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ABSTRACT 

Aquaporins are water channel proteins belonging to the major intrinsic protein (MIP) family. 

They facilitate water transport across cellular membranes. In plants, plasma membrane 

intrinsic proteins (PIPs) represent abundant aquaporins located at the plasma membrane. Here 

I study (i) the impact of PIP-dependent tissue hydraulics on lateral root (LR) development and 

(ii) metabolomic changes provoked by the loss of PIP genes in control, drought and heat 

scenarios employing the model plant Arabidopsis thaliana. 

LR development is crucial for the establishment of a mature root system. The developmental 

processes leading to the initiation of the lateral root primordium (LRP) in defined pericycle 

cells in the inner root tissue, to its expansion and finally to the penetration of the overlaying 

tissue are predominantly regulated by a local accumulation of the phytohormone auxin. 

Although tissue hydraulics should affect these steps, the role of PIP aquaporins in LR 

development has not yet been studied. Expression assays reveal that most PIP genes are 

repressed by exogenous auxin treatment. In many cases, this repression is dependent on the 

transcription factor AUXIN RESPONSE FACTOR 7 (ARF7) mediating auxin responses. The 

spatio-temporal expression patterns of most PIP genes during LR development using 

proPIP:GUS reporter lines demonstrate that the highly expressed isoforms PIP2;1 and 

PIP2;2 are progressively excluded from the tip of LRP while being maintained at its base and 

in the underlying stele. PIP1;2 and PIP2;7 are repressed only at the tip of the LRP throughout 

its growth, and they are also present in the overlaying tissue. PIP1;1 and PIP2;4 are 

exclusively expressed in the overlaying tissue. Their expression in the overlaying tissue is 

somewhat weaker than in flanking regions of the root. In contrast, PIP2;8 is highly induced 

later during LR development at the base of LRP and the underlying stele in an auxin-

independent manner. A tissue-scale mathematical model (developed by Leah Band, 

University of Nottingham) further predicts the delayed lateral root emergence (LRE) in loss-

of-function pip mutants, in which LRP-expressed isoforms are affected. Consistent with the 

model prediction, pip2;1, pip2;2, pip1;2 and pip2;7 exhibit retarded LRP outgrowth. 

However, pip1;1, pip2;4 and pip2;8 cannot confirm the current model which predicts 

accelerated LRE, since all mutants exhibit delayed LRE. Taken together, these findings 

indicate that LRE requires the spatio-temporal distribution of PIP aquaporins regulated by 

both auxin-dependent and independent pathways.  

Drought and heat are key factors of climate change scenarios affecting plant water relations. 

In this study, the involvement of PIP aquaporins in coping with such conditions is addressed 

by analyzing the altered stress responses at metabolic level upon loss of PIP2;1, PIP2;2 and 
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PIP2;4 isoforms. Non-targeted metabolomics analysis using ultra-high resolution Fourier 

Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS) approach reveals that 

the metabolic profiles are affected by both environmental conditions and PIP mutations. 

Among the significantly changed m/z peaks identified in pip mutants compared to wild-type 

plants most are related to a specific condition. The changes of putative soluble sugars, sulfur-

containing metabolites and some unknown peaks due to the loss of PIP isoforms could reflect 

the metabolic regulations upon reduction of cellular water permeability. 
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1. INTRODUCTION 

 

1.1 Water transport and aquaporins in plants 

1.1.1 Water uptake and transport 

In plants, roots are mostly responsible for water uptake from the surrounding environment 

(e.g. soil, hydroponic culture) to fulfill the organisms’ water requirements.  Once water enters 

a root, it moves radially across outer tissues to reach the xylem (Figure 1), and eventually 

achieves long-distance transport and distribution into mesophyll and epidermal cells of leaves.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Cross section of an Arabidopsis root. The section is positioned with the xylem in a horizontal 

manner. The line for pericycle points to a xylem-pole pericycle cell. Section thickness: 30 μm.  

 

 

The water movement in plants’ living tissues follows three routes: apoplastic (within cell wall 

continuum), symplastic (cytoplasmic continuities and plasmodesmata) and transcellular 

(across cell membranes) paths (Steudle, 2001). They are co-present, and their contributions 

vary depending on the conditions. For example, symplastic and transcellular paths are 

dominant when the apoplastic passage is blocked by the Casparian band (found in root 

endodermal cells), which is thought to be completely impermeable to water.  
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In contrast to apoplastic and symplastic paths, which do not require water to cross membranes, 

the transcellular path involves water transport across plasma and intracellular membranes. 

Although lipid bilayer membranes are permeable for water to some extent, the presence of 

water-conducting channels, so-called aquaporins, at the membranes largely enhances their 

water permeability. This is an essential feature when high rates of transcellular water transport 

are required in plants. 

 

1.1.2 Plant aquaporins  

1.1.2.1 Structure and substrate selectivity 

Aquaporins were initially discovered in human erythrocytes (Moon et al., 1993; Preston and 

Agre, 1991), and further found in most living organisms (Gomes et al., 2009). They belong to 

the major intrinsic protein (MIP) family and exhibit conserved structural features across 

organisms (Fujiyoshi et al., 2002; Jung et al., 1994; Törnroth-Horsefield et al., 2006): an 

aquaporin monomer is a 23-31 kDa protein containing six transmembrane helices connected 

by five loops (A to E), with N- and C-terminal domains protruding into the cytosol (Figure 2). 

Two highly conserved asparagine-proline-alanine (NPA) motifs, together with aromatic/Arg 

(ar/R) constriction, contribute to the substrate selectivity and control water molecules passing 

the channel in a single-file manner.  

 

 

Figure 2 Schematic representation 

of an aquaporin monomer located 

at the plasma membrane. Six grey 

bars indicate the trans-membrane 

helices (1 to 6), which are 

connected by three extracellular 

(A, C, E) and two intracellular (B, D) 

loops. Two conserved NPA motifs 

located at loop B and E, 

respectively, fold into the lipid 

bilayer to form a seventh 

transmembrane helix. A single 

aqueous pathway contributes to 

the substrate selectivity and 

forces water molecules to pass 

the channel in a single-file manner. 

 



INTRODUCTION 

3 

 

Although aquaporins were initially designated as water channels, some isoforms have been 

shown to facilitate the transport of other small uncharged molecules as well, including urea 

(Gerbeau et al., 1999), glycerol (Biela et al., 1999), carbon dioxide (Uehlein et al., 2003), 

hydrogen peroxide (Bienert et al., 2007), ammonia (Holm et al., 2005), boric acid (Takano et 

al., 2006) and silicic acid (Ma et al., 2006). 

 

1.1.2.2 MIP subfamilies in plants 

Compared with 13 aquaporins in mammals, plant aquaporins show a larger number of 

isoforms with 35 homologs in Arabidopsis thaliana (Johanson et al., 2001; Quigley et al., 

2002). These 35 isoforms fall into four subfamilies on the basis of sequence homology and 

subcellular localization (Figure 3). The plasma membrane intrinsic proteins (PIPs) and the 

tonoplast intrinsic proteins (TIPs) represent the most abundant aquaporins located in the 

plasma membrane and the tonoplast, respectively. The PIP subfamily contains 13 isoforms, 

which can be further divided into PIP1 (five isoforms) and PIP2 (eight isoforms) subgroups. 

