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• Background Mineral nutrient limitation affects the water flow through plants. We wanted to test on barley 
whether any change in root-to-shoot ratio in response to low supply of nitrogen and phosphate is accompanied by 
changes in root and cell hydraulic properties and involves changes in aquaporin (AQP) gene expression and root 
apoplastic barriers (suberin lamellae, Casparian bands).
• Methods Plants were grown hydroponically on complete nutrient solution or on solution containing only 3.3 % 
or 2.5 % of the control level of nutrient. Plants were analysed when they were 14–18 d old.
• Results Nutrient-limited plants adjusted water flow to an increased root-to-shoot surface area ratio through a 
reduction in root hydraulic conductivity (Lp) as determined through exudation analyses. Cortex cell Lp (cell pres-
sure probe analyses) decreased in the immature but not the mature region of the main axis of seminal roots and 
in primary lateral roots. The aquaporin inhibitor HgCl2 reduced root Lp most in nutrient-sufficient control plants. 
Exchange of low-nutrient for control media caused a rapid (20–80 min) and partial recovery in Lp, though cortex 
cell Lp did not increase in any of the root regions analysed. The gene expression level (qPCR analyses) of five 
plasma membrane-localized AQP isoforms did not change in bulk root extracts, while the formation of apoplastic 
barriers increased considerably along the main axis of root and lateral roots in low-nutrient treatments.
• Conclusions Decrease in root and cortex cell Lp enables the adjustment of root water uptake to increased 
root-to-shoot area ratio in nutrient-limited plants. Aquaporins are the prime candidate to play a key role in this 
response. Modelling of water flow suggests that some of the reduction in root Lp is due to increased formation of 
apoplastic barriers.

Key Words:  Aquaporin, barley (Hordeum vulgare L.), Casparian band, endodermis, root hydraulic conductivity, 
suberin.

INTRODUCTION

The limited supply of macronutrients such as nitrogen and phos-
phate affects plant growth and yield on a global scale (Bieleski, 
1973; Houlton et al., 2018). A  typical response of plants to a 
limitation in mineral nutrient is an increase in the fresh weight 
or surface area ratio between root and shoot (for reviews see 
Clarkson et  al., 2000; Hermans et  al., 2006; Koevoets et  al., 
2016). This response makes it possible to allocate a larger por-
tion of resources to that part of the plant (root system) that mines 
the soil for the limiting nutrient; it also increases the risk of losing 
plant-internal nutrients into a nutrient-poor root environment.

As the root surface area increases relative to the shoot sur-
face area, water uptake must be matched with water loss. This 
can be achieved (1) at the root level through a reduction in root 
hydraulic conductivity (LP; the rate of water uptake per unit 
surface area and biophysical driving force; unit, m s−1 MPa−1) 
or the biophysical force, which drives water uptake; and (2) at 
the shoot level through an increase in stomatal conductance. 
Root apoplastic barriers may aid the reduction in root Lp, as 

does a downregulation in the activity of aquaporins (AQPs), 
membrane-intrinsic protein channels that facilitate the dif-
fusion of water and small-molecular solutes, including Na+, 
across the membrane of cells (for reviews see Chaumont and 
Tyerman, 2014; Maurel et  al., 2015; Gambetta et  al., 2017; 
Tyerman et al., 2017). It is possible, therefore, that some of the 
plant responses to a growth-limiting supply of N and P are not 
so much linked to the actual nutritional aspect of these macro-
nutrients but are more aimed at the regulation of water balance. 
At the same time, some of the responses aimed at the regulation 
of water balance, such as regulation of Lp through AQPs, will 
feed back on the formation of apoplastic barriers, as these may 
affect not only the radial, trans-root movement of nutrients but 
also the movement of water. The hydraulic and apoplastic bar-
rier response cannot be viewed in isolation.

There is increasing information available on the molecular 
and hormonal control of the formation of apoplastic barriers 
in roots, yet information on the changes of these barriers in 
response to mineral nutrition is very limited (Barberon et al., 
2016; for reviews see Enstone et al., 2003; Barberon, 2017), 
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particularly in combination with hydraulic analyses (Coffey 
et al., 2018). The aim of the present study was to test whether 
barley plants that are exposed to a growth-limiting supply of 
nitrogen and phosphate adjust plant water flow mainly at the 
root level, and whether this adjustment involves a decrease in 
root and cortex cell Lp, a decrease that is accompanied by a 
decrease in the activity and gene expression level of AQPs. It 
was further tested whether any decrease in root Lp is paralleled 
by an increase in the formation of Casparian bands and suberin 
lamellae. We analysed two nutrients (N, P) because we wanted 
to identify any nutrient-specific responses.

MATERIALS AND METHODS

Plant material and growth conditions

Barley (Hordeum vulgare ‘Quench’) plants were grown on 
modified half-strength Hoagland solution (Knipfer and Fricke, 
2011) in a growth room. The low-N solution contained 3.33 % 
of the nitrogen and the low-P solution contained 2.5 % of the 
phosphate present in the control solution; the concentrations 
of the other macronutrients were the same, or comparable, 
between the three nutritional treatments, Concentrations in 
mm in control/low-N/low-P solution (see also Supplementary 
Data File S1) were as follows: NH4H2PO4, 0.5/0.0166/0.0125; 
(NH4)2PO4, 0.5/0.0166/0.0125; KNO3, 2/0.2/2; MgSO4, 
0.5/0.5/0.5; NaCl, 0.5/0.5/0.5; Ca(NO3)2, 2/0/2; KH2PO4, 
0/0.5/0; K2HPO4, 0/0.5/0; KCl, 0/0.25/0; (NH4)2SO4, 0/0/0.75; 
CaCl2, 0/2/0. Micronutrients (Fricke and Peters, 2002) were 
at the same concentrations in the three nutritional treatments. 
The level of N in the low-N and level of P in the low-P so-
lution were reduced considerably compared with the control 
level, but due to the (comparatively short) exposure time (7–11 
d; see next paragraph), the relative growth rate of nutrient-
limited plants was reduced little (Supplementary Data File 
S1) while the root-to-shoot ratio was affected significantly 

(Fig. 1). The nitrate-to-ammonium concentration ratio (4) 
was kept the same in the nutrient solutions to avoid possible 
effects of this ratio on root Lp and aquaporin expression (for 
review see Wang et al., 2016).

The root medium was aerated, and plants grew at a day/night 
length of 16/8 h and temperature of 23/20 °C. Relative humidity 
was 65–75 % and photosynthetically active radiation at plant 
level was 300–350 μmol m−2 s−1. All plants were germinated for 
6 d on CaSO4 solution (0.5 mm) and then transferred to control 
or low-N and low-P solution. Plants were analysed when they 
were 14–18 d old. At that developmental stage, leaf 3 was ex-
panding and leaf 4 had emerged. Leaf 2 was the youngest fully 
mature leaf, and the blade of leaf 2 accounted for much (>40 
%) of the plant’s photosynthesizing leaf area. All analyses were 
carried out 4–8 h into the photoperiod, except for continuous 
transpiration analyses, which were carried out over one entire 
diurnal light/dark/light cycle.

Plants were derived from multiple independent batches, and 
control plants and plants exposed to low-N and low-P treat-
ments were always grown and analysed in parallel.

