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Abstract

Key message We developed an in-house Python-based image analysis pipeline to investigate the movement patterns
of Cuscuta. Our analysis unveiled that the coiling and circumnutation movements of Cuscuta are regulated by its
intrinsic circadian rhythm.

Abstract Cuscuta spp., commonly known as dodders, are rootless and leafless stem parasitic plants. Upon germination, Cus-
cuta starts rotating immediately in a counterclockwise direction (circumnutation) to locate a host plant, creating a seamless
vascular connection to steal water and nutrients from its host. In this study, our aim was to elucidate the dynamics of the
coiling patterns of Cuscuta, which is an essential step for successful parasitism. Using time-lapse photography, we recorded
the circumnutation and coiling movements of C. campestris at different inoculation times on non-living hosts. Subsequent
image analyses were facilitated through an in-house Python-based image processing pipeline to detect coiling locations,
angles, initiation and completion times, and duration of coiling stages in between. The study revealed that the coiling efficacy
of C. campestris varied with the inoculation time of day, showing higher success and faster initiation in morning than in even-
ing. These observations suggest that Cuscuta, despite lacking leaves and a developed chloroplast, can discern photoperiod
changes, significantly determining its parasitic efficiency. The automated image analysis results confirmed the reliability of
our Python pipeline by aligning closely with manual annotations. This study provides significant insights into the parasitic
strategies of C. campestris and demonstrates the potential of integrating computational image analysis in plant biology for
exploring complex plant behaviors. Furthermore, this method provides an efficient tool for investigating plant movement
dynamics, laying the foundation for future studies on mitigating the economic impacts of parasitic plants.

Keywords Parasitic plants - Cuscuta campestris - Circumnutation - Circadian rhythm - Timelapse photography - Image
analysis

Introduction

Cuscuta species, commonly referred to as dodders, are
obligate stem parasitic plants of the Convolvulaceae fam-
ily, widely recognized as morning glories (Riviere et al.
2013). Cuscuta infestations can have profound economic
Max Bentelspacher and Erik J. Amézquita these authors contributed implications. It can infect and considerably reduce the yield
equally to this work. of more than 25 different crop species and has been found
in at least 55 countries across all continents (Kogan and
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is resistant to most of the commercially available herbicides
(Nadler-Hassar and Rubin 2003), and a single plant can pro-
duce up to 15,000 seeds that can remain viable for at least
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environmental patterns being altered due to climate change,
species distribution models predict that the field and host
ranges of Cuscuta can expand even further (Cai et al. 2022;
Masanga et al. 2021). Therefore, new control strategies focus
on determining the molecular and environmental conditions
that affect Cuscuta’s ability to detect and attach itself suc-
cessfully to new hosts during its seedling stage (Hartenstein
et al. 2023).

Cuscuta propagates through either seeds or stem cuttings
(Ashton and Hutchison 1980; Hegenauer, et al. 2017). Fol-
lowing germination from seed or attachment to a host via
stem cuttings, Cuscuta initiates a counterclockwise rota-
tional movement, referred to as circumnutation. Circumnuta-
tion, first described by Charles Darwin (Darwin and Darwin
1880), is a phenomenon characterized by the combination
of circular movement and axial growth for the independent
and autonomous movements of young and growing organs
such as the flowers, stems, shoots, tips, petioles, tendrils, or
roots of plants, including Cuscuta (Agostinelli et al. 2021,
Brown 1993; Moulton et al. 2020; Stolarz 2009; Wu et al.
2020). Since this movement is crucial for Cuscuta to iden-
tify and secure a suitable host plant, circumnutation is the
most essential process in early parasitism for the species.
After recognition and successful attachment, Cuscuta starts
producing feeding sites known as haustoria, which penetrate
the vascular system of the host plant to obtain water and
nutrients for its own survival (Jhu and Sinha 2022; Kim and
Westwood 2015; Shimizu and Aoki 2019). Without attach-
ment to a host, Cuscuta cannot survive independently due to
its lack of leaves and roots. Unraveling these circumnutating,
coiling, and attaching dynamics are key to understand how
Cuscuta survives and interact with its environment.

Interestingly, circumnutation movement is influenced by
the circadian clock (Niinuma et al. 2005; Stolarz 2009). The
circadian clock helps plants adapt to varying light condi-
tions by regulating physiological and behavioral processes
through an endogenous 24 h rhythm (Creux and Harmer
2019; Greenham and McClung 2015; McClung 2006). In
response to changing light conditions, the circadian clock
uses external cues, such as light and temperature, to syn-
chronize its internal rhythm with the external environment.
Notably, plant circadian rhythms are self-sustaining (free
running) and have an intrinsic, endogenous component that
allows it to maintain a 24 h cycle even in the absence of
external cues (Stolarz 2009).