The nodulin-26-like intrinsic proteins (NIPs) are close homologs of nodulin-26 in soybean 

(Glycine max), an aquaporin highly expressed in the peribacteroid membrane of N2-fixing 

symbiotic root nodules (Fortin et al., 1987; Rivers et al., 1997). Nine isoforms of NIPs 

identified in Arabidopsis are expressed in the plasma and endoplasmic-reticulum (ER) 

membranes (Wallace et al., 2006). The fourth subfamily is small basic intrinsic proteins 

(SIPs). Three SIP isoforms are present in Arabidopsis, harboring in the ER membranes 

(Ishikawa et al., 2005).  

 

1.1.2.3 Transcript and protein levels of PIP aquaporins in Arabidopsis 

Expression and protein levels of PIP aquaporins at different developmental stages and in 

various organs in Arabidopsis provide fundamental information of their possible functions. 

Expression of PIPs during seed germination and in different organs, including roots, leaves 

and flowers, has been determined using cDNA microarray or real-time quantitative PCR 

(qPCR). In dry seeds, all PIP isoforms exhibit very low expression level, whereas PIP1;2 is 

highly induced in two-day-old germinating seeds. Other PIP genes, including PIP1;1, PIP1;4, 

PIP2;1, PIP2;2, PIP2;6 and PIP2;7, are also upregulated, but to a lesser extent compared 

with PIP1;2 (Vander Willigen et al., 2006). Interestingly, most of germination-upregulated 

genes are also major PIP isoforms found in different organs post-germination. PIP1;1, PIP1;2, 

PIP2;1 and PIP2;2 exhibit both high transcript and protein levels in roots. The qPCR and 
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quantitative proteome analysis have demonstrated that PIP1;2 and PIP2;1 represent the major 

isoforms whereas PIP1;1 and PIP2;2 are less abundant ones in leaves. PIP1;2 and PIP2;1 

have been shown to be highly expressed in flowers as well. PIP2;7 is also ubiquitously 

present, but its abundance is lower than that of PIP1;2 and PIP2;1. Although PIP2;6 has the 

highest transcript level in leaves among PIP isoforms, its protein level is considerably low. 

Both transcript and protein levels of remaining PIP isoforms are comparably low in roots, 

leaves and flowers (Alexandersson et al., 2005; Boursiac et al., 2005; Monneuse et al., 2011).  

In addition to expression data obtained by determining the transcript or protein abundance, the 

expression pattern of PIP2 isoforms in different organs was analyzed using transcriptional 

proPIP2:GUS fusions (Da Ines, 2008; Javot et al., 2003; Postaire et al., 2010; Prado et al., 

2013). The observations confirmed their expression in different organs, and provided more 

specific expression details, including that PIP2;4 is specifically expressed in roots, however, 

none of PIP2 genes is shoot-specific. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Phylogenetic tree of 35 aquaporin isoforms in Arabidopsis thaliana and the four subfamilies 

PIPs, TIPs, NIPs and SIPs.  
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1.1.2.4 Regulations and functions of PIP aquaporins in Arabidopsis 

1.1.2.4.1 Water transport in roots and leaves 

Heterologous expression in Xenopus oocytes or yeast is a common approach to determine 

water channel activity of aquaporins. Among PIP2 isoforms, PIP2;1, PIP2;2, PIP2;3, PIP2;6 

and PIP2;7 have been individually examined using Xenopus oocyte system showing that they 

largely enhance the water permeability of oocyte membrane (Daniels et al., 1994; 

Kammerloher et al., 1994; Weig et al., 1997). Three PIP1 isoforms, PIP1;1, PIP1;2 and 

PIP1;3, also display water transport activities (Kammerloher et al., 1994). Although the water 

transport properties of the remaining PIP isoforms have not been determined, they are 

assumed to have the same specificity as the tested ones due to the high sequence conservation.  

The water transport capacity of most PIP isoforms characterized using the Xenopus oocyte 

system suggests that they function in regulating water relations in planta. Employing mercury 

as a general aquaporin blocker (Daniels et al., 1996), the contribution of overall aquaporins to 

hydraulics in roots and leaves has been initially examined. Indeed, mercury treatment results 

in reduced hydraulic conductivity in roots and rosettes in Arabidopsis (Postaire et al., 2010; 

Sutka et al., 2011), indicating that aquaporins play an important role in plant water relations. 

However, mercury application has disadvantages for aquaporin function analysis, e.g. the 

contribution of a single isoform to water transport cannot be examined and its toxicity exerts 

side effects on other physiological processes (Zhang and Tyerman, 1999). Therefore, reverse 

genetic approaches are used allowing functional analysis of specific PIP isoforms. By 

generating a PIP1 anti-sense line (reduced transcript levels of PIP1;1 and PIP1;2) in 

Arabidopsis, it has been shown for the first time that PIPs facilitate water transport in plant 

cells. The isolated leaf protoplasts of the anti-sense line exhibit decreased osmotic water 

permeability. In parallel, the transgenic line increases its root growth to compensate the 

cellular hydraulic changes (Kaldenhoff et al., 1998). In recent years, the application of single 

aquaporin knockouts became a powerful tool to investigate the role of individual PIP isoforms 

in water relations. By employing two independent pip2;2 mutants, it has been shown that this 

root abundant isoform plays a role in osmotic water transport at both the single-cell and 

whole-root levels (Javot et al., 2003). Water permeability measurement using a pip1;2 mutant 

has revealed that the mutation causes reduction in hydrostatic hydraulic conductivity, but not 

osmotic water transport in roots, whereas it significantly affects the osmotic water 

permeability of isolated mesophyll protoplasts (Postaire et al., 2010). In addition, both pip2;1 

and pip2;2 single mutants exhibit reduced water relocation from roots to leaves and 



INTRODUCTION 

6 

 

distribution in leaves using a non-invasive deuterium tracer, indicating the important role of 

these major isoforms in the whole-plant hydraulics (Da Ines et al., 2010).  

 

1.1.2.4.2 Response of PIP aquaporins to various environmental stimuli 

Abiotic stresses, such as drought, high salinity, extreme temperatures and limited oxygen 

availability, have negative impacts on plant growth and productivity. Many studies have been 

performed to uncover the molecular, biochemical and physiological reactions in response to 

these environmental stimuli by employing the model plant Arabidopsis. As the plants’ water 

status is challenged under stress conditions, the regulations of PIPs can be essential for water 

homeostasis responding to these stresses.   

The remarkable reduction of hydraulic conductivity at the whole-organ and single-cell levels 

is one of the early responses to salt, cold and low oxygen in Arabidopsis roots (Boursiac et 

al., 2005; Lee et al., 2012; Martínez-Ballesta et al., 2003; Sutka et al., 2011; Tournaire-Roux 

et al., 2003). This reduction is thought to relate to transcriptional and post-translational 

regulations of PIPs under these challenging conditions. Long-term (4-24 h) salt exposure 

represses root abundant PIP isoforms, like PIP1;1, PIP1;2, PIP2;1 and PIP2;2 (Boursiac et 

al., 2005). Furthermore, cycling of PIP2;1 is enhanced (Martinière et al., 2012) and 

internalization of this isoform from the cell surface was observed as well (Boursiac et al., 

2005; Prak et al., 2008). The rapid internalization of PIP2;1 in response to salinity is due to 

dephosphorylation at two C-terminal sites (Ser280 and Ser283) mediated by reactive oxygen 

species (ROS)-dependent signaling pathways (Boursiac et al., 2008). Similarly, 

downregulation of PIP genes and phosphorylation changes are involved in response to low 

temperature (Jang et al., 2004; Lee et al., 2012). In addition, low oxygen availability triggers 

repression of PIP genes and closure of the water channels due to cytosol acidosis (Liu et al., 

2005; Tournaire-Roux et al., 2003).  

