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Abstract

Isohydric plants tend to maintain a water potential homeostasis primarily by controlling water loss via stomatal con-
ductance. However, there is accumulating evidence that plants can also modulate water uptake in a dynamic manner. 
The dynamics of water uptake are influenced by aquaporin-mediated changes in root hydraulics. Most studies in this 
area have been conducted on herbaceous plants, and less is known about responses of woody plants. Here a study 
was conducted to determine how roots of hybrid poplar plants (Populus trichocarpa×deltoides) respond to a step 
change in transpirational demand. The main objective was to measure the expression of selected aquaporin genes 
and to assess how transcriptional responses correspond to changes in root water flow (QR) and other parameters of 
water relations. A subset of plants was grown in shade and was subsequently exposed to a 5-fold increase in light 
level. Another group of plants was grown at ~95% relative humidity (RH) and was then subjected to lower RH while 
the light level remained unchanged. Both plant groups experienced a transient drop in stem water potentials. At 28 h 
after the increase in transpirational demand, water potentials recovered. This recovery was associated with changes 
in the expression of PIP1 and PIP2 subfamily genes and an increase in QR. Stomata of plants growing at high RH were 
larger and showed incomplete closure after application of abscisic acid. Since stomatal conductance remained high 
and unchanged in these plants, it is suggested that the recovery in water potential in these plants was largely driven 
by the increase in QR.
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Introduction

Plants face ever-changing environmental conditions. 
Throughout their lifetime, trees may not only experience 
gradual changes in soil moisture, temperature, and other vari-
ables, but also have to respond to sudden changes in light and 
transpirational demand. Dynamic physiological adjustments 
are required to respond to sudden environmental changes, for 
example the opening of a gap in the canopy.

In isohydric plants, active stomatal control of water loss 
maintains leaf water potential relatively constant during peri-
ods of water stress (Jones and Tardieu, 1998). By dynami-
cally controlling stomatal conductance, plants can effectively 
regulate long-distance water flow and water potential over 

the short term (Jones and Sutherland, 1991; Sperry and 
Pockman, 1993; Hacke and Sauter, 1995). However, plants 
can also modulate water uptake in a dynamic fashion. Water 
taken up by roots flows through living cells, and root water 
flow (QR) is influenced by the modulation of aquaporin abun-
dance and regulation of aquaporin activity (Henzler et  al., 
1999; Kamaluddin and Zwiazek, 2004; Aroca et al., 2012).

Aquaporins are water channel proteins and are present 
in a wide range of animal, microbial, and plant membranes 
(Henzler et al., 1999; Baiges et al., 2002). Fifty-six full-length 
aquaporin sequences have been identified in the Populus 
trichocarpa genome (Gupta and Sankararamakrishnan, 2009; 
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Almeida-Rodriguez et  al., 2010; Lopez et  al., 2012). The 
plasma membrane intrinsic protein subfamily (PIPs), with 
their phylogenetic subgroups PIP1 and PIP2, is composed 
of 15 members in poplar (Supplementary Fig. S1 available 
at JXB online). Both PIP1-type (Siefritz et al., 2002; Postaire 
et al., 2010) and PIP2-type aquaporins (Vandeleur et al., 2009) 
show significant water transport activity in planta. Moreover, 
PIP1 and PIP2 aquaporins may interact to increase water per-
meability (Zelazny et al., 2007; Secchi and Zwieniecki, 2010). 
PIPs are generally localized in organs and tissues character-
ized by high fluxes of water, including root tissues (Javot and 
Maurel, 2002; Gomes et al., 2009; Secchi et al., 2009). Thus, 
plants have the ability to adjust their water uptake capacity to 
changing environmental conditions by regulating aquaporins 
in the plasma membrane of root cells. How dynamic above-
ground changes are perceived by roots and how root aquapor-
ins are subsequently regulated is not well understood.

In rice, root-specific aquaporins, such as OsPIP2;3, 
OsPIP2;4, and OsPIP2;5, were strongly induced by transpi-
rational demand (Sakurai-Ishikawa et al., 2011); these aqua-
porins could play important roles in the adjustment of radial 
water transport in rice roots. That transpirational demand 
can strongly affect water uptake has also been shown in pop-
lar (Almeida-Rodriguez et al., 2011) and other woody plants 
(McElrone et  al., 2007). Almeida-Rodriguez et  al. (2011) 
identified gene candidates in poplar that could play similar 
roles to those of the rice genes mentioned above. However, 
in their study, plant responses were measured 40–46 h after 
plants were exposed to higher light levels, providing little tem-
poral resolution of molecular and physiological changes that 
occurred prior to this time.

