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Summary

� Roots grow in highly dynamic and heterogeneous environments. Biological activity as well

as uneven nutrient availability or localized stress factors result in diverse microenvironments.

Plants adapt their root morphology in response to changing environmental conditions, yet it

remains largely unknown to what extent developmental adaptations are based on systemic or

cell-autonomous responses.
� We present the dual-flow-RootChip, a microfluidic platform for asymmetric perfusion of

Arabidopsis roots to investigate root–environment interactions under simulated environmen-

tal heterogeneity. Applications range from investigating physiology, root hair development

and calcium signalling upon selective exposure to environmental stresses to tracing molecular

uptake, performing selective drug treatments and localized inoculations with microbes.
� Using the dual-flow-RootChip, we revealed cell-autonomous adaption of root hair develop-

ment under asymmetric phosphate (Pi) perfusion, with unexpected repression in root hair

growth on the side exposed to low Pi and rapid tip-growth upregulation when Pi concentra-

tions increased. The asymmetric root environment further resulted in an asymmetric gene

expression of RSL4, a key transcriptional regulator of root hair growth.
� Our findings demonstrate that roots possess the capability to locally adapt to heteroge-

neous conditions in their environment at the physiological and transcriptional levels. Being

able to generate asymmetric microenvironments for roots will help further elucidate decision-

making processes in root–environment interactions.

Introduction

The rhizosphere is a diverse ecosystem and an environment with
great structural and compositional complexity. Soil texture and
density, as well as its mineral content or oxygen availability, can
vary in a way that a single root system may have to adapt to a
range of microenvironmental conditions. Due to both biological
activity and abiotic conditions, any local microenvironment is
permanently subject to changes, rendering rhizosphere condi-
tions highly dynamic. The ability of plants to adapt their root
system architecture according to soil conditions is a prime
example of developmental plasticity and has attracted increasing
attention over the past decades. The emergence of lateral roots
and root hairs can be triggered or inhibited in response to

environmental stimuli. Soil conditions such as water content,
nutrient concentrations or salinity result in characteristic root
system architecture through growth modulation of primary and
higher-order roots as well as the density and length of root hairs
(Williamson et al., 2001; Gruber et al., 2013; Rell�an-�Alvarez
et al., 2016). Root hairs are tip-growing protrusions of special-
ized root epidermal cells that play important roles in soil pene-
tration and absorption of inorganic phosphate (Pi) and other
mineral nutrients (Brown et al., 2013; Haling et al., 2013). Root
hair development has served as a readout for the root’s response
to a lack of mineral nutrients (Bates & Lynch, 1996; M€uller &
Schmidt, 2004; Chandrika et al., 2013; Song & Liu, 2015).
Experiments on root systems exposed to different media condi-
tions showed that both lateral root formation and root hair
development are regulated independently of the global
metabolic state, but rather responded to local conditions (Bates*These authors contributed equally to the work.
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& Lynch, 1996). The finding that hair development can be sup-
pressed or stimulated on the same root due to variations in local
water availability (Bao et al., 2014) highlights the ability of roots
to modify their architecture on a cellular level and underlines
the need to study developmental adaptation at cellular resolu-
tion.

The high sensitivity of root cells towards changing environ-
mental conditions is also illustrated by rapid physiological
changes that precede the regulation of root growth and develop-
ment. Responses to biotic and abiotic stimulation commonly
involve calcium signalling (Dodd et al., 2010). The visualization
of cytosolic calcium transients using luminescent or fluorescent
sensors has revealed stimulus-specific calcium signatures and
long-distance communication in roots (Knight et al., 1997;
Kiegle et al., 2000; Choi et al., 2012, 2014; Krebs et al., 2012;
Mart�ı et al., 2013; Xiong et al., 2014; Behera et al., 2015; Keinath
et al., 2015). Many more studies have highlighted the importance
of numerous environmental factors in root development, but how
locally perceived signals are communicated to neighbouring cells,
how roots differentiate and prioritize between diverse environmen-
tal signals, and how cell signalling orchestrates root development
in complex natural environments is still largely unknown.

A technical challenge in the laboratory has been the simulation
of environmental complexity to reflect the soil conditions that
roots are exposed to, whilst at the same time being able to control
and quantify this environmental complexity. For high-resolution
studies on root signalling and development, plants are commonly
grown on synthetic gelled or hydroponic media. This reduction-
ist approach has, however, limitations because environmental
diversity may be a critical factor for root development. Indeed, it
has been shown that numerous physiological and developmental
processes are significantly different between soil-grown and
media-grown plants (Downie et al., 2015; Rell�an-�Alvarez et al.,
2015). Hence, there is a lack of knowledge regarding how envi-
ronmental diversity influences root development. New
approaches and technologies are needed that enable root growth
in defined, yet increasingly complex, environments with the pos-
sibility to locally apply a stimulus to selected cells in a single root.

Organ-on-a-chip technology – the cultivation of tissues in
microfluidic devices – has revolutionized experimental access to ani-
mal and plant organs by enabling researchers to precisely control the
specimen’s microenvironment and image biological processes within
tissues at high spatiotemporal resolution (Bhatia & Ingber, 2014;
Sanati Nezhad, 2014; Zheng et al., 2016). This emerging field
therefore offers the potential to simulate the natural diversity found
in soil. Indeed, the significance of ‘soil-on-a-chip’ microfluidic tech-
nologies for investigating complex relationships between soil-
dwelling organisms and their environment has been highlighted
recently (Stanley et al., 2016; Stanley & van der Heijden, 2017).