Water deficit is one of the most frequently occurred stresses in the field causing marked 

reduction of crop yield (Boyer, 1982). The plants’ responses to water deficit have been widely 

documented. Drought stress induces the production of the hormone abscisic acid (ABA) and 

its signaling pathway, resulting in stomatal closure and reduced transpiration (Kang et al., 

2002; Mustilli et al., 2002; Pei et al., 2000; Wasilewska et al., 2008). Proline and soluble 

sugars are accumulated as osmoprotectants (Hummel et al., 2010; Rizhsky et al., 2004; Singh 

et al., 1972; Sperdouli and Moustakas, 2012; Urano et al., 2009). Drought responses also 

involve the regulation of hydraulic conductivity. The leaf hydraulic conductivity is rapidly 

reduced in response to drought or ABA treatment (Martre et al., 2002). A recent study has 
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shown that the hydraulic-conductivity reduction in leaves in response to drought is derived 

from the decrease of osmotic water permeability in bundle-sheath cells (single layer of 

parenchymatous cells surrounding the entire leaf vasculature), but not mesophyll cells (Shatil-

Cohen et al., 2011). In addition, the transcriptional and post-translational regulations of PIP 

aquaporins at the organ or whole-plant level have been examined and revealed that most of 

PIP genes are again downregulated, and the protein content and activity are modified as well. 

Ten out of 13 PIP genes are repressed, whereas PIP1;4, PIP2;5 and PIP2;6 are either induced 

or not responsive under drought stress (Alexandersson et al., 2005; Jang et al., 2004). This is 

commonly observed in five Arabidopsis accessions (Alexandersson et al., 2010). 

Interestingly, the general downregulation of PIP genes can be restored to the expression 

levels similar to control condition after rehydration (Alexandersson et al., 2005). With respect 

to the post-translational regulations, several PIP isoforms, including PIP2;1 and PIP2;2, have 

been shown to dephosphorylate after 30 min of ABA treatment (Kline et al., 2010). This 

phosphorylation change suggests that the internalization of these abundant isoforms may 

occur as an early response to drought similar to salinity. Moreover, the trafficking of PIP2;1 

from ER to plasma membrane is also inhibited, and the ER-retained PIP2;1 is eventually 

degraded through the ubiquitin-proteasome system (Lee et al., 2009). PIPs have also been 

shown to play an important role in recovery from drought stress in Arabidopsis (Martre et al., 

2002). Transgenic plants with antisense inhibition of PIP1 and PIP2 expressions exhibit 

similar transpiration rates, hydraulic conductance and leaf water potential to wild-type plants 

under drought stress, whereas these parameters are significantly lower in transgenic plants 

than in wild type after rewatering.  

In comparison with the progresses made on regulations and functions of PIPs in response to 

water deficit, little is known about the involvement of PIPs in response to heat stress. It has 

been demonstrated that high temperature causes reduction of leaf water potential in 

Arabidopsis (Koussevitzky et al., 2008). In tomato, not only leaf water potential, but also root 

hydraulic conductivity is reduced (Morales et al., 2003). These changes in water relations 

suggest that aquaporins could be regulated by high temperature. A heat-induced transcription 

factor RELATED TO APETALA 2.4B (RAP2.4B) has been identified to control the 

expression of major PIP isoforms (PIP1;1, PIP1;2, PIP2;1 and PIP2;2) together with its 

duplication RAP2.4 (Rae et al., 2011). This suggestive evidence indicates that the 

transcriptional regulation of PIPs may contribute to the hydraulic changes under heat stress. 

Many studies have focused on how plants respond to single abiotic stresses. The knowledge 

of plants’ responses to combinational stress, however, should provide more profound 
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information as plants are simultaneously exposed to several different stresses in the field. In 

particular, high temperature is frequently associated with drought stress. Thus, the 

experimental data of molecular, biochemical and physiological changes upon combination of 

drought and heat have been rapidly accumulating in recent years (Koussevitzky et al., 2008; 

Macková et al., 2013; Rizhsky et al., 2004; Signarbieux and Feller, 2012). These data have 

demonstrated that stress combination triggers specific cellular processes. Proline, which acts 

as a major osmoprotectant during drought stress, is not accumulated in response to the 

combination of drought and heat (Rizhsky et al., 2004). A recent study has described that the 

stress combination specifically induces enzymes involved in reactive oxygen detoxification, 

carbon fixation and malate metabolism (Koussevitzky et al., 2008). In addition, heat stress 

exerts more significant effect on reduction of leaf water potential in the presence of drought 

than the non-drought condition (Koussevitzky et al., 2008; Signarbieux and Feller, 2012).    

Taken together, plants seem to benefit from diminishing both the amount and activity of PIP 

aquaporins in response to various environmental stimuli. However, the mechanisms of PIPs’ 

involvement in plants’ adaptations to these conditions, such as drought, are only partially 

understood. Little is known about the role of PIPs in response to heat stress and its 

combination with drought. Further analysis addressing multiple-level regulations of PIPs and 

PIP-dependent changes at the metabolome and transcriptome levels will help to better 

understand the involvement of PIPs in response to these environmental scenarios.     

 

1.1.2.4.3 Root growth and development 

1.1.2.4.3.1 Elongation of the primary root and root hairs  

Plant tissues grow when cell walls relax and extend in response to the cell's turgor pressure 

(Cosgrove, 1993). Sustained growth is primarily driven by solute uptake and maintenance of 

cell osmotic potential, and requires sufficient water inflow to keep turgor above the yield 

threshold (Boyer and Silk, 2004). Thus, water transport should be an important aspect of 

growth and development.  

Only a few studies have demonstrated that PIP-dependent water transport might be involved 

in root growth and development in Arabidopsis. It has been shown that mutation in PIP2;4 

results in longer root hairs under control and phosphate deficiency conditions, suggesting the 

role of PIP2;4 in root hair development (Lin et al., 2011). In addition, PIP2;7 (expressed in 

the root elongation zone) is downregulated by the treatment of ethylene precursor 1-

aminocyclopropane-1-carboxylic-acid (ACC), an inhibitor of root elongation (Markakis et al., 
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2012), suggesting that this isoform may play a role in facilitating water transport into the 

rapidly elongating root cells.  

 

1.1.2.4.3.2 Lateral root development 

Plants rely on the root system to acquire water and nutrients. The acquisition efficiency is 

determined by the degree of repetitive branching of the primary root, so-called lateral root 

(LR) formation, which is therefore an important agronomic trait.  

Lateral root primordia (LRP) originate from small numbers of pericycle cells located deep 

within the primary root (Figure 1 and 11) (Casimiro et al., 2003). These cells undergo a series 

of cell divisions and expansions to form dome-shaped LRP, which eventually break through 

the overlaying tissue to achieve their emergence (Péret et al., 2009b). Auxin is the most 

important hormone signal regulating the whole developmental process (Overvoorde et al., 

2010; Péret et al., 2009a). It acts as the inductive signal during LR initiation (Casimiro et al., 

2001), mediates the patterning of LRP into a dome shape (Friml et al., 2003), and favors cell 

separation in the overlaying tissue to promote emergence (Swarup et al., 2008). In addition to 

auxin, other plant hormones, such as cytokinin, ethylene and ABA, are also involved in 

regulating LR development (Laplaze et al., 2007; Ivanchenko et al., 2008; De Smet et al., 

2006). 

