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Abstract Ï Understanding the interactions between plants 
and mycorrhizal fungi is crucial for supporting agricultural and 
forestry management strategies and defending the fragile 
stability of soil ecosystems. Digital technologies play an 
important role in both field and laboratory studies. We propose 
a customized digital microscope to capture plant root-fungi 
interactions and characterize the phenotypic responses of these 
organisms through time-series analysis. To demonstrate its 
usability, we investigated the effects of spore presence on the 
development and growth responses of Oryza sativa L. roots over 
time. Future applications will include the phenotypic analysis of 
both plants and fungal networks. 

Keywords Ï root phenotyping, mycorrhizal fungi, time-lapse, 
in vivo experiments 

I. INTRODUCTION 
Rice is a fundamental food for over half of the world's 

population and a critical resource in global agrifood systems 
[1]. Enhancing rice production through sustainable practices 
is essential to meeting the growing food demand. 

Mycorrhizal symbioses are known to enhance plant 
nutrient uptake, specifically nitrogen (N) and phosphorus (P), 
and are hypothesized to improve plant fitness and resilience to 
stress [2]. It has been demonstrated that rice produces more 
lateral roots during symbiosis with arbuscular mycorrhizal 
(AM) fungi [3]. These lateral roots are preferred sites for root 
colonization and establishment of symbiosis [4]. Moreover, 
arbuscular mycorrhizal fungi induce changes in the root 
system architecture [5]. For example, it has been observed that 
the Piriformospora indica (P. indica) fungus, characterized by 
endophytic colonization alters root architecture and growth 
behaviors in rice plants [6]. Specifically, P. indica induced 

primary root shortening and coiling. This coiling is conducted 
by root tip growth-driven oscillatory movements called 
circumnutations [7,8,9,10].  

These movements are controlled by the plant hormone 
auxin, suggesting modulation of auxin levels in colonized 
roots. Furthermore, auxin is a crucial phytohormone for 
secondary root formation (lateral roots) and growth [11]. 
DR5-based auxin-inducible reporters are widely used tools for 
monitoring plant auxin distribution [11].  

This work analyzes rice growth responses on a 
DR5::VENUS reporter line and its wild type. 

Another important phenomenon is the directional growth 
plants implement in response to external stimuli [12]. Such 
behavior is called tropism, and it has also been observed in 
rice in response to gravity and light [13] or nutrients [14], for 
instance. While it is known the directional growth and 
branching responses of some arbuscular mycorrhizal fungi to 
chemical factors released by roots [15], for roots, the 
directional growth is differentially affected by volatiles 
released by saprophytic and pathogenic fungi [16]. On the 
contrary, the root behavior of beneficial fungi spores, such as 
arbuscular mycorrhizal fungi, remains unknown. 

Nevertheless, spore exudates contain concentrated 
complex mixtures of chitin-related molecules that are known 
to be perceived and to stimulate the development of the lateral 
roots and the AM symbiosis [3]. Since the establishment of 
symbiosis has never been observed in real-time, our 
knowledge of these phenomena is quite limited. 

Much remains unknown about root phenotyping and the 
steps toward the symbiosis establishment. Studying the initial 
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phases and how the large lateral roots behave in terms of 
growth-driven movements (i.e., circumnutations and 
tropisms) and development can help to understand how the 
symbiotic relationship is established over different plant 
species, identify the players in the signaling pathways, and 
better understand the effective role of the fungus in plant 
phenotyping and crop resilience. 

To this aim, it is required to capture plant growth instances 
in real time. Moreover, in vivo analyses are important to 
preserve the integrity of the plant, provide more realistic 
settings, and provide more informative results since they relate 
to the entire plant. However, observing this delicate 
relationship in such conditions is not straightforward. 

This study pioneers the time-series analysis of plant root 
phenotyping and growth responses to AM spores in vivo by 
recording 15-hour plant growth with a custom, automatized 
microscope. 

The biological experiments presented here aim to verify 
whether root growth is affected by a chemotropic response 
induced by the perception of bioactive compounds released by 
AMF spores and whether this chemotropic response affects 
root growth kinematics (e.g., circumnutations). To allow root 
kinematics analysis, we have used a customized microscope 
designed for in vivo monitoring of plant root growth. 

Digital tools, such as imaging technologies and data 
analysis software, are crucial in capturing and analyzing these 
growth patterns. They reduce the need for time-consuming 
manual acquisition and facilitate data collection from 
laboratory experiments. 

Our customized system facilitated the real-time 
visualization and analysis of root growth patterns. It can be 
and will be employed to characterize growth responses to 
various stimuli over time, contributing to a deeper 
understanding of plant-fungi interactions. 