Herein, we present a microfluidic device, termed the dual-
flow-RootChip (dfRootChip), that allows cultivation of Ara-
bidopsis roots in asymmetric microenvironments. We guided
root growth through an array of micro-pillars that centred the
root and allowed us to generate different conditions on either side
of the root using laminar flow. We demonstrate the versatility of
the approach by following the uptake of fluorescent molecules,

by locally trapping plant-pathogenic bacteria at the root surface,
and by imaging calcium signals upon selective application of abi-
otic and biotic stresses. In addition, we studied the role of local
environmental conditions on the development of root hairs and
provide evidence that root hair repression and stimulation can be
regulated cell-autonomously. Furthermore, we investigated
whether local environmental changes resulted in local adaptations
at the genetic level, exemplified by evaluating the expression of
RSL4, an important transcriptional regulator of root hair growth.
The dfRootChip therefore provides a means for incorporating
environmental complexity into experimental design for studies
on plant roots.

Materials and Methods

Plant lines and growth conditions

Arabidopsis thaliana seeds were prepared for imaging as described
previously (Grossmann et al., 2012) with modifications detailed
in the Supporting Information, Methods S1. The plant lines and
media used in this study are detailed in Tables S1 and S2, respec-
tively.

Microfluidic device preparation and on-chip plant
cultivation

Microfluidic devices were prepared as described previously
(Grossmann et al., 2011, 2012; Stanley et al., 2014) with minor
modifications. A detailed description of device design, master
mould fabrication and device fabrication is given in the
Methods S1. Briefly, the devices were sterilized under ultraviolet
light for 20 min and the microchannels were filled with medium
by manually pipetting medium through the root inlet. The inlets
and reservoirs were then topped up with medium to ensure that
they were completely filled. The Arabidopsis seedlings were
selected using a stereoscope 4–5 d after germination for roots being
at approximately the same growth stage. The pipette tips contain-
ing the Arabidopsis plants were then inserted into the root inlets
of the dfRootChip under sterile conditions. Each device was
placed into a round glass petri dish, c. 15ml of medium intro-
duced to provide a humid environment, sealed with parafilm and
transferred into the growth chamber. The dishes were tilted at an
angle of c. 20° to encourage root growth in the direction of the
microchannels and left until the roots had grown into the main
observation channels. The device was then transferred to a home-
made rectangular chip carrier, fixed with an adhesive tape and sub-
sequently mounted on the microscope stage. To maintain a humid
environment, the dfRootChip was surrounded by moist tissues
and covered with a transparent plastic lid.

Further details on image acquisition and analysis are provided
in the Methods S1.

Media perfusion and treatments

In order to achieve steady perfusion and the generation of lami-
nar flow regimes, syringe pumps with precise flow rate control
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were used to perfuse media into the microchannels and perform
symmetric and asymmetric treatments. Experiment-specific
details concerning rapid asymmetric treatments with calcium
elicitors, microbe associations, polyethylene glycol (PEG) treat-
ments and Pi experiments are detailed in Methods S1.

Results

Design and operation of the dfRootChip

The dfRootChip consists of micron-sized root observation cham-
bers that feature a root guidance array and a perfusion system,
mounted on optical glass (Fig. 1a,b). Each observation channel
has a height, width and length of 110 lm, 500 lm and 12 mm,
respectively. Arabidopsis seedlings are grown through medium-
filled plastic pipette tips that are inserted into the root inlet of the
observation channel (Fig. S1b). Once the primary root has
entered the observation channel via a guidance channel (c. 7 d
after germination; Fig. S1), the length of the chamber permits
continuous observation of root growth for 2–3 d, depending on
the growth rate of the root. For seedlings (Col-0) grown in the
dfRootChip we observed growth rates of 1.7� 0.4 lmmin�1

(n = 15), which falls within a similar range to growth rates
observed on gel media (Yazdanbakhsh et al., 2011). A reservoir,
connected to the root inlet via a small channel, acts as a means to
provide additional medium to each root during initial incubation
in growth chambers (Fig. S1). The microchannels were engi-
neered to have a target height of 110 lm as this is the

approximate diameter of an Arabidopsis root. Hence, the grow-
ing root is confined in the z-direction, which aids imaging of the
roots. The compact design of the dfRootChip enables Arabidop-
sis seedlings to be mounted and several experiments to be per-
formed in parallel. We exemplify this by combining five
chambers in parallel on a single glass slide (Fig. 1a).

One of the major components of the dfRootChip is the root
guidance array, which consists of sets of triangular-shaped
micropillars distributed in a regular arrangement throughout the
root observation channel (Figs 1c, S1). This design specifically
enables the direction of root growth to be controlled by centring
the root tip in the root observation channel (Fig. 1c). An inter-
pillar distance of 355 lm (along the observation channel) was
chosen as this corresponds to a size that is slightly smaller than
the distance between elongation zone (EZ) and Arabidopsis root
apex. This distance prevents the touch-sensitive columella cells
from being stimulated by the pillars and thereby avoids excessive
bending of the flexible young shaft, hence avoiding divergence of
the root from the desired path. A triangular shape was found to be
an appropriate pillar design for aiding the root tip through the pil-
lar array; the shallow angle of the triangular pillar guides the grow-
ing root tip towards the centre of the observation channel (Fig. 1c;
Movie S1). As the microfluidic devices comprise the elastomeric
polymer polydimethylsiloxane (PDMS), the tips of the micropil-
lars are flexible and deform when the growing root passes them.