Although the significance of PIP-mediated water transport during LR development has not 

been explored, several lines of experimental evidence support this association. Firstly, LRP 

growth is symplastically isolated from the primary root vasculature (Oparka et al., 1995), 

suggesting that cell expansions of LRP involve efficient transcellular water fluxes. Secondly, 

a recent study has discovered that auxin exerts specific effect on cell-wall biomechanics of the 

overlaying tissue to promote emergence (Swarup et al., 2008). The auxin influx carrier LIKE 

AUXIN RESISTANT 1 3 (LAX3) is specifically expressed in the cortical and epidermal cells 

that overlay LRP. Auxin induces LAX3, and its high expression reinforces the accumulation of 

auxin, which further regulates the expression of a set of cell wall remodeling enzymes in the 

LRP overlaying cells to favor cell separation. A blockage of lateral root emergence (LRE) is 

observed in lax3 loss-of-function mutant. However, it remains unclear whether the regulation 

of cell-wall properties in the overlaying tissue is sufficient to achieve the smooth emergence 

of LRP. It is believed that changes of hydraulic and cell-wall properties are highly associated 

during plant tissue growth. For example, the hypocotyl elongation of etiolated soybean 

seedlings has been previously shown to require the increase of both hydraulic conductivity 

and cell wall extensibility, which are induced by auxin (Boyer and Wu, 1978). Thirdly, some 
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PIP isoforms have been determined to contribute to water relations at the whole-root and 

single-cell levels (Javot et al., 2003; Postaire et al., 2010). These indications suggest that, in 

parallel to cell wall remodeling, PIP-dependent water transport could also play an important 

role in LR development, likely regulated by auxin, which is similar to the hypocotyl 

elongation process. 

 

1.2 Aims of this work 

In general, the goal of this work was to expand our understanding of the roles of PIP 

aquaporins in regulating growth and development and in response to altered environmental 

cues.  

The first part aimed at determining the regulation of PIPs and its effects on LR development, 

namely (1) establishing a link between expression (and function) of PIPs and auxin-regulated 

LR development using molecular biological and biochemical approaches; (2) uncovering how 

this developmental process is affected by the presence of PIPs and auxin by employing a 

mathematical model and mutant analysis; (3) identifying whether PIPs are regulated by 

signals other than auxin during LR development (based on international collaborations with 

the groups of Malcolm Bennett from the University of Nottingham and Christophe Maurel 

from CNRS Montpellier).       

The roles of PIPs in response to heat stress and its combination with drought are poorly 

understood. To address this from a new perspective, a systems biology approach was used to 

analyze whether the loss of ubiquitous and organ-specific PIP isoforms would provoke 

metabolic changes and alter the plants’ stress responses. The second part of this work focused 

on determining the differential metabolic responses in pip2;1 pip2;2 and pip2;1 pip2;2 pip2;4 

mutants under control, drought and heat scenarios. By comparing the metabolic profiles of 

wild type and these pip mutants upon such conditions acquired from a non-targeted approach 

employing Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS), 

significantly changed metabolites and possibly affected metabolic pathways associated with 

the PIP mutations should be identified (collaboration with Research units of Environmental 

Simulation and Analytical BioGeoChemistry, Helmholtz Zentrum München).  
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2. REGULATION OF PIP AQUAPORINS IS REQUIRED 

TO FACILITATE LATERAL ROOT EMERGENCE 

 

Roots are crucial for acquisition of water and nutrients and soil anchorage. Establishment of a 

mature root system requires well-controlled lateral root (LR) development. Therefore, many 

studies have been performed to characterize the regulatory mechanisms of this process. The 

Arabidopsis root has a simple structure consisting of one layer of epidermis, cortex and 

endodermis, which surround the central stele (Figure 1 and 11). This feature makes the 

Arabidopsis root an ideal object to investigate LR development.  

The whole developmental process can be divided into four phases: pre-initiation (or priming), 

initiation, patterning and emergence. Auxin and its signaling pathways have been identified to 

control or influence each of these phases (Overvoorde et al., 2010; Péret et al., 2009a).  

LR formation is initiated from a small subset of pericycle founder cells, which are exclusively 

adjacent to the xylem poles (Figure 1 and 11) (Casimiro et al., 2003). Different from other 

pericycle cells, the ones neighboring the xylem poles are stem cells, maintaining the capacity 

to divide (Beeckman et al., 2001; DiDonato et al., 2004). These pericycle cells are primed by 

the auxin response maxima arising in their adjacent protoxylem cells shortly after exiting the 

root apical meristem, in the basal meristem zone (De Smet et al., 2007). Although three 

pericycle cell files at a xylem pole can be primed and divide, only the middle cell file 

significantly contributes to LR formation (Kurup et al., 2005). The nuclei of two primed, 

longitudinally adjacent founder cells migrate to the common cell wall, and activation of auxin 

efflux/influx carriers, such as PIN FORMED proteins (PINs) and AUXIN RESISTANCE 1 

(AUX1), generates a local auxin accumulation in these cells (Ditengou et al., 2008; 

Laskowski et al., 2008). Auxin signaling activates cell cycle-related genes to promote LR 

initiation (Himanen et al., 2002; Nieuwland et al., 2009). Auxin is perceived via 

TRANSPORT INHIBITOR RESPONSE 1 ⁄ AUXIN SIGNALING F-BOX PROTEINS 

(TIR1⁄AFBs) receptors and triggers the interaction between TIR1⁄AFBs and AUXIN ⁄ 

INDOLE-3-ACETIC ACID proteins (AUX⁄IAAs), which bind the auxin-responsive 

transcription factors to block their activities at low auxin concentration (Dharmasiri et al., 

2005a; Dharmasiri et al., 2005b; Greenham et al., 2011; Kepinski and Leyser, 2005). The 

interaction recruits AUX⁄IAAs to the SCF complex for 26S proteasome-dependent 

degradation, leading to derepressing the AUX⁄IAAs bound transcription factors (Tan et al., 

2007). One of the most important AUX⁄IAAs during LR initiation is IAA14 (INDOLE 
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ACETIC ACID14) / SLR1 (SOLITARY ROOT1) (Fukaki et al., 2002). IAA14/SLR1 

represses the activity of transcription factors termed auxin response factors (ARFs) (Guilfoyle 

and Hagen, 2007). The ARF family comprises 23 members; five out of 23 ARFs are known to 

function as transcription activators (ARF5, 6, 7, 8 and 19) and the remaining ones likely act as 

transcription repressors (Tiwari et al., 2003). During LR initiation, the elevated level of auxin 

degrades IAA14/SLR1 to derepress ARF7 and ARF19 (Fukaki et al., 2005), which are 

thought to activate expression of cell cycle-related genes and eventually result in cell 

divisions (Feng et al., 2012; Goh et al., 2012; Okushima et al., 2007). Consistent with this, 

the arf7 single mutant exhibits significantly reduced number of LRs, and the arf7 arf19 

double mutant strengthens the LR phenotype of arf7 (Okushima et al., 2007; Okushima et al., 

2005; Wilmoth et al., 2005).  

