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Abstract 

Plasma membrane intrinsic proteins (PIPs) are one subfamily of aquaporins that mediate the 

transmembrane transport of water. To reveal their function in poplar, we generated transgenic poplar 

plants in which the translation of PIP genes was downregulated by RNA interference investigated these 

plants with a comprehensive leaf plasma membrane proteome and physiome analysis. First, inhibition of 

PIP synthesis strongly altered the leaf plasma membrane protein composition. Strikingly, several 

signaling components and transporters involved in the regulation of stomatal movement were differentially 

regulated in transgenic poplars. Furthermore, hormonal crosstalk related to abscisic acid, auxin and 

brassinosteroids was altered, in addition to cell wall biosynthesis/cutinization, the organization of cellular 

structures and membrane trafficking. A physiological analysis confirmed the proteomic results. The leaves 

had wider opened stomata and higher net CO2 assimilation and transpiration rates as well as greater 

mesophyll conductance for CO2 (gm) and leaf hydraulic conductance (Kleaf). Based on these results, we 

conclude that PIP proteins not only play essential roles in whole leaf water and CO2 flux but have 

important roles in the regulation of stomatal movement.  

Key words: aquaporin; PIP, plasma membrane intrinsic protein; Populus × canescens; plasma 

membrane proteomics; photosynthesis; stomatal movement  
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1. Introduction 

Plasma membrane intrinsic proteins (PIPs) are one subfamily of aquaporins (AQPs) that mediate the 

transmembrane transport of water thereby controlling water permeability and plant hydraulics at the cell, 

tissue, organ and whole plant level (for review see [1–5]). Besides the overall role in enabling the 

transmembrane water transport, they can have specialized functions, for instance in the stomatal 

complexes [6], in facilitating the lateral root emergence [7] or in controlling the radial water unloading from 

xylem into the bundle-sheath cells [8]. Studies with woody species revealed specific functions of PIPs for 

instance in root [9,10] and leaf [11] hydraulic conductance, in the recovery from embolism [12,13] and in 

the communication and regulation of shoot-root water homeostasis [14,15].  

In addition to water, some PIPs transport other small molecules such as glycerol and urea (reviewed in 

[16]). An increasing amount of experimental evidence indicates that specific PIPs transport CO2 and are 

involved in the control of mesophyll CO2 conductance (gm) in leaves. In 2003, Uehlein et al. [17] noted 

that the overexpression of NtAQP1 in tobacco increased CO2 membrane permeability; in contrast, the 

antisense plants displayed reduced membrane permeability for CO2. Increases in the internal CO2 

conductance and net CO2 assimilation have been observed also in barley (Hordeum vulgare) 

overexpressing HvPIP2;1 [18]. In Arabidopsis leaves, AtPIP1;2 was found to limit CO2 diffusion and 

photosynthesis [19]. Recently, it was also demonstrated in poplar, a woody species, that the reduction of 

PIP1s impairs leaf membrane permeability to CO2 [20]. And also in olive trees, PIPs regulate stomatal (gs) 

and mesophyll (gm) conductance to CO2 [21].  

The conductance of water and CO2 are important constraints of the overall process of carbon fixation and 

must be understood in detail to optimize the photosynthetic capacity and water use efficiency (WUE). 

Poplars are perennial, fast growing trees and generally possess a high photosynthetic capacity. 

Therefore, they have been proposed to be an important renewable bioenergy resource and are being 

planted increasingly in high density plantations for biomass production [22]. In nature, most poplar 

species prefer moist habitats and consume large amounts of water [23]; however, plantations are typically 

established on marginal land with limited water and nutrients [24]. Therefore, enhancing the water use 
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efficiency (WUE) in parallel with the photosynthetic capacity and biomass production are important traits 

for optimization in poplar.  

The PIP subfamily of aquaporins clusters in the phylogenic subgroups PIP1 and PIP2, which differ in the 

lengths of their N- and C-termini. There are 13 PIP genes in Arabidopsis and maize [3,25], and there are 

15 PIP genes in Populus trichocarpa [26]. 

The main objective of this study was to generate transgenic grey poplar (P. × canescens) plants with 

reduced PIP1s and PIP2s to investigate the functionality and importance of PIPs for leaf water and CO2 

transport on the cellular and whole plant level in this fast-growing tree species. 

2. Material and methods 

2.1. Construction of binary vectors, plant transformation and cultivation 

To explore the function of PIPs in Populus × canescens (syn. P. tremula × P. alba, number 7171-B4, 

Institut de la Recherche Agronomique, Nancy, France), transgenic lines with reduced PIP gene 

expression were generated using RNA interference (RNAi). The highly conserved PIP-specific H5/NPA 

Loop E region [27] was selected for two different RNAi constructs: the first sequence was used to target 

PIPs of subtype 1 (180 bp = PcPIP-I-RNAi), and the second was used to target PIPs of subtype 2 (164 bp 

= PcPIP-II-RNAi).  

The potential targets of the two RNAi constructs were estimated with a multiple sequence alignment 

(CLUSTAL 2.1, http://www.genome.jp/tools-bin/clustalw, [28] of the PcPIP-I-RNAi and the PcPIP-II-RNAi 

sequences with the coding sequences of the 15 P. x canescens PIPs (PcPIPs) was performed. The 21-

oligomers are considered to be the dominant class of RNA silencing-inducing siRNAs in plants [29,30], 

including poplar [31,32]. Therefore, the number of 21-oligomers with 100% identity was counted (Figure 

S1 and Table S1): the PcPIP-I-RNAi construct targets three PIP1 genes (PcPIP1;1, PcPIP1;2 and 

PcPIP1;4), the PcPIP-II-RNAi construct seven PIP2 genes (PcPIP2;1, PcPIP2;3 to PcPIP2;8). In addition, 

an on/off-target analysis was performed using the two RNAi sequences for a BLAST of the Populus 

trichocarpa genome (Supplemental Table S2). For this purpose, gene annotation for the poplar genome 

was downloaded from Ensembl Plants [33] in its version 2.0. For all genes, cDNA sequences including 

flanking 250 base pairs upstream and downstream of the transcription start site were extracted from 
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BioMart [34]. PcPIP-RNAi sequences were searched against this sequence database using BLASTN [35] 

with standard parameters and no e-value cutoff to not miss short alignments. The on/off-target analysis 

revealed no additional targets of the 2 RNAi sequences besides PIP genes. 

The RNAi sequence synthesis, cloning into vector p9U10 (a special vector containing two inverted 35S 

promoter sequences to constitutively produce the sense and antisense strand) and transformation into 

Agrobacterium tumefaciens GV310 (PMP90RK) was performed by the DNA Cloning Service e.K. 

Germany, (http://www.dna-cloning.com). The final transformation of P. x canescens with the 35S::PcPIP-

I-RNAi-construct, the 35S::PcPIP-II-RNAi-construct and p9U10 empty vector as a control was conducted 

as described by Meilan and Ma [36].  

