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Abstract

Root hairs (RHs) are tubular extensions of root epidermal cells that favour nutrient uptake and
microbe interactions. RH shows a fast apical growth, constituting a unique single cell model
system to analyse cellular morphodynamics. In this context, live cell imaging using
microfluidics recently developed to analyze root development is appealing, but high-
resolution imaging is still lacking to study accurate spatiotemporal morphodynamics of
organelles. Here, we provide a powerful coverslip based microfluidic device (CMD) which
enables uso capture high resolution confocal imaging of Arabidopsis RH development with
real-time monitoring of nuclear movement and shape changes. To validate the setup, we
confirmed the typical RH growth rates and the mean nuclear positioning previously reported
with classical methods. Moreover, in order to illustrate the possibilities offered by the CMD,
we have compared the real-time variations in the circularity, area, and aspect ratio of nuclei
moving in growing and mature RH. Interestingly, we observed higher aspect ratios in the
nuclei of mature RH, correlating with higher speeds of nuclear migration. This observation
opens the way for further investigations of the effect of mechanical constraints on nuclear
shape changes during RH growth and nuclear migration and its role in RH and plant
development.



Introduction

The plant developmental programs were largely investigated at the organ, tissue or whole
plant seedling levels, but are also now more and more studied at the single cell level using
root hairs, pollen tubes or isolated protoplasts in Arabidopsis, soybean and maize (Libault et
al., 2010; Qiao et al., 2017; Misra et al., 2019; Ryu et al., 2019; Satterlee et al., 2021;
Agudelo et al., 2012). The root hair (RH) is a single differentiated cell from the epidermis that
directly interacts with the external environment. RHs are unicellular lateral extensions of root
epidermal cells (trichoblast) and display distinct properties concerning cell size, vacuole size
and cell surface features (Grierson et al.. RH development occurs in three well defined steps:
initiation with outgrowth from a trichoblast cell, elongation via tip growth and maturation
when the tip stops growing.

At the molecular level, RH growth is a highly regulated process well characterized at the
transcriptomic and proteomic levels, notably in soybean (Libault et al., 2010; Brechenmacher
et al., 2012). In Arabidopsis, RH specific genes and proteins have been identified as important
for RH development (Lan et al., 2013; Petricka et al., 2012; Li and Lan, 2015). Indeed, a
spatio-temporal gene expression controls RH growth (Shibata et al., 2018; Yi et al., 2010).

At the cellular level, RHs are tubular structures of 10 um diameter which elongate uniaxially,
perpendicular to the main root axis and can reach 1 mm in length (Grierson et al., 2014). RH
hair development is tightly controlled by cytoskeleton reorganization and vesicle trafficking
controlled bythe small Rho GTPases (Krupinski et al., 2016; Kang et al., 2017; Ketelaar et
al., 2002; Jones et al., 2002). Tip growth involves trafficking of secretory and endocytic
vesicles providing building blocks for cell wall and plasma membrane in the cytoplasmic
dense area (Ketelaar et al., 2002; Hepler et al., 2001). A cortical cytoplasm surrounds a
vacuole which ensures turgor pressure needed for RH growth (Volgger et al., 2010). RH
growth shows variation in its rate with an early growth rate of 0.4um/min, i.e. until RH
protrusion reached a size of 20 to 40 um and a late growth rate of 1 to 2.5 pm/min (Dolan et
al., 1994). During RH growth, the nucleus is at a mean distance of 77+15 um from the tip
(Ketelaar et al., 2002). In mature RH with stopped growth, a basipetal movement of the
nucleus occurs randomly with intervals ofpausing (Chytilova et al., 2000).

A few studies have shown that nuclear migration in the RH may be associated with various
cellular responses against environmental stimuli including symbiosis, plant microbe

interaction, nutrient and water uptake as well as response to light (Griffis et al., 2014; Tamura



et al., 2013). During RH growth, the nucleus position and movement appear to be tightly
regulated. At least in Arabidopsis, they are notably controlled by actin and its associated
proteins Myosin XI-i (Ketelaar et al., 2002; Tamura et al., 2013), with the migration direction
of RH nuclei being closely related to the perinuclear actin filaments (Zhang et al., 2019).
During RH growth, the nucleus is also described to change its shape (Chytilova et al., 2000).
However, no clear correlation between nuclear movement and nuclear shape changes was
established. Investigating such a link between nuclear shape changes and nuclear movement
during development would be of great interest to understand the role of mechanotransduction
in plant growth. Indeed, changes in nuclear shape were recently correlated to the induction of
stress responsive and developmental genes during organogenesis (Fal et al., 2021; Landrein et
al., 2015) and plant adaptation to their environment (Goswami et al., 2020a; Goswami et al.,
2020b).

