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Abstract

We hereby show that root systems adapt to a spatially discontinuous pattern of water
availability even when the gradients of water potential across them are vanishingly small. A paper
microfluidic approach allowed us to expose the entire root system of Brassica rapa plants to a square
array of water sources, separated by dry areas. Gradients in the concentration of water vapor across the
root system were as small as 10* mM-m™ (~4 orders of magnitude smaller than in conventional

hydrotropism assays).

In spite of such minuscule gradients (which greatly limit the possible influence of the well-
understood gradient-driven hydrotropic response), our results show that (i) individual roots as well as
the root system as a whole adapt to the pattern of water availability to maximize access to water, and

that (ii) this adaptation increases as water sources become more rare.

These results suggest that either plant roots are more sensitive to water gradients than
humanmade water sensors by 3 to 5 orders of magnitude, or they might have developed, like other
organisms, mechanisms for water foraging that allow them to find water in the absence of an external

gradient in water potential.

Significance Statement

The supply of water is the most reliable predictor of survival and performance in crops.
Nonetheless, our ability to design or breed plants with superior tolerance to drought or flooding is

constrained by our limited understanding of how roots adapt to inhomogeneous water supplies.

We here show evidence that roots might not need external gradients in the potential of water

to improve their access to it. Our microfluidic apparatus quantified how root systems adapt to
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inhomogeneous water supplies while being exposed to gradients in water vapor concentrations that are
orders of magnitude smaller than those detectable by some of our best engineered water sensors. We

conclude by suggesting possible mechanisms that could explain this behavior.

Introduction

/body

A secure water supply is the strongest predictor of survival in crops(1, 2) and most plants (not
all(3)) uptake water mostly from their roots. Therefore, harvesting water is one of the most important,
and yet still poorly understood functions of the root system. For example, in spite of great progress(4-
11), we still do not fully understand how the architecture of the root system develops to optimize its
access to a water supply that is inhomogeneously distributed. Therefore, we have limited information
on how to design genomes or select phenotypes that promote, for example, tolerance to drought(4).

The availability of water to plants is usually determined by the water potential (WP), and the
hydraulic conductivity (HC) (12). Intuitively, these parameters help quantify respectively how easy is to
pull the water (i.e., the lower the WP, the more thermodynamically stable the water is, and the more
difficult it is, in general, to change its state), and how rapidly it can be pulled (i.e., the flow of water
under a certain pressure differential). These physical parameters can have biological consequences and
induce a response: e.g., low water availability can limit the rate of water uptake by the plant and
therefore induce drought stress. Such limitation on water uptake can be due to the water being too hard
to pull, too slow to obtain, and/or too limited in quantity.

Plants can adapt to water scarcity by collecting information about the distribution and
availability of water in the surrounding volume of soil and develop the structure of their root system

accordingly(13).



70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86
87
88

89

90

91

92

93

Organisms generally “collect information” about their environment by sensing some external
potential gradient (e.g., gravitational potential in gravitropism, chemical potential in chemotropism).
Therefore, the study of the adaptation of roots to an inhomogeneous water supply has historically
focused on understanding how roots grow towards higher WP (i.e., hydrotropism, first reported in
1811(13)). Since 1872, hydrotropism was further investigated by Sachs(14), Molisch(15), Darwin(16),
and, more recently, by others(17-21). These recent studies have focused on observing deflections of
single roots (22) when exposed to gradients in the potential of water vapor(23) or of the water in the
nutrient solution (18).

Nonetheless we were prompted by the observation that in the animal kingdom, foraging is not
always guided by sensing of the food source (olfactory, auditory, vision, tactile). Forage can be collected
by trapping(24), harvesting(25), luring(26), symbiosis(27), parasitism(28), or its location can be encoded
in memory(29) or into a chemical trail(30, 31). These distinct mechanisms allow animals (and some
plants(32)) to forage for food sources that cannot be sensed due to their distance, or that move too
rapidly to be caught. It is therefore conceivable that plants might have developed one or more
mechanisms to seek water in the absence of external gradients of water potential. Therefore we set out

to find out.

Experiment Design

Exploring the development of a branched root system in the presence of heterogeneous water
availability and in the absence of WP gradients is an experimentally challenging problem. We explain
here the design choices that addressed the numerous requirements of such a study.