The conventional method for phenotyping and charac-
terizing circumnutation and other developmental traits
typically entails direct visual examination and annotation.
This process is both time-consuming and prone to mistakes,
which limits the number of phenotypes observed, and plant
samples analyzed. In a digital data-dominated era, open-
sourced high-throughput plant phenotyping (HTPP) pipe-
lines are crucial to gain better and more profound insights
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from image-based data (Araus and Cairns 2014; Fahlgren
et al. 2015). For example, 2D image-processing HTTP pipe-
lines can automatically track size changes in Arabidopsis
leaves (Swartz et al. 2023), detect plant—pathogen interac-
tions in excavated maize roots (Pierz et al. 2023), character-
ize leaf venation patterns for grasses (Robil et al. 2021), and
even trace circumnutation movements made by Arabidopsis
stems (Mao et al. 2023). However, adapting existing HTPP
pipelines for C. campestris phenotyping presents challenges
due to several unique features of the organism. These include
its absence of leaves and root system, as well its highly vari-
able movement and twinning patterns.

In this study, we introduce a Python-based image pro-
cessing pipeline designed to phenotype key traits associated
with C. campestris circumnutation and coiling. This pipeline
allows the automated detection of coiling location, angle,
initiation, and completion times, along with the duration
of coiling stages in between. Subsequently, we applied the
pipeline to gain a better understanding of circumnutation
and coiling of C. campestris and investigated how circa-
dian rhythm influences successful inoculation. The findings
obtained from this automated image analysis tool aligned
with those derived by manual annotation, confirming the
reliability of the Python pipeline. The pipeline is openly
accessible as a series of commented Jupyter notebooks to
encourage appropriate modifications for different image data
or experimental setups. This approach not only enhances
the precision in tracking plant movements but also paves
the way for future research on the mechanisms underlying
parasitic plant interactions and potential sustainable weed
control strategies.

Materials and methods
Plant growth and C. campestris inoculation

The experimental workflow of our study is illustrated in
Fig. 1. C. campestris seedlings were inoculated on 1-month-
old Beta vulgaris in a greenhouse with a temperature of
25-30 °C and day/night cycle of 16/8 h. Three weeks after
the initial inoculation, mature C. campestris stem segments
were collected from the greenhouse. To evaluate the poten-
tial for inducing coiling under our experimental conditions,
preliminary tests were conducted by attaching these C.
campestris stems to 3-week-old Arabidopsis Col-0 and to
bamboo skewers (30 cm in length and 4 mm in diameter),
enabling a comparison of coiling patterns on living versus
non-living materials (Fig. 2a, b, Supplementary Video 1).
The C. campestris stem segments used in the inoculation
experiments measured between 6 and 8 cm, with shoot
tips ranging from 4 to 6 cm in length and a single offshoot
branch. The C. campestris stems were attached to their host
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Fig. 1 Experimental workflow
for monitoring the coiling

Grow Cuscuta campestris on beets

movement of Cuscuta. After
acquiring time-lapse images

v

of Cuscuta stems subjected to
varying inoculation times, each
measurement was analyzed

Harvest C. campestris stems and inoculate on
skewers at 9 AM, 12 PM, and 4 PM

through manual observation or
automatic detection

v

Capture time-lapse pictures every 96 seconds for 24 hours (900 images)
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Manual
observation

Automatic
detection

-Successful coiling (%)
-Coiling initiation time
-Coiling completion time

or skewer with pieces of 3 M Magic tape of approximately
3-3.5 cm in length and 4 mm in width. The tape was applied
on the shoot tip at half its length. To ensure optimal inocula-
tion, the shoot tips were aligned facing left at an angle of
30-60°, considering that C. campestris shoot tips exhibit
an anti-clockwise movement pattern. The attached shoot
tips were kept under 24 h constant lightening using far-red
enriched lights with an intensity of 100 umol/m? (GE R30
Soft White Medium Base, model #30,711) as previously
described in (Bernal-Galeano et al. 2022) (Supplementary
Figure 1). For the time lapse experiment, every sampling
setup consisted of five C. campestris stems attached to five
skewers roughly equidistant from each other. This setup was
repeated seven times for three different inoculation times: 9
AM, 12 PM, and 4 PM, resulting in 35 individual stems for
every inoculation time.