In the following sections, we will present the custom 
microscope, the preparation of biological samples, and their 
acquisition settings in the Materials and Methods section. The 
Results section will present and analyze the findings. A final 
discussion is provided in the Conclusion section. 

II. MATERIALS AND METHODS 

A. Custom microscope 
The customized microscope (Fig. 1) was engineered in 

collaboration with and purchased by Nikon (Nikon 
Instruments Inc.). It features a motorized stage capable of 
moving along the x, y, and z axes. The stage can host Petri 
dishes from 12 cm ċ 12 cm up to 25 cm ċ 25 cm, allowing 
experiments over large areas. Samples are stabilized through 
a frame enclosing the Petri dish, ensuring plant root apparatus 
is directed toward gravity. This setup minimizes disturbance 
to the living plant during extended observation periods. It has 
been specifically designed to allow prolonged observation 
without disrupting the sample.  

To facilitate this type of acquisition, the microscope is 
oriented horizontally. The microscope is a Nikon AZ100M 
equipped with an Andor Zyla sCMOS camera (VSC-10642) 
and AZ Plan Fluor 0.5x and 5x objectives to consent 
visualization of objects of interest of different scales. It is 
controlled through its software, the NIS-Elements Ar software 
(Nikon Instruments Inc.), which allows controlling the stage 
motion, programming, and scheduling time-series acquisition 
of multiple spots on the sample or large images, among many 
other functionalities. 

B. Biological samples 
For these experiments, we observed the large lateral roots 

(LLRs) of Oryza sativa L. ssp. Japonica (cv. Nipponbare). 
The wild-type line (WT) was compared with the transgenic 
line DR5::VENUS (DR5). For both lines, a control and a 
treated group were set. 

Seeds of O. sativa was sterilized in two distinct steps. 
Initially, the surface was sterilized using a 70% ethanol 
solution for 90 seconds, followed by three rinses with Milli-Q 
water. Subsequently, a second sterilization phase with a 40% 
sodium hypochlorite solution over 25 minutes, followed by 
three rinses with sterilized ultra-pure Milli-Q water. The latter 
sterilization procedure was conducted under a horizontal 
laminar flow hood. The sterilized seeds were then distributed 
in phytatrays (Phytatray© II, Sigma-Aldrich, Saint Louis, 
MO, USA) measuring 11.4 ċ 8.6 ċ 10.2 cm. The growth 
medium, composed of half-strength Murashige and Skoog 
(MS, 1962), 0.1% sucrose, and 0.8% agar, adjusted to a pH of 
5.6Î5.8 with ultra-pure water (Milli-Q), underwent 
autoclaving at 1 atm and 120  C for 20 minutes. This medium 
was subsequently poured under the laminar hood. 

For each treatment, thirty seeds were sown on the prepared 
media and maintained under long-day conditions (14 h 
light/10 h dark) at a temperature of 28  C for five days and a 
humidity of 60% without requiring media replenishment 
during the cultivation period. The germinated plants were then 
transplanted and cultured in Nunc§ square bioassay dishes 
120 mm ċ 120 mm ċ 20 mm (MSR). 

Spores of the mycorrhizal fungus Rhizophagus irregularis 
(MUCL 41833, formerly Glomus intraradices) were 
purchased from the Glomeromycota IN vitro COllection 
(GINCO) at the Universit� Catholique de Louvain, Belgium. 
The inoculum, stored in dark conditions at 4 C, was added 
under sterile conditions. 

C. Image acquisition 
The growth and development of roots were monitored and 

recorded through the Nikon microscope described above. 

 
Figure 1.The customized horizontal microscope with the 

motorized stage. A sample of a living plant is positioned into 
the frame to show a typical setting. The plant aerial part is 
upwardly directed, and the root system is directed in the 

direction of gravity. 
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The wild type line was observed and acquired in 
Brightfield (Fig. 2A), while the DR5 line was studied thanks 
to the FITC filter (ex 495 nm and em 519 nm) (Fig. 2B). 

A multi-spot acquisition was made (three for each 
sample), and a time-lapse was scheduled every 3 minutes to 
capture root growth-driven movements (i.e., 
circumnutations) in case of their presence. Root growth was 
monitored for 15 hours overnight [17,18]. The root growth 
was manually measured by taking the lengths of the root body 
along its skeleton developed from the first to the last frame 
using the ruler function available on the microscopy software. 

