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Abstract

Plant and plant organ movements are the result of a complex integration of endogenous growth and developmental
responses, partially controlled by the circadian clock, and external environmental cues. Monitoring of plant motion is typi-
cally done by image-based phenotyping techniques with the aid of computer vision algorithms. Here we present a method
to measure leaf movements using a digital inertial measurement unit (IMU) sensor. The lightweight sensor is easily attach-
able to a leaf or plant organ and records angular traits in real-time for two dimensions (pitch and roll) with high resolution
(measured sensor oscillations of 0.36+0.53° for pitch and 0.50+0.65° for roll). We were able to record simple movements
such as petiole bending, as well as complex lamina motions, in several crops, ranging from tomato to banana. We also
assessed growth responses in terms of lettuce rosette expansion and maize seedling stem movements. The IMU sensors are
capable of detecting small changes of nutations (i.e. bending movements) in leaves of different ages and in different plant
species. In addition, the sensor system can also monitor stress-induced leaf movements. We observed that unfavorable
environmental conditions evoke certain leaf movements, such as drastic epinastic responses, as well as subtle fading of the
amplitude of nutations. In summary, the presented digital sensor system enables continuous detection of a variety of leaf
motions with high precision, and is a low-cost tool in the field of plant phenotyping, with potential applications in early
stress detection.

Introduction themselves or feed on insects, respectively. In most cases,

It has long been established that plants are not the static
organisms they seem at first. Plants can adjust their posture
or reorient organs in response to specific developmental
and/or environmental signals. Touch-me-not (Mimosa
pudica) and Venus flytrap (Dionaea muscipula) are two
well-known species using rapid movements to protect

plants show rather slow movements that are often inte-
grated into growth and development. There are two types
of plant movements: nastic and tropic movements (Sisodia
and Bhatla, 2018). Nastic movements are triggered by an
endogenous or environmental stimulus without a clear
directional relationship between the movement and its
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stimulus, while tropic movements are directional in response
to an external (environmental) signal or force.

An example of a nastic movement that is well-integrated
in plant development and growth is nyctinasty (or sleep
movement), the rhythmic, and diurnal motion of plant
organs coordinated by the circadian clock (reviewed in
McClung, 2006). These movements are often achieved
through bending of plant organs, also known as nutation,
caused by differential growth of specific tissues or by the
action of motor cells in pulvini. For example, the daily spiral
movements (circumnutation) of leaves, flowers, or other
organs are dynamic morphological growth outputs of the
circadian clock (Apelt et al, 2017).

Besides periodic oscillations, nastic movements can also
be induced by external signals. These movements allow
plants to cope with adverse conditions and respond
adequately to changes in their environment, either to avoid
or tolerate periods of stress. One of the best-known exam-
ples of this strategy is the low-oxygen escape syndrome,
resulting in the hyponastic movement and elongation of
petioles to restore the internal oxygen balance (Bailey-Serres
and Voesenek, 2008). In Arabidopsis (Arabidopsis thaliana),
hypoxic conditions enhance ethylene production, which reg-
ulates differential cell expansion in the abaxial and adaxial
petiole regions, leading to upward bending of leaves (Polko
et al, 2012; Rauf et al, 2013). This hyponastic response has
also been observed in Arabidopsis during low light (photo-
nasty; Pantazopoulou et al, 2017) and increased tempera-
ture conditions (thermonasty; Park et al, 2019; van Zanten
et al, 2012) to avoid shading or radiant heat,
respectively. While this upward movement strongly resem-
bles the oxygen escape response, the underlying mechanism
is mainly governed by changes in auxin biosynthesis and
transport (Pantazopoulou et al, 2017; Park et al, 2019). The
opposite response, when leaves bend downward, is called
epinasty and has been observed during low-oxygen stress
conditions in tomato (Solanum lycopersicum; Jackson and
Campbell, 1976). Similarly, bean (Phaseolus vulgaris) leaves
show an epinasty-like phenotype during drought stress, to
reduce the interception of light and consequently prevent
photodamage and wilting (Pastenes et al., 2005).

External signals can also evoke directional movements or
tropisms away from or toward the source of these signals.
This type of movement enables optimal plant orientation to
either facilitate normal development or alleviate stress con-
ditions. Developmentally relevant tropisms include responses
such as gravitropism and phototropism. A well-known
example of phototropism is the solar tracking movement of
leaves (Koller and Ritterl, 1996) or flowers in the direction of
the sun, also called heliotropism (Vandenbrink et al,, 2014).

Our knowledge about these diverse movements has
greatly benefited from advances in phenotyping methods.
Standard techniques to assess plant morphology and move-
ments include analog measurements using protractors
(Sarlikioti et al,, 2011) or indirect methods inferring angular
traits from traces (Kazemi and Kefford, 1974; Jackson and
Campbell, 1975) or from vertical and horizontal
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displacements (Jackson and Campbell, 1975 Thomas and
Turner, 2001). These methods are quite labor intensive and
often lack sufficient resolution, both in terms of space and
time. The advent of image analysis has drastically enhanced
the sensitivity and quality of motion tracking. For example,
advances in computer vision algorithms (Bours et al, 2012;
Greenham et al, 2015) have greatly improved our insights in
nutational responses.

Image-based phenotyping has become a field of its own,
focusing not only on the technology (e.g. LemnaTec, 2021;
Phenospex, 2021; WIWAM, 2019) but also on data analysis
(e.g. PlantCV (Fahlgren et al, 2015; Gehan et al,, 2017), TRIP
(Greenham et al, 2015), and OSCILLATOR (Bours et al,
2012)). Camera systems can be integrated into fixed setups
to monitor growth or development of small plants such as
Arabidopsis (Smeets et al,, 2006; van Zanten et al,, 2012), or
attached to moving platforms to image multiple plants or
entire field plots. In field conditions, these platforms are
mostly phenotowers (Naito et al, 2017), tractors (Barmeier
and Schmidhalter, 2017), or exceptionally field scanning
devices (e.g. Fieldscan from Phenospex) or aerial platforms
(Wang et al,, 2019; Stevens et al, 2020). The output of cam-
era systems can be used to estimate growth and motion-re-
lated traits (Binder et al, 2006; Miiller and Jiménez-Gémez,
2016; Nagano et al, 2019). However, plant movements and
camera orientation are not always optimally aligned. To
overcome the phenotyping limitation of orientation and oc-
clusion by other objects and keep track of the movements
of individual plant parts, camera systems can be adapted by
either moving the camera or the plant during the imaging
sequence (e.g conveyer belt and rotating platform).
However, moving or rotating plants can interfere with plant
growth and naturally occurring movements (e.g. thigmo-
nasty and thigmomorphogenesis). Alternatively, the spatial
configuration of multiple cameras can be optimized to fully
capture architectural traits of plants (Shi et al, 2019). In ad-
dition, laser scanning or Light Detection and Ranging
(LIDAR) has recently gained more attention and allows the
accurate measurement of entire plant and canopy geome-
tries. This high-resolution technique has been used to
determine geometries and movements in several plant
species, such as Arabidopsis (Dornbusch et al., 2014), maize
(Zea mays) (Su et al, 2018), birch (Betula pendula) (Wieser
et al, 2016), sequoia (Sequoia sempervirens) (Disney et al.,
2020), and tomato (Hosoi et al,, 2011).