Camera setting, time lapse, and videos

Photos were captured on a Panasonic DC-FZ80 digital
camera. The aspect ratio was set to 16:9, picture quality
to 4896 x 2752 pixels, aperture value of 4.0, shutter speed
of 100, ISO 1600, and an interval time of 96 s. The white
balance was set manually based on the light conditions in
the room before the timelapse. The focus was set using
automatic settings, then switched to manual prior to cap-
ture. Flash, image stabilizing, and automatic white balance

-Successful coiling (%)

-Initiation time for 15t and 2™ coils
-tightening time of 1st and 2™ coils
-Completion time of 15t and 2" coils
-Angles of 1stand 2™ coils

-Position of 1stand 2" coils

-Time to achieve 360° wrapping

settings were turned off. From the ruler attached next to
the skewers, 14 pixels correspond to 1 mm length. Shotcut
software (https://shotcut.org) was used to make and render
timelapse videos with the image sequence option. The vid-
eos were rendered at 30fps using a 1ibx265 HEVC codec
and exported as an mp4 file (Supplementary Videos 2, 3, 4).

Manual observation

According to C. campestris movement and coiling patterns
on the bamboo skewer, we manually observed success rate
of coiling, coiling initiation, and completion times while
C. campestris stems coiled on bamboo skewers. Success-
ful inoculations were quantified by evaluating whether the
C. campestris stems exhibited complete coiling around
the bamboo skewers showing a stable physical interac-
tion. Only C. campestris stems that successfully coiled on
bamboo skewers were considered for analysis. Coiling ini-
tiation was defined as the time from the point of contact
until the C. campestris stems began its characteristic anti-
clockwise twining motion. Completion of inoculation was
determined when the main shoots ceased to move signifi-
cantly around the surrogate host (Fig. 2c). Time intervals
for initiation and completion of coiling were recorded and
averaged in a spreadsheet for each inoculation event within
the experiment.
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Fig.2 Cuscuta stems were wrapped around Arabidopsis stems and
bamboo skewers. a Cuscuta stems were attached on Arabidopsis
Col-0 and bamboo skewers and incubated for 24 h. b Zoomed-in
images of lined boxes in (a). ¢ Timelapse images were captured to
observe the coiling movement of Cuscuta stems under different inoc-
ulation times. Scale bar: 1 cm. HAI: hours after inoculation. Black
arrows indicate Cuscuta stems

Image processing setup

An in-house SciPy-based Python image processing script
was developed to automatically extract movement and
position information from the individual standstill photos
described above. (Supplementary Videos 5, 6, 7, 8, 9). This
way we divided the C. campestris coiling process into nine
partially overlapping steps: (1) inoculation, (2) Coil 1 initia-
tion, (3) Coil 1 positioning, (4) Coil 1 tightening, (5) Coil 1
completion, (6) Coil 2 initiation, (7) Coil 2 positioning, (8)
Coil 2 tightening, and (9) completion, as explained below.
The script is based on a combination of color, hue, and
saturation thresholding and elementary image morphology
operations. All the image processing and detailed analyses
steps, limitations, and considerations can be read as Jupyter
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notebooks available at the GitHub repository listed at the
end. The exact hyperparameters were first manually tuned
for a single photo and these values were later used for the
rest of the images; this was possible since all the photos have
comparable illumination and color values.

Automated image cleaning and annotation

First, the background was thresholded (black in Fig. 3c);
the centers of the skewers were approximated with ordinary
least-squares best fit lines (red in Fig. 3c); and the top edge
of the tape pieces was located (orange in Fig. 3c¢). Next,
the image was split into five overlapping sub-images, each
centered on a different skewer; left and right limits deter-
mined by neighboring skewers; bottom margin determined
by tape (Fig. 3d-h). The C. campestris in each section was
identified as the union of large, connected components near
the central skewer (Fig. 3i—m). The resulting segmented C.
campestris was skeletonized (Zhang and Suen 1984) (gray in
Fig. 3n—r). Subsequent phenotyping was limited to instances
where the skeleton crossed in front the center of the skewer
(white dot in Fig. 3s—w). These crossing instances were
modeled by weighted linear RANSACs (Fischler and Bolles
1981), where pixels closer to the crossing site had higher
weights (light blue and mustard in Fig. 3t—w). The cross-
ing angle was determined as the complement of the angle
between the skewer central line and the RANSAC line (pink
in Fig. 3t-w). It is important to note that an angle of 0°
indicates that the C. campestris crosses perpendicularly to
the skewer. Repeating these steps for all snapshots resulted
in location and angle time series for Coil 1 and Coil 2 for
every individual C. campestris (Fig. 4a). Missing time
points were interpolated using linear splines and outliers
were removed following a Savitzky—Golay filter (Savitzky
and Golay 1964). A C. campestris stem was determined as
successfully coiled if it presented relevant angle and position
information for both Coil 1 and Coil 2.