The first objective of the present study was to measure 
absolute transcript abundance of key PIP1 and PIP2 genes 
4 h and 28 h after hybrid poplar plants were exposed to an 
increase in transpirational demand, and to assess how tran-
scriptional responses correspond to changes in QR and other 
parameters of water relations. The second objective was to 
determine whether changes in aquaporin expression and QR 
would require an increase in light level per se, or whether such 
changes could also be triggered by lowering relative humidity 
(RH) at a constant light level.

To test this, plants were grown under contrasting irradi-
ance and RH conditions, and were subsequently exposed to 
a sudden increase in transpirational demand with or with-
out changing the light level. It was hypothesized that a step 
change in environmental conditions would lead to a transient 
perturbation of the water potential homeostasis, but that 
transcript accumulation of key PIP genes and associated 
dynamic changes in QR would correspond to at least a partial 
recovery of water potentials.

Materials and methods

Plant material and growing conditions
Saplings of hybrid poplar (Populus trichocarpa×deltoides, clone 
H11-11) were produced in 2 litre pots from rooted cuttings and 
maintained in a growth chamber under the following growing condi-
tions: 18/6 h day/night cycle; 24/18 °C day/night temperature; ~75% 

RH. Plants were watered daily and fertilized on a weekly basis with 
a 2 g l–1 solution of 15:30:15 N:P:K. Plants were grown in turface 
calcined clay in order to facilitated the separation of roots from soil 
particles (Almeida-Rodriguez et al., 2011).

After a 2  month period of sapling establishment, plants were 
randomly assigned to one of three groups and were kept under 
specific growing conditions for 6 weeks. A  control group (subse-
quently referred to as ‘light control’) was kept at an irradiance 
level of 350 μmol m–2 s–1 (measured at plant level) under the same 
growing conditions as outlined above. A  second group of plants 
(subsequently referred to as ‘shaded plants’) was placed in shad-
ing structures, which resulted in 80% reduction in irradiance from 
350 μmol m–2 s–1 to 70 μmol m–2 s–1 at plant level. A  third group 
of plants (subsequently referred to as ‘high humidity plants’) was 
placed in a humidified box. The humidified box allowed the RH to 
be increased to 95% while the light level, temperature, and day/night 
cycles remained the same as in the control conditions.

Experimental treatments
Experiments were designed to examine changes in hydraulic parame-
ters and aquaporin gene expression in response to an increase in light 
(shaded plants) and a decrease in relative air humidity (high humidity 
plants), respectively. A subset of plants was removed from the shade 
and high humidity boxes at 07:00 h. This was always done at the same 
time to minimize any effect of time of day on the physiological and 
molecular measurements. Measurements (or tissue sampling in the 
case of gene expression and immunolocalization assays) were carried 
out 4 h (same day) and 28 h (next day) after shaded and high humid-
ity plants had been removed from their respective environment. All 
measurements were conducted between 10:30 h and 11:30 h. Control 
plants were also measured at this time.

Plant morphology
Morphological measurements included plant height above pots, 
root dry weight, and total leaf area. Root dry weight was measured 
after washing and drying entire root systems at 70 °C for 48 h. Leaf 
areas were determined with a LI-3100C leaf area meter (Li-Cor Inc., 
Lincoln, NE, USA). The root dry weight to leaf area ratio is consid-
ered as a measure of biomass partitioning (Blake and Filho, 1988; 
Barigah et al., 2006).