Analyzing the branched root system of a representative plant. Mechanisms of water foraging that do
not involve sensing of an external water potential could rely on the entire root system and might

therefore not be observable in single-root assays. Therefore, we designed an experimental habitat in
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which a branched root system can be imaged in its entirety.

We chose Brassica rapa (Wisconsin Fast Plants® AstroPlants, Carolina®, USA) as a model plant for its fast
growth, relatively thick roots that are easy to image, reliably high germination rates, and membership in
an economically important family (Brassicaceae).

Removal of the influence of other tropisms on the direction of root propagation. Root systems
respond to many stimuli other than water (e.g., gravity, oxygen, nutrients, temperature, light, touch).

Isolating the influence of one tropism from the others is notoriously challenging(33, 34).

The effect of gravity on root development (i.e., gravitropism) is especially difficult(35, 36) to remove(35,
37). We constrained the development of roots to a flat, horizontal surface (Figure 1A) (38) to limit the
effect of gravity on the direction of root growth(39). Roots are also sensitive to contact with surfaces
(i.e., thigmotropism), but our approach ensures that every root tip experiences nearly the same type of

contact with the support.

Gradients in the concentrations of nutrients and chemicals affect root development (i.e.,
chemotropism(40)). We ensured that the concentrations of nutrients accessible by the root system
(Murashige-Skoog (MS) medium at 0.5X concentration) were constant in time and space by controlling
the water transport in the system, as described in a previous publication(41). In short, the plant was
grown on what we call the “growth sheet” (Whatman 1 chromatography paper). The growth sheet was
placed on top of a stack of paper that was almost completely immersed in a reservoir of nutrient
solution (Figure 1A). The concentration of nutrients in the growth sheet was not distinguishable from
the one in the reservoir due to the small vertical distance between the two (¥~1mm). The concentration
of nutrients changed little over time because the total amount of nutrients in the reservoir was much
larger than the amount consumed by the plant, and evaporation of the reservoir was limited by
conducting experiments at high relative humidities (>75%) and was compensated by periodic additions

of water (41). Lastly the habitat was sealed and fully autoclaved before use, to avoid the potential



118  influence of microbial contamination (and the potentially associated mechanisms of foraging like

119  symbiosis).

120 Light also affects the direction of root growth as well as the cellular development of the root tissue(34).
121  Therefore, we covered the root system with a slanted sheet of aluminum (Figure 1A). The choice of
122 aluminum was based on its cost, cleanliness, simplicity, and surface chemistry: as the sheet creates a
123 nearly closed environment around the root, condensation can happen on the surface of the sheet that
124  faced the root. This condensation could cause water droplets to bead and drop on the root, thereby
125 changing the distribution of water across the root system. Aluminum’s surface is hydrophilic and has
126 small contact and sliding angles for water that cause condensation to drain back into the reservoir

127  (Figure 1A).

128 control over gas transport. The rate of evaporation and plant transpiration is governed by the RH of the
129 atmosphere, the temperature, and by the WP in soil(42). Our laboratory was set to constant

130 temperature (25+1°C) through a redundant air conditioning and ventilation system. We established a
131

homeostatic RH for the plant shoots of 85.0% (SD = 0.77)(38) by placing a supersaturated solution of

132 NaCl inside the plant habitats (Figure 1A). In these conditions, the RH ranged between 75% at the

133 surface of the supersaturated salt solution to ~100% at the surface of the nutrient solution. The shoot
134 Jies in between and was therefore exposed to intermediate values of humidity.

135 peration is essential to the health of plants. Passive aeration systems (i.e., Parafilm membranes) are
136 ineffective(43). Therefore we actively aerated the habitats with water-saturated sterile air (Figure 1A).
137 control over the distribution of water availability in space and time. Our goal was to test whether the
138 development of the root system is affected by a spatially heterogeneous but temporally constant

139 ({istribution of water availability, while eliminating the influence of gradients in WP. Since water

140 availability must be modified while maintaining WP constant, the design objective became the spatial
141

control over HC.
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It is important to point out that answering our question does not require the spatial control over the
absolute values of HC. It only requires the establishment of a binary pattern of HC (i.e., step-wise
variations between two constant values), where the low value of HC is sufficiently limiting to water
uptake to cause a biological response (e.g., limit plant growth). This point is important because absolute
values of HC are difficult to measure reliably: its quantification in our system would have to assume
knowledge of the pressure differential caused by the plant in each point of the root system, and the
validity of Darcy’s law for capillary flow in paper. Both of these assumptions are unwarranted.