Automated feature extraction

As illustrated in Fig. 4, Coil 1 is initiated at 7.7 h after
inoculation (HAI) when the C. campestris crosses in front
of the skewer for the first time. Immediately after, Coil
1 positions itself for the next 4.3 h—both its angle and
position vary more than 5° and 1 mm, respectively, with
respect to their final values at 24 HAI. In this case, Coil 1
stops positioning at 12.0 HAI, as its position remains sta-
ble for the remainder of the recording. Coil 1 then tightens
for the next 4.8 h—its angle remains variable while its
position is stable. Finally, at 16.8 HAI, Coil 1 is completed
as its angle also remains stable for the remainder of the
recording. The coil stabilization time is simply the differ-
ence between completion and initiation times, which is
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Fig.3 Image processing and analysis of Cuscuta images. a Summary
of image processing steps performed, starting from a raw image and
finishing annotations for each Cuscuta. Examples of each step are to
the left. b Standstill image of the Cuscuta experiment setup as initial
input. ¢ Background was thresholded out (black), the center of each
skewer was approximated with a best-fit line (red line), and the tape
upper border was identified (orange line). Further steps only consid-
ered the skewer section above such tape (cyan). d=h Image was then
split into five sub-images, each centered at a different skewer, from
which i-m the relevant Cuscuta (white) was segmented and n-r skel-

9.1 h in this case. Note that this is the same as the sum of
positioning and tightening periods. The times and periods
for Coil 2 are analogous. In this case, Coil 2 initiates at
15.5 HALI, it exhibits no positioning period, and it tightens
for 3.8 h to be completed at 19.3 HAI so that it is stabilized
after 3.8 h. In addition, the time for C. campestris to turn
360° was determined as the difference between Coil 1 and
Coil 2 initiation times (7.8 h). Finally, the whole coiling
process time for a C. campestris was determined as the
time difference between the initiation of Coil 1 and the
completion of Coil 2 (11.6 h). An animated version of this
example can be seen in Supplementary Video 5.

etonized (gray). Further analysis focused solely on instances where
the skeleton crosses the center of the skewer. s Example where no
information is extracted as the Cuscuta has not yet passed in front of
the skewer. t—w Position where Cuscuta’s skeleton crosses the skewer
is recorded (white star) as well as the complementary angle (pink
pie) made by the first coil (cyan line) and w second coil (mustard
line). The skewer is shown in purple and its midline approximation
is shown in red. The yellow scalebar corresponds to 56 pixels which
approximates to 2 mm for all images (colour figure online)

Statistical analysis

A Mann—Whitney U test (Mann and Whitney 1947) was per-
formed to compare if the reported position, angle, and time
values had statistically different average values for different
pairs of initial inoculation times or different coils. This test
was chosen since it does not assume any special conditions
on the underlying distributions. This test was used whenever
comparing manual or automatic observations.

Spearman’s rank correlation coefficients were com-
puted between the time to turn 360° and the different time
periods related to the coiling—positioning, tightening,
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Fig.4 Automated detection of essential time points of Cuscuta coil-
ing process. a For a single Cuscuta, the angle and position informa-
tion of both coils is extracted from all the standstill images (Fig. 3).
The scatter plot represents the actual observations. The solid lines
represent the time series obtained after removing outliers and
smoothening the signal. b Sample standstill sub-images represented
by the time series. Raw (R) and its corresponding processed (P) sub-
image are presented side by side for visual comparison. The yellow
scalebar corresponds to 2 mm for all sub-images. In this analysis, the
time series contains no information prior to 7.7 HAI since Cuscuta
has not crossed in front of the skewer yet. Similarly, no information
on Coil 2 was recorded prior to 15.5 HAI Refer to Supplementary
Video 5 for an animated example. ¢ From the time series, for each
coil we can immediately determine the time points when it initi-
ated, when its position stopped changing, and when its angle stopped
changing. By identifying these timepoints (in blue), we can deduce
the duration of coiling stages (in gray) (colour figure online)

stabilization times—as well as between positioning and
tightening times. In addition, p values associated to these
coefficients were computed following a t-distribution.
These analyses were carried out separately for different
inoculation times and for Coil 1 and Coil 2. (Supplemen-
tary Figure 4). The Spearman coefficient was chosen,
because it does not assume linearity.
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Results