Despite significant advances in imaging technologies,
issues with suboptimal orientation, limited spatial resolution,
and advanced post-processing algorithms could hamper de-
tailed measurements of certain traits or specific plant organ
movements. In this article, we present an easy-to-use digital
sensor system as an alternative for analog and imaging tech-
niques, to gather high resolution and real-time data of angu-
lar morphological traits. This sensor system allows for the
monitoring of both developmental and stimulus-induced
dynamic plant movements at a high spatial and temporal
resolution. The relatively small sensor modules can be
attached to individual plant organs, such as leaves and
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stems. This facilitates measuring complex and multi-
dimensional processes such as nyctinasty. To further
determine its application potential, the sensor system was
used to infer species- and genotype-specific movements as
well as age-related leaf angle changes. Given the clear impact
of abiotic stress on plant morphology, we subsequently
monitored (early-)stress effects on leaf angle dynamics of
multiple crop species grown under a selection of adverse
environmental conditions. We hereby focused primarily on
crop species that have large leaves and are known for their
morphological flexibility in terms of leaf movements in opti-
mal and suboptimal growing conditions. Finally, we show
that the sensors can be used to detect additional growth-
related motions such as the concentric expansion of rosette
leaves and seedling growth movements. We demonstrate
that this digital sensor adds an instrument to the plant phe-
notyping toolbox that can help advance the field of motion
study in plants.

Results

Design of the leaf angle sensor system
The sensor system (Figure 1, A—C) consists of three major
components that separate data acquisition and data transfer
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in time. The first component is a data concentrator (1), that
polls data from sensor nodes (2), which are connected to
one or more digital sensors (3) capable of measuring angular
traits and organ displacement. Both (1) and (2) were
designed using Arduino-based microcontrollers and ex-
tended with additional communication (Dragino Lora Shield
version 1.4) and sensor shields. The Arduino Uno-based con-
figuration of (2) is depicted in Figure 1B. The sensors (3)
used in this study were MPU6050 (InvenSense Inc, 2016)
sensors, weighing only 5-20g depending on the cable length
used. These inertial measurement unit (IMU) sensors
(Figure 1C) are capable of measuring their orientation in
two main directions (pitch 6 and roll ¢) and a third minor
direction (yaw ), which is less consistent and more prone
to drift due to its orientation parallel to the field of gravity.
The three different movements (pitch, roll, and yaw) are
schematically visualized for a compound tomato leaf relative
to the fixed plant system in Figure 1D. The leaf can rotate
or move with respect to its initial position by bending up or
downwards (pitch 0), by rotating around the petiole-leaf tip
axis (roll @), or by bearing or rotating in the plane of the
leaf (yaw ). The stronger the leaf movement, the larger the
angle with the vertical axis becomes. Besides these three leaf
rotations, the orientation of individual leaflets can also

Top view
Roll Yaw

Figure 1 Schematic overview of the components of the sensor system and the different leaf movements. A, The data concentrator (1) sends
a data request to sensor nodes (2) that read out data from individual sensors (3) attached to leaves or petioles (tomato example). B and C,
Sensor system consisting of a sensor node (2) (Arduino Uno controller, sx1276 Dragino LoRa shield (868 MHZ), and port expander) and IMU sen-
sors (3). D, Schematic representation of leaf movements resulting from rotations around yxz axes. The pitch is defined as the rotation around
the petiole-stem boundary axis (up or down) (), the roll is defined as the rotation around the leaf rachis axis (¢), and the yaw is defined as the
rotation around the stem axis (top view) (\). E, Close-up representation of the simplified morphological changes in the petiole, resulting in pitch

(0), roll (¢), and yaw (7) movements depicted in (D).
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change, resulting in a more complex leaf movement. The
residual leaf posture is the result of morphological changes
in organs such as the petiole, and is caused by distortions of
the tissue (Figure 1E).

The IMU sensors are connected to sensor nodes through
a digital expander or 12C expander shield. The MPUG6050
IMU sensor is a microelectromechanical system containing a
tri-axis gyroscope and a tri-axis accelerometer. These deter-
mine the angular rate and the linear acceleration of the
unit, and rely on changes in the internal spring configuration
by changes in the Coriolis force or by linear displacement,
respectively. Whenever the sensor is rotated, configurational
changes evoke changes in sensor capacitances, which are
converted to electrical signals. By integrating the internal gy-
roscope and accelerometer measurements of the IMU in
three directions with a digital motion processing (DMP;
InvenSense Inc., 2016) algorithm, the angular orientation can
be precisely calculated. The orientation, or so-called attitude
of the sensors, is expressed following the Tait-Bryan angle
convention, in which the body frame, or in this case the leaf
frame, is tilted with respect to three main axes. The total tilt
is represented as the result of a sequence of intrinsic rota-
tions around the local leaf frame (yaw-pitch-roll sequence).

Prior to deployment in actual experiments, all sensors
were calibrated using a standardized calibration system.
Due to the nature of the experiments, we focused primar-
ily on pitch and roll movements, and the calibration was
done for 64 sensors for the up- and downward move-
ments in one direction (pitch) (Supplemental Figure S1).
The variability of the sensor calibration, expressed as the
root-mean-square error (RMSE) between measured and
actual angles was 5.44° when accounting for all sen-
sors (4.90° on a single linear model). The average sensor-
specific linear model parameters were: intercept = —2.07 + 5.64°,
slope = 1.04+0.05 (adjusted R> = 0998+ 0.007,
RMSE =2.32+191°). The IMU sensors provide a stable out-
put along a broad range of angular displacements, although
the responses toward the maximal angle of 90° with re-
spect to the horizontal plane (up and down) become sensi-
tive to gimbal lock and no longer behave linear
(Supplemental Figure S1). However, these extrema are of-
ten not relevant for measurements of physiological angle
dynamics of plants. Sensor stability was assessed for 25 sen-
sors in steady-state conditions (not attached to plant tis-
sue). The sensors were stable for at least 1week, showing
an average drift of 0.026+0.60° and 0.074+0.51° for pitch
and roll, respectively, which is negligible compared to on-
planta angle dynamics (8.74+737° for pitch and -
1.97+7.35° for roll; Supplemental Figure S2, A-B). The oscil-
lating behavior in steady-state conditions (Supplemental
Figure S2, C-D) can be attributed to temperature changes in
the sensor environment, and the angular amplitude is small
(average daily steady-state amplitude pitch =0.36+0.53%
roll = 0.50 + 0.65°; yaw = 3.44 +4.05°), especially compared to
that of leaf nutations (banana leaf in Supplemental Figure
S2). It must be noted that the yaw movement displayed
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relatively large oscillations (Supplemental Figure S2, C and
D), which could be explained by the orientation of the
movement relative to the field of gravity or by the absence
of strong yaw movements of the tested banana leaves. Long-
term sensor stability was assessed for 12 sensors over a time
course of 34d (Supplemental Figure S3). While intermittent
and large angle changes could be ascribed to handling of
sensors in between measuring sequences, the within-
experiment drift was negligible (Supplemental Figure S3B).