We used paper-based microfluidics(44) to solve this problem. In our assay, the flow of nutrient solution
to the roots occurs by capillarity: from the reservoir, through the stack of paper sheets underneath the
growth sheet, and lastly, through the growth sheet itself (Figure 1B). The HC through the paper stack is
determined by the rate of capillary flow. This flow can be hindered (and the HC reduced drastically) by
coating the cellulose fibers in the growth sheet with a hydrophobic substance, e.g., wax. This coating can
be printed arbitrarily on the growth sheet, thereby designing areas of different HC. The flow of water
vapor to the roots is instead unaffected by coating of the cellulose fibers, thereby preventing the
establishment of a RH gradient across the root system.

We used a commercially available desktop printer (Xerox Colorqube), to print patterns of wax ink on the
top surface of the growth sheet (Figure 1C). Steam autoclaving simultaneously melted the wax and
sterilized the paper. As the wax melted, it coated the paper fibers across the entire thickness of the
growth sheet, and it spread laterally (Figure 1C). The thickness of a line of wax increased by 1.62 mm as
a result of autoclaving, regardless of the original width of the printed line (ALW
=(1.0126+0.023)*PLW+(1.62+0.12), where PLW is the printed line width and ALW is the printed line
width after autoclaving), indicating a constant lateral spreading of 0.814+0.06 mm (Figure 1D).

This approach allowed us to create flat supports for root growth where dry areas of negligible HC (i.e.,

where the wax was printed and molten) and wet areas with high HC (where no wax was printed — we
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call these areas “pores” for convenience) were determined with precision, almost as pixels on a screen,
and did not change over time.

Figure 1E shows how patterns of pores could be obtained by printing a square grid of wax (we used
square patterns for simplicity, but any printable pattern can be chosen). When the autoclaved sheet is
placed on a wet reservoir, the pores are filled with water by capillarity (Figure 1F, the water is dyed in
red for clarity). The capillary transport of water was effective even for the smallest pores (0.4 mm?,
Figure 1G) and the size of the pores did not affect the local WP (i.e., the pressure required to draw water
from the pores): no water was drawn into a capillary in the printed areas, while columns of water of
identical height (26 mm at steady state, corresponding to a pressure of 255 Pa) were drawn from pores

of different sizes (cf. Supporting Information).
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Figure 1. A paper microfluidic assay for studying root development in heterogeneous
water availability distributions. A) Schematic representation of the experimental setup;
B) Schematic of the control of water availability to the root by the local coating of the
growth sheet with wax; C) Schematic and cross-sectional micrograph of wax deposition
and diffusion in the paper upon autoclaving; D) Graph of the width of printed line of wax
after autoclaving as a function of its width before autoclaving (red dotted line is where
the line would be if autoclaving caused no change in the line width); E-F) A square
pattern of autoclaved wax on paper before and after being put in contact with red-
colored water; G) Comparison of the capillary rise of red-colored water from an

unprinted area and a printed area.

The gradient of the liquid WP is assumed to be negligible in the pores and across pores (i.e., nutrient
concentration is constant, and the paper is homogeneous in porosity and composition). The liquid WP is
also assumed to be negligible across the wax-printed areas as well, where water can exist as an
adsorbed interfacial layer (surfaces are coated in a nanoscale layer of water at atmospheric pressure
and RH>0, regardless of composition).

Constant humidity across the root system. The availability of liquid water in this system is binary.
Therefore, in order to find a pore by sensing water at a distance, a root tip could only follow a gradient
of water vapor concentration. Therefore, the gradient of RH across the growth sheet had to be as small
as possible (the habitat is outside of thermodynamic equilibrium, so time-averaged gradients in gas
concentration cannot be reduced to 0 M/m). The sources and sinks of water vapor in the system are as
follows (Figure 2A): the supersaturated salt solution is a sink (75% RH at the liquid/air interface), while
the active aeration with saturated air, the evaporation from the paper, and the transpiration from the
plant are sources (~¥100% RH). The humidity between sources and sinks depend on the dominant