Stomatal parameters
The youngest fully expanded leaf of five plants per treatment was 
used for measurements of stomatal length, density, and pore aperture. 
Images were recorded in eight randomly selected fields of view of 
each leaf. Fields of view were located near the point of maximum leaf 
width on the abaxial (lower) leaf surface. Images were recorded with 
a digital camera (DFC420C, Leica, Wetzlar, Germany) attached to a 
light microscope (DM3000, Leica) at ×400 magnification. Analysis 
was performed with Fiji software (Schindelin et  al., 2012). To test 
if  there was an effect of growing conditions on stomatal responses 
to abscisic acid (ABA), ABA was applied to detached leaves as 
described by Nejad and van Meeteren (2007) and Arend et al. (2009). 
Leaf samples were pre-incubated for 2 h under light (~100 μmol m–2 
s–1 photosyntheic photon flux density) in a stomata-opening medium 
(10 mM MES-KOH, pH 6.15, 50 mM KCl) to achieve stomatal open-
ing. Stomatal closure was induced by supplementing the solution 
with 100 μM ABA (Sigma-Aldrich, St Louis, MO, USA) for 1 h.

Water potential, stomatal conductance, and transpiration
The water potential of leaves (ΨL) and stems (ΨS) was measured using 
a Scholander-type pressure chamber (Model 1000; PMS Instruments, 
Albany, OR, USA). One leaf per plant was measured, from five plants 
per group. Stem water potential was measured after leaves had been 
sealed in aluminium foil and plastic bags the night before harvesting 
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to promote equilibration of water potentials. Stomatal conductance 
and transpiration were measured with a steady-state porometer (LI-
1600, Li-Cor Inc.) on five plants per group. High humidity plants were 
removed from the humidity box (and kept inside the growth cham-
ber) immediately prior to measurements. Stomatal conductance and 
transpiration could not be measured in the humidity box because 
the high RH was outside the recommended operating range of the 
LI-1600. To minimize potential artefacts which might be caused by 
water desorption from the leaf surface immediately following a tran-
sition from high to low RH, leaf surfaces were wiped with Kimwipes 
(laboratory tissues) prior to measurements.

Root water flow
The QR of five plants per group was measured according to the 
hydrostatic pressure method (Kamaluddin and Zwiazek, 2004). 
Entire root systems were immersed in a beaker filled with measur-
ing solution (20 mM KCl, 1 mM CaCl2) and placed in a pressure 
chamber. A constant pressure of 0.3 MPa was applied. This pres-
sure allowed stable flow rates to be recorded within ~15 min. The 
protruding stem was fitted to a graduated pipette and the volume 
of exudate was measured. Since root function was related to above-
ground changes, QR was normalized by the total leaf area of each 
plant. Normalizing by leaf area provides a measure of the ‘suffi-
ciency’ of the roots to supply water to leaves (Lo Gullo et al., 1998; 
Tyree et al., 1998).

Gene transcript measurements by quantitative real-time PCR
For molecular analysis, representative root samples were col-
lected, immediately frozen in liquid nitrogen, and stored at –80°C 
until analysed. Total RNA was extracted from root tissue of 3–4 
plants per treatment using the RNeasy Plant Extraction Mini Kit 
(Qiagen, Valencia, CA, USA) with hexadecyltrimethylammonium 
bromide extraction buffer. RNA quality was assessed on an agarose 
gel and quantified with a spectrophotometer (Nanodrop ND-1000; 
Thermo Scientific; Wilmington, DE, USA). A  1  μg aliquot of 
total RNA was treated with DNase I  (Invitrogen, Carlsbad, CA, 
USA) and used as template for first-strand cDNA synthesis with 
SuperScript II (Invitrogen) following the manufacturer’s instruc-
tions. cDNA quality was checked by PCR with intron-spanning actin 
(POPTR_0001s45780) primers (TCCCTCAGCACTTTCCAACAG/
ACAAGCCATATTACTCGGCCTCAC).

Candidate genes were selected according to their expression pat-
terns in previous experiments (Secchi et  al., 2009; Wilkins et  al., 
2009; Almeida-Rodriguez et al., 2011) and due to their close simi-
larity to rice genes induced by transpirational demand (Sakurai-
Ishikawa et  al., 2011) (Supplementary Table S1, Supplementary 
Fig. S1 at JXB online). Specific primers (Supplementary Table S2) 
were designed according to Rutledge and Stewart (2010) using the 
QuantPrime online tool (Arvidsson et  al., 2008). PCR efficiency 
(E) was determined from a five-point cDNA serial dilution, accord-
ing to: E=10[–1/slope]. All selected primer pairs showed correla-
tion coefficients of R2 > 0.98 and primer efficiency values ranging 
between 1.95 and 2.01.