To validate the reliability of the IMU sensor output on
planta, the petiole pitch of tomato leaves was compared to
petiole angles derived from image analysis using a camera
system (Supplemental Figure S4). Image-based and sensor
data were strongly correlated (mean Rzadj:0.987i0.007
and mean RMSE =3.92+438°), indicating that both
methods yield similar results in these conditions. In addition,
the presence of the leaf angle sensor did not seem to affect
the regular pitch movement in the tomato leaves, suggesting
that the effect of the sensor weight on the leaf movement
was negligible in this case.

Communication between the data concentrator (1) and a
sensor node (2) proceeds through Long Range (LoRa) data
transfer, enabling the integration of their output in Internet
of Things applications. LoRa supports data transfer over
several hundreds of meters and even kilometers, restricted
by obstructions between the transmitter and the receiver.
Depending on the available network infrastructure, data
from the sensor nodes can also be gathered through LoRa
Wide Area Network (LoRaWAN) gateways connected to a
network server. For the data presented in this article, the
sensor system was arranged in a local LoRa network. The
data concentrator sequentially requests data from individual
sensor nodes. These sensor nodes in turn sequentially read-
out data from one or multiple sensors (3) and send back
the corresponding data vectors. Individual nodes can be dis-
tributed over large greenhouse compartments and can theo-
retically also be deployed in field conditions. The current
sensor system relies on AC power supply, but can be
adapted to serve in low-power applications driven by batter-
ies or solar energy. To prevent oxidation by high relative
humidity (RH) in the greenhouse and occasional splattering
from the irrigation system, sensors were treated with a pro-
tective coating (Tropicoat).

2D leaf movement monitoring using the angle
sensor system

To determine the potential of this sensor system to measure
leaf movements in multiple directions, leaf rhythms of to-
mato and banana plants were monitored over time. Both
species have been shown to exhibit a certain degree of leaf
motion in at least one principal direction. For tomato (S.
lycopersicum cv Ailsa Craig), sensors were attached to the
petiole base of the leaves to determine the nyctinastic pitch
nutations of the leaf (Figure 2A). A clear circadian pattern
was observed, in which tomato leaves bend downward with
5-6° during the day, and rise up again during the night
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Figure 2 Circadian movements in tomato and banana leaves. A,
Diurnal circadian leaf movement profile in the pitch direction of a to-
mato (cv Ailsa Craig) leaf, together with the 90% confidence interval
(n=10). The angle (0,,) between the main stem and adaxial side of
the leaf increased during the day (0 ,; > 0 ) as the leaf curved
downward. B-D, Three-day movement of a single banana leaf of M.
acuminata ssp. banksii in the pitch direction represents bending of (B)
the petiole (6,) and (C) the midrib (6,,) and (D) the movement in the
roll direction represents lamina folding (¢). Shaded areas represent
the dark period (12 PM to 8 AM for tomato, 7 PM to 7 AM for ba-
nana). Note the scale difference of the y-axis.

(Figure 2A). To assess more complex leaf angle dynamics,
we deployed the sensors on different parts of banana (Musa
acuminata ssp. banksii) leaves, as we expected the entire
leaf to move (pitch petiole and midrib) and the leaf laminae
to fold (roll leaf laminae) (Figure 2, B-D). The large leaf size
of banana facilitates attaching multiple sensors to the same
leaf. To monitor this complex leaf movement, sensors were
attached to the petiole base, the central point of the midrib,
and the center of the left leaf lamina (Figure 2, B-D).
Banana leaves also showed a clear rhythmicity in their
pitch movement of the petiole and, subsequently, of the
entire leaf. The nutations of these leaves had a more distinct
day—night cycle, characterized by a relatively stable orienta-
tion at night (night 6, and day 6, in Figure 2, B-D). In
addition, banana leaves showed a lamina roll movement
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of ~1-1.5°, demonstrating the sensitivity and robustness of
the sensor system.

Circadian leaf movements are determined by age
and genotype

Our initial leaf angle measurements showed that the sensor
system is able to capture circadian rhythms of both tomato
and banana leaves. We subsequently measured this trait for
middle-aged and younger leaves (Leaves 4-6; Figure 3A) of
tomato plants in the seventh and eighth leaf stage. In this
developmental stage, Leaf 4 is almost fully grown, while Leaf
5, and especially Leaf 6 are still expanding. The ontogenetic
differentiation of the leaf oscillations was assessed for three
morphologically different tomato accessions (Figure 3B).
A physiological age difference of approximately one leaf in
the Ailsa Craig cultivar resulted in distinct leaf movements
(Figure 3A). Young leaves of younger plants bend down at a
higher rate and seem to have a more distinct daily leaf
nyctinasty, which gradually fades as leaves or plants age
(Figure 3A). The corresponding daily amplitudes of the dif-
ferent leaves and plant ages are depicted in Supplemental
Figure S5. The circadian movements are, however, highly
genotype-specific. The Russian parthenocarpic cultivar
Severianin lacks the distinctive daily rhythm observed in
Ailsa Craig or Cuba Plum, a Cuban variety. The latter is
characterized by an even larger angular amplitude of the
young leaves (Supplemental Figure S5). In addition,
older leaves of Severianin are more horizontally oriented, as
demonstrated by the larger overall leaf angle. In general,
leaves of the three tomato cultivars gradually move down
over time (6 d; Figure 3B).

Both leaf orientation and daily nutations are also highly de-
pendent on the genetic background in banana. We
compared the three different leaf movements (petiole pitch,
midrib pitch, and lamina roll) of three different banana
genotypes (Musa balbisiana, M. acuminata ssp. banksii, and
M. acuminata ssp. malaccensis; Figure 3C). The data pre-
sented in Figure 3C were centered to the starting angle of the
individual leaf to better compare circadian rhythms. The cor-
responding raw angle data are provided in Supplemental
Figure S6. In terms of leaf orientation, M. balbisiana had more
upright petioles (lower pitch at the petiole base) and open
leaf laminae (lower roll of the laminae) as compared to M.
acuminata ssp. malaccensis and M. acuminata ssp. banksii
(Supplemental Figure S6). Interestingly, M. balbisiana seemed
to respond stronger to the day-—night transition than the
other genotypes, resulting in more pronounced amplitudinal
changes within the same day (Figure 3C). The leaf movement
of the two M. acuminata subspecies was very similar, al-
though leaf curling at the midrib proceeded more rapidly in
M. acuminata ssp. banksii over the 3-d period.

Abiotic stress drastically alters the diurnal leaf
movements in tomato and banana

Abiotic stress responses oftentimes involve major leaf
movements such as epinasty or hyponasty. One of the most
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striking epinastic responses can be found in tomato during
waterlogging. We used our sensor system to measure the
magnitude and dynamics of the epinastic curvature of to-
mato leaves during a 3-d waterlogging treatment
and monitored the subsequent recovery period. High
oxygen consumption rates were observed in the root zone
of Ailsa Craig plants, leading to root hypoxia (Supplemental
Figure S7). Soon after reaching hypoxic conditions, leaves
started bending downward (Figure 4A), leading to a remark-
able decrease of the canopy cover (Supplemental Figure S8).
Young leaves (Leaf 6 in Figure 4A) seemed to recover faster
after the hypoxia treatment, and also restored their horizon-
tal position faster once reoxygenation occurred.