The pericycle founder cells first divide anticlinally and asymmetrically into shorter and longer 

daughter cells at the center and flanks of the new lateral root primordium (LRP), respectively 

(Casimiro et al., 2001; Dubrovsky et al., 2001; Malamy and Benfey, 1997). The auxin 

response maxima are observed in the central small daughter cells (Benková et al., 2003). The 

expression of receptor-like kinase ARABIDOPSIS CRINKLY 4 (ACR4) in small daughter 

cells plays an important role in cell-division inhibition of longitudinally surrounding pericycle 

cells (De Smet et al., 2008). The anticlinal asymmetric cell divisions are followed by 

periclinal asymmetric cell divisions to create a two-cell-layer LRP. Additional cell divisions 

and cell expansions radially and distally pattern the LRP into a dome shape. An auxin 

gradient is established in the growing LRP, and its response maxima dynamically move from 

the central daughter cells to the tip of multilayered LRP (Figure 4) (Benková et al., 2003), 

which is dependent on the function of some PIN proteins (auxin efflux carriers). The auxin 

response maxima are thought to mediate the patterning of newly forming LRP (Friml et al., 

2003).  

Since the LRP originates deep within the primary root, the developing LRP has to push 

through the overlaying tissue to emerge (Péret et al., 2009b). It has been demonstrated that 

auxin originating from the growing LRP induces different signaling pathways in different 

overlaying cell layers to regulate lateral root emergence (LRE) (Swarup et al., 2008). 

IAA14/SLR1- ARF7/ARF19 signaling components activate the expression of the auxin influx 

carrier LIKE AUX1 3 (LAX3), resulting in cell wall remodeling of cortical and epidermal 

cells overlaying LRP (as introduced in 1.1.2.4.3.2). In endodermal cells (LAX3 absent), auxin 

triggers degradation of IAA3/SHY2 (SHORT HYPOCOTYL 2), instead of IAA14/SLR1, to 

reprogram the cell walls. These differences suggest different cell-wall compositions between 

http://www.ihop-net.org/UniPub/iHOP/gs/24834.html


PIP AQUAPORINS – LATERAL ROOT EMERGENCE 

13 

 

endodermal and cortical/epidermal cells. Nevertheless, auxin-dependent regulation of cell-

wall mechanics in the overlaying tissue leads to cell separation to promote LRE. These 

findings indicate the tight coordination of LRP growth and emergence through auxin actions 

to minimize tissue damage during LR development.  

Auxin derived from different origins regulates LR initiation and emergence. Auxin is 

synthesized both in shoots and roots. The auxin generated in the root tip is required for LR 

initiation, and LRE necessitates shoot-derived auxin synthesis and transport (based on phloem 

path) (Bhalerao et al., 2002; Casimiro et al., 2001; Wu et al., 2007). 

LR formation can be induced by gravitropic stimulus (Lucas et al., 2008), thus making 

gravistimulation a powerful tool for LR development study. Following a 90° gravitropic 

stimulus, LRs develop in a highly synchronized manner at the outer edge of a bending root 

(Péret et al., 2012). According to the morphological changes, the LRP growth and 

development (from first anticlinal asymmetric division to emergence) are divided into eight 

stages (Figure 4) (Malamy and Benfey, 1997).  Stage I primordia are first detected 18 h post-

gravitropic induction (pgi); then primordia for each subsequent stage are detected 

approximately every 3 h, until emergence at stage VIII 42 h pgi. These observations allow us 

to characterize LR development at a high temporal resolution.  

 

Figure 4 LRP Morphology and dynamic establishment of auxin response maxima at each 

developmental stage. The Roman numbers indicate eight stages of LRP growth and development 

(Malamy and Benfey, 1997). The black and white asterisks indicate the LRP cells with auxin response 

maxima at each stage (Benková et al., 2003). Scale bar represents 50 µm. 
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2.1 Results  

 

2.1.1 The majority of root PIP genes are repressed by exogenous auxin 

Dynamic expression of PIP genes during LR development and in response to auxin were 

initially examined using qPCR in a collaborative effect in order to investigate whether PIP 

aquaporins play a role in this process.  

Ute Voß (University of Nottingham) determined the high-resolution expression profile of all 

13 PIP isoforms during LR development, which was achieved by micro-dissecting root bends 

every 6 hours pgi. qPCR result revealed that 10 out of 13 genes were repressed during LR 

development whereas PIP1;4 and PIP2;5 showed no or little induction. In contrast, PIP2;8 

was induced up to tenfold 36 h pgi (Péret et al., 2012).  

In parallel, I analyzed the expression profile of 13 PIP isoforms in response to exogenous 

auxin together with Benjamin Péret (University of Nottingham). Treatment of whole roots 

with 1 μM of the naturally occurring auxin indole-3-acetic acid (IAA) induced an overall 

inhibition of PIP gene expression (Figure 5). All genes except PIP1;3 were repressed after 6 

h IAA treatment. This repression was sustained in most cases, however, transcript abundance 

of PIP2;5 and PIP2;8 recovered, overshooting their previous levels by up to fourfold 24 h 

after treatment. PIP1;3 was induced throughout IAA treatment (Figure 5b).  

The similar expression profiles of PIP genes observed following gravity and auxin treatment 

suggest that auxin is responsible for the repression of PIP gene expression during LR 

development. The temporal differences (e.g. expression of PIP1;3 is repressed during LR 

development, however, induced by exogenous auxin) are likely to reflect the synchronous and 

asynchronous cellular responses to endogenous and exogenous auxin sources, respectively. 

Nevertheless, this result revealed that auxin represses the expression of the majority of PIP 

genes in the Arabidopsis root. 

 

2.1.2 Regulation of root PIPs by auxin is dependent on ARF7  

ARF proteins function as transcription factors that control the expression of auxin-responsive 

genes (Guilfoyle and Hagen, 2007). Previous studies have demonstrated that ARF7 plays a 

key role in mediating cell cycle activation during LR initiation and cell separation of the 

overlaying tissue during LRE (Okushima et al., 2007; Okushima et al., 2005; Swarup et al., 

2008; Wilmoth et al., 2005). Thus, I determined the effects of the arf7 loss-of-function on PIP 

expression upon auxin treatment together with Benjamin Péret (University of Nottingham). 
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For PIP1;1, PIP1;4, PIP2;1, PIP2;2 and PIP2;7 showing sustained auxin-dependent 

repression, a diminution of hormone effects was observed in the arf7 mutant background. 

Interestingly, auxin-induction of PIP1;3 and PIP2;5 was also ARF7-dependent. Expression of 

the remaining PIPs was similar between the Col-0 and arf7 genetic backgrounds in response 

to IAA application (Figure 6). These data indicate that, in many cases, auxin-regulated PIP 

expression is dependent on ARF7. 

In addition, water-transport properties of auxin-treated roots were characterized by Guowei Li 

(CNRS Montpellier). As a result of general repression of PIP expression, root hydraulic 

conductivity in Col-0 was reduced by auxin at both whole-organ and single-cell levels. IAA 

application also reduced the cortical cell turgor. Interestingly, both hydraulic conductivity and 

cortical cell turgor were insensitive to auxin inhibition in the arf7 mutant background (Péret et 

al., 2012). Taken together, auxin regulates both expression and function of PIP aquaporins in 

the Arabidopsis root in an ARF7-dependent manner. 

 

 

Figure 5 Exogenous auxin represses expression of most PIP aquaporins. The expression levels of PIP 

genes were determined in the whole root after treatment with auxin (1 µM IAA) for 0.5 h, 3 h, 6 h, 12 

h, 18 h, 24 h and 36 h. (a) Ten PIPs are repressed by auxin (PIP1;1, PIP1;2, PIP1;4, PIP1;5, PIP2;1, 

PIP2;2, PIP2;3, PIP2;4, PIP2;6 and PIP2;7). (b) PIP1;3 shows little induction whereas PIP2;5 and PIP2;8 

are induced by auxin. 
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Figure 6 The auxin responses of some PIP genes are dependent 

on ARF7. Expression of PIP genes in Col-0 or arf7 background 

were determined after treatment with auxin (1 µM IAA) for the 

time as indicated in Figure 5. Average relative level of 

expression and sem (standard error of the mean) values of 13 

PIP genes are shown. 
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2.1.3 Auxin alters spatial expression of PIP aquaporins during LR 

development  

The expression and functional studies suggest that auxin-regulated PIPs may play an 

important role during LR development. To investigate this further, expression patterns of all 

PIP2 genes and two major PIP1 genes (PIP1;1 and PIP1;2) were analyzed using 

transcriptional proPIP:GUS fusions.  