C. campestris coiled on both living and non-living
hostsin24 h

Within 24 h following C. campestris inoculation, the shoot
tips successfully coiled on both bamboo skewers and Arabi-
dopsis plants (Fig. 2a, b and Supplementary Video 1). This
indicates that C. campestris can coil around a host within a
day, and that bamboo skewers are suitable surrogate hosts for
studying C. campestris coiling movements. These findings
are consistent with previous research showing C. campes-
tris’s ability to coil around non-living materials and form
haustoria when exposed to an appropriate blue/far-red light
ratio (Bernal-Galeano et al. 2022; Hegenauer et al. 2017).
Consequently, skewers were used as surrogate hosts for
subsequent analysis. Furthermore, we conducted manual
observations to assess the success rate of coiling, as well
as to track the initiation and completion times of coiling,
while closely monitoring C. campestris stems as they coiled
around bamboo skewers (Fig. 2c).

Success rate of C. campestris coiling under different
inoculation times

Manual observations indicated a 100% success rate for C.
campestris coiling at 9 AM (35 stems), whereas the success
rates were approximately 83% at both 12 PM and 4 PM, with
29 stems each (Fig. 5a, left panel; Supplementary Table 1,
and Supplementary Videos 2, 3, 4). Automated observations
showed a similar trend with lower rates for each time point:
97.1% at 9 AM (34 stems), 71.4% at 12 PM (25 stems), and
80% at 4 PM (28 stems) (Fig. 5b, right panel; Supplementary
Table 2). This discrepancy is primarily attributed to difficul-
ties in distinguishing the color between the C. campestris
stem and the skewers in some replicates and in extracting
data from skewers that did not remain completely stationary.

Initiation and completion of C. campestris coiling
under different inoculation times

Manual observations revealed average coiling initiation
times of 5.3, 5.9, and 8.5 h after inoculation (HAI) for C.
campestris inoculated at 9 AM, 12 PM, and 4 PM, respec-
tively (Fig. 5b, left panel; Supplementary Table 3, and Sup-
plementary Videos 2, 3, 4). Notably, significant differences
were observed in initiation times between C. campestris
inoculated at 9 AM and 4 PM (p value < 10’5), as well as
between 12 and 4 PM (p value < 107). Interestingly, stems
inoculated at 4 PM exhibited delayed coiling initiation com-
pared to those at 9 AM, potentially due to longer resting
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Fig. 5 Examining the coiling
behavior of Cuscuta through
manual and automatic detection
methods. The successful rate
of Cuscuta coiling (n=35) (a),
coiling initiation time (b), and
coiling completion time (c)
were measured by manual and
automatic detection methods.
ns: Not significant, p value
of >0.05; *: p value of 0.05

to 0.005, **: p value of 0.005
to 0.0005, and ***: p value

of <0.0005
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periods or circumnutation before recognizing the bamboo
skewer. However, no significant differences were observed
between inoculation at 9 AM and 12 PM. A similar trend
was observed in the completion times, with an average time
of 14.4, 16.5, and 18.0 HAI for 9 AM, 12 PM, and 4 PM,
respectively (Fig. Sc, left panel; Supplementary Table 3, and
Supplementary Videos 2, 3, 4). In this case, the comple-
tion time was significantly different between C. campestris
inoculated at 9 AM vs 4 PM (p value < 107%).

Similar conclusions can be drawn from the automatic
observations. Coil 1 was initiated on average at 4.8, 5.3, and
7.9 HAI for 9 AM, 12 PM, and 4 PM, respectively (Fig. 5b,
middle panel; Supplementary Table 4). Coil 2 was initiated
at 7.8, 8.7, and 11.9 HAI for 9 AM, 12 PM, and 4 PM,
respectively (Fig. 5b, right panel; Supplementary Table 5).
These times are significantly different between C. campestris
inoculated at 9 AM and 4 PM (p values < 10‘5), and between
12 and 4 PM (p values < 107*) for both Coil 1 and Coil 2.

Time of inoculation

There were no significant differences between 9 AM and 12
PM. Do notice that the automated observations are based on
when the C. campestris crossed in front of the skewer with-
out regard the context of the movement, which most likely
explains why the automatically reported times are earlier
than the manual ones.