Thus, in order to study the link between RH growth, nuclear movements and shape changes,
we have developed a simple microfluidic platform coupled with high resolution microscopy
to monitor in real time nuclear shape and movements during RH development in a controlled
and standardized environment. First, to validate this new coverslip based microfluidic device
(CMD), we measured various parameters of RH growth well documented in the literature,
such as RH velocity and mean nuclear position with respect to RH tip. In addition, as an
illustration of the new possibilities offered by the CMD, we report accurate descriptions of
nuclear shape changes during RH growth, as well as a significant difference in the nuclear
aspect ratio that correlates with a difference in migration speeds for nuclei observed in

growing and mature RHs.

Results

Experimental setup of the coverslip based microfluidic device (CMD) for RH growth

To visualise RH growth and nucleus dynamics, we developed a CMD chip to track and image
them in real time under confocal microscopy. The devices were made up of
polydimethylsiloxane (PDMS), an elastomer which was covalently bound to a microscope
glass coverslip. Each chip was bearing 3 independent devices, allowing one to grow three
individual Arabidopsis seedlings in independent main channels under constant flow of %2 MS
liquid media supplemented with sucrose (see Material and Methods). The seedlings were
added into the chip prefilled with the media. To avoid crossed contamination between the

channels, three independent input and output ports were used. Plantlets were germinated on %



MS agar media in tips that were transferred to PDMS chip at 1 cm from the media input point
and with a 45-degree angle with respect to the device (Figures la-b, Sla). Each device was
made of 3 parallel 1.5 cm-long channels connected via two arrays of lateral 400 pm-long
perpendicular channels (Figures 1b, S1b). The main central channel is used for root growth,
the two lateral channels for media supply, and small connecting channels for RH growth. The
total volume of the chamber was 6 uL. The root growth was under constant flow rate (8
pl/min) in % MS liquid media supplemented with sucrose (See Material and Methods). The
device has a 250 pm-width and 100 pm-depth channel for the main root growth (Massalha et
al., 2017) (in light and dark blue respectively on Figure 1b) and 20 um-width and-depth
lateral channels for RH expansions (in red on Figures 1b, S1b). After 4 to 5 days, a main root
of ~12 mm length could be observed in each device (Figure 1c) and the device is functional
until the main root reaches the end of the main channel, which is about 8 days. Under
microscope, the device was under continuous flow rate of liquid media, and RH growth could
be monitored under controlled conditions with high resolution. If needed, the medium can be
replaced in about 30 sec using a transient flow rate of 1000 ul/min, lateral channels being

filled simultaneously all along the chip (see figure S2 and movie S1).

Accurate study of the RH growth dynamics using CMD

The RH is a differentiated cell that displays a tubular structure protruding from the surface of
the root trichoblast cell. It is characterized by a polarized structure and tip expansion. The rate
of RH growth has been already well described in Arabidopsis (Dolan et al., 1994). In order to
validate our microfluidic system, we measured this parameter by following growing RH for
60 min using confocal microscopy (Figure 2a, movie S2). The tip position of 29 individual
RH was a linear function of time indicating a constant growth speed. To evaluate the speed of
growth of each individual cell, each curve has been fitted independently with a linear model.
The distribution of growth speeds had a median value around 1.5+0.3um/min (Figures 2b-c).
This result fits perfectly with the data of Dolan et al, describing a growth rate between 1 to 2.5
pm/min (Dolan et al., 1994). Thus our microfluidic device is suitable for the growth and
study of Arabidopsis RH cells. pSUN2:SUN2-RFP (Tamura et al., 2013) and 35S:GFP-MBD
lines (Camilleri et al., 2002) in Columbia (Col-0) background. After sterilisation, seeds were
transferred into 200 ul micro pipette tips, (cut 4 mm in height from the base) already filled
with 10ul of % Murashige and Skoog (MS) medium (SERVA Electrophoresis) containing
0.5% sucrose and 1.0% agar. After stratification at 4°C for 48 hrs in dark, seedling were

grown in vitro on ¥2 MS in presence of 0.5 sucrose and 1.0 % agar under long day conditions