Real-time quantitative PCR (qPCR) was performed on a 7900 HT 
Fast Real-Time PCR system (Applied Biosystems, Foster City, CA, 
USA) using cDNA equivalent to 2.5 ng of RNA following instruc-
tions provided by Rutledge and Stewart (2008) and using lambda 
genomic DNA as a quantitative standard. Each reaction was carried 
out in triplicate using master mix containing 0.2 mM dNTPs, 0.3 U 
of Platinum Taq polymerase, and 0.25× SYBR Green. The PCR con-
ditions were as follows: 15 min activation at 95 °C, 40 cycles of 95 °C 
for 10 s, 65 °C for 2 min, and a dissociation stage including two cycles 
of 95 °C for 15 s, 60 °C for 1 min. Each run was completed with a 
melting curve analysis to confirm the specificity of amplification and 
absence of primer dimers. Data analysis was performed according 
to the sigmoidal method with LRE (linear regression of efficiency) 
analyzer software (Rutledge, 2011) to assess the absolute quantity of 
transcripts expressed as number of molecules per ng of total RNA.

Immunolocalization
Root segments were fixed in formaldehyde–acetic acid medium (FAA; 
10% formaldehyde, 5% acetic acid, 50% ethanol) under vacuum for 
1 h and stored in FAA for 16 h at 4 °C. Next, samples were embedded, 
sectioned, dewaxed, and rehydrated as described before (Almeida-
Rodriguez et al., 2011). Before the first immunoreaction, sections were 
incubated for 45 min with blocking solution [BS; 1.5% glycine, 5% (w/v) 
bovine serum albumin, 0.1% Tween-20 in phosphate-buffered saline 
(PBS)] following the protocol of Gong et  al. (2006). Primary anti-
body directed against the first 42 N-terminal amino acids of AtPIP1;3 
(Kammerloher et  al., 1994; Henzler et  al., 1999) was applied over-
night at 4 °C. Slides were washed as described previously (Gong et al., 
2006). DyLight 549-conjugated rabbit anti-chicken secondary antibody 
was pre-absorbed with plant tissue extract (1:500 in BS) before it was 
applied for 2 h at 37 °C. Slides were rinsed several times and were cov-
erslipped with Permount. Controls with no primary and/or secondary 
antibody were also prepared. Images were taken with a Leica DMRXA 
fluorescence microscope (filter cube N2.1, excitation range 515–560 nm, 
suppression filter LP 590 nm) equipped with a Nikon DXM1200 cam-
era (Melville, NY, USA) at a standardized exposure time.

Statistical analysis
Differences due to the effect of treatments and growing conditions 
were analysed using a one-way analysis of variance (ANOVA) 
followed by a Tukey’s test. Data are presented as means ±SE. 
Differences were considered significantly different at P ≤ 0.05. All 
statistical analyses were carried out using SigmaPlot 12.3 (Systat, 
Point Richmond, CA, USA).

Results

Morphology and stomatal characteristics

Morphological traits of the different plant groups are shown 
in Table 1. Shaded plants had 54% lower root dry mass (DWR) 

Table 1.  Morphological traits of hybrid poplar saplings grown under control (‘Light control’), shade, and high humidity (‘High RH’) 
conditions.

Experimental treatment Height (m) DWR (g) AL (m2) AL:DWR (m2 g–1)

Light control 0.98 (0.03) a 1.14 (0.12) a 0.32 (0.04) a 0.28 (0.01) a
Shade 0.73 (0.03) b 0.61 (0.06) b 0.16 (0.02) b 0.27 (0.02) a
High RH 1.21 (0.05) c 1.61 (0.19) a 0.27 (0.04) a,b 0.16 (0.01) b

The standard error of the mean is given in parentheses, n=5. Different letters indicate significant differences between treatments (P ≤ 0.05). 
Variables shown are plant height above pots, total root dry weight (DWR), total leaf area (AL), and leaf area to root dry weight ratio (AL:DWR).

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert096/-/DC1
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and 50% lower leaf area (AL) than control plants. As a result 
of this proportional decrease, the AL:DWR ratio did not differ 
between shaded and control plants. Plants growing at high 
humidity had the lowest AL:DWR ratio of any plant group.

