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Dear Editor,

Root hairs improve plant access to soil resources, especially
under edaphic stress (Singh Gahoonia and Nielsen, 2004;
Marin et al, 2020; Wissuwa and Kant, 2021). While root
shrinkage and the formation of cortical lacunae limit the
continuity of the liquid phase at the root-soil interface
(Nobel and Cui, 1992; Carminati et al, 2009; Cuneo et al,
2016), the impact of edaphic stress on root hairs remains
largely unknown. Here, we provide insights into drought-
induced root and root hair shrinkage and the ramification
on root-soil contact. We used high-resolution synchrotron
radiation X-ray micro-CT (actual pixel size: 0.65 x 0.65
um?) to visualize roots, root hairs, and root—soil contact of
maize (Zea mays L). The mean root hair length and

diameter were 245.5 = 50.2 pm and 17.88 = 0.99 pm, respec-
tively. Although root hairs substantially increased root-soil
contact, we found that, during soil drying, their shrinkage
was initiated at relatively high soil matric potentials (be-
tween —-10 and —310 kPa). Root hair shrinkage represents
the first step within a sequence of root responses to pro-
gressive soil drying, followed by the initiation of cortical la-
cunae and root shrinkage. The latter leads to air filled gaps
at the root-soil interface. All these processes coincide with
a gradual disconnection of roots from soil and hence a se-
vere reduction of root-soil contact during soil drying

We grew maize in 3D printed microcosms (Keyes et al,
2013) filled with a loamy substrate. Plants were placed in a
climate chamber at a relative humidity of 65% and a
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temperature of 22°C during day and 18°C at night.
Synchrotron radiation X-ray micro-CT was performed at the
X02DA TOMCAT beamline of Swiss Light Source (SLS) and
the PSICHE beamline of Synchrotron SOLEIL (Saclay, France).
Image processing was conducted in Avizo (Thermo Fisher
Scientific, 2019). The experimental setup and image process-
ing is detailed in the Supplemental Methods.

Eight independent plants comprising 16 samples were an-
alyzed. We observed that not only roots, but also root hairs
lost turgidity during soil drying (Figure 1). Shrunk hairs
appeared as 2D surfaces forming twisted and folded fibrous
structures (Supplemental Figure S1). Figure 1 illustrates a
turgid root with turgid hairs (Figure 1A), a turgid root with
shrunk hairs (Figure 1B), as well as a shrunk root, with
shrunk hairs, showing severe cortex drying (Figure 1C).
Figure 1D depicts a 3D rendered sample containing turgid
root hairs, while Figure 1E shows a region near the root tip
containing only shrunk hairs behind the elongation zone. A
2D slice of the latter illustrates hair shrinkage more clearly
(Figure 1F).

We grouped the samples according to root hair shrinkage
and cortex drying as follows (Supplemental Figure S2):

® Group 1: > 50% hair shrinkage.
® Group 2: > 90% hair shrinkage A > 10% cortex drying.
® Group 3: > 50% cortex drying.

We estimated the local volumetric soil water content (6,)
of each sample from the grayscale values of the micropore
region, which depend on the volumetric fraction of water
and solid grains within this region. Our approach is justified
because macropores were drained and water was only
retained in the micropore region (see Supplemental
Methods for details). Besides, we measured the soil matric
potential using a WP4C dewpoint psychrometer (Decagon
Devices, Pullman, Washington, USA) and the gravimetric soil
water content (0g) of four additional samples. Since the
WP4C is only accurate below a potential of approximately —
100 kPa, we further estimated the soil matric potential of
the wettest sample based on the 0, the bulk density, and
the water retention curve (Vetterlein et al,, 2021; Figure 2A).

At this spatial scale, estimating soil water status is chal-
lenging and prone to errors, and the relation between water
potential and water content is very heterogeneous. The
measured gravimetric soil water content and soil matric po-
tential might not be representative of the imaged region
(which is only a small fraction of the soil sample). The esti-
mated image-based water content (volume of water relative
to the whole soil domain) relies on the assumption of con-
stant macro- and microporosity across the samples. While
this might be valid for the microporosity, it is not for the
macroporosity. Yet, since the macropores were drained, our
approach to estimate the soil water content is legit. A com-
parison of volumetric soil water content based on grayscale
and gravimetric measurements (Supplemental Figure S4) as
well as a discussion on additional sources of uncertainty is
available in the Supplemental Methods.

Duddek

As root and root hair shrinkage depend on soil matric po-
tential, we interpret our results primarily in the framework
of matric potential measured by WP4C. We found that hairs
were fully turgid up to a matric potential of —10 kPa,
0, =~ 0.27 22;, Figure 2A). A substantial fraction of hairs
(up to 70%) shrank at potentials ranging from -10 to —310
kPa (0, ~ 0.25mm ). At matric potentials between -310

mm?3

and -970 kPa (0, ~ 0.19"‘?2 ), we observed a hair shrinkage

m

of 40% to 100%. Except for two samples at 0, == 0.16222
(approximately 70% hair shrinkage), no turgid hairs were vis-
ible below this potential. Figure 2A illustrates a positive asso-
ciation between soil drying and root/root hair shrinkage as
well as cortex drying. Compared with hair shrinkage, the on-
set of both cortex drying and root shrinkage occurred more
gradually and at a more negative soil matric potential (be-
low —1,000 kPa).