Transgenic RNAi poplar plants were amplified by micropropagation as described by Behnke et al., [37] 

and cultivated in 1-L glass containers at 22±1°C during the day and 20±1°C at night with a photoperiod of 

L16 h:D8 h and a light intensity of 120 μmol m-2 sec-1 PPFD. After 3 months, the rooted shoots were 

transferred first to 0.2-L pots containing soil substrate [50% v/v Fruhstorfer Einheitserde Typ N 50% v/v 

silica sand (particle size 2–3 mm)] for acclimatization in a propagator, and then to 2.2-L pots with soil 

substrate [50% v/v Fruhstorfer Einheitserde Typ T, 25% (v/v) silica sand and 25% (v/v) perlite] containing 

10 g fertilizer [Triabon (Compo) and Osmocote (Scotts International BV), 1:1 v/v per liter of soil] for  

cultivation in the greenhouse.  

2.2. Cloning of the P. x canescens PIP gene family 

Primers for cloning the P. x canescens PIP gene family were designed based on the P. trichocarpa PIP 

gene accessions identified by [26], and the most recent sequences (genome version 3.0, Phytozome v 

9.1) (Table S3). PCR was performed using 5 U High Fidelity Taq DNA polymerase (Life Technologies 

GmbH, Darmstadt Germany) and PCR products were cloned into pCRTM 4-TOPO (Life Technologies 

GmbH, Darmstadt Germany).  The obtained P. x canescens sequences were confirmed by sequencing 

(Genbank accessions: KP940359, KP940360, KP940361, KP940362, KP940363, KP940364, KP940365, 

KP940366, KP940367, KP940368, KP940369, KP940370, KP940371, KP940372 and KP966101).  
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2.3. Molecular screening by semi-quantitative RT-PCR and ELISA (Enzyme-Linked ImmunoSorbent 

Assay) 

For sqRT-PCR and ELISA analysis, leaf no. 9 of 3 plants per genotype (13 PcPIP-I-RNAi lines, 7 PcPIP-

II-RNAi lines and empty vector control) was harvested at mid-day (12:00-13:00), immediately frozen in 

liquid nitrogen and stored at -80°C prior to use. Total RNA was extracted from 50 mg frozen leaf material 

using the Aurum Total RNA Mini kit (Bio-Rad, Germany) and cDNAs were synthesized with an Omniscript 

RT kit (Qiagen, Germany) using 1 μg RNA. The sqRT-PCR of 4 highly expressed leaf-specific PIP genes 

(PIP1;1, PIP1;2, PIP2;5 and PIP2;6; for primers see Table S4) was performed using 2 μL of synthesized 

cDNA as a template and the Taq DNA polymerase (Life Technologies GmbH, Darmstadt Germany). After 

the PCR products were subjected to agarose gel electrophoresis and stained with ethidium bromide, 

quantification was performed using ImageJ (http://imagej.nih.gov/ij/docs/index.html ImageJ user guide). 

For production of PIP subtype 1 or 2-specific rabbit monoclonal antibodies, the PcPIP sequences were 

translated into protein sequences using DNASTAR software. With the HUSZAR program, the secondary 

structure of the PIPs was analyzed to design and synthesize 2 subtype-specific peptides for each group: 

peptide 1 and 2 for PIP1s (MEGKEEDVRLGANKFNERQP, AQSQDDKDYKEPPP) and peptide 3 and 4 

for PIP2s (MSKEVIEEGHTHGKDYVDPP, MGKDIEVGSEFIAKDYHDPP) which were further used for 

rabbit immunization and antibody production. For ELISA, 150 mg leaf powder and 75 mg polyclar® AT 

(Sigma-Aldrich Chemie GmbH, Taufkirchen bei München, Germany) were mixed with 1.5 mL 

homogenization buffer (0.33 M Sucrose, 50 mM MOPS-KOH pH 7.5, 5 mM EDTA, 0.2% (w/v) casein, 5 

mM DTT, 5 mM ascorbic acid, 0.5 mM PMSF and protease inhibitor) to first extract the microsomal 

fractions. After 15-min incubation on ice, the mixture was filtered and centrifuged (15 min, 10,000g). The 

supernatant was centrifuged again for 75 min at 23,000 g; then the pellet was re-suspended in 200 μl 100 

mM carbonate/bicarbonate buffer (pH 9.5). One hundred microliters diluted protein (1 μg ml-1) was 

incubated in 96-well plates at 4°C overnight for protein binding, followed by blocking with 300 μL 1% (w/v) 

caseinate in PBS-T (37°C, 1 h), antibody incubation with either the PIP1 or PIP2 antibody mix (37°C, 1 h), 

and 5 washes with PBS-T. After incubation with the anti-rabbit horseradish peroxidase (HRP) antibody 

(Peptide Specialty Laboratories GmbH, Germany) at 37°C for 1 h, two washes with PBS-T and three 

washes with PBS, 100 μL 3,3’,5,5’-Tetramethylbenzidine (TMB, Sigma-Aldrich) was added to each well 
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and incubated for 20 min at 37°C. Finally, the reaction was stopped with 100 μl 1 M H2SO4. The 

absorbance was measured at 450 nm using an Ultrospec 3100 pro (GE, Pittsburgh, Pennsylvania, USA).  

2.4. Proteomics of plasma membrane proteins  

Sample preparation 

Plasma membranes from leaves were isolated according to the procedure of Kjellbom and Larsson [38]. 

Fresh leaf material of 4 plants per genotype (7.5 g, leaf no.6-8 and 10-12 harvested at 9:00) with 0.6 g 

polyclar® AT was homogenized 5 times for 10 s in 50 mL homogenization buffer using a blender. The 

homogenate was filtered through two layers of nylon cloth and centrifuged at 10,000 g for 15 min. The 

membranes in the supernatant were precipitated at 30,000 g for 1 h, and the pellet was re-suspended in a 

total volume of 5 mL in 0.33 M sucrose, 5 mM potassium phosphate (pH 7.8), 0.1 mM EDTA-KOH (pH 

7.8), 1 mM DTT and protein inhibitor. Plasma membranes were purified from the crude membrane 

fraction using the two-phase partitioning system [39,40]. The microsomal suspension (4.5 ml) was added 

to 13.5 g of the phase mixture (6.1% (w/w) Dextran T 500, 6.1% (w/w) polyethylene glycol 3350, 0.33 M 

sucrose, 0.15 mM potassium phosphate buffer (pH 7.8), 0.9 mM KCl). The phase system was mixed by 

several inversions and centrifuged using a swing-out rotor for 5 min at 1500 g. The upper phase was re-

extracted 3 times. The plasma membrane–enriched final upper phase was diluted in 70 mL buffer and 

centrifuged at 100,000 g for 1 h. The pellet was re-suspended in 8 M urea in 0.1 M Tris/HCl (pH 8.5) for 

tryptic digestion using a modified FASP procedure [41]. Ten micrograms were reduced using 100 mM 

dithiothreitol and alkylated with 10 μL of 300 mM iodoacteamide. The samples were transferred to a 30-

kD centrifuge filter (Pall Corporation, Washington, New York, USA), repeatedly washed with 8 M urea in 