A Z-stack acquisition was also programmed with an interval 
between planes of 2 Ⱥm to capture the whole dynamic 
movement of the apex that can grow through various planes 
within the medium.  

The acquisitions were then exported in .mp4 files and 
processed with Circumnutation Tracker [19] that consent to 
manually trace root tips and export xy tip positions in .csv 
files. The root traces were first filtered with a moving average 
of 3 consecutive steps to reduce the noise introduced by the 
manual tracing and then analyzed to extract the characteristic 
maximum distance of the tip from the central movement axis 
(amplitude) and the time needed by the tip to trace a full cycle 
(period) (Fig. 3). Circumnutation parameters were extracted 
by following the approach described in [18] with the relative 
script implemented in Scilab (Dassault Syst�mes).  

D. Quantification and statistical analysis 
The normality and lognormality distribution through the 

Shapiro-Wilk Test was performed for the WT plants. Then, 
the data were statistically analyzed using a one-way ANOVA 
test and TukeyÓs multiple comparisons tests (p < 0.05), while 
for DR5 plants, the T-test was used because just two groups 
of samples were studied. 

For the Statistical analyses, the software GraphPad Prism 
(Version 10.0.3 (275); GraphPad Software, San Diego, CA, 
USA) was used.  

III. RESULTS 
Analysis of the generated time series revealed that root 

growth is generally influenced by the chemical perception of 
bioactive compounds released by AMF spores. However, in 
our experimental conditions, these compounds did not induce 
directional growth response in LLRs, neither by attracting nor 
repulsing their growth; instead, apical growth generally 
stopped in the presence of spores.  

Indeed, all the large lateral roots in the WT group exposed 
to the sink of spores stopped growing before the end of the 
experiment, while their control continued to grow during the 
15 hours of acquisition with an average of 0.031 ´m/s. In 
particular, the longer the germination of the spores (S7), the 
earlier the LLRs blocked their growth and started the 
development (Fig. 4). Indeed, the statistical analyses showed 
that the WT control group presented an average of 14 hours of 

Figure 4. A) Growth length in micrometers of the wild type roots. C is the control, and S0, S5, and S7 are the treated group with spores 
poured directly in the medium (S0), poured 5 days after germination (S5), and 7 days after germination (S7). B) represents the growing 

rate of the roots in micrometers per second. Both graphs, A and B, are statistically different in the control group than the treated ones. C) 
Growth length and D) growing rate of the DR5 line. The Control group and treated one (S0) are not statistically different. 

 
Figure 2. Roots development of the WT and DR5 samples. A) 

A large lateral root with lateral roots formation in the 
brightfield. B) Two lateral roots of the DR5 sample were 

acquired using a FITC filter to visualize the auxin 
fluorescence. Scale bars = 1000 ´m. 

 
Figure 3. Sketch picturing a circumnutation movement 

performed by the tip of the growing organ with indicated 
characteristic parameters: period and amplitude. The red line is 
the central axis of movement, the gray dashed line is the path 

traced by the tip. 
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growth, while for the S0 group, the average was 11 hours, and 
finally, for the S5 and S7 groups, the average was 8 hours (Fig 
3). Roots in the S0 group exhibited a growth length of 
approximately 500 ´m, while roots of the groups S5 and S7 
exhibited growth lengths of approximately 200 ´m (Fig. 4A). 
As shown in Fig. 5B, the growing rate for the S0 group was 
0.01 ´m/s, whereas the growth rates for the S5 and S7 groups 
were significantly lower (~0.006 ´m/s). 

The DR5 transgenic line displayed a negative growth 
behavior, meaning the roots stopped growing on average after 
ten hours. No significant differences in the length growth (Fig. 
4C) and growth rate (Fig. 4D) existed between the control and 
S0 treated groups. One sample for S5 and one for S7 were also 
produced. However, since we observed the growth stopped in 
these cases, we did not produce further replicas in this study. 
The results from the DR5 group differ substantially from those 
from the WT line, suggesting that the transgenic line 
negatively affects root growth phenotyping independently of 
spores' presence. Deeper investigations will be needed to 
confirm and better understand this behavior in this transgenic 
line.  

To verify root oscillatory movements, we first inspected 
the video automatically generated in a proprietary format by 
the NIS-Elements Ar software from the time series 
acquisitions (Fig. 5). Since roots in the DR5 group stopped 
growing, circumnutations were inhibited. The slow growth 
rate in the treated groups of the WT also inhibited 
circumnutations. In the control group of the WT, we did not 
observe accentuated oscillatory growth behavior either. We, 
however, verified the averaged period and amplitude of 
oscillations for side movements greater than the pixel 
resolution for each sample and obtained an amplitude of 8 
°3.6 ́ m with a period of 60 °17 min, which confirms the non-
accentuated oscillatory growth in our experimental conditions 
with O. sativa. More repetitions would strengthen this result. 
However, circumnutations vary greatly from species to 
species and over different types. For example, 
circumnutations were documented to significantly differ 
among different Oryza sativa L. genotypes [20]. 