(16-h light with 70 pumol/m? per second of fluorescent lighting /8-h dark conditions at 23 °C
for 4-5 days (Figure S1c). Afterwards, tips with growing seedlings were transferred into the
microfluidic device and put in the growth chamber for 4-5 days under a constant flow rate of
medium (8 pl/min) supplied by a pump (Fusion 200, Chemyx) connected to the device. To
label cell wall, propidium iodide (PI) was used (1 pg/ml).

Confocal image acquisition and analysis. Confocal images were recorded with a Zeiss LSM
700 confocal microscope equipped with 10 x 0.3, 20x0.8 and oil 40x1.3 lens objectives. For
analysis of RH growth and nuclear dynamics, the PDMS device was maintained under
continuous flow of liquid media to minimize evaporation during scanning. GFP were imaged
with a 488-nm excitation and 510 nm emission wawe lengths, respectively. For PI, the
excitation and emission wavelengths were 555 nm and 617 nm, respectively. Imaging was
performed using Z-stack ranking from 1.0 to 4 um during time lapse ranking from 10 to 60
min. Observations were performed in multi-tracking mode using 488 and 555-nm laser

excitation. The quantification analysis was performed using ImageJ software.

Statistical analyses. For each distribution with a number of cell n<30 an Anderson-Darling’s
test was performed to test the normality of the distributions. For normal distributions or
distribution with a number of cell n>=30, a Levene’s test was performed to test the equality of
the variance, then a t-test was performed using the result of the Levene’s test as a parameter

(equal or unequal variance).
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Figure Legends:

Figure 1. Experimental procedure and CMD chip details for RH analysis. (a) Top view of 9
days old Arabidopsis seedlings growing in a micro pipette tip, filled with %2 MS media. Tips
were inserted in CMD chip. (b) A schematic 3D diagram of the CMD design with the
illustration of root and RH in main and side channels, respectively. Light blue colour indicates
widths of the main channel and length of the lateral channels. The depths of the main and
lateral channels are indicated in blue and red, respectively. (c) A 10x magnification image of
root grown in the CMD with RH expanding in the lateral channels. Plantlets expressing the
nuclear envelope marker SUN1-GFP were used here, and fluorescence images highlighting
the root, RH and nuclei were merged with DIC visualization of the PDMS chip (Scale bar:
100um).



Figure 2. Arabidopsis RH tip growth in real time. (a) Bright field sequential images from a
time-lapse recording of Arabidopsis growing RH to follow the tip growth. Pictures were taken
every min (Movie S2) but presented here with only 10 min intervals. (b) Growth curves of
individual RH (n=29). (c) The distribution of the average speeds of the growing RH has a
median of 1.5 um/min (. Live imaging was recorded using 10x magnification (n = 29, scale
bar: 20 um).

Figure 3. Nuclear migration in growing RH of an Arabidopsis line expressing the SUN2-RFP
nuclear envelope marker. (a) Nucleus (in red) maintains a fixed position compared to the RH
tip (in grey). Time lapse over 16 min and Z stack (1um-21 slides) recording of 2 RH
presented here as sum slices projection over 2 min intervals. Brown and yellow lines : lines
over which were determined the positions of the nuclei and RH tip over time for, for cell 1
and cell 2 respectively. These positions were used to get the kymographs of Figure 3b, and
curves of Figures 3c and 3d indicate the trajectories followed by the nuclei 1 and 2 in their
respective cells (b) Kymographical representation of RH tip (top) and nuclear (bottom)
positions in a growing RH (cell 1). (c-d) A graphical representation of nuclear (red) and tip
position (blue) during RH growth. The distance between nucleus and RH tip was evaluated

(yellow). Circles and triangles are for celll and cell 2, respectively. Scale bar 20 pm.