Two inlet channels and one outlet serve each observation
chamber (Figs 1a, S1). Laminar flow is dominant at these length
scales, with a boundary between two co-flowing liquids being

(a)

(c) (d)

(b)

Fig. 1 The dual-flow-RootChip (dfRootChip).
(a) Photograph illustrating the dfRootChip
mounted with five Arabidopsis seedlings.
Two inlet channels serve each chamber and
are coloured red and blue. (b) 3D schematic
of the device illustrating the direction of flow
within the two microchannels. The blue and
red colours indicate the ability to deliver two
different reagents simultaneously to either
side of a growing root. PDMS,
polydimethylsiloxane. (c) Time-series
illustrating growth and guidance of an
Arabidopsis root through the array of flexible
pillars (see also Supporting Information
Movie S1). Bar, 100 lm. (d) Generation of an
asymmetric microenvironment using a
fluorescein-containing solution for
visualization purposes. At these length scales
laminar flow dominates, demonstrated by
the presence of a boundary between the two
co-flowing liquids (see also Fig. S2).
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evident beyond the root tip (Figs 1d, S2; Movie S2). Conse-
quently, the dfRootChip design allows a growing root to be sub-
jected to two different flow conditions simultaneously by
utilizing laminar flow to generate separate microenvironments,
enabling either symmetric or asymmetric perfusion of the root.
The guidance channel, which connects the ‘root inlet’ to the
observation channel, prevents fluid escaping into the reservoirs
and therefore disruption of the channel flow.

dfRootChip applications: monitoring uptake of small
molecules, calcium signalling and microbial association

In order to verify the usability of the dfRootChip for asymmetric
treatment and live-monitoring of growing roots, we performed a
series of experiments that took advantage of the possibility for
selective treatments on either side of the root. To test the extent
to which stable asymmetric availability of small molecules is
reflected by gradients inside the root, we subjected roots grown
inside the dfRootChip to 1 lg ml�1 fluorescein on one side and
traced the uptake of the fluorescent dye over time (Fig. 2). Within
10 s, we observed a fluorescence signal first in root hairs, followed
by a signal increase in cortical tissues on the side of treatment.
The signal intensities inside cells substantially exceeded the signal
of the treatment solution, which may indicate dye accumulation
inside cells, but can also be explained by pH-dependent quench-
ing of fluorescein fluorescence in the plant growth medium used
(½9 Hoagland’s medium; Table S2). During the course of dye
application (8 min), the signal inside the root did not spread
evenly across the organ but instead remained largely retained to
the treated side. This indicates that it is possible to generate root-

internal gradients and trace the uptake of small molecules into
the root. The degree of retention, however, appears to be depen-
dent on the root zone. Consistent with a maturing endodermis
that becomes sealed by the Casparian strip, the signal spread only
slowly beyond the treated cortical tissues in the differentiation
zone (DZ) and spread more rapidly in the EZ and in zones
towards the root tip (Fig. 2a, last panel).

The observation that it is possible to generate asymmetric root
microenvironments, which result in solute gradients inside the
root raises the question to what extent such endogenous gradients
are perceived by the root and reflected by intra- and intercellular
signalling. Cytosolic calcium elevations are among the first signals
that are evoked upon environmental stress and have been used as
a readout for cell-to-cell communication in plants (Dodd et al.,
2010; Choi et al., 2014). To probe cytosolic calcium elevations
([Ca2+]cyt) in roots, we used Arabidopsis lines expressing the
intensiometric calcium indicator R-GECO1 (Zhao et al., 2011;
Keinath et al., 2015). We recorded the [Ca2+]cyt response upon
selective stimulation of the primary root by performing a pulsed
treatment with the elicitor of interest on one side (Fig. 3). R-
GECO1-expressing roots grown in the device were exposed to
controlled asymmetric perfusion with 1 lM flg22, a peptide
widely used as biotic elicitor that triggers plant immune responses
(Felix et al., 1999). The [Ca2+]cyt response upon symmetric treat-
ment with flg22 was reported to start in the epidermis and travel
inward to the vasculature from where it would travel rootwards
and shootwards in the root (Keinath et al., 2015). Upon applying
asymmetric treatments we found that [Ca2+]cyt only rose in the
epidermis on the treated side, after which it propagated into
deeper tissues with a velocity of 0.62� 0.19 lm s�1 (n = 5)

(a)

(b)

Fig. 2 Establishing asymmetric root microenvironments in the dual-flow-RootChip. (a) Uptake of fluorescein upon asymmetric perfusion of an Arabidopsis
root over time (time stamp format, mm:ss). The dashed lines outline the root boundaries. Arrows depict the flow direction of ½ 9 Hoagland’s medium (½9

HM). The orange arrow indicates the channel where a pulsed treatment using a fluorescein-containing solution (1 lgml�1 fluorescein in ½9 HM) was
performed on one side of the root between time points 0 and 08:00. (b) Kymograph generated along the dotted line displayed in the last panel in (a). AU,
arbitrary units.
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(Fig. 3a; Movie S3). The signal decreased substantially before
reaching the untreated side of the root, but, instead, propagated
shootwards when reaching the vasculature (Fig. 3b).

In order to assess the [Ca2+]cyt response upon asymmetric
exposure to abiotic stress conditions we exposed one side of the
root to 100 mM NaCl to mimic salt stress. NaCl treatment is
known to generate long-distance [Ca2+]cyt signals propagating
through the entire root system at velocities of c. 400 lm s�1 when
locally applied to the tip of a lateral root (Choi et al., 2014).
Under our asymmetric treatments we observed that the [Ca2+]cyt
signals started in the epidermis on the treated side and propa-
gated across the root to the epidermis on the untreated side at a
velocity of 14.1� 3.61 lm s�1 (n = 6) (Fig. 3c,d; Movie S4).