Previous reports have also described an epinastic response
during high salinity conditions in the root zone (Jones and
El-Beltagy, 1989). However, we did not observe a strong epi-
nastic curvature using our sensor system (Figure 4B;
Supplemental Figure S9). Interestingly, both salt and drought
stress primarily influenced circadian leaf oscillations, that
appeared to fade out faster compared to control plants, al-
beit only mildly (Figure 4, B and C). Although not significant
(Supplemental Figure S10), this decline in nyctinasty was
more prominent when drought conditions became severe
(R1-R2 transition in Figure 4C), and this response seemed
to occur predominately in older leaves. Surprisingly, a sud-
den discontinuation of regular fertigation (R3 in Figure 4C),
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Figure 4 Pitch movements (0,) of leaves of different ages (fourth, fifth, and sixth leaves) during different abiotic stress conditions in tomato (cv
Ailsa Craig), together with the 90% confidence interval. A, Waterlogging treatment of 3d (shaded bar) and stress recovery after reoxygenation
(n=10); (B) salt treatment with sodium chloride enriched fertigation for 7d (EC=10; n =4); C, drought treatment with decreasing watering
regimes: RO = well-watered; R1=irrigation in the morning and the evening; R2 = irrigation only in the morning R3 = no irrigation (n = 4-8).

triggered a peak in leaf angular response (sudden drastic
downward leaf movement followed by a fast recovery) for
leaves of all ages. This observation suggests that there is
some hydrological entrainment for periodic irrigations, and
that a sudden total deprivation of irrigation leads to an
abrupt but temporary leaf movement that lasts about 24 h,
after which the leaves seem to partly recover toward a more
horizontal petiole angle. At the end of the drought experi-
ment, plants started to show wilting symptoms and as a
result, the leaf angle increased again (transpiration data in
Supplemental Figure S11).

We wondered if these drought-induced changes in leaf
movements can also be detected in other plant species.
Therefore, we performed a drought experiment on three ba-
nana genotypes originating from regions with different

environmental conditions and assessed their canopy cover
changes and leaf movements (see illustration Figure 5A). We
observed a genotype-specific canopy cover response to
drought stress, with M. balbisiana being less prone to
drought-induced canopy cover changes (Figure 5B).
Although this trait might be useful to describe the overall
canopy behavior during water deficit, it is too coarse to en-
tirely capture complex leaf movements. Our measurements
of leaf and lamina orientation showed a different responsive-
ness between genotypes during the drought treatment
(Figure 5GC noncentered data in Supplemental Figure S12).
Both M. balbisiana and M. acuminata ssp. malaccensis
showed a moderate change in daily leaf movement (2-2.3°
for the petiole base and 4.7-6.9° for the petiole midrib),
while M. acuminata ssp. banksii showed a more pronounced


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab407#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab407#supplementary-data

1138 I PLANT PHYSIOLOGY 2021: 187; 1131-1148

Geldhof et al.

A B s M. acuminata ssp. M. acuminata ssp.
M. balbisiana banksii malaccensis
Well- Water Well- Water Well- Water
. 30000 watered deficit watered deficit watered deficit |
E
2
@ 20000
>
o
Q
=
8 10000
c
m
&}
0
c 0 20 40 60 0 20 40 600 20 40 60
Time (day)
2 M. acuminatassp. M. acuminata ssp.
M. balbisiana banksii malaccensis
10.0
7.5 .
50 Plli(:h
petiole
25 M
. 00 w P
L
2 15
2
g 10 Pitch
® 5 midrib
& NN
= 0 W g g gt g
7]
(&)
5.0
25 s W Roll
0.0 SNy 1amina
25
-5.0

) 10

Figure 5 Circadian leaf movements of banana during drought stress.
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(C) represent the dark period (7 PM to 7 AM).

downward leaf bending (8° at the base and 15° at the
midrib) during drought stress. The roll movement of the
leaf laminae was more prominent in M. acuminata ssp.
banksii and M. acuminata ssp. malaccensis, showing that
there is a stronger inward lamina folding in these genotypes.
The progression of the water deficit and its effect on the
hourly transpiration is provided in Supplemental Figure S13.
While total cumulative transpiration is higher in the M. acu-
minata genotypes in well-watered conditions, water deficit
results in a similar cumulative water loss of the three geno-
types at the time of leaf angle measurements.

Species-specific leaf movements during waterlogging
The epinastic leaf movement, as shown for tomato in
Figure 4A, is a characteristic response to waterlogging
(Jackson and Campbell, 1976). We wondered whether these
hypoxic stress conditions also influence leaf movements in

other species with varying degrees of morphological similar-
ity or different motoric mechanisms. Leaf movements, or
the absence thereof, might relate to the performance of
these species under low-oxygen stress. Therefore, we moni-
tored the waterlogging response of several leaves of two
Solanaceae species (potato and bell pepper) and two other
species (cucumber and bean) using the leaf angle sensor
system (Figure 6). The corresponding concentrations of dis-
solved oxygen in the plant containers are depicted in
Supplemental Figure S7. For potato, oxygen deprivation of
the root system triggered a strong epinastic response, similar
to the one observed in tomato, although the magnitude of
the angle change for both the initial response and the recov-
ery seemed to be less pronounced (Figure 6A; Supplemental
Figure S14). This characteristic downward leaf movement
was not observed for bell pepper, cucumber and bean.
Nevertheless, we were able to visualize other species-specific
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leaf movements during and after a period of waterlogging.
Bell pepper leaves showed a short peak response, after
which they returned to their initial orientation and contin-
ued their circadian oscillations, albeit at a smaller
amplitude (Figure 6B; Supplemental Figure S15B). One day
after reoxygenation, the bell pepper leaves showed a gradual
upward movement (hyponasty). For cucumber, the effect of
the hypoxia treatment was mostly confined to a decrease in
the amplitude and a seemingly shifted period of the circa-
dian rhythm of the leaf oscillations, especially after reoxyge-
nation (Figure 6C Supplemental Figure S15C). Common
bean plants were characterized by a stable and consistent
nutational rhythm during waterlogging (Figure 6D). The am-
plitude of the corresponding oscillations slightly decreased
in the older leaves, although not significantly (Supplemental
Figure S15D). Despite the waterlogging treatment, the oxy-
gen concentration in the root zone did not reach the same
hypoxic levels as observed for tomato, potato, and bell pep-
per (Supplemental Figure S7). Nevertheless, leaves showed
mild epinasty toward the end of the treatment, and a re-
markably strong downward bending during reoxygenation,
corresponding to wilting.