Stomatal characteristics did not differ between shaded 
and control plants (Table  2), although stomatal density 
of  shaded plants tended to be more heterogeneous than 
in controls. High humidity plants had larger stomata and 
pore apertures as well as higher stomatal densities than 
other plant groups. Moreover, after application of  100 μM 
ABA to leaves, the pore apertures of  high humidity plants 
remained larger than those of  other plant groups; that is, 

stomata of  high humidity plants exhibited incomplete clo-
sure (Fig. 1, Table 2).

Water potential and stomatal conductance

Control plants had a ΨS of –0.57 ± 0.01 MPa (Fig. 2A, ‘Light 
control’). At 4 h after shaded plants were exposed to an 
increase in light level, their ΨS dropped from –0.51 ± 0.02 MPa 
to –0.71 ± 0.03 MPa (Fig. 2B). Leaf water potential showed a 
similar drop (data not shown). At 28 h after the increase in light 
level, ΨS recovered to –0.46 ± 0.03 MPa. Plants experiencing a 
sudden drop in RH showed a very similar ΨS pattern (Fig. 2C).

Fig. 1. Light microscope images of stomata from poplar leaves growing in moderate (~75% RH) (A) and high (95% RH) relative humidity 
(B). The images were taken from the abaxial side of the leaves. Leaves that developed under high RH had larger stomatal length and 
aperture. While application of 100 μM ABA triggered stomatal closure in plants growing at moderate RH (C), the large stomata of high 
humidity grown plants failed to close fully (D). Bars = 10 μm. (This figure is available in colour at JXB online.)

Table 2. Stomatal characteristics of hybrid poplar saplings grown under control (‘Light control’), shade, and high humidity (‘High RH’) 
conditions All parameters were measured on abaxial leaf surfaces. 

Experimental treatment Stomatal length (μm) Stomatal density (no. per mm2) Pore aperture (μm) before/after 
application of ABA

Light control 35.18 (0.58) a 132.6 (4.5) a 6.83 (0.36) a/4.20 (0.36) a
Shade 32.84 (0.53) a 118.1 (8.7) a 6.81 (0.30) a/4.18 (0.20) a
High RH 39.36 (0.77) b 161.7 (6.1) b 8.55 (0.10) b/7.07 (0.22) b

The standard error of the mean is given in parentheses. Values are grand means of five plants. Different letters indicate significant differences 
between treatments (P ≤ 0.05).

In the case of pore apertures, two separate statistical analyses were conducted; one on apertures measured before application of ABA and 
one after ABA application. i.e. apertures were not compared before and after ABA application.
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Shaded plants exhibited a temporary increase in stoma-
tal conductance 4 h after the increase in light level (Fig. 3). 
In contrast, plants that were exposed to decreasing RH 

maintained high stomatal conductances and transpiration 
rates throughout the experiment (Fig. 3, Supplementary Fig. 
S2 at JXB online).
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Root water flow and aquaporin expression patterns in 
light-exposed plants

QR increased in response to increased evaporative demand. 
In shaded plants, this increase was significant 28 h after the 
increase in light level, but not after 4 h (Fig. 4). The delayed 
increase in QR corresponded to aquaporin expression pat-
terns (Fig. 5). The total amount of PIP transcripts and the 
relative proportions of transcripts remained unchanged after 
4 h (Fig. 5A, compare ‘Shade’ and ‘Light increase, 4h’), but 
increased by 60% after 28 h (Fig. 5A, ‘Light increase, 28h’). 
Of the aquaporin genes studied here, PIP1;3 ranked first in 
terms of its proportion to the total number of mRNA mol-
ecules (Fig. 5A, yellow portion of the bars). Moreover, this 
gene contributed substantially to the dynamic response shown 
in Fig. 5A. PIP2;5 was also highly expressed in roots (Fig. 5A, 
dark blue portion of the bars), but did not show significant 
changes in expression in response to an increase in light level.

Figure  5B shows the expression patterns of individual 
genes. All of the three PIP1 genes exhibited a significant 
52–66% increase in expression after 28 h relative to plants 
that remained in shade; expression of PIP2;3 even increased 
>2-fold after 28 h (Fig. 5B, black bars).