Our results demonstrate that the dfRootChip enables selective
treatment and recording of [Ca2+]cyt elevations in treated and
untreated cells simultaneously. Based on the differences in direc-
tionality and velocity of calcium signal propagation, we further
conclude there must be different mechanisms at play when biotic
or abiotic stresses are communicated among root tissues.

As detailed below, primary applications for the dfRootChip
design take advantage of its capability for asymmetric perfusion
of young primary roots. The micropillar array does not only act
as a root guidance mechanism, however, but can also be utilized
as traps for microbes to facilitate studies on root–microbe inter-
actions. We inoculated the root with a live culture of the plant
pathogen Pseudomonas fluorescens expressing green fluorescent
protein (GFP) (Haney et al., 2015) and, within 10 min, observed
a steady accumulation of bacterial cells at the pillar structures
and in the niche between pillar and root (Fig. S3; Methods S1).
This shows that the pillar array can be used as an anchor, when a
local increase in microbe density is desired to study the coloniza-
tion or infection of roots.

Root hair development under asymmetric Pi deficiency and
water stress

Because our data support the notion that Arabidopsis roots are
able to perceive and process asymmetric stimuli, the question

(a) (b)

(c) (d)

Fig. 3 Selective stimulationof R-GECO1-expressing Arabidopsis roots with calcium elicitors. Calcium-dependent signal changes upon asymmetric
stimulation with 1 lM flagellin (flg22) (a, b) and 100mM NaCl (c, d) in ½9 Hoagland’s medium (½9 HM). Elicitors were applied on the right side using a
pulsed treatment, whereas the left side was perfused continuously with ½9 HM. (a, c) Left panels show raw R-GECO1 signal intensities at t = 0.
Subsequent panels show heat-map colour-coded time series of normalized R-GECO1 fluorescence images (DF/F). Time stamp format, mm:ss. Scale bar,
100 lm. (b, d) Kymographs generated from the left to the right of the entire image sequences represented in (a) and (c), respectively, averaging the
intensity over the entire height of the image. Grey bars indicate the treatment period.
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arose as to whether developmental responses and their potential
coordination could also be detected upon exposure to asymmetric
growth conditions in the dfRootChip. To test whether stimula-
tion of root hair growth is coordinated across the root or regu-
lated cell-autonomously, we compared the effects of asymmetric
and symmetric treatments on root hair length in the dfRootChip.
One of the best-studied conditions leading to altered root hair
length is Pi deficiency (Ma et al., 2001). Numerous studies with
seedlings growing on solid media have shown that Pi deficiency
results in longer root hairs, reduced primary root growth and,
due to decreased cell elongation, increased root hair density
(Bates & Lynch, 1996; Ma et al., 2001; Chandrika et al., 2013;

Song et al., 2016). We therefore expected stimulated root hair
growth on the Pi-deficient side. Surprisingly, when we applied
different concentrations of Pi on the two sides of the root, we
observed that root hair growth was inhibited and only short
bulges (27.8� 15.5 lm) were formed in trichoblasts on the Pi-
deficient (0.01 mM) side, whereas normal hair growth was
observed on the side supplied with 2.5 mM Pi
(222.0� 71.3 lm) (Fig. 4b,d). Under symmetric Pi conditions,
we observed that hair growth was also inhibited under Pi-
deficient conditions (20.6� 16.0 lm) as compared to symmetric
rich conditions (167.9�79.8 lm) (Fig. 4a,c,d). We obtained
similar hair growth phenotypes in experiments using hydroponic

(a)

(d) (h)

(b) (c) (e) (f) (g)

Fig. 4 Root hair growth under asymmetric phosphate (Pi) availability and water stress conditions. (a–c) Primary roots of Arabidopsis Col-0 were grown
under (a) symmetric high Pi availability (2.5 mM KH2PO4), (b) asymmetric Pi availability with high Pi availability on the left side and low Pi availability
(0.01mM KH2PO4) on the right side and (c) symmetric low Pi availability. (d) Quantification of root hair length for the conditions given in (a–c). Centre
lines depict the median values, crosses represent sample means; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile
range from the 25th and 75th percentiles, outliers are represented by dots. Sample points (n) from at least three independent experiments are given in
parentheses below each box. Note that the median values of root hair length under Pi deficiency are overestimated due to the frequent complete
suppression of root hairs or bulges. Only cells with characteristic hair or bulge morphology were included in the analysis. (e–g) Roots grown under (e)
symmetric treatment containing no polyethylene glycol (PEG), (f) asymmetric treatment with medium containing PEG (20% (w/v) PEG 8000) and (g)
symmetric treatment with PEG-containing medium. (h) Quantification of root hair length for the conditions represented in (e–g). Box plot annotations are
analogous to the graph in (d). The overestimation of root hair length under 20% PEG applies for the same reason as in (d). Bars (a–c, e–g), 250 lm.
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growth conditions in medium-filled containers (Fig. S4), which
excludes that the unexpected finding was caused by growth in the
microfluidic device. Growth tests on vertical plates containing
the same medium supplemented with agar revealed, however,
stimulated hair development under Pi-deficient conditions
(Fig. S4), which is consistent with published data (Ma et al.,
2001).