mechanism of mass transport (convection or diffusion). Our system is actively aerated and
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inhomogeneous in temperature (the system is outside of equilibrium so temperature gradients cannot
be ruled out) so diffusion only dominates in the boundary layers (i.e., the layer of gas or liquid in contact
with a hard surface where convection is negligible). Aeration is very slow (~¥0.12 m/s) and the Reynolds
number is ~24. The Blausius solution for the flow-governing equation(45) predicts a thickness for the
boundary layer of ~6 cm, which is much larger than the thickness of the roots (0.2 mm). Therefore, to
summarize, the transport of water vapor around the roots in our system is governed by diffusion.
Under these conditions, if the growth sheet contains dry and wet regions, a gradient of water vapor,
albeit minuscule, should form across the paper surface: while the air/water interface in the pores is in
contact with the root, it is instead recessed by a distance equal to the thickness of the growth sheet in
the dry regions (180 um). This difference in the height of the water/air interface necessarily causes the
formation of a gradient in the concentration of water vapor along the growth sheet.

We measured (Figure 2B and Figure S14) the RH above the top surface of the growth sheet (3 mm, the
smallest distance we could place our hygrometers from the paper). The lines indicate the increase in RH
with time above an unprinted growth sheet (i.e., fully wet, red curve) and a fully printed growth sheet
(i.e., fully dry, black curve). The instrumental results show that the RH at steady state is 100% whether
the topmost sheet of paper is covered in wax or not. Hence, the gradient in water vapor is much smaller
than the precision of our hygrometer.

We therefore conducted a finite-difference time domain (FDTD) simulation to estimate the water vapor
concentration in the boundary layer (Figure 2C) with the following assumptions: (i) the problem can be
reduced to a 2D diffusion problem, (ii) the distance between the wet paper (source) and the salt
solution (sink) is 10 cm, (iii) the wax-coated paper does not limit diffusion of water vapor from the
underlying reservoir (supported by the data in Figure 2B), (iv) pores were 0.4 mm? in area (to maximize

the observed gradients).
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The simulation (cf. Supporting Information) captures the decrease in water vapor concentration from
the source to the sink (Figure 2C). The concentration profile of water vapor experienced by the root (0.2
mm above the growth sheet) shows peaks in water vapor concentration caused by the pores (Figure 2D,
blue trace). The amplitude of the peaks is 1.85 uM and their full width at half maximum (FWHM) is
0.926+0.004 mm. The largest gradient in water vapor concentration (Figure 2D, red trace) is 3.05
mM-m located 35 um from the edge of the pores. In between the pores (i.e., where the root tips
conduct most of their growth) the gradients are in the order of 10* mMm™. The difference in water
vapor concentration across the root tip in such minuscule gradients is ~10* M. By comparison, the
common assay for the study of hydrotropism using salt solutions exposes the root tip to gradients in
water concentration that are ten thousand times larger (~1 mM-m, and differences in concentrations
across the root tip of the order of 107 M).

Furthermore, to reduce the possibility of “false negatives” in the simulations, we conducted them by
using boundary conditions that could only overestimate the gradients of RH. Most notably, we neglected
the presence of the aluminum enclosure. Condensation formed on the surface of the aluminum sheet
facing the root during the experiments. The condensed water is a new source of water vapor. Therefore
the roots are located between two sources of water vapor, which reduce the gradients of RH within the
root volume. Nonetheless, even if the simulations would be incorrect by an order of magnitude, the

conclusions of this work would be unaffected.
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Figure 2. Control and assessment of water vapor gradients. A) Schematic of the setup,
highlighting the sources and sinks of water vapor and the directional flows (J) of water

vapor at steady state; B) Graph of relative humidity (RH) above a printed (black) and

unprinted (red) growth sheet as a function of time, showing the equally fast rise in
humidity and saturation at 100% in 1hr; C-D) Simulation of steady state RH above a
growth sheet featuring six equally spaced pores. For simplicity, the three-dimensional

problem is reduced to two dimensions (a dimension across the growth sheet, and a
dimension above the growth sheet). Panel C shows the RH value (vertical axis) as a

function of height above the growth sheet (horizontal axis) and the position along the

growth sheet (oblique axis), in the presence of printed and unprinted areas. Panel D
shows the concentration (in mM, blue) and concentration gradient (in mMm, red) of
water vapor 0.2 mm above the growth sheet. The horizontal axis indicates the position

along the growth sheet.