Root water flow and aquaporin expression patterns in 
plants experiencing a sudden drop in humidity

In plants that were removed from the high humidity environ-
ment, QR increased by 35% after 4 h and remained unchanged 

after 28 h (Fig. 4C). The rapid increase in QR corresponded to 
a 75% increase in the cumulative transcript copy numbers of 
all six PIP genes (Fig. 5A). This increase in transcripts after 
4 h was mainly due to a 2-fold increase in the transcript copy 
numbers of the three PIP1 genes (Fig.  5B, grey bars). No 
significant changes in the expression of PIP2 genes occurred 
after 4 h.

After 28 h, expression levels of PIP1 genes had returned to 
values found prior to the change in RH while QR remained 
relatively high. While transcript copy numbers of PIP2;3 and 
PIP2;4 did not change significantly in response to the change 
in humidity, transcript numbers of PIP2;5 had decreased 
sharply after 28 h (Fig. 5B).

Immunolabelling

Immunofluorescence labelling was performed on cross-
sections taken at 25–30 mm from the root tip (Fig.  6). The 
intensity of the red colour is equivalent to the abundance of 
PIP1 protein. In roots of control plants, PIP1 was present in 
epidermis and cortex cells as well as in the endodermis and 
in vascular tissue (Fig. 6A). Weak labelling was observed in 
roots of shaded plants (Fig.  6B). In contrast, root sections 
taken after the increase in light level exhibited strong immu-
nolabelling of the epidermis, endodermis, and of cells adja-
cent to the endodermis. Labelling was particularly abundant 
after 28 h when a continuous fluorescence signal occurred 
in the epidermis (Fig. 6D). A similar trend was observed in 
plants that were exposed to decreasing humidity (Fig.  6E–
G), although strong signals were already detected after 4 h 
(Fig. 6F). Controls without primary antibody exhibited mini-
mal fluorescence (Fig. 6H).

Discussion

Although much has been learned about the possible physi-
ological roles of aquaporins in plants, many questions remain 
unanswered (Baiges et al., 2002; Aroca et al., 2012). The pre-
sent study was conducted to gain a better understanding of 
how aquaporins in roots are regulated and how their func-
tion relates to whole-plant–water relations in woody plants 
(Hacke et al., 2012).

Aquaporin gene expression and root hydraulics are 
affected by changes in transpirational demand

The first objective of this present study was to measure abso-
lute transcript abundance of key PIP1 and PIP2 genes 4 h and 
28 h after hybrid poplar plants were exposed to an increase 
in transpirational demand, and to assess how transcriptional 
responses correspond to changes in QR and other parame-
ters of water relations. To minimize the effect of a circadian 
rhythm (Henzler et  al., 1999; Clarkson et  al., 2000; Lopez 
et  al., 2003) on the data collected in the present study, all 
measurements were conducted between 10:30 h and 11:30 h.

Among the 11 PIP genes that were studied by Almeida-
Rodriguez et al. (2011), the authors reported the differential 
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on root water flow (scaled by leaf area). (A) Root water flow of 
control plants (‘Light control’). (B) Root water flow of shaded 
plants (‘Shade’), of plants removed from shade after 4 h (‘Light 
increase, 4h’), and of plants removed from shade after 28 h (‘Light 
increase, 28h’). (C) Water flow of plants growing at high relative 
humidity (‘High RH’), of plants removed from high RH after 4 h 
(‘RH decrease, 4h’), and of plants removed from high RH after 
28 h (‘RH decrease, 28h’). Data show the means ±SE; n=5 plants. 
Significant differences are indicated by unique letters (P ≤ 0.05).
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expression of nine PIP genes in roots of poplars exposed to 
different light regimes. Based on this and on available litera-
ture data (Secchi et al., 2009; Supplementary Table S1 at JXB 
online), six PIP genes that were highly expressed in roots were 
chosen for gene expression analysis.

The three PIP1 genes exhibited remarkably similar expres-
sion patterns (Fig. 5B). Interestingly, these genes are ortho-
logues of the rice OsPIP1 genes whose transcription in roots 
increased with transpirational demand (Sakurai-Ishikawa 

et al., 2011). Furthermore, the closely related PtPIP1;1 and 
PtPIP1;2 (95% amino acid identity; Supplementary Fig. S1 
at JXB online) were found to be induced in response to xylem 
embolism (Secchi and Zwieniecki, 2010) and by osmotic 
stress (Bae et  al., 2010). Expression changes of the studied 
PIP2 genes were smaller and more variable than those of the 
three PIP1 genes, a pattern which has also been described 
in drought-stressed stems of P.  trichocarpa (Secchi and 
Zwieniecki, 2010).