0.1 M Tris/HCl, pH 8.5, followed by washes with 50 mM ammonium bicarbonate, then cleaved with 1 μg 

Lys-C (Wako Chemicals GmbH, Neuss, Germany) for 2 h at room temperature and digested with trypsin 

(Promega) at 37 ºC overnight. The digested peptides were collected by centrifugation and acidified with 

trifluoracetic acid prior to the LC-MS/MS analysis. 
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LC-MS/MS-based Mass Spectrometry, Label-free Peptide Quantification and Protein Identification 

The separation and analysis of proteins was performed as previously described [42,43] using an Ultimate 

3000 nano-HPLC system (Dionex, Thermo Scientific, Bremen, Germany) coupled to an LTQ OrbitrapXL 

(Thermo Scientific, Bremen, Germany). Each sample (0.5 μg) was automatically injected and loaded onto 

the trap column at a flow rate of 30 μL min-1 in 97% buffer A (2% ACN / 3% DMSO / 0.1% formic acid 

(FA)) and 3% buffer B (73% ACN / 3% DMSO / 0.1% FA) [44]. After 5 min, the peptides were eluted and 

separated at a flow rate of 300 nL min-1 on the analytical column (75 μm i.d. × 25 cm, Acclaim 

PepMap100 C18, 3 μm, 100 Å, Dionex, Idstein, Germany) for 140 min using an acetonitrile gradient from 

3% to 35% of buffer B, followed by a 5 min gradient from 35% to 95% buffer B and final equilibration for 

20 min with 3% buffer B. From the MS prescan, the 10 most abundant peptide ions were fragmented by 

collision-induced dissociation in the linear ion trap if they displayed an intensity of at least 200 counts and 

had a charge of at least +2, with a dynamic exclusion of 60 sec. During fragmentation, a high-resolution 

(full width of 60,000 at half-maximum) MS spectrum was acquired in the Orbitrap with a mass range from 

300 to 1,500 Da. 

The acquired spectra were loaded into Progenesis LC−MS software (version 2.5, Nonlinear Dynamics) 

and analyzed applying a label-free peptide quantification, which is based on intensity and abundance of 

the corresponding peak area [42,43]. Features with only one charge or more than 8 charges were 

excluded from the analysis. The raw abundances of the remaining features were normalized to allow 

correction for factors resulting from experimental variation. All of the MS/MS spectra were exported as a 

Mascot generic file (mgf) and used for the peptide identification with MASCOT (version 2.3.02) in the P. 

trichocarpa protein database (version 3, 30195906 residues, 73013 sequences). The search parameters 

included a peptide mass of 10 ppm and tolerance of 0.6 Da MS/MS, one missed cleavage, cysteine 

carbamidomethylation as the fixed modification, and methionine oxidation and asparagine or glutamine 

deamidation as variable modifications. Using a MASCOT percolator score cutoff of 15 and a significance 

threshold of P < 0.05, the MASCOT-integrated decoy database search calculated a false discovery rate 

(FDR) of < 1%. The peptide assignments were reimported into Progenesis LC−MS software. Finally, only 

proteins represented by a minimum of two peptides were considered and their abundances were 

calculated after summing the abundances of all of the peptides allocated to each protein. For the 
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identification of PIPs, a small database comprising the 15 P. x canescens sequences was used. The 

mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium [45]  via 

the PRIDE partner repository with the dataset identifier PXD002544. 

Multivariate Statistics, Gene Ontology and Functional Annotation 

To ensure that only integral proteins associated with the plasma membrane were considered for the 

multivariate data analysis and interpretation, lists of identified proteins were filtered for the Gene Ontology 

(GO) annotation “Plasma membrane” of the corresponding A. thaliana ortholog 

(http://www.arabidopsis.org/tools/bulk/go/index.jsp), which was obtained via the POPGENIE 

(http://www.popgenie.org) database.  

A multivariate data analysis was conducted using principal component analysis (PCA) and the orthogonal 

partial least square regression (OPLS-DA) approach using the software package ‘SIMCA-P’ (v. 13.0.0.0, 

Umetrics, Umeå, Sweden). PCA was used to initially identify a potential separation among the WT, EV 

and PcPIP-RNAi lines. OPLS was used to identify discriminant proteins that significantly distinguished 

WT/EV (Y variable = 0) from the PcPIP-RNAi lines (Y variable = 1). Proteins with a Variable of Importance 

for the Projection value (VIP value) greater than 1 were defined as discriminant proteins. 

2.5. Photosynthetic gas exchange analysis 

Gas exchange measurements were performed with the portable gas exchange system GFS-3000 (Walz, 

Effeltrich, Germany) using leaf no. 9. The initial settings of the cuvette were a flow rate of 750 μmol s-1, 

16500 ppm H2O, 380 ppm CO2, a light intensity of 1500 μmol m-2s-1 PPFD and a leaf temperature of 25 

˚C. For the A/Ci curves, after a 30-min stabilization phase to reach the steady state, the CO2 

concentration was changed stepwise: 200 ppm, 100 ppm, 50 ppm, 20 ppm, 380 ppm, 650 ppm, 1000 

ppm, 1500 ppm, and 2000 ppm. The mesophyll conductance for CO2 (gm), maximum carboxylation rate 

allowed by ribulose 1·5-bisphosphate carboxylase/oxygenase (Rubisco) (Vc max), rate of photosynthetic 

electron transport (based on the NADPH requirements) (J), triose phosphate use (TPU) and day 

respiration (Rd) were calculated using a curve fitting method [46,47] by applying the online tool described 

by Sharkey et al. [48]. For the VPD (vapor pressure deficit) dependency, after reaching steady state, the 

relative humidity was decreased stepwise: 75%, 50%, 25%, and 0%.  
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2.6. Leaf hydraulic conductance analysis 

The leaf hydraulic conductance was measured using the high-pressure flow meter (HPFM, [49]) run with  

degassed distilled water. For the measurement, leaf no.10 was cut, petiole was recut immediately under 

water to maintain the petiole length at 2.5 cm and then connected with the HPFM. The leaf was kept 

under water to maintain a temperature of 30 ˚C and to prevent transpiration. The leaf hydraulic 

conductance was calculated as the slope of the water flow versus the transient pressure using HPFM 

software (DYNAMAX, Houston, TX, USA). The leaf hydraulic conductance was normalized to the leaf dry 

weight. 