Results and Discussion

Reducing the wet area reduces the plant biomass. A key requirement for our study was for the

water availability in the wax-printed regions to be sufficiently low to limit plant growth. Since the size of

juaipess soden QH
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the pores do not influence the local availability of water, we quantified the global water availability by
the “relative wet area” (RWA), defined as the fraction of the growth sheet surface that was wet.

In a square array of square pores, two independent parameters can be used to control the RWA:
the printed line width and the printed pore width, as indicated in Figure 1C. The RWA and the area of
individual pores as a function of the printed line width and printed pore width were quantified by image
analysis (cf. Supporting Information).

Plants of Brassica rapa were germinated in a system previously described(41) for 5 days (cf.
Supporting Information), after which they were transplanted to the setup shown in Figure 1A. There,
they were grown at 24-26°C under ~140 PAR % 10 PAR of illumination for 24 hours/day for 10 days from
germination. Plants were grown on growth sheets with 1%, 3%, 6%, 11%, 19% RWA (n =8, 11, 13, 12,
10, respectively, Figure 3A). A 100% RWA treatment (i.e., unprinted growth sheets) was used as a
control (n = 20) while the 0% RWA treatment (fully printed growth sheets) led to the nearly complete
loss of the plants and could not be considered. The RWA was controlled by the autoclaved pore width
(from 0.4 mm for 1% RWA, to 25 mm for 19% RWA, cf. table S1), while the autoclaved line width (ALW)
was kept constant (6 mm) so that (i) roots had to cross the same distance of dry surface to reach a new
source of water and nutrients regardless of the RWA value, and (ii) the vanishingly small gradient in WP
between the pores would be as similar as possible across treatments. The tap roots of the transplanted
seedlings were arranged into a “starter” pore (a square of 25 mm? in area that was included in all

treatments) to ensure high rates of survival for the plants.

Root system characterization was conducted at the end of the experiment after excising the stem
(Figure 3B). Photographs of the root systems were analyzed to characterize structural root
characteristics both in the dry areas as well as in the wet areas (Figure 3C). In summary: (step 1) the
background outside of the root system was removed (Figure 3C, panel 1 to 2); (step 2) the pores were

cut out of the image due to their different background color and the remaining image was thresholded
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to yield a binary image of all the roots lying on the wax-coated areas (Figure 3C, panel 2 to 3); (step 3)
the roots in the pores were thresholded separately with manual curation, and reinserted in the final

image to obtain to complete root system (Figure 3C, panel 3 to 4).

Compared to the control treatment (100% RWA), the biomass of both roots and shoots decreased
with the RWA (separate control experiments using deionized water as nutrient solution show the
biomass to be unaffected, probably due to the young age of the plants, cf. Supporting Information) ,

while following an exponential trend of the type

biomass(RWA) = biomass(RWA=100%)+A-e" € FWA

with a rate equal to -0.062+0.039 (Figure 3D, R?=0.817). This trend in biomass and the extreme
mortality of plants grown at 0% RWA demonstrates that the limitation over HC in the wax-printed areas

is sufficient to limit plant growth.

A similar trend is observed in the dependence of the root surface area on the RWA (Figure 3E, same
exponential trend with a similar rate of -0.055+0.05, R?=0.817). The root surface area was found to be
approximately proportional to the total biomass (Figure 3F, R=0.988), suggesting that the average root
diameter is similar in all treatments. The convex area of the root system (i.e., defined as the smallest
area that is convex and contains the root, Figure 3G, p-value>0.05), and the root surface density (Figure
3H, i.e., the ratio between the total surface area of the roots and the convex area of the root system)

were not significantly different across treatments.

Changes in the architecture of the root system only became apparent after we analyzed where the

roots were in relation to the pores.

Roots show a preference for wet regions that increases with their scarcity. The most relevant

characteristic, which we call “water preference ratio” (WPR) and define as
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surface area of roots on pores
surface area of roots on wax fraction of pore area covered by roots

(pore area) ~ fraction of wax area covered by roots
wax area

WPR =

quantifies the ratio of the probabilities of finding a root on a pore and on a dry region. Therefore, if
WPR is equal to 1, the probability of finding a root anywhere on the growth sheet is independent of
whether that point is wet or dry. If WPR is equal to 2, a wet spot is twice more likely to be covered by a

root than a dry spot.