Growth monitoring using angular dynamics

Besides monitoring leaf orientation, the sensor system could
also capture growth dynamics, as can be observed in the
steady downward movement in growing tomato leaves in

Figures 3 and 4. To illustrate the growth-related movements
in species with a different architecture and development, we
focused on the outward rosette expansion of lettuce
(Lactuca sativa) and seedling growth of maize (Z mays),
which is characterized by radial leaf emergence. For lettuce,
we measured the orientation of two easily accessible leaves
on opposite sides of the rosette for three lettuce cultivars
(Lugano, Fairly, and Lucrecia), and observed a gradual down-
ward movement of the leaves over time. This movement
was probably related to the expansion of the lettuce rosette,
pushing the outer leaves further down, thus corresponding
to growth of the lettuce head (Figure 7, A and B). Daily
nutations seemed to fade out during rosette growth, and
leaves moved toward a steady-state position, suggesting that
there is a degree of lettuce head compactness. The species-
specific rosette growth was validated by assessing the can-
opy cover (Figure 7C). Depending on their size and position,
flattening of the outer rosette leaves might result in actual
canopy cover changes. Lugano showed less leaf movement,
probably due to its more compact and curly rosette shape.
Seedling growth of maize plants was assessed by attaching
an IMU sensor vertically to the stem. At first sight, growing
maize seedlings move in a seemingly irregular and erratic
fashion (Figure 8A), especially in comparison to the
nyctinastic nutations of tomato or banana leaves (Figure 2).
Although the daily rhythmic oscillations in maize stems are
largely absent, day—night transitions still seem to govern
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parisons between representations.

some directionality of the seedling movement. To better
understand and visualize this complex growth motion,
angular data from the sensor were projected as unit vectors

to the horizontal plane (Figure 8C; see “Materials and meth-
ods”) and subsequently also converted into quaternions
(Figure 8D), a vector-based representation using complex
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numbers to define angular movement and the orientation
of an object. To validate this result, we compared the
sensor-derived trigonometric projection and quaternion
data with horizontal projections derived from top view
images (Figure 8E; image examples in Supplemental Figure
S$16). Although rudimentary, the conversion of angular data
into trigonometric projections or quaternions reveals a cer-
tain level of similarity with real tropic motions in growing
maize seedlings. The segmented nature of this motion indi-
cates that seedling movements can be gradual throughout
the day, but might shift between days. Differences between
the above representations could partly be ascribed to sub-
optimal tracking of the images and to the sensor orientation
relative to the camera.

Discussion

Digital sensors for continuous monitoring of plant
motions

While the importance of leaf inclination angle for crop
breeding and plant growth has been widely acknowledged
(Sarlikioti et al, 2011; Mantilla-Perez and Salas Fernandez,
2017; Itakura and Hosoi, 2019; Dou et al, 2020), many recent
image and scanning-based techniques mainly focus on
growth-related traits (Fahlgren et al, 2015). Stereo-vision
methods have been successfully applied to determine leaf-
angle distributions of canopies of for example sugar beet
(Beta vulgaris ssp. vulgaris), barley (Hordeum vulgare; Miiller
et al, 2015; Mdller-Linow et al,, 2015), and soybean (Glycine
max; Biskup et al, 2007). However, these studies also recog-
nize the limitations of reliable leaf angle estimates at certain,
mostly steeper, leaf orientations. More sophisticated setups
with multi-view camera systems (Paproki et al, 2012; Shi et
al, 2019) or laser scanning methods (Golbach et al, 2016;
Itakura and Hosoi, 2019; Jin et al, 2019) have yielded de-
tailed 3D information on plant and even organ architecture
by implementing advanced matching and segmentation
algorithms. Curve and plane fitting through individually seg-
mented petioles or leaves can subsequently be used to de-
termine the petiole angle (Paproki et al, 2012) or the leaf
face orientation, respectively (Thapa et al, 2018). Matching
of individual petioles in an image sequence requires optimal
positioning of the device toward the plant and is sensitive
to plant movements between subsequent measurements,
possibly occluding the organ of interest (Paproki et al,
2012). We encountered this issue together with growth-
induced repositioning of the organ itself during sensor vali-
dation, leading to partial data loss and a possible baseline
shift (Supplemental Figure S4). Furthermore, obtaining con-
tinuous data for a large number of plants requires multiple
or moving imaging systems, corresponding to significant
hardware costs for large-scale phenotyping experiments.

Our IMU sensor system is able to record dynamic leaf
movements in real-time, allowing for continuous monitoring
of plant motion without the need of image analysis.
Furthermore, attaching the sensor directly to, for example, a
petiole, circumvents problems with miss-matching and
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occlusion. The sensor system is not sensitive to variability in
illumination nor does it rely on large-scale imaging booths
or conveyor belts as often used for image-based phenotyp-
ing. Their low cost facilitates the deployment of multiple
sensors to simultaneously monitor leaf movements in a
setup with several plants and individual leaves. The sen-
sors can be distributed over a large area such as a green-
house or potentially even a field, as the system relies on
LoRa technology for data transfer. Its efficiency will largely
depend on the distance between the transmitter and re-
ceiver and on their surroundings. By strategically arranging
these communication components or by integrating them
in another network topology (e.g. LoRaWAN), data can be
gathered from several sites and potentially also combined
with other types of data. The accuracy of our sensor sys-
tem to measure angular traits (2.32+1.91° for a sensor-
specific linear model of the pitch) is comparable to that of
other methods using stereo-vision (1.9-5°% Biskup et al.,
2007) or laser scanning (2.5°% Itakura and Hosoi, 2019).
With an estimated average steady-state oscillation of
0.36+0.53° for the pitch and 0.50+0.65° for the roll
movement, IMU sensors can detect subtle variations in
leaf orientation. In addition, they are capable of providing
information on 2D leaf orientation (combining pitch and
roll) in time, irrespective of changes in leaf posture that
complicate acquiring image-derived traits.

Despite these clear advantages, the sensor system might
not be suitable for certain applications and can benefit
from further improvements. For example, young seedlings
or small plants such as Arabidopsis, might suffer from the
weight of the sensor (5-20g), leading to biased plant
movements. Connecting sensors to certain plant organs
could also influence their growth or movements, although
we have not observed any damage or large sensor-induced
changes in morphology (Supplemental Figure S4). The fact
that we were able to reliably measure daily leaf nutations
strengthens this observation. In terms of sensor design,
miniaturization and modifications supporting harsh or
outdoor environments would largely expand the applica-
tion potential of the system in the field. Currently, it has
only been used in controlled conditions such as growth
chambers and greenhouses. Under field conditions, the
current need for a power supply and the wired design
might pose a number of practical limitations. By optimiz-
ing the communication protocol and limiting the number
of sensors connected to an individual node, the network
could more easily be organized as a wireless system. This
setup would largely reduce power consumption, resulting
in a stand-alone system with integrated batteries, that
could be deployed in the field.