2.7. Analysis of the stomata 

Two leaf discs from each leaf no. 9 were sampled at 1 p.m. from greenhouse grown plants (temperature 

25 ˚C, relative humidity 55%) and immediately fixed in PFA-glutaraldehyde fixation buffer (2.5% 

paraformaldehyde, 2.5% glutaraldehyde in 0.1 M phosphate buffer) [50]. The stomata were observed 

under a fluorescence microscope (Carl Zeiss AxioVision Release 4.8, Jena, Germany) using the DAPI 

filter with maximum excitation and emission wavelengths of 385 nm and 475 nm, respectively. Finally, the 

pore length, width and area of the stomata were measured using Carl Zeiss AxioVision Release 4.8 

analysis software. 

2.8. Statistical analysis 

Statistically significant differences between transgenic plants and WT plants were analyzed using one-

way analysis of variance (ANOVA, Holm-Sidak, P < 0.05) with Sigmaplot V 12.0 (Systat Software Inc., 

San Jose, CA, USA).  
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3. Results 

3.1. Comprehensive downregulation of PIPs by RNAi 

To explore the function of PIPs in Grey Poplar (P. × canescens), we produced poplar lines in which the 

PIP gene expression was reduced using RNA interference (RNAi). To target the two main groups of PIPs, 

we constructed specific RNAi cassettes for PIP1 and PIP2.  

For the initial molecular screening, the transcript abundance of 4 highly expressed leaf-specific PIP genes 

(PIP1;1, PIP1;2, PIP2;5 and PIP2;6) by semi-quantitative RT-PCR and protein quantity by ELISA was 

analyzed in leaf no. 9 of greenhouse cultivated plants. Eight out of the 13 PcPIP-I-RNAi lines and 5 out of 

the 7 PcPIP-II-RNAi lines showed a reduction of PIP transcript levels compared with the empty vector 

control (EV) (Supplemental Figure S2A). Moreover, 7 out of 13 the PcPIP-I-RNAi lines and all of the 

selected PcPIP-II-RNAi lines showed a reduction in PIP protein abundance (Supplemental Figure S2B). 

In general, independent from the intended RNAi target (PIP1.x or PIP2.x transcripts), a comprehensive 

reduction of both PIP subtypes was observed at the transcript and protein level. 

3.2. Reduction of PIP abundance modifies the plasma membrane proteome 

For the isoform-specific quantification of PIP proteins and to characterize other plasma membrane 

transport processes, we analyzed 2 pre-selected lines and WT/EV using a proteomic approach. The 

analyses were undertaken with wild type and empty vector control plants, as well as two pre-selected 

PcPIP-RNAi lines PIPI-9 and PIPII-13, which showed reduced PIP transcript and protein levels based on 

the molecular screening and, additionally, a visual leaf phenotype when grown under normal greenhouse 

conditions (as described later). To ensure the plasma membrane-specific interpretation of the data, only 

proteins with a Gene Ontology (GO) annotation “Plasma membrane” / ”Anchored to Plasma membrane” 

for the corresponding A. thaliana ortholog were included in the analysis. Finally, we identified 11 out of 

the 15 PIP isoforms and additional 510 plasma membrane proteins in the poplar leaf extracts (Table S5). 

Analysis of the abundance of the individual PIP isoforms revealed an almost identical pattern of 

downregulation of certain PIPs in the two PcPIP-RNAi transgenic lines PIPI-9 and PIPII-13 (Figure 1).  
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To identify other plasma membrane proteins that were differentially regulated as consequences of the 

downregulation of the PIP isoforms, a multivariate data analysis was applied using the data set from the 

PIPI-9 and PIPII-13, EV lines and WT. The principal component analysis (PCA) clearly separated WT/EV 

from PIPI-9 and PIPII-13 (Supplemental Figure S3). To identify the most responsible proteins for the 

separation into these two classes, we performed an OPLS-DA and calculated the Variable of Importance 

for the Projection value (VIP value) for each plasma membrane protein (Figure 2, Table S6). The 

statistical model provided a significant separation of the WT/EV from the PcPIP-RNAi lines (CV-ANOVA p 

= 0.0012) and explained 57.8% of the variation in component 1 (X).  Component 2 (Y) explained 99.7% of 

the variation with a prediction accuracy of 95.15%. Among 510 of the subjected proteins, 167 had a VIP 

value > 1 and were therefore identified as discriminate proteins (Figure 2B). Eighty-five of these proteins 

were more abundant in PIPI-9 and PIPII-13, whereas 82 proteins were less abundant (Table S6). 

However, the Log2 ratios of the protein abundance ranged from +1.9 to -1.6, reflecting moderate 

differences in the plasma membrane protein composition between the WT/EV and PcPIP-RNAi plants. 

The GO SLIM categorization of these 167 discriminant proteins revealed prominent roles and functions of 

these proteins in biological processes related to various stress responses (‘response to stress/abiotic and 

biotic stimulus’, 20%), to the processes of ‘cell organization and biogenesis’/’development’ (11%) and to 

the ‘transport’ of substances (9%). Additionally, some proteins could be assigned to ‘protein metabolism’, 

’signal transduction’, ‘transcription’, ‘DNA or RNA metabolism’, or ‘electron transport or energy pathways’ 

(Figure 3A).  

Because the ‘response to stress and abiotic/biotic stimulus’ comprised proteins with versatile activities 

(e.g., ABC transporters, calcium-dependent protein kinases, glycosyl hydrolase), we examined the TAIR 

annotation and available literature information for each protein in detail. As a result, the proteins could be 

attributed to a more specific role in metabolism or physiology (e.g., “regulation of stomatal aperture and 

movement”, “cell wall biosynthesis”, “photosynthesis”) (Figure 3B and Supplemental Table S6).  
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Remarkably, various proteins related to guard cell development and the control of stomatal movement 

exhibited a differential abundance in PcPIP-RNAi plants. The ortholog of A. thaliana AtCDC2, a cyclin-

dependent kinase involved in guard cell development, was downregulated in PcPIP-RNAi leaves. The 

abundance of several guard cell signaling components (orthologs of AtCBL1, AtCPK3, AtCPK6, AtHsp70-

15, AtPCAP1, AtPLDDELTA and AtTCTP) was altered, implying changes in guard cell regulation. In 

addition to the proteins involved in signaling, several proton pumps (e.g., AtAHA5, AtAVP1 and AtVHA), 

ion transporters (e.g., AtKAB1, AtNRT1.3, AtVDAC1 and AtACA2) and sugar transporters (AtSTP13 and 

AtSUT4) were downregulated, excluding AtAHA5, which was upregulated. The transport of all of these 

substances (H+, K+, NO3
-, sugars), which contribute to osmosis driven stomatal movement [51], appeared 

to be affected in response to PIP downregulation. 