Figure 31 shows the WPR as a function of RWA. Two different curves are shown. The blue scatters
show the WPR calculated by considering all pores (i.e., including the starter pore), while the green
scatters show the WPR calculated by excluding the starter pore. In both cases the WPR is inversely
proportional to the RWA, i.e., WPR = a + b/RWA (a=1.261+0.44 and b=3.36+1.16 for the green data set;
a=0.6210.44 and b=19.1011.16 for the blue data set — in both cases the error indicates the 95%
confidence interval assuming normally distributed data). The data indicate that, in the absence of water
scarcity (i.e., RWA=20%; WPR cannot be calculated for RWA=100%), the roots indicate a weak
preference for pores (WPR = 1), but this rapidly changes as water becomes more scarce, with the WPR
ratio increasing up to ~3.5 or ~15 for RWA=1%, depending on whether the “starter” pore is considered

or not.

If we assume that the gradient in WP is too small for the root to detect, the increase in the WPR
could be explained by hydropatterning(9, 11, 46): additional branching of the root system on the pores
would increase the WPR. We examined the branching points located on pores and found that they only
account for ~4% of the total root surface area on the pores: branching on the pores is not responsible
for the observed trend in WPR. To confirm this conclusion we looked at the distance between the

branching points and the closest pores and found that branching is not overrepresented in the pores nor
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in their proximity, even for RWA=1% (see Supporting Information S10 and S11). In conclusion, sudden

changes in HC do not seem to induce branching in B. rapa.

The difference in the magnitude of the WPR depending on whether the starter pore is considered
or not suggest that water-stressed plants might invest a larger portion of their photosynthate in roots
located on known water sources close to the stem and less on roots “scouting” for new water sources.
Nonetheless, Figure 3G shows that the convex area was not significantly different among treatments. As
a whole, our observations suggest that plants under this kind of water scarcity create a smaller number

of “water-scouting” roots, whose length is though unaffected.
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Figure 3 Root and shoot analysis. Representative top-view photographs of plants grown
in different relative wet areas (RWA), before (A) and after (B) excising the stem C)
Strategy used to extract binary image of the root in 3 steps; D) dry biomass of root (black)
and shoot (red) as a function of RWA together with the associated exponential trends
(lines). Error bars=95%Cl; E) Root surface area as a function of RWA with the associated
exponential trend (line). Error bars=95%Cl; F) Root surface area as a function of root
biomass, showing a straight linear dependence; G) Convex area. Error bars=95%Cl. and
(H) root surface density as a function of RWA showing lack of significant correlation; Error
bars=95%Cl. 1) Water preference ratio as a function of RWA, calculated by accounting
(green squares) or not accounting (blue circles) for the starter pore. Lines indicate
reciprocal fits of the data. Error bars=95%Cl. Asterisks (*) represent p-value<0.05 while
(t) represents a tendency for significance where the p-value<0.08.

The architecture of the whole root system adapts to the position of the water sources.

If the roots seek wet regions, then the overall architecture of the root system should adapt to the
distribution of water sources. Furthermore, if the root system architecture is significantly modified by a
different spatial distribution of the same amount of water sources, then the position of the water
sources must affect the direction in which the roots grow.

We tested this hypothesis by exposing Brassica rapa plants (10 days) to two different water
distributions (Figure 4A). All treatments consisted of a circular pattern of 8 identical pores surrounding
the starter pore (RWA =0.75 £ 0.04% for both water distributions to ensure water scarcity and a high
WPR). However, the distance between the pores and the starter pore was different between treatments
(23 mm and 40 mm, n=15 and 19, respectively). We dubbed the two treatments “near” and “far”,
respectively. As a control, we conducted the “near” treatment using deionized water as a nutrient
medium to infer the potential influence of nutrients and a possible chemotropic explanation for our
results. The total root surface area, the root surface area on the pores, root and shoot biomasses were
not significantly different for the three treatments (Figure 4B, Table S4). Nonetheless, the convex area in
the “far” treatment was 60% larger than for both of the “near” treatments (0.5 MS and DI water; p-

value=0.004 and 0.015, Figure 4C), showing that (i) water supplies closer to the stem limited the spread
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of the root system, and (ii) that nutrient concentrations do not seem to affect the confining effect of a
close water supply.