Transpiration measurements

Day- and night-time transpirational water loss of plants in the 
growth room was determined gravimetrically using balances 
and computer software as described previously (Even et  al., 
2018). Transpirational water loss was expressed on a per-plant 
basis (m3 s−1) or related to leaf and root surface area (m3 m−2 s−1 
or m s−1).

Surface area

The shoot and root system were scanned (Canon model 
9900F) for determination of surface area. Scanned images 
were analysed with the freely available software ImageJ  
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Fig. 1. (A) Shoot and (B) root surface area, (C) root-to-shoot surface area ratio and (D) leaf chlorophyll content of 14- to 18-d-old barley plants grown on com-
plete nutrient solution (control) or on nutrient solution containing only 3.33 % of the nitrogen (low-N) or 2.5 % of the phosphate (low-P) of the control solution. 
Results are mean and s.e. (error bars) of (A–C) (n) 21–23 and (D) 4–7 plant analyses. Statistically significant differences (P < 0.05) in values between treatments 

are indicated by different letters above the columns.
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(https://imagej.nih.gov/ij/). To increase the contrast of root im-
ages, roots were stained in 0.25 % Coomassie Brilliant Blue for 
2 d prior to scanning (Kano-Nakata et al., 2012). Roots were 
treated as cylinders during surface area calculations (Suku 
et al., 2014).

Hydraulic analyses

Hydraulic analyses were carried out in a normal laboratory 
environment, without (exudation of excised root systems) or 
with (cell pressure probe analyses on intact plants) supplemen-
tary lighting to maintain some plant transpiration. Ambient air 
temperature and the temperature of root media were between 
18 and 23 °C.

Excised root systems were analysed through exudation ex-
periments as described previously (Suku et al., 2014; Coffey 
et al., 2018) by attaching root systems through the base 1 cm of 
remaining shoot to silicon tubing that held a glass capillary, and 
following the increase in exudate liquid in the capillary with 
time. Roots were bathed during experiments in the identical nu-
trient medium in which the plants had grown before. The root 
medium was contained in large plastic trays. Routine analyses 
(determination of Lp without any additional treatments during 
exudation analyses) lasted typically 30–40  min for control, 
40–60 min for low-P and 70–110 min for low-N plants. The 
low-N plants exuded at the lowest rate and required typically 
some time following the preparation of root systems before 
exudation became visible. Root Lp (m s−1 MPa−1) was calcu-
lated by relating the exudate flow rate (m3 s−1) to root surface 
area (m2) and the osmotic force driving water uptake (differ-
ence in osmotic pressure between exudate and root medium; 
unit, MPa).

The effect of the AQP inhibitor HgCl2 on root exudation was 
also tested. Root systems were first analysed while they were 
bathed in their nutrient medium, as during routine analyses 
(taken as the ‘before’ value). Root systems were then washed 
briefly in distilled water and suspended for 5 min in a 50 µm 
aqueous solution of HgCl2. Roots were then washed succes-
sively in two changes of distilled water, before being trans-
ferred back into their original nutrient medium and analysed 
again (the ‘Hg’ value). After a period of typically 30–60 min, 
the reducing agent dithiothreitol (DTT) was applied at a final 
concentration of 5 mm and plants continued to be analysed (the 
‘Hg/DTT’ value). As the identical root systems were used for 
the before, Hg and Hg/DTT analyses, values could be com-
pared pairwise, and the Hg and Hg/DTT values could also be 
expressed as percentage of the before value, which was set to 
100 %.

The effect of the re-supply of limiting nutrient on root ex-
udation was also tested, through media-exchange experiments. 
Plants in the low-P and low-N treatments were first analysed for 
exudation, as during routine analyses. Then one half of the root 
medium was removed with the aid of a plastic disposable syr-
inge and replaced with the equivalent volume of freshly made 
control nutrient solution. Care was taken that the temperature of 
medium used was the same. This was achieved by placing the 
plastic tray that contained the root system and medium during 
exudation analyses on a heating block (21 °C) and doing the 

same for the control medium to be added. Root exudation was 
analysed for 40–70  min following the exchange of medium. 
Values that were obtained for root systems before and after me-
dium exchange could be related directly to each other (paired 
t-test) as the identical root systems were used throughout the 
experiment.

Cell turgor, half-time of water exchange, elastic modulus 
and cell Lp were determined with the cell pressure probe as 
described previously (e.g. Knipfer et al., 2011; Coffey et al., 
2018). Root cortex cells were analysed in all three treatments, 
including the control, in the root hair region, between 1.5 and 
3.5  cm from the tip, and in the fully mature region, halfway 
along the main axis of seminal roots. Control and low-N plants 
were also analysed in primary lateral roots, which had formed 
about halfway along the main axis of seminal roots. The first 
one to three cortical cell layers beneath the root epidermis were 
probed. To obtain an approximation of cortex cell osmotic 
pressure, osmotic pressure was determined through osmometry 
(Vapro osmometer; Wescor, South Logan, UT, USA) of bulk 
tissue extracts of the root regions analysed along the main root 
axis. For the much smaller cortical cells in lateral roots, pooled 
sap from several cells was extracted with a microcapillary and 
analysed by picolitre osmometry (Fricke and Peters, 2002). The 
osmotic pressure at 1.5–3.5 cm from the tip and in the fully ma-
ture root region averaged 0.687 ± 0.079 and 0.869 ± 0.047 MPa, 
respectively, in control, 0.692 ± 0.038 and 0.813 ± 0.011 MPa, 
in low-N, and 0.772 ± 0.028 and 0.833 ± 0.021 MPa in low-P 
plants (mean ± s.e. of n = 4 plant analyses; differences between 
treatments were non-significant; not shown). Osmotic pres-
sure of cortex cells in primary lateral roots averaged 0.603 ± 
0.024 MPa in control and 0.722 ± 0.044 MPa in low-N plants 
[mean ± s.e. of seven combined cell saps; significant (P < 0.05) 
difference between treatments; low-P plants were not ana-
lysed]. The volume and surface area of cells was determined in 
free-hand longitudinal sections of the identical roots analysed 
with the cell pressure probe. The volume of cortex cells in the 
root region at 15–35 mm from the tip was similar between treat-
ments, averaging 186 ± 17 pL in control, 167 ± 13 pL in low-N 
and 162 ± 17 pL in low-P plants (means ± s.e. of 14 or 15 cell 
analyses per treatment; not shown). As cells had acquired their 
final size in this root region, the same volumes and cell dimen-
sions were used when calculating cell Lp for cells in the mature 
root region. The volume of cortex cells analysed in primary lat-
eral roots averaged 52.1 ± 3.7 pL in control and 27.7 ± 2.1 pL 
in low-N plants [mean ± s.e. of 60–80 cell analyses; significant 
(P < 0.05) difference between treatments]. Data that were used 
for the calculation of cell Lp are summarized in Supplementary 
Data File S2.

Molecular analyses

Gene expression analyses (qPCR) were carried out exactly 
as detailed previously (Coffey et al., 2018), using a Stratagene 
rapid cycler and SYBR Green as reagent (Takara Bio, Otsu, 
Shiga 520-2193, Japan) on 96-well plates. Two sets of qPCR 
experiments were carried out. One set of experiments compared 
the gene expression level between plants grown under con-
trol conditions and plants grown under low-N conditions, and 
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another set compared expression between control and low-P 
plants. Four or five biological replicates (plants), which were 
derived from different batches of plants, were analysed for each 
treatment in each set of qPCR experiments. The control and low-
nutrient treatments were always grown and harvested in parallel.