Finally, after two weeks of inoculation, lateral root 
formation was observed on the large lateral roots of both the 
WT and transgenic lines near the sporeÓs sink (Fig. 2). The 
spores may stimulate root formation to possibly increase the 

biomass needed to establish a symbiosis with the fungus. Yet, 
this phenomenon needs further investigations to prove the 
viability of this hypothesis with prolonged acquisitions until 
reaching the symbiosis establishment.  

IV. CONCLUSION 
Climate change is increasing the sensitivity to 

environmental problems and driving for more sustainable 
choices in human society. This urgency is reflected in the 
second of the seventeen Sustainable Development Goals 
(SDGs), which aim to promote sustainable agriculture and 
ensure food safety worldwide [21]. 

To reach those goals, it is necessary to deepen our 
understanding of ecosystems and design more effective 
environmental interventions. This is crucial for building a new 
farming system that would lead to digital agriculture, aiming 
to enhance productivity while minimizing environmental 
impact. Precision agriculture can help in disease detection and 
yield crop prediction and suggest a more efficient 
management of soil and water resources. The role of the 
arbuscular mycorrhizal symbiosis is proposed to be crucial in 
the management policy of cultivars and forestry. However, 
deepening our knowledge of their symbiotic relationship is 
fundamental to confirming their role in improving plant 
resilience. 

In this study, we proposed an automatized digital approach 
to observe and characterize plant phenotyping in response to 
fungi presence, allowing real-time and in vivo monitoring of 
growth dynamics. This methodology is viable for in-
laboratory in vivo studies on a culture medium (e.g., MSR 
medium) where the transparent soil allows direct observation. 
This approach cannot be employed for in-field or soil pot-
based experiments. Other approaches have been employed to 
characterize root architecture in the latter, like MRI or 
tomography [22,23,24]. However, such technologies do not 
facilitate observing circumnutations due to technological 
limits in finding the sufficient trade-off between image 
resolution and time interval for acquisitions necessary to 
capture oscillatory growth, as performed in this study (3 min 
interval).  

Moreover, it is known that the volatiles of soil-born fungi 
can influence root directional growth [16].  However, more 
specific studies on root growth and their directionality in the 

 
Figure 5. Examples of 4 frames (every 5h) from the time-lapse acquisition over a 15-hour period from two experiments: the top 

row shows the control group, and the bottom row shows the S0 group. 
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presence of the spores and their germination exudates are 
needed to clarify the ecology of that interaction [16].  

In this study, we wanted to define the behavior of the large 
lateral roots, which are the site of the mycorrhizal 
colonization, in the presence of spores to better understand the 
pre-phases of the symbiosis establishment [5]. In our 
experiments, we noticed that the roots in the presence of 
spores stopped growing and started to develop lateral roots. 
The roots treated with spores with prior germination of 5 and 
7 days blocked their growth earlier (on average in 8 hours after 
inoculation) than roots with spores directly poured into the 
media (on average 11 hours after inoculation), demonstrating 
that the spore exudate mixture is essential to trigger root 
responses. It would be interesting to define growth rates of 
lateral roots at various intervals post-fungal application and 
see the following steps involved in the symbiosis 
establishment. 

Furthermore, the phytohormone auxin regulates many 
critical root processes controlling growth and development, 
and investigating auxin response reporters is important. The 
DR5-VENUS is a recent auxin biosensor in rice used to detect 
the molecular mechanisms behind root development [25]. We 
analyzed the behavior of the DR5 transgenic line and reported 
its characteristic slow growth rate and growth inhibition for 
the first time in our experimental conditions. Further 
investigations are needed to corroborate and better understand 
this result. 

Improving our understanding of root growth and 
development influenced by mycorrhizal fungi can support 
farmers in adopting practices that promote plant health and 
soil sustainability. Given the importance of rice as a major 
agrifood crop and the importance of mycorrhizal symbiosis 
for plant health, these insights can significantly impact and 
give more ideas for food security to reach a more sustainable 
agriculture. 

The results demonstrated the effectiveness of our 
methodology in maintaining sample integrity while providing 
high-resolution, time-lapse imaging capabilities essential for 
studying the dynamics of biological processes. 
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