The percentage of root hair surface area in contact to soil
was significantly (p = 0.029) higher (0.40%0.03) compared
with the epidermis surface area (0.16£0.04) (Figure 2B). We
compared the macro porosity ¢ (measured within a hollow
cylinder with inner surface corresponding to the root-soil in-
terface and thickness of d = 10 um) to the fraction of root-soil
contact, defined as the contact surface Aconace NOrmalized over
the epidermis surface area Agpigermis (Figure 2C). Note that
% = limgq_o 1 — ¢. The contact surface of the majority of
samples within groups 2 and 3 was considerably below the
expected value of 1-¢ (shown as a solid line in Figure 2C).
The contact exceeded the expected value when root and a
fraction of hairs were turgid (group 1). Additionally, even for
decreasing porosities, we observed a decreasing normalized
contact (Figure 2C). This is caused by the decreasing turgidity
of the root cortex and the accompanying root shrinkage
(Figure 2D). As soil dried, root cortex shrank and roots lost
contact to the soil matrix.

In summary, our data show a drought-induced discon-
nection of roots from soil starting from the hairs.
Although root hairs are believed to play a key role in wa-
ter and nutrient uptake, their shrinkage severely reduces
the root-soil contact in the rhizosphere. This may in-
crease the interfacial resistance between roots and soil
and limit uptake processes. Indeed, a recent study on the
impact of hairs on water uptake showed that, in maize,
hairs had a minor, if any, contribution to soil-plant hy-
draulics (Cai et al., 2021). This might be caused by hair
shrinkage and/or by the relatively short length of maize
root hairs (0.2-0.4mm) (Cai et al, 2021). In barley, which
has longer hairs (0.6-0.8 mm, (Burak et al, 2021)), root
hairs facilitated water uptake under dry soil conditions,
both in the laboratory and under field conditions (Carminati
et al, 2017; Marin et al, 2020).

Root hair shrinkage does not only depend on soil matric
potential, but also on age. Root hair life span ranges from
2 d (Fusseder, 1987; Jungk, 2001) up to 21 d (Xiao et al,
2020). The observation of entire hair shrinkage just behind
the root elongation zone (Figure 1E) proves that hair shrink-
age is not solely caused by aging. Interestingly, hair shrinkage
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Root Hairs Turgi Root Hairs Shrunk Major Cortex Dryin
E

Figure 1 Collection of reconstructed 2D slices and 3D renderings illustrating different root stages. A, Both root and root hairs are turgid (arrows
pointing at turgid root hairs, scale bar = 300 um). B, While the main root is turgid, hairs have shrunk (arrows pointing at shrunk root hairs, scale
bar = 300 pum). C, Severe cortex drying (arrow pointing at the air-filled space between epidermis and endodermis, scale bar = 300 um). D, 3D ren-
dering of a seminal root compartment containing a lateral root and turgid root hairs surrounded by soil matrix (scale bar = 300 pm). E, 3D render-
ing of a root compartment near the root tip showing shrunk root hairs behind the elongation zone (scale bar = 300 pm). F, 2D slice near the root
tip (arrows pointing at shrunk root hairs, scale bar = 300 um).
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Figure 2 Quantification of root/root hair shrinkage and root-soil contact. A, Association between the volumetric soil water content and root
shrinkage, root hair shrinkage, and root cortex drying (note that root hair shrinkage was not quantified based on hair volume but on the number
of hairs). The onset of root shrinkage and cortex drying was at later stages of soil drying (below —1,000 kPa) and occurred more gradually than
root hair shrinkage. The values assigned to four samples represent the soil matric potential calculated based on the gravimetric soil water content,
bulk density, and water retention curve (-10 kPa) and the measured matric potential using WP4C (rest). B, Soil contact area of turgid root and
root hairs normalized by the corresponding surface area. The bar chart highlights a significant difference (p = 0.029 (Mann-Whitney U test)) be-
tween roots and root hairs (error bars indicate standard deviation). C, The expected root-soil contact fraction based on the macroporosity at the
root-soil interface (indicated by the solid line f(¢) = 1 — ¢) was not met by the majority of the samples. However, roots having turgid hairs
exceeded the expectation value. D, Cortex turgidity and accompanying root shrinkage explains the deviation of the normalized contact from the

expectation values in (C).

was root type dependent. The presence of turgid hairs on
the laterals in the immediate vicinity of severely shrunk sem-
inal roots (Supplemental Figure S3) is intriguing and requires
further investigation.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Comparison of turgid and
shrunk root hairs in 2D and 3D.

Supplemental Figure S2. Data clustering.

Supplemental Figure S3. Root hairs of different root
types.

Supplemental Figure S4. Volumetric soil water content.

Supplemental Methods.
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