The calculation of qPCR data was based on the ΔCt method 
(Pfaffl, 2001); details of calculations are provided in Meng et al. 
(2016). We used three housekeeping genes as references for 
expression, as in previous studies (Besse et al., 2011; Knipfer 
et al., 2011; Meng et al., 2016; Meng and Fricke, 2017). These 
housekeeping genes were ubiquitin (UBQ), glycerin-aldehyde-
3P-dehydrogenase (GAPDH) and plasma membrane H+-
ATPase (PM-H+-ATPase).

Five plasma membrane intrinsic protein (PIP) AQPs 
were analysed (HvPIP1;3, HvPIP2;1; HvPIP2;2, HvPIP2;4, 
HvPIP2;5). All PIP genes had previously shown significant ex-
pression in roots of barley, and have been proposed (HvPIP1;3, 
HvPIP2;2, HvPIP2;5) to play a role in the regulation of root 
water uptake (Besse et al., 2011; Knipfer et al., 2011; Coffey 
et al., 2018; Gitto and Fricke, 2018). Sequences of primers are 
given in Besse et al. (2011).

Root anatomical analyses

Root anatomy was studied on free-hand cross-sections, which 
were made from plant material stored in 50 % ethanol. Sections 
were made at three positions along the main axis of seminal 
roots, 9–11 mm from the tip, a quarter of total root length from 
the tip (root hair region, with lateral roots starting to develop) 
and halfway along the entire root axis (mature, lateral root re-
gion). A relative (to total root length) rather than absolute (e.g. 
mm from tip) location of the latter two positions was chosen to 
account for differences in total root length between the nutri-
tional treatments. While roots of low-N plants were typically 
longest, averaging 28.6 ± 1.0 cm, roots of control plants were 
of intermediate length (20.8 ± 1.0 cm) and roots of low-P plants 
were shortest [14.8 ± 0.6 cm; mean and s.e. of n = 20–24 roots 
of four 17-d-old plants per treatment; differences between treat-
ments were significant (P < 0.05); not shown]. Main roots were 
thinnest in low-N plants (diameter, 0.428 ± 0.008 mm), of inter-
mediate thickness in control plants (0.470  ± 0.008  mm) and 
thickest in low-P plants [0.523 ± 0.015 mm; mean and s.e. of 15 
root analyses each, with differences between treatments being 
significant (P < 0.05)]. Cross-sections were also prepared from 
primary lateral roots, which were typically 10–40 mm in length, 
being longest in low-N and shortest, but thickest, in low-P plants 
[control, 0.229 ± 0.006 mm; low-N, 0.230 ± 0.007 mm; low-P, 
0.276 ± 0.008 mm; mean diameter ± s.e. of 50 root analyses 
each; low-P lateral roots were significantly thicker compared 
with control and low-N lateral roots (P < 0.05)]. The contribu-
tion of lateral roots to the total surface area of the root system 
ranged from 48.6 to 57.6 % across the three treatments (mean 
of eight plants analysed for each treatment; differences between 
treatments not significant, not shown).

Sections were observed with a Leica microscope (DM5500 B; 
Leica, Wetzlar, Germany), under UV illumination (Fluo filter D), 
and images were captured with a digital camera (PFC310 FX; Leica, 
Wetzlar, Germany). Casparian bands were visualized by staining 
sections with berberine hemisulphate (Brundrett et al., 1988), and 

suberin and lipid deposits were visualized by staining with Fluorol 
Yellow 088 (Brundrett et al., 1991). The autofluorescence signal of 
stelar tissue and occasionally also Fluorol Yellow signal was often 
very high, particularly at the quarter and halfway positions. This 
interfered with observing and comparing the fluorescence signal 
of Casparian bands and suberin lamellae, and the default γ setting 
of the software was increased slightly. When this was done, it was 
done for all treatments and all root positions, including 9–11 mm 
from the base, to the same extent, to ensure that the change in set-
ting did not affect the comparison of fluorescence images between 
treatments and root positions. We always attempted to stain the 
identical roots and developmental regions of any given treatment 
for Casparian bands and suberin lamellae, to be able to relate the 
staining patterns to each other. We also attempted to analyse all 
three treatments, including the control, on the same day, particu-
larly for Fluorol Yellow, where the stain solution has to be prepared 
fresh. This explains why some sections are shown where incom-
plete removal of stain through washing caused some yellow back-
ground fluorescence.

The abundance of Casparian bands in the main root axis was 
(semi-)quantified by counting the number of endodermal cells 
in a section where the radial walls had formed a clearly visible 
band rather than a dot (which is indicative of the very early 
stage of Casparian band formation) and expressing that number 
as a percentage of the total number of endodermal cells in that 
section, as this number equals the maximum possible number 
of Casparian bands. Suberin lamellae could not be quantified in 
the same way through a present/not present score, as the signal 
intensity increased with the developmental age of the root re-
gion. Therefore, we had to apply a more subjective score by 
scoring the fluorescence intensity of suberin lamella in tan-
gential (periclinal) walls adjacent to cortex cells in the most 
mature region as 2, scoring the absence of fluorescence inten-
sity as 0, and scoring a fluorescence intensity of intermediate 
strength as 1. All endodermal cells showing a suberin lamella 
within a given cross-section had usually the same score, i.e. 1 
or 2, and we counted the number of cells in the endodermis of 
a cross-section and multiplied that number with the score (0, 
1, 2), resulting in a certain number of points. The number of 
points was expressed as a percentage of the maximum number 
of points (numerical product of endodermal cell number and 
2) that could be achieved in a section.

Stomatal density

The number of stomata per unit projected leaf area (stomatal 
density) was determined through a double-replica technique 
(Even et al., 2018). The average of values of stomatal density 
(stomata per square metre of leaf surface) for adaxial and abaxial 
surface was taken as a measure of the stomatal density of leaf 2 
for a particular plant. Three or four plants were analysed for each 
treatment, with three to five measurements taken per plant.

Chlorophyll content

The chlorophyll content of leaves was determined for 18-d-
old plants using a CCM-300 chlorophyll meter (Opti-Sciences, 
Hudson NH, USA).
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Statistical analyses

Data were subjected to one-way ANOVA and correlation 
analyses using functions in Minitab. A  pairwise comparison 
(Student’s t-test) was used in exudation experiments, in which 
identical root systems were exposed to different treatments 
(e.g. Hg and Hg/DTT, and medium exchange).

RESULTS

Plant growth

Barley plants that grew on low-N media showed a significant 
decrease in shoot and increase in root surface area (Fig. 1A, B). 
The shoot and root surface area of plants grown on low-P me-
dium was intermediate to that of control and low-N plants (Fig. 
1A, B). The root-to-shoot surface area ratio differed signifi-
cantly between all three nutritional treatments, being highest 
for low-N plants (1.86), intermediate for low-P plants (1.02) 
and lowest for control plants (0.56) (Fig. 1C).

The chlorophyll content of leaves decreased significantly in 
response to the low-N treatment and did not change in response 
to the low-P treatment (Fig. 1D).