Circadian leaf movements are age-, genotype-, and
species-dependent

The angle of a tomato leaf changes during development
(Sarlikioti et al,, 2011), which is a possible strategy to optimize
light interception throughout the canopy (Papadopoulos and
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Pararajasingham, 1997). The inclination angles derived from
our sensor system are in line with those reported in previous
studies (Sarlikioti et al., 2011; Chen et al,, 2014; Dieleman et
al, 2019) and depend on the respective leaf and plant age
(70-100°; Figure 3). Age effects on leaf angle distributions
have also been observed in other species, such as sugar
beet (Miiller et al., 2015; Mdiller-Linow et al,, 2015), indicat-
ing that leaf reorientation provides a degree of flexibility
for light interception at different developmental stages.
Another aspect of leaf movements that depends on the
developmental stage and that is determined by specific
circadian regulatory pathways are daily leaf nutations. This
is not surprising, given the fact that the circadian clock
itself differs in young and old leaves (Kim et al, 2016),
resulting in a shift of the circadian period. As a result, daily
leaf nutations, as an output of the circadian clock, are likely
subject to a certain degree of developmental control as
well. In Arabidopsis, circadian movements have previously
been linked to environmental (Bours et al, 2013; Apelt et
al, 2017), genetic, and growth aspects (Dornbusch et al,
2014). Many hormones are, to some extent, also controlled
in a diurnal fashion (reviewed in Atamian and Harmer,
2016) and might contribute to the regulation of nyctinasty
in tomato. For example, ethylene has been shown to regu-
late elongation (Polko et al, 2012) and is in part responsi-
ble for circadian leaf movements through the integration
of external signals such as light and temperature (Bours et
al, 2013). In fact, ethylene production itself is also
determined by the circadian clock (Thain et al, 2004).
Gibberellins (GAs) have also been linked with petiole elon-
gation in tomato (Schrager-Lavelle et al, 2019) and
Arabidopsis (Tseng et al, 2004). Both GA biosynthesis
(Hisamatsu et al,, 2005) and signaling (Arana et al, 2011),
and subsequently petiole elongation are partly regulated by
the circadian clock in Arabidopsis. Besides this circadian
regulation, light periodicity and light quality play another
key role in the rhythmic and GA-related elongation
(Hisamatsu et al., 2005; de Lucas et al, 2008). A disrupted
GA metabolism might explain the lack of diurnal leaf
movement in the tomato cultivar Severianin (Figure 3B).
This accession has a mutation in the pat-2 gene, which
previously has been linked to GA contents in un-pollinated
ovaries (Fos et al, 2000). However, its role in regulating
petiole movement remains unknown. Genotype-specific
differences in leaf oscillations (Figure 3B) have also been
linked to the circadian clock (Miiller et al, 2015, Miiller-
Linow et al, 2015). Apparently, variations in cotyledon
movements between cultivated and wild tomato accessions
can be attributed to domestication, specifically targeting
LNK2 and EID1, two mediators of the light-dependent reg-
ulation of the circadian clock (Miller et al., 2018).

We observed that there is also a genotypic variability in
the daily rhythms of banana leaf movements (Figure 3). Our
results indicate that M. balbisiana has a stronger oscillatory
motion of the petiole than two M. acuminata genotypes.
Diurnal lamina folding in banana has been proposed as a
protective strategy against excess light to prevent
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overheating and photo-inhibition (Thomas and Turner,
2001), similar to the paraheliotropic response in beans
(Pastenes et al., 2005). Lamina folding seems to occur mainly
under strong evaporative demands (Stevens et al, 2020), but
composite leaf movements in banana have not yet been
described.

Abiotic stress directs certain leaf movements in an
age- and species-specific manner

Morphological adaptations are well-known responses of
plants to changes in environmental conditions. The reor-
ientation of leaves during stress is one of the most striking
and visible adaptations and is, to a large extent, regulated
by alterations of the metabolism and transport of hor-
mones. Induction and transport of auxins direct the hypo-
nastic movement of Arabidopsis leaves during suboptimal
light (Pantazopoulou et al, 2017) and temperature (Park
et al, 2019), while ethylene entrapment evokes a similar
response during low oxygen conditions (Polko et al., 2011).
In contrast to the hyponastic response observed in
Arabidopsis, leaves of certain species such as tomato un-
dergo epinasty during waterlogging (Jackson and
Campbell, 1976). Both of these nastic movements have
been attributed to an altered ethylene metabolism, either
by accumulation of ethylene gas due to diffusion barriers
in water (Sasidharan et al,, 2017), or by upregulation of its
biosynthesis pathway (Bradford and Yang, 1980). Within
the Solanaceae family, differentiation of epinasty in re-
sponse to ethylene has been previously observed (Edelman
and Jones, 2014), as well as of their plasticity to waterlog-
ging (Hartman et al., 2020). Our results show that there in-
deed exists a differential responsiveness of species such as
tomato, potato, and bell pepper to waterlogging, but also
that leaf age plays a substantial role in this epinastic re-
sponse (Figures 4 and 6). In bell pepper, for example, only
younger leaves show strongly altered movements due to
the waterlogging treatment, while in tomato these youn-
ger leaves are the first to recover after reoxygenation. This
age-dependent plasticity, although often overlooked, is un-
deniably a major mediator of abiotic stress resilience in
plants (reviewed in Rankenberg et al., 2021).

Interestingly, our sensor-based system revealed that root
hypoxia did not entirely abolish the circadian leaf move-
ments of tomato and potato during the first hours of
the treatment (Figures 4 and 6; Supplemental Figure S15),
indicating that the regulation of epinasty is gated by the cir-
cadian clock. In the past, analog measurements of flooding-
induced epinasty in tomato were not able to distinguish this
kind of circadian entrainment (Bradford and Yang 1980;
Else and Jackson, 1998). The gating mechanism provides
plants with a way to adequately control abiotic stress
responses in a circadian fashion (Greenham and McClung,
2015 Grundy et al, 2015). Similarly, the circadian clock
also gates the shade-avoidance response leading to petiole
elongation in Arabidopsis (Salter et al, 2003; Mullen et al,
2006).
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Water deficit induces changes in plant water use and
hydraulic conductance (Caldeira et al, 2014), and evokes
adaptive responses, such as absciscic acid-mediated feedback
to the circadian clock (Marcolino-Gomes et al, 2014
Grundy et al, 2015). The effect of drought on diurnal leaf
movements is less studied, except for some reports on the
enhanced paraheliotropic response in banana laminae
(Thomas and Turner, 2001; Stevens et al, 2020) and leaf
rolling in maize (Baret et al, 2018). Both of these move-
ments are, however, important indicators of drought
stress, also observed in other monocot species such as
wheat (Verma et al., 2020) and rice (Cal et al, 2019) and
are determined mainly by leaf morphology (Cal et al,
2019). Our analysis of leaf movements during water-deficit
stress in M. balbisiana, a drought resilient banana geno-
type (Van Wesemael et al, 2018), originating from
drought-prone regions (Perrier et al, 2011; Kissel et al,
2015; Eyland et al,, 2021), showed less lamina folding com-
pared to two M. acuminata genotypes, indicating that M.
balbisiana is less responsive toward dry conditions
(Figure 5). Whether or how lamina folding and entire leaf
movements are related to this drought response is not yet
known, although our results show that petiole bending
and leaf curling are both enhanced by drought stress
(Figure 5). Each of these individual movements provides a
means to regulate the evaporative surface and might con-
tribute to the overall performance of banana leaves and
plants. Other drought-induced leaf movements, such as
epinasty, reduce interception of light and prevent dehy-
dration in bean (Pastenes et al, 2005; Lizana et al., 2006),
apricot (Ruiz-Sanchez et al, 2000), and grapevine (Briglia
et al, 2020). Interestingly, leaves of tomato plants exposed
to drought stress first seem to dampen their circadian leaf
movements at the onset of dehydration, after which they
undergo a sudden but reversible downward movement
during severe water deficit (Figure 4). This nonrhythmic
response could be attributed to temporary wilting due to
extreme turgor loss followed by restoration of the turgor
pressure. Although there is no clear evidence for this sud-
den behavior, recovery of turgor pressure without addi-
tional water supply has been observed in cabbage leaves
(Levitt, 1986) and might be related to solute redistribution
(Weisz et al,, 1989) or to light-dependent changes in sto-
matal resistance (Lynn and Carlson, 1990; Ache et al,
2010).