PIP2;1, one of the most abundant aquaporins in roots (Alexandersson et al., 2005; Monneuse 

et al., 2011) was first examined. Expression studies revealed that PIP2;1 was highly 

expressed in the stele and less in outer root layers. During LRE, PIP2;1 was expressed in the 

early-stage LRP, but from stage III onwards its expression was progressively excluded from 

LRP tip. GUS signals of proPIP2;1:GUS line were observed only at the base of late-stage 

LRP (Figure 7a). This expression pattern was confirmed by observations in the translational 

proPIP2;1:PIP2;1-mCHERRY complementing pip2;1 mutant (Figure S1). Importantly, the 

spatio-temporal expression of PIP2;1 during LRE was exactly opposite to the expression of 

the auxin response reporter DR5 (Benková et al., 2003). As another major root aquaporin, 

expression pattern of PIP2;2 (Alexandersson et al., 2005; Monneuse et al., 2011) was similar 

to that of PIP2;1 during LRE (Figure 7b).  

 

 

 

 

 

 

 

 

 

Figure 7 Expression of PIP2;1 and PIP2;2 oppositely mirrors auxin accumulation in the LRP. (a) 

proPIP2;1:GUS fusion. (b) proPIP2;2:GUS fusion. These reporter lines were stained for 25 min (a) and 

5 min (b), respectively. Two independent proPIP:GUS lines of each PIP gene displayed similar 

expression pattern during LR development. The developmental stages are indicated by Roman 

numbers. Scale bar represents 50 µm.  
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PIP1;2 and PIP2;7 were expressed both in LRP and in the overlaying tissue (Figure 8a, c). To 

eliminate the influence of overlaying tissue on the LRP observation, a shorter staining time 

was applied (it had been observed that LRP could be more quickly stained than the overlaying 

tissue in these reporter lines). Similar expression patterns of PIP1;2 and PIP2;7 during LR 

development were observed. They were present in the early-stage LRP and maintained their 

expression in the whole LRP except for the sites of auxin response maxima (Figure 8b, d). In 

addition, the expression of PIP1;2 and PIP2;7 in the overlaying tissue at LR formation sites 

were somewhat weaker than the regions lacking LRP (Figure 8a, c). 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 8 PIP1;2 and PIP2;7 are expressed both in the LRP and the overlaying tissue during LR 

development. Their expression in the LRP is only repressed at its tip. (a, b) proPIP1;2:GUS fusion. (c, d) 

proPIP2;7:GUS fusion. These reporter lines were stained for 35 min (a), 15 min (b), 5.5 h (c) and 3 h 

(d), respectively. Two independent proPIP:GUS lines of each PIP gene displayed similar expression 

pattern during LR development. The developmental stages are indicated by Roman numbers. Scale 

bar represents 50 µm.  
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In the remaining proPIP:GUS fusion lines, no PIP aquaporins were expressed in the early-

stage LRP. Expression of PIP1;1 and PIP2;4 was observed exclusively in the overlaying 

tissue. Their GUS signals in the overlaying tissue at LR formation sites again appeared to be 

weaker compared with the regions lacking LRP (Figure 9a, b). This suggests that overlaying 

tissue-accumulated auxin may result in repression of these PIPs. PIP2;3 was expressed in the 

pericycle, and its expression at LR formation sites was repressed throughout LR development 

(Figure 9c). PIP2;5, PIP2;6 and PIP2;8 were largely restricted to the stele (Figure 9d-f). 

Interestingly, PIP2;8 was highly induced from stage IV onwards at the base of the LRP and in 

the underlying stele (Figure 9f), consistent with its high-resolution expression profile showing 

tenfold induction during late-stage LR development (Péret et al., 2012).  

As expression of PIP genes is regulated during LR development as well as by exogenous 

auxin, I examined whether treatment of 1 µM auxin (IAA) or 10 µM auxin response inhibitor 

(p-chlorophenoxy-isobutyric acid, PCIB) altered the expression pattern of PIPs present in the 

LRP and/or overlaying tissue, where auxin accumulates during LRE. IAA treatment resulted 

in strong reduction of the proPIP2;1:GUS signal, whereas PCIB treatment led to an increase 

of the proPIP2;1:GUS signal and extended the spatial pattern into the outer root layers 

(Figure 10a). Similar results were also observed in the reporter lines of PIP1;1, PIP1;2, 

PIP2;2 and PIP2;7 after IAA or PCIB treatment (Figure 10b-e). However, proPIP2;4:GUS 

line was not responsive to both treatments (Figure 10f). The transcriptional regulation of the 

proPIP2;4:GUS construct in response to exogenous auxin did not reflect the qPCR analysis 

(Figure 5). Nevertheless, these observations suggest that auxin accumulation causes the 

reduction of PIP expression in the LRP and/or overlaying tissue during LRE.  

 

2.1.4 Primordium-expressed PIP aquaporins are major isoforms in the 

whole stele  

It is known that LRP initiates exclusively from pericycle cells located at either of the xylem 

poles in Arabidopsis (Figure 1 and 11) (Casimiro et al., 2003). Precise expression pattern of 

PIP aquaporins in the stele will provide more insight into their potential contribution to LR 

development. The cross-section of GUS-stained roots revealed that PIP1;2, PIP2;1, PIP2;2, 

PIP2;3 and PIP2;7 were expressed in the whole stele. Interestingly, they showed a higher 

expression level at the xylem poles and adjacent pericycle cells, where LRP originate, except 

for PIP2;7 (Figure 11a-e). Together with the observations that PIP1;2, PIP2;1, PIP2;2 and 
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PIP2;7 were also expressed in the primordium during LR formation, these results highlight 

their potential significance during LR development.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 9 Six PIP aquaporins show no expression in the early-stage primordium during LR formation. (a) 

proPIP1;1:GUS fusion. (b) proPIP2;4:GUS fusion. (c) proPIP2;3:GUS fusion. (d) proPIP2;5:GUS fusion. 

(e) proPIP2;6:GUS fusion. (f) proPIP2;8:GUS fusion. These reporter lines were stained for 2 h (a-b) and 

overnight (c-f), respectively. Two independent proPIP:GUS lines of each PIP gene displayed similar 

expression pattern during LRE. The developmental stages are indicated by Roman numbers. Scale bar 

represents 50 µm. 
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Figure 10 Auxin controls the PIP aquaporins expressed in the LRP and/or overlaying tissue. Control: 

seven-day-old seedlings transferred to normal MS medium. IAA: seven-day-old seedlings transferred 

to MS plates supplemented with 1 µM IAA for 48 h. PCIB: seven-day-old seedlings transferred to MS 

plates supplemented with 10 µM PCIB for 24 h. (a) proPIP2;1:GUS fusion. (b) proPIP2;2:GUS fusion. (c) 

proPIP1;2:GUS fusion. (d) proPIP2;7:GUS fusion. (e) proPIP1;1:GUS fusion. (f) proPIP2;4:GUS fusion. 