Figure 4. In vivo time-laps imaging to show fluctuations in the nuclear shape of growing RH
in real time. (a) 10 min sequence of time laps recording of SUN1-GFP RH nucleus. Z stacked
images are presented (sum slices projection). Pictures were taken every min (Movie S4). (b)
Analysis of nuclear shape fluctuation in real time by presenting aspect ratio, nuclear area,
perimeter and circularity. These 2D parameters were determined in a typical interval of 5% of
the measured value. (scale bar: 10 um). Measurements for other RH nuclei are presented in
Figure S5. (c) Focus on 3D shape changes. The left column displays the 2D section of the
nucleus undergoing the most important shape change over 2 minutes. the 3 remaining
columns display 3D reconstructions of the nucleus in different views. Pl staining (in red)
reveals the RH cell wall. (d) Transverse section view (Y-Z plane) showing the nuclear shape
changes over time. (e) Nuclear volume as function of time. Nuclear volumes estimated from

z-stacks were determined in a typical interval of 20% of the measured value (scale bar: 5 um).

Figure 5. Comparison of the positions and shapes of growing and mature RH nuclei. (a)
Representative images of the position of the nucleus during the growing and mature phases



(P1'in red, SUN1-GFP in green, scale bar: 20 um). (b) Quantification of the distance between
the nucleus and the tip for growing and mature RH cells (n=23) (c-d) Quantification of the
nuclear projected area (c) and the nucleus aspect ratio (d) of growing (n=38) and mature
(n=35) RH. t-test; ****p < 0.0001

Supplemental Figure Legends

Figure S1. (Details of CMD chip design a-b) Detail measurement of CMD chip indicating
main channels 90 degree-oriented side channels (c) 5 days old Arabidopsis seedlings. grown
into micro pipette tip contain %2 MS media supplemented with 0.5% sugar and 1% agar.

Figure S2: Kinetics of media exchange in the device. (a) Image of the microfluidic chip filled
with xylene blue. The yellow line represents the line used to do the kymograph of figure (b)
below. (b) Kymograph extracted from the movie S1. Each vertical line reports the color time
evolution inside a given lateral channel, and thus to what extent it is filled at a given time.
After 29 seconds, one can consider that the lateral channels are fully filled with xylene blue
since there is no noticeable changes in the colors below the horizontal line at 29 s. Please note
that the appearance of such horizontal lines indicate that lateral channels are filled

~simultaneously all along the chip. Scale bar 400 pm.

Figure S3. Real-time position of the nucleus from the growing RH tip. Nuclear distance from
the growing RH tip remains more or less constant. Measurement of the nuclear distance from
pSUN2:SUN2-RFP Arabidopsis RH tip for individual nuclei at each min. during 10 min.
Confocal images were analysed with maximal Z stack projections (n=5).

Figure S4: Instantaneous velocity of the nucleus (yellow) and of the RH tip (black). On long
time scales, the instantaneous speed of the nucleus may display fluctuations, but its values are
always centred around the rate at which the RH tip is growing. This implies that the mean
speeds of the nucleus and RH tip are ~equal and that, during growth, the nucleus is located at
a fixed distance from the RH tip, even though displaying fluctuations around its mean

position. Images were acquired every 10 min with a 20X objective.

Figure S5: Shape change analysis of growing RH nuclei in real time. Shape change analysis

of the growing RH nuclei in real time. Measurement of change in aspect ratio. area. perimeter



and circularity of 12 individual RH nuclei. 10 minutes imaging were performed with 1 min/Z
stack (n=12).

Movie S1. 1.46 min real-time video showing complete filling of the device with xylene blue

at a 1000 pl/min flow rate. Scale bar 400 pm.

Movie S2. 60 min video. showing RH tip expansion inside the CMD chip (PI in red. scale
bar=50 um). 5fps video

Movie S3. 26 min video. showing nuclear movement in growing RH expressing the nuclear
envelope marker pSUN2:SUN2-RFP into the CMD chip (scale bar=10 pum). 5fps video

Movie S4. 43 min video showing high speed nuclear movement inside the mature RH
expressing the nuclear envelope marker pSUN1:SUN1-GFP (Pl in red. scale bar= 10 pm).

5fps video
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