Salinity stress did not evoke drastic changes in leaf
movements in tomato, in contradiction to earlier studies
(Jones and El-Beltagy, 1989). These authors observed differ-
ences in responsiveness between leaves of different ages
for different tomato cultivars, but assessed the inclination
angle only after a 4-week treatment. Other studies (El-iklil
et al,, 2000) reported rather moderate changes, that might
support our own observations in young leaves (Figure 4;
Supplemental Figure S9; difference of mean daily trend
change between high salinity and control A=- 0.35° for
Leaf 4, A=1.05° for Leaf 5, A=2.08° for Leaf 6). Similar
to the drought response, salinity stress caused a
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dampening of the circadian oscillations, predominantly in
older leaves (Supplemental Figure S10A). Hypothetically,
this premature dampening of circadian movements could
be ascribed to a stagnation of cell elongation and subse-
quent growth of the leaf caused by suboptimal conditions
such as drought (Caldeira et al, 2014; Clauw et al., 2015;
Dubois et al., 2017).

Plant motions are indicative for leaf and plant
development

Besides circadian oscillations or movements controlled by
the environment, plant motions can also be directed by
growth and development, which are often intertwined
(Dornbusch et al, 2014; Riviere et al, 2017). Plant growth
and leaf aging together determine leaf orientation and incli-
nation. For example, aging beet plants show an increasingly
planar shape, which has been linked to the progressively
changing light conditions in the field, as well as a light-
independent downward leaf movement (Mdiller-Linow et al.,,
2015). In the prairie forb Silphium terebinthinaceum, the
growing rosette pushes down the outer leaves, resulting in a
more horizontal orientation of older leaves (Smith and
Ullberg, 1989). We observed a similar response in older let-
tuce leaves during rosette growth (Figure 7). In addition,
growth influences leaf weight and tissue elasticity, which
typically leads to an enhanced gravitropic response, thus in-
creasing leaf angle, mainly in older leaves (Hernandez, 2010).
Leaf angles can also be controlled by more complex devel-
opmental cues. For example, in maize, ZmCLA4 has been
identified as a regulator of leaf angle and plant architecture,
resulting from its effect on auxin flow and shoot gravitrop-
ism (Zhang et al, 2014; Dou et al, 2020). Changes in me-
chanical properties of petiole cells and the increasing weight
of growing leaves have most likely contributed to the age-
related differences in leaf angle, as observed in tomato, po-
tato, bell pepper, and cucumber (Figures 3, 4, and 6).

It is not surprising that growth movements are regulated
by development and appear early in the plant’s life cycle
(Riviere et al, 2017). For example, young maize seedlings
show short oscillatory bursts of the hypocotyl, which are
likely caused by leaf emergence and the subsequent alterna-
tions of the energy metabolism and growth rate (Ciszak et
al, 2016). Later in their development, maize plants no longer
exhibit these frequent bursts, but show larger, more gradual
and low-frequent movements (Figure 8). It is very likely to
assume that these movements are the result of meticulous
and time-specific organization of graviception, autotropism
(Hamant and Moulia, 2016), and ultimately posture control
(Bastien et al,, 2014, 2018; Moulia et al,, 2019). Interestingly,
our sensor analysis of maize seedling stem orientation sug-
gests that stem motion is related to the outgrowth of leaves
into a certain direction, although our time-lapse images indi-
cate that there is a phase difference between mass distribu-
tion and actual leaf position. To fully characterize complex
motions such as growth movements in maize seedlings, the
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relationship between ground truth and sensor orientation
could be further explored.

Conclusions

In this article, we show that it is possible to measure the dy-
namics of complex movements of plants and plant organs
in real-time with a digital inertial measurement sensor. Both
small-scale changes in leaf orientation, such as nyctinastic
nutations and larger, mostly stress-induced movements,
such as epinasty can be monitored at a high temporal and
spatial resolution. It has become clear that not only the
growth conditions, but also leaf and plant age, strongly de-
termine motion responses, in conjunction with the circadian
clock. Furthermore, leaf movements are affected by changes
in the environment and the resulting leaf dynamics depend
on the nature of the abiotic stress. Gradual down or upward
bending and dampening of the circadian rhythm are two
possible modes of stress-specific changes in leaf attitude.
Young leaves seem to be more resilient to the long-term ef-
fect of waterlogging on leaf posture, although this is highly
species-specific and might not be generalized for other stress
conditions.

Digital motion sensors are a suitable alternative to imaging
techniques to monitor normal and stress-induced move-
ments of plants, especially when the plants or plant parts
are not entirely visible. In this respect, direct sensor contact
can reveal valuable insights into complex and dynamic plant
motions. The current design of the MPUG050 is suitable for
measuring leaf movements of larger plant species. Further
miniaturization is needed to enable applications of the sen-
sor system for smaller plant species such as Arabidopsis.

Materials and methods

Plant material and abiotic stress treatments

Diurnal and stress-induced leaf movements were assessed in
different species and for three major stress conditions
(waterlogging, drought, and salinity) in a greenhouse with
automated climate control and fertigation supply. The
waterlogging treatment started in the morning at 9 AM (1-
2 h zeitgeber time) and the high salinity treatment started
around 12 AM (4-5h zeitgeber time). The experiments
were conducted under controlled conditions of 18°C and
70% RH during the day and 65% RH during the night and
plants received extra assimilation light from 6 AM to 10 PM
(SON-T) if solar intensities dropped below 250W m™.
Waterlogging, drought, and salt treatments were performed
on tomato (S. lycopersicum cv Ailsa Craig) plants grown in
rockwool blocks, after reaching the eighth leaf stage. The
waterlogging treatment was conducted by flooding individ-
ual containers and lasted for 3d, after which the plants
(n=10) were reoxygenated. For the drought treatment,
plants (n=4-8) were subjected to a three-step drying se-
quence. Initially, plants received water in the morning and
the evening for 4d, followed by only one water gift in the
morning. After another 3d, plants received no fertigation
anymore. For the salt stress treatment, plants (n=4)
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received a sodium chloride-enriched fertigation solution
with an electrical conductivity (EC) of 10dS m™' for 7d.
Control plants received a fertigation solution with an EC of
2.3dS m™" through drip irrigation at regular time intervals,
depending on the solar radiation. To assess circadian leaf
movements in tomato, three cultivars were compared while
grown in the same greenhouse conditions (S. lycopersicum
cv Ailsa Craig cv Severianin, and cv Cuba Plum; n=10).
Plant age effects on leaf movements were determined by
comparing tomato plants (cv Ailsa Craig) in the seventh
and eighth leaf stages (n = 10).