Two independent proPIP:GUS lines of each PIP gene displayed similar expression pattern after IAA or 

PCIB treatment. Scale bar represents 100 µm. 
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Figure 11 Expression patterns of PIP aquaporins in the stele. Root cross-sections were prepared after 

GUS staining (the staining time of individual reporter lines were the same as indicated in Figure 7, 8 

and 9). (a) proPIP1;2:GUS fusion. (b) proPIP2;1:GUS fusion. (c) proPIP2;2:GUS fusion. (d) 

proPIP2;3:GUS fusion. (e) proPIP2;7:GUS fusion. (f) proPIP1;1:GUS fusion. (g) proPIP2;4:GUS fusion. (h) 

proPIP2;5:GUS fusion. (i) proPIP2;6:GUS fusion. (j) proPIP2;8:GUS fusion; three images show the 

expression pattern of PIP2;8 at the root tip (1), older root region lacking LR (2) and the LR formation 

site (3), respectively. Two independent proPIP:GUS lines of each PIP gene displayed similar 

expression pattern in the stele. All sections are positioned with xylem poles in a horizontal manner 

indicated by arrows in (a). Section thickness: 30 µm. Scale bars represent 50 µm. 
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In the remaining proPIP:GUS fusion lines, PIP1;1 and PIP2;4, which were expressed in the 

overlaying tissue, were not present in the stele (Figure 11f, g); PIP2;5 showed a low 

expression in the metaxylem and cambium cells (Figure 11h); the expression of PIP2;6 was 

specifically observed at the phloem poles and their neighboring pericycle cells (Figure 11i). 

PIP2;8 was expressed in the stele of young root (from root tip to where metaxylem 

differentiation starts), but not in the older part except for LR formation sites, where PIP2;8 

was highly expressed at the base of the late-stage primordium, or emerged LR, and the 

underlying stele (Figure 11j). These data suggest that PIP2;8 may also play an important role 

during LR development. 

 

2.1.5 Spatial expression of PIP aquaporins is required during LRE  

The expression patterns of PIP aquaporins (Figure 7-9 and 11) suggest that LR development 

involves a fine spatial and temporal control of water exchanges between the stele, LRP and 

overlaying cells.  

To gain further understanding of the biomechanics of LRE and how this process is affected by 

the presence of auxin and PIP aquaporins, a tissue-scale model was established (Leah Band, 

University of Nottingham). This two-dimensional model is based on water movement 

between stele, LRP and the overlaying tissue (Figure 12). It is assumed that emergence is 

driven by increasing osmotic pressure within dividing primordium cells, which drives water 

into the LRP. The turgor pressure then increases the stress in the LRP boundary, which 

eventually yields and extends, enabling the LRP to force through the overlaying tissue. The 

predicted LRE time depends on the magnitude of different water fluxes, which is determined 

by the water potential difference and boundary permeability (k1 to k4). The presence of 

aquaporins increases the boundary permeability whereas auxin accumulation leads to its 

decrease. Thus, the model provides a way to deduce how LRE is affected by the aquaporin 

distribution and its regulation by auxin. 

The model revealed how boundary permeabilities affect the emergence time: owing to the 

assumed direction of water fluxes (Figure 12), reducing k2 or k4 promotes emergence by 

decreasing water movement into the overlaying tissue (less resistance for primordium 

outgrowth); in contrast, reducing k1 inhibits emergence by decreasing water flow into the 

primordium, whereas reducing k3 has an opposite effect on emergence by decreasing water 

outflow towards the stele. However, auxin seems to have a contradictory effect on aquaporin 

regulation affecting the emergence time, i.e. it promotes emergence by reducing aquaporin 
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activity in the overlaying tissue (reducing k2), and also inhibits emergence by reducing 

aquaporin activity in the primordium (reducing k1). To understand these opposing effects, the 

influence of auxin was removed from the model (making k1 and k2 constant). This delayed the 

emergence by 8.7 h, indicating an overall accelerating effect of auxin on LRE (Péret et al., 

2012).  

Combining these predictions with the distribution of individual PIP isoforms at a LR 

formation site (Figure 12), the model was used to simulate the importance of the dynamic PIP 

expression during LRE. Knockout of the PIPs expressed in the primordium, PIP2;1 and 

PIP2;2 in this context, would reduce permeability k1 and k3 and auxin’s influence on k1. 

Reducing k1 dominates over the influence of reducing k3, so that LRE should be delayed. In 

contrast, the loss-of-function mutants pip1;1 and pip2;4 would reduce k2 and k4 and auxin’s 

influence on k2. As a result, reducing water flow into the overlaying tissue should promote 

LRE. Mutation in PIP1;2 or PIP2;7 should affect all boundary permeabilities. The model 

predicted that the effects of boundary permeabilities on LRE by affecting k1 and k3 would 

counteract those due to k2 and k4. Therefore, a slight delay in LRE could be expected. 

 

Figure 12 Two-dimensional tissue-scale model of LRE (Péret et al., 2012) and distribution of PIP 

aquaporins at a LR formation site based on the expression pattern study. Left panel: the model 

represents the cross-section of an LRP (dark grey) protruding into the outer tissue (light grey). The 

arrows show the predicted direction of water fluxes between compartments; the magnitude of each 

water flux depends on the difference in water potential and the boundary’s permeability (k1 to k4). 

Right panel: distribution of individual PIP isoforms in different compartments, which may contribute 

to the boundary permeabilities during LRE. PIP isoforms in black indicate that they are present only in 

the primordium, the ones in orange show expression only in the overlaying tissue and the ones in 

green are expressed in both compartments. 
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To test the model predictions and simulations, I examined the LRE rate in various aquaporin 

knockout mutants, which should affect different boundary permeabilities based on their 

expression patterns. Firstly, the effects of mutations in PIP2;1 and/or PIP2;2 on LRE were 

studied. Taking advantage of synchronization of LR formation, roots of wild type and mutants 

were given a gravitropic stimulus and LRP were counted and staged at 18 and 42 h pgi. Wild-

type (Col-0) plants accumulated stage I and II LRP 18 h pgi and stage VII and VIII LRP 42 h 

pgi respectively (Figure 13a). LR initiation and first divisions were not affected in the pip2;1-

1 and pip2;1-2 mutants, but showed an accumulation of stage II to VIII LRP 42 h pgi, which 

indicated that LRP emergence was delayed (Figure 13b, c). The pip2;1-1 and pip2;1-2 

mutants transformed with a 4.6 kb genomic fragment containing the full PIP2;1 gene 

displayed a wild-type LRE phenotype upon LR induction (Figure 13d, e), demonstrating that 

the LRE defect was due to disruption of the PIP2;1 gene. In addition to the defective 

emergence time, the LRP of pip2;1 mutant was flattened compared with the dome-shaped 

LRP observed in the wild type (Figure 14). It has been shown that expression of auxin-

regulated PIP2;1 was ARF7-dependent (Figure 6). Interestingly, similar LRE kinetics in arf7 

and arf7 pip2;1 mutants were observed (Figure 13f, g), consistent with the ARF7-dependence 

of PIP2;1. Two independent pip2;2 mutants accumulated stage V to VIII LRP 42 h pgi, 

indicating a less profound delay in LRE (Figure 13h, i). The LRE in the pip2;1 pip2;2 double 

mutant also occurred significantly later than in the wild type (Figure 13j). The similar 

phenotype observed in the double mutant and pip2;1 single mutants suggests PIP2;1 being 

dominant during LRE in comparison with PIP2;2. Hence, loss of function in PIP2;1 and 

PIP2;2 resulted in defective LRE, consistent with the model predictions.  