Given the susceptibility of root convex area to outliers, we confirmed our observations by
calculating the surface density of the roots as a function of the distance from the starter pore as

determined by the following equation,

surface area of the roots (r)
2nr

root surface density(r) =
f Y total root surface area

, Where ris the distance from the starter pore (Figure 4D). The plot confirms that the root in the
“near” treatments is more concentrated near the stem than in the far treatment.

Rather than the values for individual distances (cf. Supporting Information), it is more informative
to look at the whole distribution. In all treatments the radial root surface density (RSD) can be fitted
with a power law (RSD(r) = A*(ro-r)?, where ry is the furthest reach of the roots, A is the root surface
density at ry, and P is the exponent that quantifies how rapidly the RSD decreases with r) shown in
Figure 4D as lines.

Importantly, the key exponent P is not statistically different across “near” treatments (1.99 + 0.29
and 1.96 + 0.32), but is very significantly different from in the “far” treatment (1.14 + 0.25). These
results (i) confirm the existence of a root-system-scale adaptation to heterogeneous water availabilities
that occurs even with vanishingly small WP gradients, (ii) confirm that this effect is not influenced by the
concentration of nutrients in the water supply, and (iii) are inconsistent with a “random walk” search

algorithm for root system development (which predicts a gaussianly-distributed root surface density).
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Figure 4. Distribution of water sources controls root architecture. A) Representative
top-view photographs of root systems grown in two treatments (both 0.5xMS) with
identical relative wet area, but different distance between water sources and the stem

“near”, on the left, having pores 23 mm away from the stem, while “far”, on the right,
having them 40 mm away). B-C) Root surface area, root surface area on pores and
convex area of the root systems for “near” treatments (0.5xMS, n, and deionized water
media, n*) and “far” treatment (f). The convex area for “near” treatments is significantly
lower than in the “far” treatment, ***p-value<0.01. D) Radial root density of the root
systems in the “near” and “far” treatments, showing how both “near” treatments have
significantly more roots close to the stem than the “far” treatment(*p-value<0.09, **p-
value<0.05, ***p-value<0.01). The lines represent power law fits (red solid, red dashed,
and black solid for the n, n* and f treatments respectively). The fits for “near”
treatments are indistinguishable, but are significantly different from the one for the
“far” treatment.

Conclusion
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We aimed to determine whether plant roots require an external water potential gradient in
order to improve their access to water. To this end, we developed a paper microfluidics assay that
allowed us to explore the adaptation of entire root systems to a spatially heterogeneous distribution of

water availability in a spatially uniform distribution of water potential.

Our data show that, in spite of the minuscule gradients of concentration of water vapor (~10*
mMm?™, four orders of magnitude smaller than in the other hydrotropism assays), plants increase their
access to water and that their preference for wet regions is inversely proportional to the fraction of the
growth surface that was wet. We further showed that the architecture of the root system adapts to the
spatial distribution of the wet regions, regardless of the concentration of nutrients in the nutrient

solution.

We speculate that these results could be explained in at least two equally remarkable ways.
Either the roots are capable of sensing differences of water vapor concentrations that are about 3 to 5
orders of magnitude smaller than the detection limit of some of our best chemical(47) or optical(48)
sensors of water, or, more intriguingly, roots have additional ways to search for water that are not
based on responding to external gradients in WP. For example, in the absence of WP gradients, a
chemical potential gradient could be formed inside the root system once a root tip that has been busy
responding to other tropism finds water, therefore directing other roots to it.

Our approach is distinctly reductionist and it has similarities and differences with soil.
Importantly, similarly to soil, the RH at the root system is close to saturation, the availability of liquid
water is spatially inhomogeneous, and the roots are kept in the dark. Differently from soil, the roots are
constrained in their vertical development (causing them to bunch together at times), are not exposed to
significant gradients in temperature, composition (solids, liquids, and gases, notably O, and CO,), and
water potential, and are not exposed to interactions with other organisms. Yet, we do not see how the

results shown here could be an artifact of these limitations.
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We hope that this approach we developed will be useful to other members of the community
for (i) studying responses of branched root systems, (ii) identifying new traits and phenotypes associated
with tolerance of scarce water, and (iii) rigorously and quantitatively comparing responses to water
scarcity in different germplasms.

Materials and Methods
Full details of materials and methods, including the simulation used to assess water vapor gradients,
phenotypic root analysis, and system construction, can be found in the Sl Appendix. All datasets and

images can be accessed using DOI 10.17605/0SF.I0/SQAC3 (52).
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