The automatic observations show that Coil 1 was com-
pleted on average at 14.8, 15.9, and 16.7 HAI for 9 AM, 12
PM, and 4 PM, respectively (Fig. 5c, middle panel; Sup-
plementary Table 4). Coil 2 was completed at 13.3, 15.2,
and 17.4 HAI for 9 AM, 12 PM, and 4 PM, respectively
(Fig. 5c, right panel; Supplementary Table 5). We observed
that Coil 2 tends to reach a stable state slightly earlier than
Coil 1, but these differences were not significant. There are
no significant differences in completion time for Coil 1 with
respect to inoculation time. However, there is a significant
difference in Coil 2 completion times between 9 AM and 4
PM (p value < 10~3). Since the automatic annotation focuses

@ Springer
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solely on the behavior of the C. campestris in front of the
skewer, it ignores the possibility of the C. campestris’s upper
tip still moving while the coil in front of the skewer is sta-
tionary. This could explain why the automatically reported
completion times of Coil 2 happen earlier than the manual
ones. Nonetheless, despite different annotating criteria, both
manual and automatic observations highlight significant dif-
ferences in coiling initiation and completion times among C.
campestris inoculated at different times, with those inocu-
lated at 9 AM consistently showing earlier coiling compared
to those inoculated at 4 PM.

The automated pipeline tracks the coiling
stabilization, twisting times, angles, positions,
and gaps of the C. campestris coils

The automatic observations revealed consistent findings
across different inoculation times. Firstly, there were no sig-
nificant variations in the gap size between coils or in the time
required to complete a full 360° coil around the skewer (Sup-
plementary Figure 2a, b). In addition, examination of Coil 1
and Coil 2 angles at 24 HAI showed no statistical differences
in their final angle and position across all inoculation times.
The average angle of Coil 1 was 23.5°, 21.8°, and 30.4° for
C. campestris inoculated at 9 AM, 12 PM, and 4 PM, respec-
tively (Supplementary Figure 2c, left panel), while for Coil
2, the angles were 8.1°, 9.0°, and 13.9°, respectively (Sup-
plementary Figure 2c, right panel). Notably, there were no
statistical differences in final angles and positions observed
across all inoculation times, whether examining Coil 1 or
Coil 2 (Supplementary Figure 2c, d). However, a marked
contrast was observed between the final angle of Coil 1 and
Coil 2 for every inoculation time (p values < 10~*) (Supple-
mentary Figure 2c). Specifically, Coil 1 tended to be more
angled or slanted, while Coil 2 generally aligned parallel to
the ground. These results indicate that the coiling dynam-
ics of C. campestris, including the speed of wrapping and
the final positioning of the coils, are not influenced by the
time of day at which inoculation occurs, but they might be

x Lo
)' _/’\_

affected by the mechanical differences between the first and
second coils.

Similar trends were observed when examining the time
periods of different coiling stages. There were no significant
differences in the positioning, tightening, and stabilization
period durations for either Coil 1 or Coil 2 across all inocu-
lation times (Supplementary Figure 3a—c). However, there
was a striking statistical difference between the positioning
duration of Coil 1 and Coil 2 across all inoculation times
(p values < 107). Coil 1 tended to position for about 6.0,
5.6, and 5.6 h, while Coil 2 only positioned for 1.4, 2.6, and
2.0 h, for C. campestris inoculated at 9 AM, 12 PM, and 4
PM, respectively. These time differences between coils are
not observed in tightening time duration, but they reemerge
when considering stabilization times (p values < 107). In
this case, Coil 1 tends to stabilize within 10.0, 10.6, and
9.0 h compared to 5.6, 7.0, and 5.4 h for Coil 2 for inocu-
lations at 9 AM, 12 PM, and 4 PM, respectively. In other
words, Coil 1 tends to move up and down the skewer for
a while before finding a stationary position, while Coil 2
remains in place soon after it has twined with just slight
adjustments in angle, suggesting mechanical differences
between these two coils (Supplementary Figure 3a—c).

There were no significant differences when comparing the
whole duration of the coiling process across all inoculation
times. This conclusion is supported whenever using either
the manual or automated annotation criteria (Supplementary
Figure 3d). Such result suggests that while C. campestris
inoculated at 9 AM tends to initiate coiling considerably
earlier than C. campestris inoculated at 4 PM, once they
start, the mechanistic coiling processes and stages have simi-
lar durations. This could indicate that C. campestris inocu-
lated at 9 AM reaches a stationary state considerably earlier
than C. campestris inoculated at 4 PM mainly, because the
former has an earlier head start (Fig. 6). This might also
indicate that the mechanisms involved in coiling initiation
are independent from those involved in turning and twining.
This final observation is also supported by a lack of corre-
lation between the time it takes C. campestris to complete
a 360° turn and the time it spends positioning, tightening,

18[19[20[21[22[23[24[ 1 [2[3[4[5[6 ] 78] 9[10[11[12[13[14[15[16[17[18[19[20]21[22[23[24[ 1 [2[3[4[5]6 7] 8] 9 [10[11]12]

Fig.6 Summary of Cuscuta coiling movement using automatic detec-
tion methods with three different inoculation times (9 AM, 12 PM
and 4 PM). Blue bars and yellow bars indicate average time of rest
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or stabilizing, regardless of the inoculation time or the coil
observed (Supplementary Figure 4).