Transpiration

The rate of daytime transpirational water loss per plant de-
creased significantly and by almost 75 % in response to the 
low-N treatment, from 9.82 × 10−11 m3 s−1 in control to 2.59 × 
10−11 m3 s−1 in low-N plants (Fig. 2A). The decrease in day-time 
transpiration rate in response to the low-P treatment was also sig-
nificant, though not as large (decrease of 36 %). Transpirational 
water loss per unit shoot surface area decreased significantly in 
response to the low-N treatment and was hardly affected by the 
low-P treatment (Fig. 2B). Transpirational water loss provides 
a good approximation of root water uptake as only a very small 
fraction of the water taken up is retained in the plant through cell 
expansion (Fricke and Peters, 2002). The rate of transpirational 
water loss per unit root surface decreased by 86 % in response 
to the low-N and by 31 % in response to the low-P treatment 
(Fig. 2C). The low-P but not low-N treatment affected the rate 
of night-time transpirational water loss relatively more than it 
affected the daytime rate. While night-time rates amounted to 
25.2 and 21.5 % of daytime rates of transpirational water loss 
in control and low-N plants, respectively, this figure increased 
significantly to 32 % in low-P plants (Fig. 2D–G).

Stomatal density increased by 62 % in response to the low-N 
treatment and changed little in response to the low-P treatment 
(Fig. 2H). The ratio between the stomatal density of the adaxial 
and abaxial leaf surfaces was not affected by nutritional treat-
ments and was close to 1.0 (range 1.02–1.07 across treatments; 
not shown).

Root hydraulic conductivity

The exudation rate of excised root systems decreased sig-
nificantly by 78 % in response to the low-N and by 52 % in 
response to the low-P treatment (Fig. 3A). The driving force of 

exudation – the difference between root medium and exudate 
osmotic pressure – decreased significantly by 26 % in response 
to the low-N treatment and increased slightly in response to the 
low-P treatment (Fig. 3B). Root Lp decreased significantly by 
86 and 71 % in response to the low-N and low-P treatments, 
respectively (Fig. 3C).

Data from all exudation experiments were pooled to plot root 
hydraulic conductance (L, unit, m3 s−1 MPa−1) against the re-
spective root-to-shoot surface area ratio of plants used for ex-
udation analyses. Conductance but not Lp was plotted, to avoid 
plotting two sizes that involve root surface area in their calcu-
lation against each other. The correlation between the two sizes 
was highly significant (P < 0.001; Fig. 4).

Cell hydraulic conductivity

Turgor in root cortex cells located 15–35 mm from the tip 
along the main axis of seminal roots did not differ significantly 
between treatments and ranged from 0.557 MPa in control to 
0.582 MPa in low-N plants (Fig. 5A). Cell turgor was gener-
ally higher in the fully mature root region of seminal roots, 
being highest in control (0.844  MPa), intermediate in low-P 
(0.780  MPa) and lowest in low-N plants (0.648  MPa; differ-
ences significant between treatments; Fig. 5A). Turgor in cortex 
cells of primary lateral roots averaged 0.46 MPa in control and 
0.56 MPa in low-N plants (difference not significant between 
treatments; low-P plants were not analysed in primary lateral 
roots).

Cell Lp decreased significantly (P  <  0.05) by 62 % in re-
sponse to the low-N and by 54 % in response to the low-P treat-
ment at 15–35 mm from the tip (Fig. 5B). The situation was very 
different in the mature root region, where cell Lp was lowest 
in control plants and significantly highest in low-P plants (Fig. 
5B). Cell Lp in primary lateral roots averaged 8.37 × 10−7 m s−1 
MPa−1 in control plants and was significantly lower in low-N 
plants, where it averaged 4.98 × 10−7 m s−1 MPa−1 (Fig. 5B). 
When comparing cortex cell Lp between the different root re-
gions for each treatment, Lp was comparable and highest in the 
tip and lateral root region in control plants, within a compara-
tively narrow range in low-N plants, and highest in the mature 
root region in low-P plants.

AQP gene expression

Neither of the two nutritional treatments significantly af-
fected the gene expression level of the five candidate PIPs 
tested (Fig. 6). There was a slight tendency towards an increase 
in gene expression, particularly for HvPIP2;5, in response to 
the low-N treatment.

Root anatomy

Main root axis. Sections of the immature root region near the 
tip showed no (control, low-N), or occasionally (low-P) very 
few Casparian bands, which appeared either as small dots (early 
developmental stage; e.g. compare Kreszies et al., 2018) or as 
already fully formed bands along the entire length of radial 
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walls of endodermal cells (Figs 7A and 8A). Autofluorescence 
of stelar walls, being indicative of lignification, was more pro-
nounced in the low-N and low-P treatments compared with the 
control treatment (Figs 7A and 8A). At a quarter of total root 
length, measured from the tip, where root hairs had formed and 
lateral roots started to emerge, fully formed Casparian bands 
that covered the entire length of radial walls were present in all 
treatments, particularly in the low-P and low-N treatments; the 
latter showed the greatest abundance of fully formed Casparian 
bands (Figs 7A and 8A). Fully formed Casparian bands were 
present in almost all or all radial walls of endodermal cells in 
the mature root region (halfway along the entire root axis) in 
the three treatments (Figs 7A and 8A).

Suberin lamellae were not visible in the region closest to 
the root tip (Figs 7B and 8B). At a quarter of total root length, 

suberin lamellae were most pronounced in roots of low-N plants, 
showing significantly increased formation of lamellae com-
pared with roots of control plants (Figs 7B and 8B). In the most 
mature root region analysed, suberin lamellae formed an almost 
complete or complete ring in the endodermis of low-N and par-
ticularly low-P plants. In contrast, control plants contained a 
significant number of cells without suberin lamellae in their 
endodermis (Figs 7B and 8B). These cells, being located near 
protoxylem poles, are passage cells (see also Supplementary 
Data File S1). Therefore, low-N and low-P treatments led to a 
significant reduction (low-N), if not complete absence (low-P), 
of passage cells. This is further visualized by the ubiquitous 
presence of heavily thickened inner periclinal secondary/ter-
tiary walls, which are absent from passage cells, in the endo-
dermis of low-P plants (Fig. 7A, B).

2e–10 2e–8 4e–8

6e+7

4e+7

2e+7

0

3e–8

2e–8

1e–8

0

4e–8 50

40

30

20

10

0

3e–8

2e–8

1e–8

0

2e–8

1e–8

5e–9

0

A

E F G H

B C D

1e–10

a

a a
a

a
a

b

c

b

b
c

b

b

a
a

b

a
a

b

a

a

b

a

a

D
ay

-t
im

e 
tr

an
sp

ira
tio

n 
ra

te
 (

m
3  

s–
1 )

N
ig

ht
-t

im
e 

tr
an

sp
ira

tio
n 

pe
r 

S
S

A
 (

m
3  

m
–2

 s
–1

)

N
ig

ht
-t

im
e 

tr
an

sp
ira

tio
n 

pe
r 

R
S

A
 (

m
3  

m
–2

 s
–1

)

N
ig

ht
-t

im
e 

tr
an

sp
ira

tio
n 

ra
te

 (
%

 o
f d

ay
-r

at
e)

D
ay

-t
im

e 
tr

an
sp

ira
tio

n 
pe

r 
S

S
A

 (
m

3  
m

–2
 s

–1
)

D
ay

-t
im

e 
tr

an
sp

ira
tio

n 
pe

r 
R

S
A

 (
m

3  
m

–2
 s

–1
)