Consistent with the role of PIPs in controlling transmembrane water transport and thereby the balance of 

water in the whole leaf is the observation that 23 differentially regulated proteins were involved in abscisic 

acid (ABA) signaling and related to dehydration/osmotic stress. Interestingly, AtPERK4, which plays a 

positive role in ABA signaling, was downregulated, whereas two negative regulators of ABA signaling, 

AtSAUL1 and AtAGB1, were upregulated. A dehydrin (AtERD14) and a LEA protein (AtLEA26) were less 

abundant while two additional LEA proteins were more abundant in PcPIP-RNAi leaves. Three ABC 

transporters which are responsible for moving cutin and wax (orthologs of AtABCG11 and AtABCG15), 

were upregulated, providing evidence for an increase in cutinization. Four HIR/band 7 family proteins 

were also more abundant in PcPIP-RNAi leaves. These proteins are predicted to control ion channels and 

thereby osmotic homeostasis.    

In addition to ABA, the hormonal network related to auxin and brassinosteroids appeared to be affected 

by PIP downregulation. Two auxin transporters, the orthologs of the A. thaliana auxin efflux carrier 

AtABCB15 and the auxin influx transporter AtAUX, were up- and downregulated, respectively. In addition, 

two auxin-related signaling components (AtAILP1 and AtAIR12) were more abundant. Seven proteins in 

the brassinosteroid network were upregulated (AtBIR1, AtBON2, AtBSK1, AtBSK2 and AtSOBIR1), and 

three were downregulated (AtDWF1 and AtTHE1).   
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The re-organization of cellular structures, including biosynthesis of the cell wall, cytoskeletal dynamics 

and membrane trafficking appeared to be another consequence of the reduction of PIPs. Seven enzymes 

involved in the biosynthesis of cell wall components were differentially regulated in the PcPIP-RNAi lines, 

with an increased and decreased abundance of the enzymes AtCALS1, AtCSLG3, AtSGT and AtSVL1 

and the enzymes AtGH9A1, AtUGP2, AtUXS6, respectively. A myosin, an actin and the AtCAP1 protein, 

which is involved in actin dynamics, were also less abundant. The orthologs of A. thaliana AtSYP71, 

AtSYP121, AtNSF and Arf-type and Rab-type small GTPases, which are involved in intra- and inter-

cellular membrane and vesicle trafficking, were upregulated.  

Several differentially regulated proteins were involved in different photosynthetic processes. Of note, all of 

these proteins were downregulated due to the reduction of PIPs. These proteins included metabolic 

enzymes such as glycolytic AtTPI and AtF2KP, the photorespiratory AtSHM1 and AtAGT, and various 

proteins responsible for light signaling and chloroplast movement (orthologs of A. thaliana AtAKR2B, 

AtKAC1, AtNPH3, AtPMI1 and AtWEB1). Light harvesting in photosynthesis appeared to be affected 

because of the regulation of the AtCCD1, AtEMB1047 and AtEMB2083 proteins, which are associated 

with processes in photosystem II.  

The downregulation of PIPs also seemed to result in an increase in the unfolded protein response (UPR), 

which is a cellular stress response that is related to the endoplasmic reticulum. Nine proteins that are 

involved in this particular stress response and are therefore responsible for proper protein folding were 

more abundant in the mutants: orthologs of A. thaliana AtBAG7, AtBIP2, AtBIP2, AtCNX1, AtERDJ3B, 

AtHAP6, AtPDIL1-2 and two subunits of the oligosaccharyltransferase (OST), AtSTT3A and AtSTT3B. 

Similarly, four ribosomal proteins were downregulated and two were less abundant. 

3.3. PIP downregulation caused morphological and physiological changes in the leaf 

As shown in Figure 4A, the downregulation of PIP translation caused a gradual change in leaf 

morphology. Compared with WT/EV, the leaves of the PIPI-9 and PIPII-13 plants were more round and 

less jagged, and the plants had a smaller total leaf area (Figure 4A and B); PIPII-13 plants also had a 

significantly smaller specific leaf area (Figure 4C). Further analysis using confocal microscopy revealed 

that PIPI-9 and PIPII-13 had a stomata density that was similar to WT/EV. However, the pore area, length 
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(L) and width (W) of the stomata in PIPI-9 (L 11.5 μm; W 2.3 μm) and PIPII-13 (L 11.1 μm; W 1.6 μm) 

leaves were significantly larger when compared to the stomata in WT leaves (L 10.3 μm; W 1.1 μm) and 

EV (L 10.3 μm; W 1.2 μm) (Figure 4E and F). This finding correlated with the wider opened stomata, as 

reflected by the pore size of the stomata in both lines (Figure 4D and Supplemental Figure S5).  

An important physiological trait is leaf hydraulic conductance (Kleaf), which characterizes water 

permeability throughout the whole tissue and represents a central element in the regulation of the leaf 

water balance. We analyzed the leaf hydraulic conductance using a high pressure flow meter (HPFM). In 

PIPI-9 leaves, the Kleaf was approximately 60% higher (P < 0.05) compared with WT/EV leaves. The 

leaves of the PIPII-13 lines also tended to display a higher Kleaf compared with WT and EV (Supplemental 

Figure S4).  

To analyze the importance of PIPs in plant photosynthetic processes, we analyzed the photosynthetic gas 

exchange under different air humidity levels (with different vapor pressure deficits (VPD) ranging from 

0.75 kPa to 3.0 kPa) and under different internal leaf CO2 concentrations (“A/Ci curves”, with Ci ranging 

from 20 ppm to 2000 ppm). Following exposure to increasing VPD (more dry air), the leaves of the PIPI-9 

lines displayed significantly (P < 0.5) higher transpiration rates and, accordingly, higher stomatal 

conductivities compared with WT/EV. The differences in transpiration and stomatal conduction increased 

stepwise with the rising dryness of the surrounding air (VPD from 1.4 kPa to 3.0 kPa). This physiological 

phenotype was not observed for line PIPII-13 (Figure 5 A and B). An analysis of the responses of 

photosynthesis to CO2 revealed a significantly (P < 0.05) higher net CO2 assimilation and electron 

transport rates in PIPI-9 and PIPII-13 compared with WT/EV when the Ci concentration ranged from 

ambient to high (380 ppm to 2000 ppm) (Figure 5 C and D).  

The computation tools provided by Sharkey et al. [48] permitted the calculation of important parameters of 

photosynthesis and leaf physiology based on the measured A/Ci curves: Vcmax (the maximum 

carboxylation rate allowed by ribulose 1·5-bisphosphate, carboxylase/oxygenase (Rubisco)), J (the rate of 

photosynthetic, electron transport (based on the NADPH requirements)), TPU (triose phosphate 

utilization), Rd (day respiration) and gm (mesophyll conductance to CO2). Table 1 summarizes the values 

obtained by fitting the A/Ci curves of the WT/EV and PcPIP-RNAi lines. In comparison with WT/EV, the 
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photosynthetic parameters TPU, J and gm were significantly higher in the leaves of the PIPI-9 line but not 

in line PIPII-13. 