Discussion

Throughout evolution, plants have developed a plethora
of survival strategies. Among these, parasitic plants have
evolved unique adaptations to exploit other plant species for
their resources. These unique members of the plant kingdom
exhibit either facultative or obligatory dependence on other
plant species for survival. They are also classified either as
stem or root parasites, depending on the point of attachment
to a host (Tésitel 2016). Cuscuta has evolved specialized
haustoria structures and exhibits remarkable mobility, while
undergoing atrophy in its root and leaf organs (Jhu and Sinha
2022; Sun et al. 2018). Despite the critical role of mobility,
such as circumnutation and coiling, in the successful parasit-
ism of Cuscuta, studies investigating this aspect have been
limited and primarily focused on manual observations, often
in the context of responses to volatiles or light wavelengths
(Furuhashi et al. 2021, 2011; Runyon et al. 2006; Yokoyama
et al. 2023). Addressing this gap, our study aimed to pro-
vide a combined analysis of Cuscuta coiling dynamics, using
both manual observations and automated detection methods.

We found that C. campestris inoculated at 9 AM resulted
in the highest success rate of inoculation and showed the
fastest coiling initiation around the host (Fig. 5a, b). In con-
trast, inoculations at 4PM showed a lower success rate and an
approximately 1.5-fold slower coiling initiation compared to
those at 9 AM and 12 PM, possibly due to an extended rest-
ing stage or prolonged circumnutation movement (Figs. 5b
and 6). These observations suggest a difference in circum-
nutation and coiling behavior of C. campestris depending
on the time of day. These observations give evidence that C.
campestris perform circumnutation best in morning, moder-
ately in afternoon, and lower in the evening, indicating that
C. campestris has preferable times for active circumnutation
and subsequent coiling. Interestingly, similar diurnal pat-
terns have been observed in sunflowers, where young sun-
flowers exhibited a wide amplitude of circumnutation from
midnight to noon, gradually decreasing in the afternoon and
reaching a resting stage from evening (around 6PM) until
midnight (Stolarz 2009). This indicates that like sunflow-
ers, rootless and leafless C. campestris retains the light/dark
period even though its stem is cut. Moreover, it suggests
that C. campestris has its own internal oscillator capable
of detecting the circadian clock, regulating circumnutation
for successful parasitism independent of host-derived hor-
mones or signals. According to previous reports, climbing
plants have been reported to perform circumnutation more
regularly (Baillaud 1962; Millet et al. 1984; Yoshihara and
Iino 2005). Since Cuscuta belongs to the morning glory

family (Convolvulaceae), it is expected that Cuscuta will
also perform circumnutation like other climbing plants. In
addition, it has been reported that Early flowering 3 (ELF3)
or Timing of cab expression 1 (TOCI) regulates circum-
nutation (Niinuma et al. 2007, 2005), but in Cuscuta aus-
tralis, it has been reported that not only ELF3/4 but also
Response regulator 3 and 4 (ARR3/4), Cycling Dof factor 1
and 3 (CDF1/3), Flavin-binding, kelch repeat 1 (FKF1), and
Cryptochrome-interacting basic-helix—loop-helix 1 (CIBI)
are missing (Sun et al. 2018). It suggests a research gap
in understanding how Cuscuta regulates its circumnutation
despite lacking some key circadian clock and photoperiod
genes. Therefore, although Cuscuta is influenced by exist-
ing circumnutation mechanisms like climbing plants, how
it performs circumnutation well without these circadian
clock genes including ELF3 is a subject that needs to be
researched in the future. In addition, it has been observed
that the concentration of cytoplasmic free calcium (Ca*)
and potassium (K*), and chloride (CI™) follow a circadian
rhythm for a variety of plant tissues, which in turn regulate
turgor changes that result in circumnutation of tendrils and
folding-unfolding of leaves for several species (Scorza and
Dornelas 2011; Stolarz 2009). Still, it remains unclear if
the purpose of circumnutation and coiling movements in C.
campestris; are influenced by its circadian clock and if these
movements serve as a strategic tactic for successful parasit-
ism. Further experiments are required to fully understand
this biological aspect of Cuscuta.

