com
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Figure 8: Greening index for plants under different treatments. Image processing is based on the transformation of the

original RGB image in a color map consisting of 6 defined hues. The data represent mean values ± standard deviation (n =

10). Please click here to view a larger version of this figure.

Supplementary Figure 1: Light intensity measured

during the days of phenotyping (DOP). The duration of

measurements from 9:00 am to 12:35 pm. LI_Buff refers

to the median data from 5 light sensors distributed in the

greenhouse. Please click here to download this File.

Supplementary Figure 2: Relative humidity (RH)

measured during the days of phenotyping (DOP). The

duration of measurements from 9:00 am to 12:35 pm.

RH_Buff refers to the median data from 5 humidity sensors

distributed in the greenhouse. RH2 refers to the relative

humidity in the adaptation chamber. Please click here to

download this File.

Supplementary Figure 3: Temperature measured during

the days of phenotyping (DOP). The duration of

measurements from 9:00 am to 12:35 pm. T_Buff refers to

the median data from 5 temperature sensors distributed in the

greenhouse. T2 refers to the temperature in the adaptation

chamber. T3 refers to the temperature of the heating wall.

T4 refers to the temperature in the thermal IR imaging unit.

Please click here to download this File.

Supplementary Figure 4: Screenshot from data analyzer

software showing the parameters adjusted for plant mask

analysis in chlorophyll fluorescence imaging sensors. Please

click here to download this File.
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Supplementary Figure 5: Screenshot from data analyzer

software showing the parameters adjusted for plant mask

analysis in thermal infrared imaging sensors. Please click

here to download this File.

Supplementary Figure 6: Screenshot from data analyzer

software showing the parameters adjusted for plant mask

analysis in RGB 1-side view imaging sensors. Please click

here to download this File.

Supplementary Figure 7: Screenshot from data analyzer

software showing the parameters adjusted for plant mask

analysis in RGB2-top view imaging sensors. Please click here

to download this File.

Supplementary Figure 8: Screenshot from data analyzer

software showing the parameters adjusted for plant mask

analysis in VNIR imaging sensors. Please click here to

download this File.

Supplementary Figure 9: Screenshot from data analyzer

software showing the parameters adjusted for plant mask

analysis in SWIR imaging sensors. Please click here to

download this File.

Discussion

Improved advanced high-resolution imaging tools and

computer vision techniques have enabled the rapid

development of plant phenotyping to obtain quantitative data

from massive plant images in a reproducible manner39 . This

study aimed to adapt and optimize high throughput image-

based methodology using an array of currently available

imaging sensors to monitor the dynamic responses of

plants under single and combined abiotic stresses. A few

critical steps of the applied approach require adjustments,

including applying stress and selecting a suitable imaging

protocol for the measurements. Using multiple sensors for

image acquisition allows the quantification of key phenotypic

traits (such as plant growth, photosynthetic efficiency,

stomatal regulations, leaf reflectance, etc.). In addition,

improves the understanding of how potato plants respond

to different abiotic stresses. This is a key prerequisite for

accelerating plant breeding projects to develop climate-

tolerant genotypes40 . The morphological responses to the

induced stress depend on the development stage. For

example, inducing stress at the stolon or tuber initiation stage

inhibits leaf and plant development and limits the number of

stolons, thereby reducing the final yield41 . However, under

unfavorable conditions, plants utilize stress responses as

an adaptive response to prevent and repair stress-induced

cellular damage42 . Plants have adaptive mechanisms to

avoid and tolerate stress conditions depending on the severity

level43 .

To understand the mechanisms of plants, inducing the

appropriate duration and intensity of stress and determining

the plant responses to stress by using imaging sensors is

considered one of the critical steps. When several stresses

coincide, the intensity of one stress can overrule the effect

of the others depending on the combination, intensity, and

duration of the stresses. Thus, the stress effects can add

up, or opposing responses can (partially) cancel each other,

ultimately resulting in positive or negative effects on plants.

The protocol selected in this study was based on previous

experience to ensure that sufficient stress levels were

applied. For instance, the application of the drought stress

was adjusted to a moderate level as in a previous experiment,

the response was not different from control treatments at

an early stage of stress based on chlorophyll fluorescence

imaging. This is due to the occurrence of photorespiration

that acts as an alternative sink for electrons in the thylakoid

membrane and a protective mechanism for the photosystem

https://www.jove.com
https://www.jove.com/
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https://www.jove.com/files/ftp_upload/66255/Supp Figure 5.jpg
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II44,45 . Under the combined stress response, plant exposure

to a mild primary stressor could enhance tolerance to a

following stressor, which can have a beneficial or detrimental

impact46 . In this study, a stronger response was observed

under combined stress compared to individual drought stress.