Fig. 5. Effect of a sudden change in transpirational demand on aquaporin transcript amounts in poplar roots. (A) Cumulative aquaporin 
transcript amounts in roots. Individual genes are labelled with different colours. One subset of plants was grown at an adequate light 
level in the growth chamber (‘Light control’). Other subsets of plants were grown in shade (‘Shade’) or in a humidified box at ~95% 
relative humidity (‘High RH’). Shaded plants were exposed to a 5-fold increase in light level. Gene expression was measured 4 h (‘Light 
increase, 4h’) and 28 h (‘Light increase, 28h’) after the increase in light level. Plants growing at high humidity were removed from 
their humidified box and were exposed to an ~4-fold increase in vapour pressure deficit while light levels remained adequate. Gene 
expression was measured 4 h and 28 h after the decrease in relative humidity. (B) Transcript abundance of PtPIP1;1, PtPIP1;2, PtPIP1;3, 
PtPIP2;3, PtPIP2;4, and PtPIP2;5. Values are the means ±SE from three biological samples which were tested in triplicate. Significant 
differences are indicated by unique letters (P ≤ 0.05).

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert096/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert096/-/DC1
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In terms of transcript copy numbers, PIP1;1 and PIP1;3 
ranked first among the PIP genes measured in this study 
(Fig. 5B). The transcripts of all three PIP1 genes represented 
nearly three-quarters of the total transcript amount while QR 
increased. It is therefore suggested that these genes play crucial 
roles in modifying root water uptake in poplar in response to 
changes in transpirational demand. Aquaporin activity is reg-
ulated at both the transcriptional and the post-translational 
levels. While the present study focused on transcriptional 

regulation, it is noted that responses to a change in environ-
mental conditions can also be realized by other mechanisms, 
including aquaporin gating, translocation of aquaporins into 
the membrane, and interactions of membrane proteins (e.g. 
Hedfalk et al., 2006; Zelazny et al., 2007; Maurel et al., 2008). 
Nonetheless, the fact that expression patterns, particularly 
those of PIP1 genes, closely corresponded to changes in QR 
suggests that transcriptional control was an important mech-
anism involved in the regulation of root physiology.

Fig. 6. Immunolocalization of PIP1 protein in root cross-sections. Transverse sections were taken at 25–30 mm from the root tip. PIP1 
antibody is specific to all PIP1s. (A) Roots of control plants growing at full light in the growth chamber. (B–D) Roots of shaded plants 
before (B) and after a step change in light level (C, D). (E–G) Roots of plants growing at high relative humidity before (E) and after a 
step change in humidity (F, G). (H) Control with no primary antibody indicates minimal background autofluorescence. co, cortex; ed, 
endodermis; ep, epidermis. Bars=100 μm.
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Striking differences between trends in transcript abun-
dance and QR only occurred 28 h after plants were trans-
ferred to lower humidity (compare Figs 4C and 5A ‘RH 
decrease, 28h’). At that time, transcript copy numbers of 
several genes reached low levels (Fig. 5B, grey ‘RH decrease, 
28h’ bars) while QR was still nearly as high as it was 4 h after 
the change in humidity (Fig. 4C, grey bars). It is suggested 
that the peak in transcription seen 4 h after the change in 
humidity resulted in an accumulation of  water channel 
proteins, and that proteins were still present 24 h later. This 
conclusion is supported by immunolabelling experiments, 
which revealed that PIP1 protein remained highly abundant 
in root cross-sections 28 h after the transfer to lower humid-
ity (Fig. 6).