When we compared hair length of trichoblasts exposed to
2.5 mM KH2PO4 under symmetric and asymmetric conditions
we noticed an increase in hair length by 32% (P = 10�23) when
the opposite side was subjected to Pi-deficient conditions
(0.01 mM KH2PO4) (Fig. 4d). This indicates that hair length in
cells exposed to rich Pi conditions can be influenced by the over-
all Pi availability.

In order to test whether the observed asymmetric response in
root hair regulation was specific to Pi availability or a more gen-
eral phenomenon, we exposed roots to water stress, which has a
known inhibitory effect on root hair length (Schnall & Qua-
trano, 1992). One side of a growing root was subjected continu-
ously to a PEG solution containing 20% (w/v) PEG 8000
dissolved in Hoagland’s medium (Methods S1) to investigate if
root hair growth is influenced upon exerting a low water poten-
tial (Ψw), thus simulating drought conditions (Fig. 4f). Medium
containing no PEG was introduced continuously on the other
side of the growing root. Typical values for a ‘low Ψw stress’ and
‘unstressed’ conditions have been defined by Verslues et al. as a
plant cell being exposed to external water potentials equal to
�1.0MPa and -0.2 MPa, respectively (Verslues et al., 2006). A
20% (w/v) PEG 8000 solution was chosen as this equates to a
water potential of c. �0.5MPa (Michel, 1983), thus mimicking
low Ψw stress conditions. After symmetric treatment with the
PEG-containing medium for 16 h, the average root hair length
was found to be 53.3� 22.9 lm (Fig. 4g,h), compared to
193.2� 62.1 lm under symmetric conditions where no PEG
was present (Fig. 4e,h). We observed that under asymmetric con-
ditions, root hair growth of the side in contact with the PEG
solution was arrested (43.8� 13.5 lm), whereas root hairs con-
tinued to grow on the side containing no PEG
(233.3� 82.0 lm) (Fig. 4f,h). Under asymmetric conditions, we
further detected a stimulation of hair growth on the side contain-
ing no PEG by 21% (P = 10�17), when compared to symmetric
treatments in the absence of PEG (Fig. 4h). This stimulation was
in a similar range as observed for asymmetric Pi availability.

Taken together, our experiments on roots under asymmetric
Pi and water stress suggest that root hair elongation is regulated
in a largely cell-autonomous manner.

Root hair growth rates in response to changing Pi supply

In order to test whether the increased root hair growth under
high Pi supply was due to a longer tip-growth period as com-
pared to the deficient side or due to a higher growth rate, we
monitored root hair elongation under high and low Pi condi-
tions. To obtain additional information on how quickly the sus-
pected regulation occurs, and whether distal cells on the same
root show any growth response, we determined the kinetics of

the growth response while changing the Pi supply on one side of
the root from low (0.01 mM) to high (2.5 mM) during the
course of the measurement (Fig. 5a). Analysis of tip-growth rates
revealed an approximately three-fold increase in the rate of root
hair growth on the side where 2.5 mM Pi was supplied (Figs 5b–
d, S5). Specifically, the growth rates of root hairs grown under
Pi-deficient (0.01 mM) and Pi-rich (2.5 mM) conditions were
determined to be 0.45� 0.21 and 1.38� 0.32 lmmin�1,
respectively (P < 0.00001) (Fig. 5d). Although the Pi-rich side
adapted to the increased Pi supply, no change in growth rate
could be detected on the side that remained under low
(0.01 mM) Pi conditions. In addition to the slow growth of hairs
that sustained elongation for a longer period, many hairs on the
low-Pi side showed growth arrest before they had reached a
length of 50 lm. We therefore conclude that the difference in
hair length upon asymmetric Pi supply is caused by both, a
shorter growth period and a slower growth rate. The lack of any
response on the low-Pi side to the added Pi on the other side
speaks for a cell-autonomous regulation of tip growth. One could
assume that the root is not suffering from Pi deficiency when one
side is supplied with 2.5 mM Pi. However, the trichoblasts
selectively exposed to low Pi do appear to maintain their cellular
program as under symmetric low Pi conditions. This indicates
that the external Pi concentration is decisive for root hair cells,
yet the internal Pi status of the root is not.

Interestingly, the adaptation of the growth rate on the Pi-rich
side occurred within < 5 min after Pi addition. This rapid accelera-
tion further corroborates the thesis of a cell-autonomous mecha-
nism of tip-growth regulation, possibly through direct modulation
of the tip-growth machinery. Although it cannot be excluded that
rapid intercellular signals coordinate the growth behaviour, one
could assume that signals that involved diffusion or transport, such
as hormones or peptides, would likely act at far slower rates.

RSL4 expression under asymmetric growth environments

Our experiments so far have shown that the dfRootChip can be
utilized to unveil the physiological and developmental responses
of roots towards environmental asymmetry. To explore the early
stage genetic components that guide the asymmetric develop-
ment of root hairs when roots are treated under asymmetric Pi
concentrations, we investigated if the gene expression of a key
transcriptional regulator of root hair growth, RSL4, is altered
locally. We chose the basic helix-loop-helix transcription factor
RSL4 as a readout, as its protein abundance and lifetime are
known to positively correlate with root hair elongation (Yi et al.,
2010; Datta et al., 2015). RSL4 is an upstream regulator of
numerous target genes that are involved in the biogenesis of
growth-sustaining membrane and cell-wall compounds (Yi et al.,
2010; Vijayakumar et al., 2016). Regulated itself by auxin-
response factors, RSL4 drives genes of NADPH oxidases that
promote polar growth by loosening the cell wall through extracel-
lular reactive oxygen species production (Mangano et al., 2017).
Furthermore, rsl4 mutants exhibit severe hair growth reduction,
whereas RSL4 overexpression results in abnormally long root
hairs (Yi et al., 2010). We therefore hypothesized that the drastic
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difference in root hair length observed under asymmetric Pi avail-
ability would be reflected in an asymmetric RSL4 abundance. It
been suggested that RSL4 expression is induced by Pi deficiency,
thereby leading to the elongated hair growth observed on agar
plates when Pi is limiting (Datta et al., 2015). Because our hydro-
ponic conditions had resulted in a contrasting effect on root hair
growth, the following possible outcomes were considered: RSL4
expression would follow either the long hair growth on the Pi-
rich side, or the Pi deficiency on the other side, or would not
exhibit any asymmetry whatsoever.