Bell pepper (Capsicum annuum cv Maduro; n =10) and
cucumber (Cucumis sativus cv Roxanna; n=>5) plants were
grown on rockwool in the greenhouse until approximately
the seventh leaf stage, after which they received a waterlog-
ging treatment of 3 and 2d, respectively. Potato (Solanum
tuberosum) plants were grown from cuttings in a growth
room (21°C and 65% RH) until the 13th leaf stage.
Afterward, they were transferred to the greenhouse where
they received fertigation in the morning and at midday.
Subsequently, the potato plants (n =9) received a waterlog-
ging treatment for 3 d. The youngest eight leaves were mon-
itored throughout the experiment. Three lettuce cultivars (L.
sativa cv Fairly, Lucrecia and Lugano) were grown in rock-
wool blocks and transferred to a gully system using nutrient
film technique (EC 1.7dS m™') for 3 weeks. Growth-related
leaf movements were monitored for the following 10d
(n =4-6). Common bean (P. vulgaris cv Proton) plants were
grown in soil pots in the greenhouse until the fifth leaf stage
and subsequently exposed to a waterlogging treatment of
5d by flooding the root system (n=10). For banana, three
different crop wild relatives were grown in soil pots in the
greenhouse (M. balbisiana, M. acuminata ssp. banksii, and
M. acuminata ssp. malaccensis). Half of the banana plants
were subjected to a 4-week drought treatment by withhold-
ing irrigation, while the other half was grown under well-
watered conditions. Banana was grown under a 12 h/12 h
light/dark regime with temperatures between 18°C and
26°C. Maize (Z. mays) seedlings (n = 10) were grown in soil
pots in growth room conditions (21°C and 65% RH) and
their growth movements were monitored in time.

Oxygen consumption, transpiration, and salt
content (EC) measurements

During each of the waterlogging experiments, the dissolved
oxygen level was measured with optical oxygen sensor
probes (Firesting O2, Pyroscience) in the container for at
least two replicates per species. Drought treatment effects
were assessed with continuous lysimeters for the tomato
and banana experiments. For the salt stress experiment, the
EC in the rockwool blocks of tomato plants was measured
with EC-sensors (GS3; Decagon, Pullman, WA, USA).

Leaf and seedling movement

Circadian and stress-induced leaf movements and growth-
related seedling movements were assessed with our sensor
system (described in the “Results”). Sensors were attached
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to the leaf petiole base and stem with flexible clips and to
banana leaf laminae with small magnets. Leaf movement
was inferred from angular changes of the petiole or the lam-
ina and reported as the respective change of inclination
angle.

Validation of the sensor system with image-based analysis
was performed on tomato (Ailsa Craig) leaves. Petioles of
eight plants at two developmental stages were imaged from
the side with individual cameras (Foscam PoE IP camera)
and the petiole angle was quantified by image analysis in
Image) (Schneider et al, 2012). These results were compared
with the output of the corresponding leaf angle sensor.

For the maize seedling movements, inclination angles
were trigonometrically converted into projected x- and y-
coordinates to represent the Cartesian position in a horizon-
tal plane. The trigonometric projection of maize seedling
stems was performed using the following conversion:

x = sin(0) * sin(\)
{ y = sin(0) * cos(\)’

with 0 = pitch and |y = yaw.

Quaternions provide an integrative way of representing
these angular features and were compared to top view
images for one of the maize plants, by point tracking of an
image sequence in Image). Canopy cover of banana plants
was determined from weekly top view images starting
4 weeks before the drought treatment. Lettuce canopy cover
was determined from images at the start and after 5d with
OpenCV in Python (Bradski, 2000). This pipeline was also
used to assess the effect of a waterlogging treatment on the
canopy cover of four tomato plants. Images were taken at
10 minute intervals for 6 d.

Data analysis and statistics

Post-processing and visualization of the sensor data were
performed in R (R Core Team, 2019), together with the
analysis of angular features and plant transpiration. The
time series analysis consisted of two main procedures. Data
were first interpolated to a common timeframe and the
time series were decomposed using seasonal and rrend de-
composition using loess (STL decomposition; R packages
tsclean and stl). In this loess (local regression) based decom-
position, outliers of the residual component were removed
(values outside the interquartile range times 3). Confidence
intervals (90%) were determined from the Student’s t-distri-
bution at each time point. Daily leaf angle amplitudes were
calculated based on the detrended seasonal (daily) compo-
nent of the time series, and reported as the difference be-
tween the daily maximum and minimum angle. Daily leaf
angle changes were calculated as the difference between
mean daily leaf angles of the trend component of the time
series. Outliers (values outside the interquartile range times
1.5) were removed and distributions were compared using a
nonparametric Wilcoxon test in case of a single comparison
or a nonparametric Dunn’s test following a Kruskal-Wallis
test in case of multiple comparisons. Multiple comparisons
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were conducted using a Bonferroni correction (o= 0.05).
Sensor stability was assessed for a number of sensors not at-
tached to leaves, and the total change and daily leaf angle
amplitude were calculated using a time series of 1week and
34 d. Figures were produced using the R package ggplot2
(Wickham, 2016).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Sensor calibration and accuracy.

Supplemental Figure S2. Comparison of steady-state sen-
sor behavior to plant movements.

Supplemental Figure S3. Long-term steady-state sensor
stability.

Supplemental Figure S4. Validation of the sensor pitch
movement before and during root hypoxia for tomato
(Ailsa Craig).

Supplemental Figure S5. Leaf angle amplitudes of the
circadian rhythms of leaves of different ages and different
tomato accessions.

Supplemental Figure S6. Noncentered data of the
circadian leaf movements of different banana genotypes
(corresponding to Figure 3C).

Supplemental Figure S7. Oxygen consumption in the
root zone of individual plants of different species during a
waterlogging treatment.

Supplemental Figure S8. Real-time canopy cover change
in Ailsa Craig tomato plants during waterlogging.

Supplemental Figure S9. Average daily leaf angle trend
change during control and high salinity conditions in
tomato (cv Ailsa Craig) (n =4, EC=10).

Supplemental Figure S10. Daily leaf angle amplitudes of
leaves of different ages (fourth, fifth, and sixth leaves) during
abiotic stress conditions in tomato (cv Ailsa Craig).

Supplemental Figure S11. Mean hourly transpiration
of tomato (cv Ailsa Craig) plants during well-watered
conditions and drought stress.

Supplemental Figure S12. Noncentered data of the
circadian leaf movements of banana during drought stress
(corresponding to Figure 5C).

Supplemental Figure S13. Transpiration of the three
banana genotypes during well-watered and water deficit
conditions.

Supplemental Figure S14. Comparison of the daily leaf
angle changes to waterlogging of tomato and potato.

Supplemental Figure S15. Daily leaf angle amplitudes
of different aged leaves and in different species during a
waterlogging treatment and recovery.

Supplemental Figure S16. Side- and top-view images of
the orientation of a single maize plant during 4 d of growth.
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