By investigating other physiological responses, the results

showed an increase in ΔT (deltaT) under drought as stomata

close to avoid excess water loss. In contrast, the reverse

response was observed under heat stress where ΔT was

lower compared to control reflecting stomata opening to

enhance leaf cooling in accordance with the findings in

wheat under combined heat and drought stress20 . During

waterlogging, the increase of ΔT due to stomatal closure

resulted from oxygen deficiency in the soil and disruption of

root water homeostasis, thereby lowering the transpiration

stream with an increase in the ABA, a key hormone in water

stress responses47 .

In plant stress studies, the duration of stress and subsequent

recovery treatments is directly proportional to the stress

intensity. For instance, moderate drought stress, such as

maintaining soil moisture at 20% field capacity (FC), induces

reversible phenotypic changes that typically recover after

a single day of re-irrigation. In contrast, severe stress

conditions like waterlogging result in extensive phenotypic

damage, necessitating a longer recovery period. Although

standardizing treatment durations is ideal, the inherent

variability in stress intensities must be accounted for in

experimental design.

The second critical step is to select an appropriate

protocol and optimize the settings for each sensor.

Chlorophyll fluorescence is a powerful tool in determining

the performance of photosynthetic apparatus under stress48 .

Different chlorophyll fluorescence measuring protocols can

be selected with either light or dark-adapted plants depending

on the research question and the experimental design49 .

In this study, the selected protocol (short light response)

enables the determination of various traits, including Fv'/Fm',

φPSII, and qL, which indicate the photosynthesis performance

under different conditions50 . Previous studies showed that

the used protocol in high-throughput phenotyping is effective

in investigating the photosynthetic efficiency of plants under

different applications of stress treatments and discriminating

between healthy and stressed plants14,20 . Based on the

experimental design, it is very critical to consider the

duration of the selected protocol when measuring in a

high throughput system with a high plant population.

Thus, the chlorophyll fluorescence measurement on light-

adapted plants using a short-time protocol was selected to

discriminate responses under different treatments. Genotype-

environment interactions can influence many phenotypic

traits, which is critical during measurement12 . It is essential

to consider that the duration of the measurement should be

completed in a short time to minimize the diurnal effect on

photosynthetic limitations51 .

Thermal IR imaging was used to determine the canopy

temperature and understand the stomatal regulation

under different treatments52 . It is worth mentioning that

technological optimization was used where the heating wall

was located on the opposite side of the camera, and the wall's

temperature was dynamically controlled and programmable.

Thus, adjusting the background heated wall with integrated

environmental sensors is necessary to properly select plants

from the background by increasing the contrast of the

background temperature over the temperature of the imaged

object.

https://www.jove.com
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Even though image analysis is automated, adjusting RGB

thresholding indexes is still required to obtain a proper binary

mask in RGB imaging to precisely select plants53 . In addition,

choosing multiple angles is important for appropriately

estimating quantitative parameters, including digital biomass

and growth rate. In this study, three angles (0°, 120°, and

240°) on the RGB side view were selected and averaged to

calculate the plant volume and relative growth rate accurately.

Depending on the spectral range, many physiological traits

can be investigated using hyperspectral imaging54 . It is

necessary to determine which of the reflectance indices

provides the necessary information and shows the response

of plants under different conditions14 . It is highly demanded

in screening for tolerant varieties and plant phenotyping to

determine the correlation between the hyperspectral indices

and other physiological traits55 . In this study, plants under

waterlogging treatment showed a pronounced response in

the chlorophyll content and photosynthetic efficiency from the

VNIR imaging. Moreover, different responses were observed

in the water index calculated from SWIR imaging under

heat treatments and waterlogging due to different stomatal

regulations and water content in the leaves.

Thus, these findings highlight the utility of such an approach

after optimizing the settings and the potential of using multiple

sensors to find stress traits relevant to climate tolerance.

Assessing the dynamics of the responses using multiple

imaging sensors can be used as one of the powerful tools in

improving breeding programs.
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