2e–10

1e–10

0

N
ig

ht
–t

im
e 

tr
an

sp
ira

tio
n 

ra
te

 (
m

3  
s–

1 )
S

to
m

at
al

 d
en

si
ty

 (
st

om
at

a 
m

–2
)

0

2e–8

1e–8

Treatment

0

Control
Low-N
Low-P

Fig. 2. Transpiration and stomatal density of 14- to 18-d-old barley plants grown on complete nutrient solution (control) or on nutrient solution containing only 
3.33 % of the nitrogen (low-N) or 2.5 % the phosphate (low-P) of the control solution. (A–C) Daytime transpiration rate expressed on a (A) plant, (B) shoot surface 
area (SSA) and (C) root surface area (RSA) basis. (D–F) Night-time transpiration rate expressed on a (D) plant, (E) SSA and (F) RSA basis. (G) Night-time rate 
of transpiration expressed as a percentage of the daytime rate. (H) Stomatal density of leaf 2. Results are mean and s.e. (error bars) of (A–G) 9–11 and (H) 4 or 5 

plant analyses. Statistically significant differences (P < 0.05) in values between treatments are indicated by different letters above the columns.
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Lateral roots. Most of the length of lateral roots of nutrient-
sufficient control plants contained neither fully formed 
Casparian bands nor suberin lamellae in significant quan-
tities (Figs 9 and 10). In contrast, lateral roots of low-N plants 
showed fully formed Casparian bands and suberin lamellae at 
all three positions that were analysed (close to the tip, halfway, 
close to the base), and also in all endodermal cells. Most but not 
all lateral roots that were analysed in low-N plants also showed 
halfway an additional layer (ring) of Fluorol Yellow 088 signal 
in the outer tangential walls of outermost cortical cell layer; we 
never observed Casparian bands in these roots, which would 
be typical of an exodermis (Enstone et al., 2003). Lateral roots 

of low-P plants also showed a significant formation of fully 
formed Casparian bands and suberin lamellae, but not as pro-
nounced as in low-N plants.

AQP inhibitor and medium exchange experiments

The AQP inhibitor HgCl2 was applied in root exudation ex-
periments (Fig. 11A). Root exudation Lp was significantly re-
duced in response to the Hg treatment. The reduction in Lp was 
largest, in absolute terms and also when expressed as percentage 
of the non-inhibited value, in control plants and considerably 
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smaller in low-P and low-N plants. As a result, Lp of Hg-treated 
roots differed much less between treatments than the Lp of roots 
prior to the Hg treatment. The reducing agent DTT, which can re-
verse some of the inhibitory effect of Hg on AQPs (Maurel et al., 
2015), restored some of the Lp in control plants, none of the Lp 
in low-P plants, and reduced Lp even further in low-N plants.

The Lp of the root system of low-P and low-N plants was de-
termined through exudation experiments in which root systems 

were first analysed while being bathed in their low-nutrient 
media and then analysed between 20 and 80  min following 
the addition of control nutrient solution (final concentration 
quarter-strength). This medium exchange caused root Lp to in-
crease significantly in low-P and particularly low-N plants (Fig. 
11B). Root system Lp increased by 37 % in low-P and doubled 
in low-N plants. To test whether the increase in root system 
Lp was associated with changes in root cortex cell Lp, a set of 
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cell pressure probe analyses was carried out on low-N plants, 
which had shown the larger increase in Lp in response to me-
dium exchange. First, an intact, transpiring plant was analysed 
in the mature root region, halfway along the main root axis, 
for 1 h prior to and between 20 and 80 min following medium 
exchange. Exchange of low-N for control medium reduced 
cell Lp by almost half, though non-significantly (Fig. 11C). 
Another plant was analysed, also under transpiring conditions, 
at 15–35 mm from the root tip. Exchange of medium did not 
affect cell Lp (Fig. 11C). A third experiment was carried out, 
where cells were again analysed 15–35 mm from the tip, but this 
time the excised root system of one plant was analysed using 

the same setup as during exudation analyses. Cell Lp showed 
a small and non-significant decrease (Fig. 11C). Finally, cortex 
cell Lp was analysed also in lateral roots of a low-N plant under 
transpiring conditions, prior to and following an exchange of 
low-N for nutrient-sufficient medium. Again, cell Lp hardly 
changed (Fig. 11C).

DISCUSSION

Adjustment of root water uptake in response to nutrient supply 
involves changes in Lp

The relation between root hydraulic conductance (L; m3 s−1 
MPa−1) and the root-to-shoot surface area ratio was highly signifi-
cant and negative across all three treatments, including the control. 
Control plants exhibited the largest and low-N plants the lowest 
value of L. The area ratio between root and shoot increased in re-
sponse to nutritional treatments, mainly due to a combination of 
increased root and decreased shoot surface area and not solely due 
to a reduced shoot surface area. This means that the difference in 
L between treatments reflected differences in the water transport 
properties of roots and the size of the biophysical force that drove 
water flow between the root medium and xylem. The decrease in 
the rate of water uptake per unit root surface area in low-N plants 
(14.2 % rate; Fig. 12A) could be accounted for entirely by a de-
crease in root Lp (14.3 % residual Lp; Fig. 12A). It is not clear 
which size (Lp or surface area ratio), if any, caused which size 
to change. Data in the literature support both possibilities (Radin 
and Matthews, 1989; Kaldenhoff et al., 1998; Katsuhara et al., 
2003; Ruggiero and Angelino, 2007; Li et al., 2009). In low-P 
plants, root water uptake per unit root surface area decreased less 
(68.7 % residual rate; Fig. 12A) than root Lp (29.2 % residual Lp; 
Fig. 12A). The biophysical force that drove water uptake into the 
xylem may have increased in these plants.

We can conclude from these data that a decrease in root Lp, 
as reported previously for other plant species in response to nu-
trient limitation (for reviews see Clarkson et al., 2000; Aroca 
et al., 2012; Wang et al., 2016) is a major means through which 
barley plants adjust root water uptake when the root-to-shoot 
surface area ratio increases significantly in response to a low 
supply of N and P.

AQPs and suberin lamellae act in tandem on water flow across 
the root cylinder

We wanted to test whether any changes in root Lp in response 
to a low supply of N and P are associated with changes in (1) 
the activity and gene expression level of AQPs and (2) the pres-
ence of Casparian bands and suberin lamellae. Aquaporin ac-
tivity was assessed through determining cell Lp using the cell 
pressure probe, and the presence of apoplastic barriers was as-
sessed through staining cross-sections with the fluorochromes 
berberin hemisulphate (Casparian bands) and Fluorol Yellow 
088 (suberin lamellae). Cell Lp measured with the cell pres-
sure probe is reduced significantly in the presence of the AQP 
inhibitor Hg, as also shown for barley (Knipfer and Fricke, 
2011). Similarly, a more abundant staining of cross-sections with 
berberin hemisulphate and Fluorol Yellow 088 has been shown 
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Fig. 7. Root anatomy of 14- to 18-d-old barley plants. Plants were grown on 
complete nutrient solution (control) or on nutrient solution containing only 3.33 
% of the nitrogen (low-N) or 2.5 % of the phosphate (low-P) of the control so-
lution. Sections were made at three positions along the main axis of seminal 
roots, 9–11 mm from the tip (start of root hair region), at a quarter of total root 
length, counted from the tip (1/4) and halfway along the root axis (1/2). Images 
focus on the stelar region of roots. (A) Casparian bands (bright yellow–blueish 
signal; arrows) were stained with berberine hemisulphate and (B) suberin and 
lipid deposits (intense yellow signal; arrows) were visualized by staining with 
Fluorol Yellow 088. Sections were taken at the different positions from the 
same root for each treatment, except the control 1/4 position in (A) which was 
taken from a different root. Tissues and endodermal features are explained in 

Supplementary Data File S1. Scale bar = 50 µm.
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to be accompanied by increased amounts of chemical constitu-
ents of Casparian bands (Man et al., 2018) and suberin lamellae, 
the latter for barley (Kreszies et al., 2018). We conclude from 
these data that cell Lp determined with the cell pressure probe 
provides a fair reflection of AQP activity, and that changes in 
the appearance and intensity of staining of berberin hemisulphate 
and Fluorol Yellow 088 provide a fair reflection of changes in the 
formation of Casparian bands and suberin lamellae as well.