4. Discussion 

4.1. Downregulation by RNA interference results in transcriptional and translation suppression in 

both PIP groups 

The initial aim of this study was to reduce the two PIP groups separately by using two RNAi constructs 

(PcPIP-I-RNAi and PcPIP-II-RNAi). The multiple sequence alignment of the 15 PcPIPs and the two RNAi 

sequences revealed only PIP1 genes as targets of the PcPIP-I-RNAi construct and only PIP2 genes for 

the PcPIP-II-RNAi construct. However, both constructs resulted in a joint downregulation of both 

subgroups of PIPs. One possible explanation for this phenomenon could be that PIP1 and PIP2 function 

as heterotetramers and that this interaction is necessary for proper plasma membrane trafficking [52–54]. 

It is possible that the interaction between the PIP1 and PIP2 proteins is regulated at the expression level, 

and in turn, the repression of one group (PIP1 or PIP2) results in the co-suppression of the other group. 

Also Sade and co-workers observed reduced levels of PIP2 genes and proteins when targeting PIP1s by 

artificial microRNAs [8] supporting the unavoidable occurrence of co-suppression effects when targeting 

one PIP subgroup. In contrast to this finding, Secchi and Zwieniecki [20] demonstrated that the 

downregulation of PIP1 subgroup by RNAi did not result in a co-suppression of PIP2s at the 

transcriptional level. Therefore we cannot exclude, that the selected RNAi sequences were not sufficiently 

specific to target the subgroups separately, although alignment results show the intended specificity. The 

alignment includes only one allele of each PIP gene and therefore the analysis might have overlooked 

allelic differences and thus possible targets. In addition to the alignment, an on/off-target analysis was 

performed using the two RNAi sequences for a BLAST of the P. trichocarpa genome (Supplemental 

Table S2). This analysis revealed only PIP genes as likely targets of the 2 RNAi sequences, when 

assuming 100% identity for at least 21 nucleotides (Table S2). Although this analysis is quite solid, it does 

not ensure 100% safety because P. trichocarpa was used as reference. However, our RNAi approach 

jointly targeted the two PIP subgroups and resulted in a stable downregulation of the PIP family, 

supported by the almost identical pattern of PIP downregulation in the two lines PIPI-9 and PIPII-13. This 
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offers the novel opportunity to study the functionality of the entire PIP subfamily as also contemplated by 

Sade and co-workers [8]. 

4.2. Evidence for a central role of PIPs in stomatal movement 

In the present study, we observed an excessive opening of the stomata in PcPIP-RNAi poplars. A few 

studies have described a specialized function of PIPs in regulating water flux into the guard cells of the 

stomata, thereby controlling opening and closure [55–57]. The stomatal movement is driven by ion fluxes, 

which result in an influx/efflux of water into/out of guard cells (reviewed in Kollist et al. [51]). PIPs ensure 

a high level of membrane water permeability, which is necessary for the rapid changes in guard cell 

volume.  In addition to providing high water membrane permeability in guard cells, PIP1s, together with 

the activity of carbonic anhydrase and/or PEP carboxylase, may be involved in the perception of the 

internal CO2 concentration [51]. The response to the internal CO2 concentration is of central importance 

for stomatal control because it feeds back to photosynthetic CO2 fixation.  Thus, we speculate that the 

downregulation of PIP1s, besides affecting water permeability, also disrupted the perception of CO2 in the 

guard cells in PcPIP-RNAi leaves. Consequently, the regulation of stomatal movement was affected in 

PcPIP-RNAi leaves as demonstrated with the proteomics results. An essential component of stomatal 

signaling mechanisms is the ABA-stimulated complex formation between the PYR/PYL/RCAR receptors 

(RABA) and PP2C phosphatases. This complex formation leads to the suppression of PP2C activity and, 

subsequently, to the activation of different kinases (OST1, CPKs and GHR1), which in turn activate the 

suite of anion channels [51]. Our analyses revealed several guard cell-specific signaling components 

(most importantly, the orthologs of A. thaliana AtCPK3 and AtCPK6) that were differentially regulated in 

PcPIP-RNAi leaves. However, the signaling components were not the only altered features. Several 

proton, anion and two sugar transporters, which also can contribute to an accumulation of solutes [58], 

showed a differential abundance. Although these transporters do not all have a guard cell-specific 

annotation, this suite of transport events strongly suggests a contribution to guard cell ion fluxes and 

turgor control. In summary, we hypothesize that the comprehensive reduction of PIPs disturbed the 

regulation of guard cell turgor. Subsequently, the reduced water membrane permeability was countered 

by the alteration in guard cell solute transport, which was under the control of the guard cell signaling 
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network. Unfortunately, this counter-regulation resulted in overcompensation and excessive stomatal 

opening.  

4.3. Molecular implications of the disturbance in stomatal control 

The dysregulation of stomatal movement as a consequence of PIP repression is followed by a set of 

physiological implications that begin with excessive stomatal opening (Fig. 6). Due to the wider stomatal 

opening, PcPIP-RNAi leaves exhibited higher net CO2 assimilation and transpiration rates. The increased 

transpiration rates did not seem to be in balance with the water relationships in the whole plant. With the 

proteomic and physiological survey, we obtained evidence that the increased water loss due to 

transpiration caused a certain level of dehydration in the leaf, which resulted in different stress responses 

to increase the internal water conductivity and to decrease water loss in the leaf. First, we found several 

ABA biosynthesis and signaling-related proteins (AtAGB1, AtSAUL1, AtPERK4) that were differentially 

abundant in PcPIP-RNAi leaves. ABA is the most important player and starting point in guard cell 

signaling pathways [59], and it also regulates the water status of the plant via other pathways and 

controls various abiotic stress responses [60,61]. Therefore, the alteration of the ABA signalosome 

supports the conclusion that PcPIP-RNAi plants were at risk of excess water loss and drought stress. In 

line with this, a protein that confers drought resistance (AtABCG22) and the cutin-transporting ABC 

transporters (AtABCG11 and AtABCG15) were upregulated. The upregulation of cutin transporters 

implicates that the cuticle of PcPIP-RNAi leaves was reinforced, which is important for protection against 

drought stress [62].  

In addition to the increased cutinization, the cell wall in PcPIP-RNAi leaves appeared to undergo 

remodeling because several enzymes involved in the biosynthesis of cell wall components showed a 

differential abundance. Interestingly, the cellulose and callose synthases, as well as the AtSVL1 protein, 

which is responsible for cellulose accumulation, were upregulated. This observation suggests a 

reinforcement of the cell wall. Additionally, the regulation of AtUGP2, AtUXS6 and AtGH9A1, enzymes 

that are responsible for cell wall carbohydrate biosynthesis [63–65], suggests changes in the chemical 

properties and composition of the cell wall.  The reinforcement and restructuring of leaf cell walls is an 
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important dynamic response of plants to drought because adaptation of the cell wall elasticity is 

necessary to maintain cell turgor and extensibility [66,67].  