In order to test these opposing hypotheses, we performed asym-
metric Pi treatments on Arabidopsis roots expressing GFP-RSL4.
The fluorescence intensity distribution of GFP-RSL4 along the
root axis followed a bell shape (Fig. 6a,b), in line with the previous
finding that a pulse of RSL4 expression determines the length of
root hairs (Datta et al., 2015). We compared the peak signal inten-
sities of nuclear GFP-RSL4 between the outer left (high Pi) and
outer right (low Pi) trichoblast cell files along the root axis within
ranges of 200 lm starting from the root tip (Fig. 6b). On average,
signals on the Pi-rich side were higher throughout the root as com-
pared to signals on the Pi-deficient side, with the strongest differ-
ence in the distance range between 800 lm and 1000 lm from
the root tip (P < 0.05; n = 14). Because differences in absolute
intensity levels may vary between individuals, we also analysed the
intensity ratios of outer left and right nuclear signals within
200 lm ranges for each root (Fig. 6c). We observed a clearly asym-
metric distribution of GFP-RSL4 with a strong bias towards the
left (high Pi) side of the root. These findings demonstrate that
environmental asymmetry can result in corresponding asymmetry
of gene regulation, as exemplified by RSL4. Furthermore, we show
that, in contrast to the previously suggested upregulation under
limiting Pi concentrations, RSL4 expression appears to be rather
indirectly linked to Pi availability.

Taken together, our results demonstrate that cell files along the
root axis can perceive local differences in their environment and
that external heterogeneity can be translated into internal physio-
logical as well as transcriptional asymmetry.

Discussion

The dfRootChip enables high-resolution imaging of roots in
complex environments

Studies on root–environment interactions commonly involve
experimental conditions with changes in single parameters to
reveal plant responses regarding signalling, metabolism or devel-
opment. In their natural habitat, plants are, however, exposed to
a complex interplay of environmental conditions. Consequently,
mechanisms of prioritization exist to maximize overall fitness.
This includes, for example, the finding that plant immunity
responses are suppressed under insufficient light conditions in
favour of growth stimulation (Lozano-Dur�an et al., 2013), or that
adaptation of root system architecture to phosphate (Pi) defi-
ciency depends on the availability of nitrate (Medici et al., 2015).
A key to a better understanding of how plants develop in com-
plex environments will be to identify whether responses are sys-
temic or cell-autonomous and to reveal intercellular
communication of environmental signals within an organ. It has
been recognized that understanding plant developmental plastic-
ity depends on our ability to design experiments that approxi-
mate the complexity and dynamics of natural environmental
conditions (Rell�an-�Alvarez et al., 2016).

Here we present an experimental tool that allows the simulta-
neous and spatially confined exposure of a single plant organ with
diverse conditions. The dfRootChip represents an adoption of
organ-on-a-chip technology for plants and takes advantage of

(a)

(b) (c) (d)

Fig. 5 Root hair growth in response to
asymmetric phosphate (Pi) supply. (a) Time
series showing Arabidopsis root hair growth
before and after high Pi supply to the left side
of the root. Time scale format (top right):
mm:ss; bar, 100 lm. The numbers at the
bottom indicate Pi concentration in mM. (b,
c) Kymograph analysis of yellow fluorescent
protein (YFP) signal in root hairs marked with
asterisks in (a), grown under low and high Pi
(b) and permanently low Pi (c). The dotted
line in (b) indicates the time point at which
the high Pi supply was introduced. (d)
Quantification of growth rates in hairs grown
under 2.5mM and 0.01mM. P-value
< 0.00001 (Mann–Whitney U-test).

New Phytologist (2017) � 2017 The Authors

New Phytologist� 2017 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist8



guided root growth and laminar flow inside the observation chan-
nel to create separate environments on both sides of the root. We
also show that the triangular pillar design does not only efficiently
guide root growth, but is also suitable as traps for bacteria or
fungi in host–microbe interaction studies.

Over the past years, microfluidic devices have been developed
for plant science to facilitate microscopic access to Arabidopsis
roots (Meier et al., 2010; Grossmann et al., 2011; Parashar &
Pandey, 2011; Busch et al., 2012; Jiang et al., 2014; Massalha
et al., 2017), pollen tubes (Horade et al., 2013; Sanati Nezhad
et al., 2013) or moss (Bascom et al., 2016). RootChips have been
particularly useful for measuring cellular concentration changes
of small molecules using genetically encoded nanosensors for
nutrients (Grossmann et al., 2011; Lanquar et al., 2014), phyto-
hormones (Jones et al., 2014) or the second messenger calcium
(Denninger et al., 2014; Keinath et al., 2015). Although test solu-
tions or changes in the root microenvironment could, so far, only
be applied to the root as a whole, the dfRootChip now provides
the ability to apply treatments to one side of the root and also
study responses in cells that are not in immediate contact with
the test solution. In addition, combinations of two treatments
can be tested on physically distinct regions of the same root. This

substantially increases the capabilities of the device for drug treat-
ments, uptake and flux measurements, or local stimulation to
address aspects of cell autonomy and intercellular coordination.
The possibility to study roots under precisely controlled condi-
tions that can now mimic environmental complexity will aid the
discovery of unknown mechanisms of plant–environment inter-
actions.