The composite model of water transport across the root cylinder 
distinguishes between a primarily apoplastic and a non-apoplastic, 
cell-to-cell transport route (Steudle and Peterson, 1998; Steudle, 
2000). The latter route consists of a symplastic path, through plasmo-
desmata, and a transcellular path, through the membrane lipid bilayer 
and AQPs (Steudle and Peterson, 1998; Fig. 12B). The composite 
model makes it easier to draw conclusions on on the role of AQPs in 
the regulation of root water uptake (for reviews and discussion see 
Steudle and Peterson, 1998; Steudle, 2000; Knipfer and Fricke, 2011; 
Gambetta et al., 2017), but also oversimplifies the term ‘apoplast’. 
Substances may well travel radially along a purely apoplastic path 
from root medium to xylem – and the term ‘purely’ refers here to an 
exclusive path of movement along radial walls without entering at 
any stage the protoplasm of cells. Casparian bands impact on a purely 
apoplastic transport route. In contrast, suberin lamellae, which are lo-
cated between the tangential walls and plasma membrane of endo-
dermal cells, impact on the cell-to-cell path, as substances which exit 
the protoplasm of the innermost layer of cortex cells must pass this lo-
cation before entering the protoplasm of endodermal cells. Changes 
in cell Lp and AQP function and the suberinization of endodermis 
work in series/tandem to affect root Lp and are not two mutually ex-
clusive mechanisms.

Evidence in support of a contribution of AQPs to changes in root 
Lp in low-P and low-N plants

Previous work on barley has shown that the bulk of water 
flow across the root cylinder occurs along the cell-to-cell path 

and involves AQP activity (Steudle and Jeschke, 1983; Knipfer 
and Fricke, 2010, 2011; Ranathunge et al., 2017). There exists 
some controversy as to how much a purely apoplastic path con-
tributes to water flow in barley, with figures being close to 0 % 
(Knipfer and Fricke, 2011) or around 26 % (Ranathunge et al., 
2017). One would expect in either case that a reduction in root 
Lp of significantly more than 27 % through a treatment, such 
as a nutritional treatment of plants or an experimental appli-
cation of the AQP inhibitor Hg, points to a downregulation of 
AQP activity. This was observed in the present study, where 
root Lp of low-N and low-P plants decreased by 86 and 71 %, 
respectively, compared with the Lp in nutrient-sufficient con-
trol plants, and where the application of Hg reduced root Lp in 
control plants by 63 %. Also, the difference in residual Lp of 
Hg-treated roots between low-N and low-P plants on the one 
hand and and control plants on the other was far less than the 
difference observed for non-Hg-treated roots.

Cortex cell Lp in the zone 15–35  mm from the tip along 
the main axis of seminal roots decreased significantly in re-
sponse to the low-N and low-P treatments, as did cortex cell 
Lp in primary lateral roots of low-N plants (low-P plants not 
tested). These root zones have suberin lamellae incompletely 
developed in control plants (Figs 7, 9 and 10) and contribute 
most to root water uptake in barley (Sanderson, 1983; Knipfer 
and Fricke, 2011). Significant decreases in root cortex cell Lp 
in response to mineral nutrition have been reported for barley 
(low-K; Coffey et al., 2018) and cotton (Gossypium hirsutum, 
low-P and low N; Radin and Matthews, 1989), whereas figleaf 
gourd (Cucurbita ficifolia) plants showed minor changes in cell 
Lp (low N, P, K; Rhee et al., 2011). Common to these studies 
is that Lp at root and cell level showed the same qualitative (in-
crease/decrease) change.

The re-supply of nutrient-sufficient medium to exuding root 
systems of low-N and low-P plants caused a rapid (20–80 min) 
and significant increase in root Lp, as reported previously for 
wheat plants (Carvajal et  al., 1996). Suberin lamellae and 
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Casparian bands (i.e. not merely a dot-like appearance of Casparian band structure but a fully-formed band along the entire radial wall of an endodermal cell) and 
suberin lamella (with staining at highest intensity). Statistically significant differences (P < 0.05) in values between treatments are indicated by different letters 

above the columns
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Casparian bands provide rather permanent, though not neces-
sarily entirely permanent (Barberon et  al., 2016), structures. 
Our own examination of cross-sections of root systems of 
low-N plants revealed no visible difference in the staining in-
tensity of Casparian bands and suberin lamellae between plants 
prior to and following exchange of media (not shown).

We conclude from the above analyses that downregulation 
of a plant property that displays inhibition through Hg and is 
rapidly responsive and reversible, such as AQP activity (Maurel 
et al., 2015), contributed to the decrease in root Lp in low-P 

and low-N plants. A reduction in cortex cell Lp in the tip and 
lateral root region played a major role in the downregulation of 
root Lp.

Root Lp changes, but neither AQP gene expression nor cortex cell 
Lp needs to change

We tested the gene expression level of five candidate PIPs, 
but none of them showed a significant change in expression in 
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Fig. 9. Lateral root anatomy of 14- to 18-d-old barley plants. Plants were grown on complete nutrient solution (control, CTRL) or on nutrient solution containing 
only 3.33 % of the nitrogen (low-N) or 2.5 % of the phosphate (low-P) of the control solution. Sections were made (A) 2–3 mm from the tip and (B) halfway along 
the root axis. Images in the central two columns show the entire cross-section and the images in the left- and right-hand columns focus on the stelar region of these 
images. (A) Casparian bands (bright yellow–blueish signal; arrows) were stained with berberine hemisulphate, and (B) suberin and lipid deposits (intense yellow 
signal; arrows) were visualized by staining with Fluorol Yellow 088. Sections taken at the base of the same lateral roots are shown in Fig. 10. Scale bar = 50 µm.
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response to the low-P and low-N treatment. The PIPs included 
PIPs that have been previously implicated in the control of 
water transport in barley roots (Katsuhara et al., 2002; Knipfer 
et al., 2011; for review see Fricke and Knipfer, 2017), as they 
are (1) expressed in the root cortex [HvPIP2;2, HvPIP2;5 
(Knipfer et  al., 2011)], (2) expressed more in adventitious 
compared with seminal roots, the former showing a higher 
root Lp [HvPIP2;5 (Knipfer et  al., 2011)] or are expressed 
at the highest level in lateral roots [HvPIP2;2 (Knipfer et al., 