In addition to the extracellular changes, several components of the intracellular organization were 

differentially regulated, including alterations in membrane trafficking and the cytoskeleton. Dynamic 

cytoskeleton remodeling is essential for almost every intracellular activity, from cell division to cell 

movement, morphogenesis and signal transduction, as well as for the transport of molecules and 

organelles [68,69]. Furthermore, the refinement of vesicle trafficking is needed in response to abiotic and 

biotic stresses, such as osmotic stress [70]. Therefore, the re-organization of cellular structures and 

membrane traffic in response to PIP downregulation and excess water loss trough transpiration can 

presumably be interpreted as drought stress defense reaction. However, intracellular management of 

vesicle transport is important for the localization and distribution of PIPs to/in the plasma membrane to 

quickly change water membrane permeability [71,72]. Most interestingly, AtSYP121, a member of the Q-

SNAREs (soluble N-ethylmaleimide-sensitive factor (NSF) protein attachment protein (SNAP) receptor) 

and known to coordinate PIP trafficking to the plasma membrane [71], and the AtNSF protein were more 

abundant in PcPIP-RNAi leaves. This finding could reflect an attempt to compensate for the reduced PIP 

content by increasing intracellular vesicle transport. 

Several proteins related to the unfolded protein response (UPR), which is a part of the endoplasmic 

reticulum (ER) quality control, were more abundant in PcPIP-RNAi leaves. Membrane traffic is closely 

associated with the ER, which is the entry point into the entire endomembrane system [73]. The UPR 

regulates gene transcription and protein translation to adapt the secretory pathway to ER loading and to 

the overall efficiency of the folding process within this compartment. Simplistically, an increase in UPR 

proteins can be interpreted as an accumulation of defective proteins and stress. However, other 

processes, such as cellular development, need for an increase in ER dimensions and, can promote 

similar responses [74]. However, the present study was based on plasma membrane preparations and 

proteomics. For data interpretation, only the plasma membrane annotated proteins were included. 

Therefore, the observations on UPR proteins and membrane trafficking were incomplete, and thus, 

important components might have been overlooked. A detailed interpretation of the other 

endomembrane-associated processes requires further analyses.   
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In addition to the extra- and intracellular re-arrangements to increase water conductivity, as well as light 

signaling and chloroplast movement, two important features for plants to optimize their photosynthetic 

capacity appeared to be affected by the reduction of PIPs: two NPH3 (non-phototropic hypocotyl 3) family 

proteins were downregulated in PcPIP-RNAi leaves. Both proteins have been shown to be involved in leaf 

positioning [75], auxin-dependent phototropism [76] and leaf flattening [77]. The phototropin-dependent 

blue light signaling pathway is also involved in controlling stomatal opening [51]. Thus, downregulation of 

the two NPH proteins could reflect the suppression of blue light-induced stomatal opening.  In addition, 

three proteins (orthologs of AtWEB1 and AtPMI1) involved in chloroplast relocation [78,79] were 

downregulated, suggesting a reduced requirement in PcPIP-RNAi leaves and chloroplasts to adjust to the 

changing light conditions.  In addition, two enzymes in the photorespiratory pathway (orthologs of the 

A.thaliana AtAGT, AtSHM1) were less abundant in PcPIP-RNAi leaves. Altogether, the reduced 

dissipation of excess photochemical energy by photorespiration and photosynthesis appeared to be 

better balanced in PcPIP-RNAi leaves, which was also supported by the observed higher rates of electron 

transport. 

4.4. Physiological and morphological implications of the disturbance in stomatal control 

The plasma membrane proteomic results suggested the presence of different strategies of the molecular 

machinery in response to the downregulation of PIPs which imply that leaves of PcPIP-RNAi plants were 

at risk of drought stress. These molecular observations were partially confirmed by the physiological 

characterization of the PcPIP-RNAi leaves. First, PcPIP-RNAi leaves displayed higher leaf hydraulic 

conductivity (Kleaf). The Kleaf strongly depends on several aspects of leaf anatomy, including the vein 

architecture, intercellular space, volume of the mesophyll and epidermis layers, and cell wall thickness 

and composition [80]. As suggested by the proteomic results, the cell wall and cuticle were reinforced, 

which not only compensates for turgor loss and prevents water loss. The cell wall modifications certainly 

also affected the Kleaf. Thus, because the Kleaf was higher in PcPIP-RNAi leaves, the cell wall 

modifications could be interpreted as a tactic to compensate for the reduced PIPs, which normally 

contribute to the internal water conductivity of the leaf. Second, in addition to the higher Kleaf, the 

mesophyll conductance for CO2 (gm) was also increased in PcPIP-RNAi leaves. This results appear to be 

in contrast to previous studies showing that PIP1s can facilitate CO2 diffusion through cellular membranes 
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and are involved in the highly dynamic changes in gm [17,19,20,81,82]. However, in these studies with 

either tobacco, Arabidopsis or Grey poplar plants, no morphological phenotype was observed. In the 

present study, when the PIP1 and PIP2 proteins were knocked down, the conflicting results regarding net 

CO2 assimilation and gm can be explained by the extra- and intracellular re-arrangements. The gm reflects 

the integration of at least three components: conductance (i) through intercellular air spaces (gias), (ii) 

through the cell wall (gw) and (iii) through the liquid phase inside cells (gliq) (Flexas et al., 2008, 2012). It 

appears evident that gw is influenced by the cell wall structure and composition, which presumably was 

altered in PcPIP-RNAi leaves. Although there is strong support for the intracellular re-organization of the 

cytoskeleton in PcPIP-RNAi leaves, a metabolic process (e.g., carbonic anhydrase activity [83,84] most 

likely contributes to the potential changes in gliq. However, additional details, such as cell wall thickness 

and composition, and the mesophyll architecture, must be assessed in future to clarify the relationship 

among Kleaf, gm and the proteomic results. 

In the present study, the leaf morphology of the lines PIPI-9 and PIPII-13 changed evidently, even when 

the plants were grown under normal conditions. These changes support the plasma membrane proteomic 

results which suggest a chronically drought-stressed phenotype due to the downregulation of PIPs. 