Previous studies have shown that Cuscuta has loose or
tight coils under different wavelengths, critically affect-
ing its haustoria development (Furuhashi et al. 2021; Pan
et al. 2022; Yokoyama et al. 2023). When Cuscuta pre-
sents loose coils under red light or a high red/far red (R/
FR) ratio, there was no haustoria development, while low
R/FR ratio and blue lights induced tight coils and suc-
cessful haustoria development. An interesting discovery
from previous studies, although not directly focused on
this aspect, is that the final coil at the upper section of
loose coils consistently exhibited higher angles compared
to tight coils, even though Cuscuta wraps around the host
multiple times, with all coils varying in angles. Notably,
haustoria organs were produced from the flattened upper
coil of tight coils, indicating that the angle of the top coil
is important for the haustoria development (Yokoyama
et al. 2023). In this study, we separately analyzed Coil 1,
Coil 2, and stabilization of coiling (positioning and tight-
ening) mathematically. As a result, there were significant
angle and time differences when comparing Coil 1 and
Coil 2. On one hand, Coil 1 tended to position for 5.7 h
and stabilize after 9.9 h, coming to a final angle of 25°
with respect to the base. On the other hand, Coil 2 tended
to position just for 3.0 h and stabilize after 6.0 h, coming
to a final angle of 10° with respect to the base. Therefore,
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Coil 1 tended to exhibit much more mobility after con-
tacting the skewer to then stay at a slanted angle, whereas
Coil 2 tended to be more limited in movement and set-
tled at a flat angle (Supplementary Figures 2c, 3c). Thus,
we suggest that our approach has capability to distinguish
mechanistic differences between loose or tight coils, as
previously described (Yokoyama et al. 2023), and predict
the development of the haustoria organ prior to its emer-
gence from the inoculated Cuscuta stem.

Moreover, the automated pipeline of this study can deter-
mine more nuanced time points and periods related to Cus-
cuta’s coiling process. For instance, through these automatic
analyses, it was observed that the time it takes C. campes-
tris to twist around the skewer is independent of the time it
takes to stabilize its coiling, regardless of the inoculation
time. This suggests that twisting and stabilization follow
two different mechanisms. This agrees with prior reports
where twining and haustoria development could be indepen-
dently induced from each other using different light stimuli
(Furuhashi et al. 2021). Another observation from automated
annotations is that once Cuscuta initiates coiling, the period
duration for each of its coiling stages—positioning, tighten-
ing, and stabilization—is independent of the time of inocu-
lation, even though Cuscuta inoculated during the morning
initiates considerably quicker than the one inoculated during
afternoon. It was also observed that all phenotypes related
to final coil positions and angles were also independent of
inoculation time (Supplementary Figure 4).

At the moment, the proposed pipeline can only extract
phenotypes associated to C. campestris’s stem angle and
position with respect to the skewer by contrasting the skew-
ers and parasites’ color. A more careful choice of back-
ground and skewer color can provide clearer images from
which the whole C. campestris stem could be digitally iso-
lated. Recent transgenic RUBY C. campestris exhibit robust
betalain pigment expression, which would greatly facilitate
its digital separation from the skewer and the background
(Adhikari et al. 2024). This setup can potentially solve
our current shortcomings, and it would be thus possible to
automatically extract more movement and circumnutation
characteristics, and even refine the criteria to determine coil
initiation and completion so that they coincide with those
used in a manual setting.

Circumnutation and coiling represent crucial behaviors
for stem parasitic plants, facilitating their effective parasitic
lifestyle. This research endeavors to advance computational
image analysis tools capable of monitoring Cuscuta movement
under controlled laboratory conditions within a short period
of time. Through these invested tools, we aim to delve into
the biological, morphological, biochemical, and physiological
aspects of Cuscuta mobility. Such investigations promise fun-
damental insights into the intricate interactions between plants,
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particularly between hosts and parasitic species, thereby laying
the groundwork for parasitic plant management strategies.

In summary, our study introduces a Python-based image
processing pipeline designed to phenotype key traits associated
with Cuscuta circumnutation and coiling. This tool automates
the detection of plant movement parameters such as coiling
location, angle, initiation, and completion times, as well as the
durations of various coiling stages. We utilized this pipeline to
better understand the coiling behavior and circadian rhythms
of Cuscuta. The data generated by this automated tool agreed
with manual annotations, underscoring its accuracy and reli-
ability. In addition, we have made the pipeline publicly avail-
able in the form of Jupyter notebooks on GitHub. This facili-
tates adaptations to diverse imaging datasets and experimental
conditions, broadening its applicability. Our approach not only
refines the accuracy of tracking plant movements but also lays
the groundwork for further exploration into the mechanisms of
parasitic plant interactions, potentially leading to sustainable
methods for managing parasitic weeds.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00299-024-03337-1.
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