2011)], (3) account for the bulk of PIP1/2 expression in roots 
[HvPIP1;3, HvPIP2;5 (Knipfer et al., 2011)], (4) display water 
channel activity when expressed in the heterologous expres-
sion system of Xenopus laevis oocytes [HvPIP2;2, HvPIP2;5 
(Besse et  al., 2011); HvPIP2;1 (Katsuhara et  al., 2002)], (5) 
are localized at the plasma membrane [HvPIP2;2 (Besse et al., 
2011)] or (6) decrease in gene expression in barley plants 
that are exposed to high Zn and low K and where root Lp de-
creases in parallel [HvPIP1;3, HvPIP2;4, HvPIP2;5 (Gitto and 
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Fig. 10. Lateral root anatomy of 14- to 18-d-old barley plants. Plants were grown on complete nutrient solution (CTRL, control) or on nutrient solution containing only 
3.33 % of the nitrogen (low-N) or 2.5 % of the phosphate (low-P) of the control solution. Sections were made (A) 1–2 mm from the base of lateral roots, where they 
emerge from the main root axis. (B) Image taken at the tip region of lateral root of a low-N plant, showing an exodermis-like appearance of suberized structure (intense 
yellow signal) at the boundary between root epidermis and outermost cortical cell layer (picture on right), in addition to endodermal suberin lamella (intense yellow 

signal). Casparian bands (bright yellow–blueish signal), which are typical for an exodermis, could only be seen in the endodermis (left image). Scale bar = 50 µm.
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Fricke, 2018; Coffey et al., 2018)]. There exist no studies on 
transgenic barley plants or the closely related wheat (Triticum 
aestivum and Triticum durum), which overexpress or do not 

express a particular PIP isoform in roots, unlike studies in e.g. 
Arabidopsis (e.g. Postaire et al., 2010). Therefore, we cannot 
say with certainty whether the PIPs studied here are actually 
important for the regulation of Lp in barley roots.

The gene expression level of PIPs can vary in an isoform-
dependent manner along the main axis of seminal roots of 
barley (Knipfer et al., 2011) and other plant species (Gambetta 
et al., 2013, 2017). By analysing the gene expression of can-
didate PIPs in extracts prepared from the entire root system, 
local decreases in gene expression, as they may have occurred 
15–35 mm from the tip and in lateral roots in low-P and low-N 
plants, may have remained undetected. An alternative, and in 
our view more likely, explanation for the lack of change in AQP 
gene expression in roots with lowered Lp is that AQP activity 
was regulated at the protein level, for example through phos-
phorylation and trafficking (Boursiac et  al., 2005, 2008; Lee 
and Zwiazek, 2015; Wudick et al., 2015; for discussion and re-
view see Muries et al., 2011; Maurel et al., 2015), or could have 
been a consequence of stress-induced changes in plasma mem-
brane lipid composition (Carvajal et al., 1996). It has also been 
suggested that changes in the active amount of AQP protein 
counteract changes at the gene transcriptional level (Muries 
et al., 2011).

The ability of low-N and also low-P plants to rapidly recover 
some root Lp when nutrient-sufficient medium was added 
points to a mechanism that is reversible or can be induced in 
the minutes-to-hour range. Cell Lp determined with the cell 
pressure probe technique can reflect water transport through the 
membrane lipid bilayer, plasmodesmata and AQPs. However, 
the Lp of cortex cells did not change in response to medium 
exchange, irrespective of the setup (transpiring plant; exuding 
root system) and root region analysed (main root tip and ma-
ture region; lateral roots). The only explanation we have for this 
observation is that root Lp was upregulated in cells other than 
cortex cells. A prime candidate are endodermal cells (Bramley 
et al., 2009).

Casparian bands and suberin lamellae increase in response to 
low-N and low-P

This is the first study of its kind, for any cereal and grass 
species, that shows that a low supply of P and N causes signifi-
cant changes in the formation of Casparian bands and suberin 
lamellae, not only along the axis of the main root but also along 
lateral roots. The rather limited data in the literature suggest 
that the apoplastic barrier response to mineral nutrient limita-
tion depends on both the mineral nutrient and the plant species 
(Enstone et al., 2003; Baxter et al., 2009; Barberon et al., 2016; 
Coffey et al., 2018). Tylová et al. (2017) recently pointed out 
that lateral roots have largely been ignored when studying the 
formation of apoplastic barriers to environmental stress. For ex-
ample, Faiyue et al. (2010) concluded from anatomical obser-
vations that lateral roots were a major site for bypass flow and 
uptake of Na+ in salt-stressed rice plants. It is still a matter of 
debate to what degree suberin lamellae are transport barriers 
(Clarkson et  al., 1968, 1971; Enstone et  al., 2003; Geldner, 
2013; Kreszies et al., 2018). However, when we look at lateral 
roots of low-N plants and the formation of suberin lamellae, 
it is hard to envisage how such a response could not be aimed 
at controlling the flow of substances across the endodermis. 
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Fig. 11. Effects of the AQP inhibitor HgCl2 and the subsequent addition of 
reducing agent DTT, and of medium exchange on root hydraulic conductivity 
(Lp) and cortex cell Lp (only medium exchange tested). Barley plants were 
14–18 d old at the time of analyses and had been grown on complete nutrient 
solution (control) or on nutrient solution containing only 3.33 % of the nitrogen 
(low-N) or 2.5 % of the phosphate (low-P) of the control solution. (A) Root 
Lp was analysed in exuding root systems before and following the exposure of 
roots to 50 μm HgCl2 for 5 min. Following analyses of Hg-treated roots, DTT 
was added at a final concentration of 5 mm and analyses continued. (B) To test 
the effect of re-supply of nutrient-sufficient medium on root Lp, low-P and 
low-N plants were first analysed for root exudation Lp, then re-supplied with 
complete nutrient medium and analysed again 20–80 min later. (C) A similar 
exchange of medium was carried out for low-N plants while being analysed for 
cell Lp halfway along the root axis and 15–35 mm from the tip in a transpiring 
plant [15–35 mm (P)] or excised root systems [15–35 mm (E)]; cells were also 
analysed in primary lateral roots of a transpiring plant. Data are the mean and 
s.e. for (n) 7–14 plants (A, B) and 8–13 cell analyses (C). Statistically sig-
nificant differences (P < 0.05) in values between experimental treatments (A, 
before, Hg and Hg/DTT; B and C, before and after medium exchange) are indi-

cated by different letters above the columns.
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This can apply in either direction of flow, e.g. to the uptake of 
plant-external water into the stele and to the retention of plant-
internal (and limiting) nutrient in the stele. Suberin lamellae 
may also force substances to move through plasmodesmata 
(Clarkson et al., 1971; Robards et al., 1973).