Several studies have shown that drought and ABA application reduce leaf size and SLA [85–87], as 

observed for PcPIP-RNAi leaves. However, the reduced leaf size and different shape could also be 

directly explained by PIP repression because PIPs are associated with cell biogenesis and growth. For 

instance, in barley, HvPIP1;6 facilitates growth-related water uptake into leaf epidermis elongation zone 

cells [88]. Furthermore, in Arabidopsis, AtPIP2;1 is involved in lateral root emergence [7]. However, some 

previous studies have shown that the modification of one specific AQP gene [9,19,81] or the repression of 

the PIP1 subfamily [20] does not lead to a strong visible phenotype. Therefore, we believe it is more likely 

that the physiological implications of PIP-downregulation caused the drought stress-adapted leaf 

morphology. 
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5. Conclusions 

Globally, we could show that the reduction of PIP proteins in poplar causes multi-scale effects from the 

molecular to the physiological and morphological level. The dysregulation of stomatal control appeared to 

be the pivotal cause for the whole phenotype (Figure 6). A subsequent counter-regulation by other 

channels and transporters as well as signaling components led to excess stomatal opening and higher 

transpiration and net CO2 assimilation rates. With the proteomic and physiological survey, we obtained 

evidence that the increased transpiration and water loss provoked a certain level of dehydration in the 

leaf. Hereupon, the hormonal network of ABA, auxin and brassinosteroids appeared to control the re-

organization of extra- and intracellular structures which leaded to adjusted photosynthesis, higher Kleaf 

and an overall drought stress-adapted leaf phenotype. 
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Figure legends 

 

Figure 1. Proteomic analysis of PIP protein abundance in PcPIP-RNAi lines. The Log2 ratio of PIP protein 

abundance in PcPIP-RNAi transgenic lines (TR) relative to empty vector (EV) determined by LC-MS/MS-

based proteomic analysis. Eleven of 15 PIP proteins were detected.  The data represent the 2 PcPIP-

RNAi transgenic lines (PIPI-9  and PIPII-13 ) that showed lowest PIP protein abundance. 

 

Figure 2. Score (A) and loading (B) plots for the orthogonal partial least squares-discriminant analysis 

(OPLS-DA) based on plasma membrane proteins extracted from the leaves of wild type and transgenic 

PcPIP-RNAi poplars. (A) Each point represents an independent plant sample (n=4 in the score plots): 

wild type (WT ), empty vector control (EV ), and two PcPIP-RNAi-lines (PIPI-9 , PIPII-13 ). (B) 

Each point represents one of the 510 proteins included in the analysis. Proteins marked in orange have a 

Variable of Importance for the Projection value (VIP value) greater than 1 and were therefore defined as 

discriminant proteins. The model summary provided the following: R2X(1)=0.222, R2X(cum)=0.578, 

R2Y(cum)=1, Q2(cum)=0.951 and CV-ANOVA; P = 0.00012.  

 

Figure 3. Functional categorization of 167 discriminant proteins (VIP value > 1) identified by the OPLS-

DA model of plasma membrane proteins extracted from wild type and transgenic PcPIP-RNAi poplar 

leaves. (A) The GO SLIM classification was obtained via the TAIR DB search. The results for the 

category “Biological Process” are shown. (B) Classification based on TAIR annotation and available 

literature information. 
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Figure 4. Leaf morphology of PcPIP-RNAi transgenic lines (PIPI-9 and PIPII-13), empty vector (EV) and 

wild type (WT) plants. (A) No. 1-8 and no. 11-15 leaf morphology. (B) Total leaf area. (C) Specific leaf 

area (SLA) of leaf no. 9. (D) Stomatal density. (E) Stomatal pore opening area. (F) Stomatal pore length 

(solid filled in) and width (grid filled in). For (B) and (C) values area mean of 6 biological replicates ± SE.  

For (D) to (F) 30 randomly selected stomata of 3 biological replicates were analyzed (n=3, means ± SE). 

(*) indicates significant difference between PcPIP-RNAi transgenic and wild type plants (one-way 

ANOVA, P < 0.05).  

 

Figure 5. Photosynthetic parameters of leaf no. 9 for wild type and PcPIP-RNAi transgenic plants (wild 

type ( ), empty vector ( ), PIPI-9 ( ) and PIPII-13 ( )) during water curves (different leaf-to-air vapor 

pressure deficit (VPD), (A), (B)) and A/Ci curves (different internal CO2 concentration (Ci), (C), (D)). (A) 

Transpiration rate. (B) Stomatal conductance for H2O. (C) Net CO2 assimilation rate. (D) Electron 

transport rate (ETR). Values are the means +SE (n=6). (*) indicates significant difference between PcPIP-

RNAi transgenic and wild type plants (one-way ANOVA, P < 0.05).  

 

Figure 6. Summary of the consequences of the complete downregulation of PIP proteins in poplar 

leaves. Green boxes show the results of the physiological analyses, red boxes display the molecular 

observation based on the proteomic analyses, and grey boxes show the potential mechanisms underlying 

the phenotypes caused by the reduction of PIP. 
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Table legend 

Table 1. Characterization of the photosynthetic parameters of wild type and PcPIP-RNAi transgenic 

plants by the curve-fitting method for A/Ci curves (Ethier and Livingston, 2004; Ethier et al., 2006) by 

applying the online tool described by Sharkey et al. (2007). Vcmax, maximum carboxylation rate allowed by 

ribulose 1·5-bisphosphate carboxylase/oxygenase (Rubisco); J, rate of photosynthetic electron transport 

(based on the NADPH requirements); TPU, triose phosphate use; Rd, day respiration; gm, mesophyll 

conductance of CO2. (*) indicates significant difference between the transgenic line and wild type (one-

way ANOVA, P < 0.05). Values are the means ±SE (n=6). 
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TABLES 

Table 1 

 

 

Characterization of the photosynthetic parameters of wild type and PcPIP-RNAi transgenic plants by the 

curve-fitting method for A/Ci curves (Ethier and Livingston, 2004; Ethier et al., 2006) by applying the 

online tool described by Sharkey et al. (2007). Vcmax, maximum carboxylation rate allowed by ribulose 1·5-

bisphosphate carboxylase/oxygenase (Rubisco); J, rate of photosynthetic electron transport (based on 

the NADPH requirements); TPU, triose phosphate use; Rd, day respiration; gm, mesophyll conductance of 

CO2. (*) indicates significant difference between the transgenic line and wild type (one-way ANOVA, P < 

0.05). Values are the means ±SE (n=6). 

 
  

 
Vc max 

(μmol m-2 s-1) 

J 

(μmol m-2 s-1) 

TPU 

(μmol m-2 s-1) 

Rd 

(μmol m-2 s-1) 

gm 

(mol m-2 s-1) 

WT 46.47±1.52 52.52±1.95 3.45±0.12 0.99±0.07 0.06±0.00 

EMPTY 50.21±1.81 57.26±2.80 3.72±0.17 1.17±0.10 0.06±0.01 

PIPI-9 44.09±6.49 66.87±6.03* 4.69±0.32* 0.89±0.13 0.14±0.02* 

PIPII-13 50.25±3.08 61.46±3.59 4.21±0.27 1.15±0.07 0.06±0.00 
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Biological significance 

 

The present work is a comprehensive survey combining leaf plasma membrane proteomics and 
physiological methods to assess the functionality of the whole PIP subfamily in tree model 
system. 
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Highlights 

 We established PcPIP-RNAi-poplars targeting the whole PIP subfamily 
 PIP downregulation strongly affected the leaf plasma membrane proteome 
 Signaling components and transporters involved in stomatal movement were changed 
 Leaves exhibited excessive stomata opening 
 As consequence, leaf physiology was affected on multi-scale 

 