Differences between plants grown in shade and in high 
humidity

The adaptive significance of aquaporin-mediated changes in 
whole-plant hydraulic conductance is that it would provide 
plants with a mechanism to maintain their water potential 
homeostasis despite changing environmental conditions 
through modifying water transport in roots and leaves. While 
the present study focused on roots, it is noted that whole-
plant hydraulic conductance will probably also be affected 
by aquaporins in leaves (Heinen et  al., 2009). A  fine-tuned 
balance between water loss and water uptake is especially 
important in plants that are vulnerable to xylem cavitation 
and lack efficient mechanisms to repair xylem dysfunction. 
The poplar clone studied here (H11-11) is very vulnerable to 
cavitation. In a previous study (Plavcova and Hacke, 2012) on 
H11-11 plants growing under similar conditions, 50% loss of 
hydraulic conductivity occurred at –1.14 MPa and –0.62 MPa 
in basal and distal stem segments, respectively. This is close to 
or within the range of stem water potentials measured in the 
present study. It is therefore concluded that the recovery of 
stem water potentials 28 h after the increase in transpirational 
demand was necessary to prevent excessive and irreversible 
levels of embolism.

Shaded plants would probably have benefited from a faster 
increase in QR to take advantage of increased light levels 
(Almeida-Rodriguez et al., 2011). The relatively slow increase 
of QR in shaded plants may be due to the stressful growing 
conditions that these plants experienced. Poplars are light-
demanding plants, and shade-grown plants were probably 
energy starved. To the degree that new expression and acti-
vation of aquaporins are energy dependent, water uptake 
dynamics may have been constrained by limited resources in 
the roots of shaded plants.

Interestingly, changes in the transcript levels of PIP1 
genes and in QR occurred sooner in high humidity plants 
than in shaded plants. This may in part be due to the fact 
that stomatal conductance and transpiration in high humid-
ity plants remained high throughout the experiment (Fig. 3; 
Supplementary Fig. S2 at JXB online). Stomata of these 
plants were larger and more frequent than in other plant 
groups, and were unable to close (Fig. 1; see also Arve et al., 
2013). Hence, fast aquaporin-mediated responses of QR to 

changes in the above-ground environment may have compen-
sated for a lack of stomatal control.

An increase in light level is not required to trigger 
changes in gene expression and root hydraulics

The second objective of this study was to determine whether 
changes in gene expression and QR would require an increase 
in light level per se, or whether such changes could also be 
triggered by lowering RH at a constant light level. Altering 
RH without changing irradiance had a profound effect on 
both PIP transcript levels and QR (see above). It was there-
fore concluded that an increase in light level is not required 
to trigger changes in PIP expression and QR in poplar. This 
conclusion agrees with recent work on rice (Sakurai-Ishikawa 
et al., 2011). Levin et al. (2009) found that some aquaporin 
genes were differentially expressed in Arabidopsis thaliana 
plants subjected to low RH. How exactly changes in the 
above-ground environment are transmitted to and sensed by 
roots remains unknown. The most parsimonious hypothesis 
is that root cells sense xylem pressure pulses (McElrone et al., 
2007) or changes in water potential (Levin et al., 2009), and/
or cell turgor (Hill et al., 2004), which all would correspond 
to changes in transpirational demand.

In conclusion, hybrid poplar plants were subjected to a sud-
den increase in transpirational demand, either by increasing the 
light level or by reducing the RH. Both treatments led to a tran-
sient perturbation of water potentials. At 28 h after plants were 
removed from shade or from their high humidity environment, 
respectively, stem water potentials recovered to their original 
values (measured prior to treatments). The recovery of water 
potentials was associated with an increase in QR and an increase 
in the transcript abundance of aquaporin genes in roots. In 
both experiments, transcript levels of three PIP1 genes closely 
matched trends in QR. While stomata of plants grown in high 
humidity were unable to close properly, the QR of these plants 
quickly responded to increased transpirational demand. In con-
trast, the QR of shaded plants increased 28 h after the increase in 
light, but not 4 h after the removal from the shade environment. 
The fact that aquaporin gene expression and QR responded to a 
drop in RH while light levels were unchanged indicates that an 
unknown signal was involved in this case of shoot–root com-
munication. Future work will probably be directed at unravel-
ling the nature of this signalling process and will study how the 
signal is perceived by root aquaporins.

Supplementary data

Supplementary data are available at JXB online.
Figure S1. Phylogenetic relationships of plasma membrane 

intrinsic proteins (PIPs) in Arabidopsis thaliana, Oryza sativa, 
and Populus trichocarpa.

Figure S2. Effect of step changes in light level and relative 
humidity on transpiration rate.

Table S1. Summary of previously reported PIP expression 
patterns in Populus trichocarpa.

Table S2. Primer sequences used in the qRT-PCR assays
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