Modelling of water flow in roots of barley supplied with nutrient-
sufficient and -limited medium

We can use the data on cell Lp and the contribution of different 
root regions to total root surface area to calculate an overall root 
L and compare this value with the value for L obtained through 
exudation experiments and derived from plant transpiration data. 
For the latter, we require a driving force for water uptake and 
can use either the difference in water potential between the root 

medium and cortex cells (calculated from the present data on cell 
turgor and osmotic pressure) or a value of shoot water potential 
(Suku et al., 2014; control plants only) as an upper estimate of 
the water potential difference between root medium and xylem. 
Lateral roots were only analysed for control and low-N plants, 
and we use here the mean of the two values (as a gross simplifica-
tion) for lateral roots of low-P plants. We follow the approach by 
Bramley et al. (2009) to calculate the overall hydraulic resistance 
(and the inverse of it, conductance) for concentric rings of cortex 
cell layers, using values for radii (distance from the centre of the 
root to the more peripheral and inner wall of a particular cortex 
cell layer) as determined here for cross-sections. Calculations are 
detailed in Supplementary Data File S3 and results are shown in 
Fig. 13. Even though the calculations rely on several assumptions, 
they provide the best available data set for any nutrient-limited 
plant and point to some trends.

suberin lamella in the tangential walls and have Casparian bands in all radial walls. Three flow paths are distinguished: a purely apoplastic path along the radial 
walls, which is slowed down/blocked by Casparian bands; a path involving transport through AQPs, which may proceed up to the innermost cortex cell layer and 
is then slowed down/blocked by suberin lamella; and a symplasmic flow path involving transport through plasmodesmata, bypassing suberin lamella. The small 

picture at the top right shows part of the main picture at twice the magnification.

L, calculated from 
cortex cell Lp

Control Low-N Low-P

RS MR+LR L, m s–1 MPa–1

L, m s–1 MPa–1

L, m s–1 MPa–1

L, m s–1 MPa–1

1.52E–10 2.14E–10 1.62E–10

set 100% 100 100 100

MR 25%-TIP 2.55E–11 1.98E–11 9.32E–12

% of RS 16.8 9.2 5.8

75%-MAT 2.63E–11 7.53E–11 6.14E–11

% of RS 17.3 35.2 37.9

LR Entire LR 9.99E–11 1.19E–10 9.14E–11

% of RS 65.9 55.6 56.4

L, calculated from 
Exudation Lp 6.70E–11 1.92E–11

2.33E–11

L, calculated from 
Transpiration

DF measured 1.11E-09 1.90E-10 4.84E-10

DF 0.6 MPa 1.64E-10 4.32E-11 1.04E-10

Modelling of root hydraulic conductance (L) in control, low-N and low-P barley plants

Abbreviations: L, hydraulic conductance (m3 s–1 MPa–1); Lp, hydraulic conductivity (m3 m–2 s–1 MPa–1); RS, entire
root system of a plant; MR, main axis of seminal root incl. root hairs; LR, primary lateral roots; TIP, tip region of
main axis of seminal root, with 25% of total root length; MAT, mature region of main axis of seminal root, with
base 75% of total root length; DF, driving force for water uptake between root medium and cortex cells (‘DF

measured’) or xylem (‘DF 0.6 MPa’); DF was determined here for roots in cortex cells (‘measured’), another value
was used where the water potential of shoot was taken as estimate of DF between root xylem and medium (‘0.6
MPa’) in a transpiring plant (value originally determined for control plants in another study (Suku et al., 2014)).

Fig. 13. Modelling of root hydraulic conductance (L, m3 s−1 MPa−1) of barley plants grown under nutrient-sufficient control conditions or on media low in N or 
P (low-N, low-P). Hydraulic conductance was calculated from data on cortex cell hydraulic conductivity (Lp, m3 m−2 s−1 MPa−1) using cell dimensions and the 
difference in water potential between cortex cells and root medium; or using data on exudation Lp, together with data on root surface area; or using data on plant 
transpirational water loss together with data on root surface area and the water potential difference between xylem and root medium, being the driving force (DF) 
of radial root water uptake. A measured value of DF between cortex cells and root medium and a value of DF derived from the determination of shoot water poten-
tial as part of a previous study (Suku et al., 2014) was used. Values of cell Lp were available for control and low-N plants for all root positions and types analysed; 
a gross approximation needed to be made for lateral roots of low-P plants, which were not analysed for Lp, by using the mean value of control and low-N plants. 

All abbreviations are explained in the legend contained within the figure.

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz113#supplementary-data
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First, the root L calculated from Lp values of cortex cells in in-
tact transpiring plants exceeds that calculated from exudation data 
of excised root systems by a factor of 2–10 across treatments. This 
can be+st be explained by the observation that excision of root sys-
tems causes a rapid decrease in AQP gene expression, which is ac-
companied by some decrease in Lp (for discussion see Meng et al., 
2016). Even though exudation analyses of excised root systems 
provide in our view a fair reflection of differences in Lp between 
treatments (e.g. Meng and Fricke, 2017; Coffey et al., 2018; Gitto 
and Fricke, 2018) and root types (Knipfer and Fricke, 2011), it pro-
vides an inherent underestimation of true Lp.

Secondly, the root L calculated from values of cortex cell Lp 
is only about one-tenth of the value of L calculated for a tran-
spiring control plant, when using rates of plant transpirational 
water loss and the water potential difference between root me-
dium and cortex cells (and total root surface area, which is, for 
the different types of calculations for a particular treatment, the 
same). The two values of L are almost the same in low-N plants 
and differ by a factor of 3 in low-P plants. When we use leaf 
water potential [as determined for control plants in a related 
study (Suku et al., 2014)] as a measure of the biophysical force 
that drives water uptake, the two values of L are almost the 
same in control plants, and the L calculated from transpiration 
data is only ~20 % (low-N) or 60 % (low-P) of the L value 
calculated from cortex cell Lp data. Also, even though cell Lp 
was determined on transpiring plants on the cell pressure probe 
stage by using supplementary lighting, the actual light intensity 
reaching the leaf was lower than in the growth room (where 
transpiration was measured), because the plant needed to be 
viewed from above through a stereomicroscope. In addition, it 
is unavoidable to generate significant quantities of CO2 during 
cell pressure probe analyses, and this will reduce stomatal aper-
ture, which in turn will render xylem water potential less nega-
tive. Thus, looking at the data in Fig. 13 this way, one could say 
that the difference in values between L calculated from data on 
cell Lp (lower L) and L calculated from data on transpiration 
(higher L) using cortex cell water potential does not come as 
a surprise. The observation that the two calculated values are 
almost the same in low-N plants and differ comparatively little 
in low-P plants could indicate that there exist hydraulic barriers 
in the roots of these plants that add significant hydraulic resist-
ance to radial water flow – and that were not accounted for in 
the modelling of L. Such an interpretation of data is supported 
by the increased formation of suberin lamellae in roots of low-P 
and low-N plants, particularly in primary lateral roots of low-N 
plants. The observation that the residual Lp in roots treated with 
the AQP inhibitor Hg is lowest in those roots that show the lar-
gest amount of apoplastic barriers (low-N) and highest in those 
roots that show the smallest amount of apoplastic barriers (con-
trol) further supports this idea.

CONCLUSIONS

Barley plants that are exposed to a growth-limiting supply of 
N and P show an increased root-to-shoot surface area ratio. 
Water flow through the root system is adjusted with the aid of 
changes in root Lp. Most of the evidence presented here points 
to a mechanism of Lp regulation that is subject to Hg inhibition 
and reversible in the minutes-to-hour range. Aquaporins fit this 
requirement. Modelling of root hydraulic conductance and Hg 

inhibition experiments, together with staining of root cross-
sections, further suggests that some of the reduction in root Lp 
is due to increased formation of apoplastic barriers, particularly 
suberin lamellae. This applies in particular to primary lateral 
roots of plants grown on low-N medium.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. File S1: macronu-
trient composition of nutrient media, relative growth rate of 
plants and explanation of root tissues and endodermal anatom-
ical features. File S2: data used for determination of cell hy-
draulic conductivity (cell pressure probe). File S3: modelling 
of root hydraulic conductance.
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