Local exposure to biotic or abiotic stress results in
differently confined calcium signalling

Using asymmetric perfusion of roots, we were able to address
whether environmental conditions trigger local responses at dif-
ferent levels: physiology and signalling, development and gene
expression. We tested whether asymmetric stimulation with stress
elicitors results in asymmetric calcium signalling. In the signalling
field, local application of elicitors has been a technical hurdle that
can now be overcome by the dfRootChip. Our measurements on
roots expressing R-GECO1 demonstrated that, as expected, cal-
cium responses were first initiated on the side of stimulation. We
observed, however, that the propagation of calcium signals dif-
fered substantially between responses to the biotic elicitor flg22

(a) (b)

(c)

Fig. 6 RSL4 expression under asymmetric
phosphate (Pi) supply. (a) Nuclear signal of
green fluorescent protein (GFP)-RSL4 in
trichoblasts of an Arabidopsis root grown
under asymmetric availability of Pi; left side,
2.5mM Pi; right side, 0.01mM Pi. Heat-map
colour-coded maximum-intensity projection
of a confocal Z-stack. Root and guiding
pillars are outlined by white dashed lines.
Nuclei that had migrated into growing root
hairs on the left side are marked by asterisks.
Bar, 100 lm. (b) Comparison of nuclear GFP-
RSL4 signal intensities in the outer left and
right trichoblast cell files within distance
ranges of 200 lm from the root tip. n = 14
roots. Error bars indicate� SE of the mean.
P(1000 lm) = 0.03078 (Mann–Whitney U-
test). (c) Signal intensity ratios of nuclear
GFP-RSL4 between nuclei on the left and
right sides of individual roots measured
within the same 200 lm distance ranges as in
(b). Centre lines in boxes represent medians,
crosses represent sample means. The dotted
horizontal line indicates a theoretical intensity
ratio of 1. n represents the number of roots
for which an intensity ratio for a specific
distance range could be calculated.
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and the abiotic elicitor NaCl. Although the response to salt stress
propagated almost without attenuation across the root within
< 10 s (14.1 lm s�1), the elicited calcium response to flg22 treat-
ment decayed beyond the vasculature and also propagated at a c.
20 times slower rate (0.62 lm s�1). Recent studies used local
application of salt solutions at the root tip and reported shoot-
ward long-distance propagation of calcium signals at c.
400 lm s�1 (Choi et al., 2014; Evans et al., 2016). It was sug-
gested that electrical signals may act as a fast mode of propagation
along cells and the release of extracellular reactive oxygen species
helps crossing cell–cell boundaries, albeit at likely a slower rate
(Gilroy et al., 2014). The rate-limiting step would therefore be
the number of cell–cell boundaries that are crossed over a dis-
tance. In line with this model, length:width ratios of fully elon-
gated epidermis (13 : 1), cortex (10 : 1) and endodermis (18 : 1)
cells (Hauser et al., 1995) could explain our observation of slower
rates of transverse versus longitudinal signal propagation.

Besides the velocities of signals triggered by biotic and abiotic
elicitors, also the differences in propagation range represent a
major distinction between the elicitor types. A likely explanation
for the localized calcium response to flg22 is the involvement of
plasma membrane-based receptors and downstream signalling
pathways, whereas NaCl may elicit calcium influx more directly,
for example due to mild osmotic effects. On the one hand, it can
also be speculated that this behaviour reflects a fundamental dif-
ference between the two types of stresses, where biotic threats
usually occur locally and activate local defence mechanisms,
whereas abiotic stresses such as drought or salt affect the entire
plant and require responses in distal cells to ensure survival of the
organism. On the other hand, because responses to biotic stress
often come at a significant cost to the plant, it may be advanta-
geous to restrict responses of innate immunity to infected cells
and tissues in their close vicinity.

Local environmental change leads to local adaptations at
the physiological and genetic level

When it comes to developmental adaptation of the root system
architecture on the basis of nutrient availability the situation is
more complicated. In soil environments with patchy distribu-
tion of barely diffusing nutrients, such as Pi, evading depleted
zones through growth requires some form of coordination as
some cells potentially have to invest more resources than what
can immediately be absorbed from the environment. Adaptation
to nutrient deficiency occurs at the physiological and develop-
mental levels. A recent study elucidated the physiological
response to potassium deficiency and identified a role of cal-
cium signalling in local regulation of potassium channel activity
(Behera et al., 2017).

At the developmental level, enhanced root hair growth is con-
sidered to be a typical adaptive response to low Pi availability
(Bates & Lynch, 1996; Ma et al., 2001; Karthikeyan et al., 2014;
Song et al., 2016). The early finding that the transfer of seedlings
between media with different Pi content always triggered a Pi
concentration-specific response independent of the Pi content in
the medium before transfer was taken as evidence that root hair

length is locally controlled (Bates & Lynch, 1996) and was later
interpreted as a cell-autonomous response (Karthikeyan et al.,
2014). However, so far no experiments had been performed
where trichoblasts on the same root had been exposed to different
external Pi concentrations at the same time. Using asymmetric
perfusion with different Pi concentrations, we now provide evi-
dence for cell-autonomous hair growth regulation. Trichoblasts
generally responded with growth repression, when perfused with
limiting Pi concentrations, independent of the Pi supply on the
opposite side of the root. Furthermore, a sudden increase of the
Pi concentration resulted in a rapid adaptation of the growth rate
only in cells with direct access to the nutrient. Although past
studies have shown links between Pi deficiency and systemic sig-
nalling, for example through auxin (L�opez-Bucio et al., 2002) or
ethylene (Song et al., 2016), the rapid (< 5 min) and local
responses observed in our experiments speak in favour of cell-
autonomous modulation of the tip-growth machinery, driving
root hair growth towards the beneficial condition. In addition,
we detected an asymmetry in the levels of the transcription factor
RSL4, which further corroborates the conclusion that external
asymmetry results in an internal asymmetry within the root at
the physiological as well as the genetic level. In summary, this ‘in-
ner flexibility’ of the root may be a fundamental feature that
allows it to adapt its organ development plastically to environ-
mental conditions.

Why does Pi deficiency lead to repressed root hair growth?

Because elongated root hairs are thought to contribute to nutrient
uptake through an increase of the total absorptive surface area of
the root, reduced hair growth under low Pi conditions seemed
unexpected at first. Similar discrepancies in root hair response to
low Pi, however, have been observed and attributed to additional
factors such as sucrose (Jain et al., 2007) and light (Chandrika
et al., 2013). Sucrose was part of the growth conditions in several
past studies on root hair length regulation but lacking in our
media as it is also mostly absent in natural habitats. The apparent
discrepancy between our results and previous observations can
also be explained by the influence of gelling agents on root hair
growth, which was shown to have drastic effects with respect to
Pi-dependent hair growth regulation (Jain et al., 2009) and other
root traits (Gruber et al., 2013). Although previous work has usu-
ally employed agar-containing media to study root hair length
under Pi deficiency, our perfusion system involves exclusively
synthetic hydroponic media. An additional possible reason for
the difference between experiments on plates and in hydroponic
culture is the inherent asymmetry in the experimental growth
conditions on vertical plates, with one side of the root being in
direct contact with the substrate, but the other side exposed to
air. Recent work has demonstrated that hair growth is stimulated
on the air side and repressed on the medium side (Bao et al.,
2014), which means that hair length measurements may be often
made on trichoblasts that are not in direct contact with the
medium. A study performed on corn roots in soil found no rela-
tionship between Pi concentrations and root hair length but,
rather, observed an inverse correlation between root hair growth
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and soil moisture (Mackay & Barber, 1985). Finally, recent work
has demonstrated an interplay between Pi-deficiency responses and
iron availability (M€uller et al., 2015). Cells in the meristem and
elongation zone of roots typically show reduced elongation
and increased differentiation (Abel, 2017). These phenotypes were,
however, suppressed when iron was also limiting, leading to the
identification of the cell wall ferroxidase LPR1 and its involvement
in redox signalling during Pi sensing (M€uller et al., 2015).

These insights demonstrate that we are still lacking a com-
plete picture of how roots sense and respond to nutrient defi-
ciency. In complex environments, where different parts of an
organ are exposed to varying conditions, cell-autonomous
responses may be dominant over systemic signals and thereby
shape organ architecture. It is conceivable that local repression
of growth in cells under nutrient-deficient conditions conse-
quentially leads to growth promotion into more favourable
zones of soil. Interestingly, we observed stimulated hair
growth on the Pi-rich side of asymmetrically grown roots, as
compared to roots grown under symmetric Pi-rich conditions
(Fig. 4a–d). A similar hair growth-promoting effect was
observed under asymmetric water stress conditions (Fig. 4e–h).
Whether this growth stimulation depends on intrinsic, sys-
temic signals, or extrinsic factors remains to be answered.
Our findings highlight the necessity of constantly seeking new
means of cultivation and approaches for analysis as they can
provide surprising new findings on problems that appeared to
be well understood already. Thanks to a large body of work,
many genetic resources are available that will, together with
novel experimental tools, drive further elucidation of the
molecular mechanisms behind plant adaptation to nutrient
deficiency.

Conclusion and outlook

Environmental complexity will remain a major challenge for stud-
ies on plant signalling and development. Yet we cannot ignore this
characteristic feature of natural plant habitats when aiming to
understand plant development of model and crop plants alike
(Rell�an-�Alvarez et al., 2016). Advanced technologies for plant cul-
tivation, imaging and quantification will enable us to better
mimic field conditions in the laboratory and thereby provide the
basis for new discoveries (Ehrhardt & Frommer, 2012). In recent
years, the adaptation of microfluidics for organismal studies has
demonstrated great potential to create dynamic microenviron-
ments and aid new experimental approaches for a number of
model organisms (Stanley et al., 2016). It will be interesting to
systematically test combinations of environmental conditions in
the dual-flow-RootChip and reveal further developmental trade-
offs and decision-making. The visualization of proteins and small
molecules using genetically encoded nanosensors is benefitting in
particular from the defined conditions provided by Lab-on-a-
Chip devices (Jones et al., 2013; Uslu & Grossmann, 2016). In
combination, nanosensors and microfluidics offer countless possi-
bilities for studies of plant–environment interactions including
tracing nutrient absorption, understanding environmental sensing
and stress signalling or investigating intercellular and

interorganismal communication. With environmental complexity
taken into account, these studies will yield novel molecular mech-
anisms and genetic traits that will benefit crop breeding and field
research.
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