Subsequently, I analyzed the effects of mutations in PIP1;2 and/or PIP2;7 on LRE. LR 

initiation and first divisions were not affected, but LRE was delayed 42 h pgi by accumulation 

of stage V to VIII LRP in pip1;2 and pip2;7 mutants (Figure 15b-d). Obviously, this delay 

was less significant than the LRE phenotype in pip2;1 mutants. Mutations in both genes 

strengthened the delay in LRE in either single mutant (Figure 15e). These observations were 

again consistent with the model predictions.  

Interestingly, when the LRE rate of the pip1;2 pip2;1 pip2;2 pip2;7 quadruple mutant was 

examined, mutations in these four primordium-expressed genes did not result in a further 

delay in LRE, but were similar to the pip2;1 single mutants (Figure 15f). 
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Figure 13 LRE is delayed in the pip2;1 and pip2;2 mutants. LRE phenotyping was achieved by 

synchronizing lateral root formation with a gravistimulus. Primordia were grouped according to 

developmental stages 18 h pgi (black bars) and 42 h pgi (grey bars). Percentage of plants was 

calculated from the total number of seedlings harvested from three independent experiments (n=90-

100).  
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Col-0 pip2;1 pip2;1 

 

Figure 14 Flattened LRP shape in the pip2;1-2 mutant compared with the dome-shaped wild-type 

primordium at 42 h pgi. Scale bar represents 50 µm. 

 

 

Surprising results were observed in pip1;1 and pip2;4 mutants. According to the model 

predictions, loss of PIP1;1 or PIP2;4, which would lead to reducing permeabilities k2 and k4 

and reducing water flow into the overlaying tissue, should facilitate LRE. However, the 

experimental data demonstrated a retardation of primordium outgrowth in the pip1;1 or 

pip2;4 single mutant 42 h pgi (Figure 15g, h). This was similar to the LRE phenotype 

observed in the mutants, LRP-expressed PIPs of which had been affected. pip1;1 pip2;4 

double mutant displayed a stronger delay in LRE (Figure 15i), confirming the surprising 

observation in the single mutants. These results indicated that the estimates of some parameter 

values or other assumptions in the current model are not accurately describing all factors, 

which require further modifications (see 2.2.4). 

 

 

2.1.6 Expression of PIP2;8 during LR formation is not regulated by auxin 

In contrast to the majority of repressed aquaporins, PIP2;8 is upregulated at a later phase of 

LR development (Péret et al., 2012) as well as by exogenous auxin (Figure 5b). I noticed that 

PIP2;8 was upregulated up to tenfold during LR development, but only to threefold after 

auxin treatment. In addition, PIP2;8 was not expressed at the auxin accumulation site during 

LRE (Benková et al., 2003; Swarup et al., 2008). Therefore, I examined whether the 

expression pattern of PIP2;8 was altered by treatment of IAA or PCIB. As expected, its 

expression was not responsive to application of IAA or PCIB (Figure 16a). Instead, the 

enhancement of LR number as a result of auxin treatment accounted for the up to threefold 
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upregulation of PIP2;8 (Figure 16b). These observations suggest that the induction of PIP2;8 

is controlled by signal(s) other than auxin.  

 

 

 

 

 

 
 

Figure 15 Delayed LRE in the pip1;2, pip2;7, pip1;1 and pip2;4 single or double mutants. LRE 

phenotyping was achieved as described in Figure 13. Primordia were grouped according to 

developmental stages 18 h pgi (black bars) and 42 h pgi (grey bars). Percentage of plants was 

calculated from the total number of seedlings harvested from three independent experiments (n=90-

100).  
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Figure 16 Exogenous auxin (IAA) or auxin 

response inhibitor (PCIB) does not affect the 

expression pattern of PIP2;8. (a) Control, IAA and 

PCIB indicate the treatments as described in 

Figure 10. The results were verified using an 

independent proPIP2;8:GUS fusion line. Scale 

bars represent 100 µm (left panel) and 50 µm 

(right panel). (b) Seven-day-old seedlings of 

proPIP2;8:GUS line were transferred to IAA- and 

PCIB-supplemented MS plates for 48 h and 24 h, 

respectively. Seedlings in parallel transferred to 

normal MS plates for 48 h (C1) and 24 h (C2) were 

used as control. Relative LR number and sem 

(standard error of the mean) values are shown.  

 

 

Previous studies have described the roles of other plant hormones in regulating LR 

development: cytokinin inhibits LR initiation and disrupts LRP morphogenesis (Laplaze et 

al., 2007); very low concentrations of ethylene (<0.04 µM) promote LR formation whereas 

higher doses inhibit this process but facilitate emergence of existing LRP (Ivanchenko et al., 

2008); ABA is a negative regulator of LRE (De Smet et al., 2006) and brassinosteroid (BR) 

positively regulates LR formation (Bao et al., 2004). To further address the signal(s) resulting 

in the distinct expression pattern of PIP2;8, the effects of these hormones on the expression of 

PIP2;8 were tested. Similar to auxin, 48 h treatment of cytokinin (6-benzylaminopurine and 

kinetin), 0.1 µM ethylene precursor ACC or brassinolide (BL) did not affect the expression 

pattern of PIP2;8 (Figure 17a-d, f). To validate whether the hormone treatments worked, LR 

    Control                          IAA                                          Control                                    PCIB 
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number (LRP and emerged LRs) of treated and control seedlings were counted (together with 

Marion Kirchner and Robert Rampmaier, Ludwig-Maximilians-Universität München). As a 

negative regulator of LR formation, treatment of cytokinin or ACC resulted in fewer LRs, 

whereas BL had an opposite effect on LR production, which is consistent with the positive 

role of BR during this process (Figure S2). Different from these hormones, ABA fully 

repressed GUS signals of the proPIP2;8:GUS line even after 24 h of treatment (Figure 17a, 

e). Taken together, none of the plant hormones tested in this work induced PIP2;8 expression 

as observed during LR development; ABA acted as a negative regulator of PIP2;8 expression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17 PIP2;8 expression is repressed by ABA, but not regulated by cytokinin, ethylene or BR. 

Seven-day-old seedlings of proPIP2;8:GUS fusion line were transferred to normal MS plates (a) or to 

MS plates supplemented with 0.1 µM ACC (b), 0.1 µM 6-benzylaminopurine (c), 0.5 µM kinetin (d), 

0.1 µM ABA (e) and 10 nM BL (f) and grown for 24 h or 48 h as indicated. Two independent 

proPIP2;8:GUS fusion lines in response to each plant hormone exhibited similar results. Scale bars 

represent 50 µm.  
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Since exogenous ABA repressed expression of PIP2;8, it might have a negative physiological 

role in upregulating PIP2;8 expression, i.e. the gene induction at late stages of LR formation 

could result from a locally reduced ABA level. Thus, a high-resolution LR transcriptomic 

dataset established using micro-dissecting root bends every 3 hours pgi (provided by Ute Voß, 

University of Nottingham) was employed to check the dynamic expression of ABA 

biosynthesis genes during LR development. This would yield the information on ABA level 

alteration. In Arabidopsis, ABA biosynthesis takes place in plastid and cytosol and consists of 

several enzymatic reactions, in which ABA1 (ABA deficient 1), ABA2 (ABA deficient 2), 

ABA3 (ABA deficient 3), ABA4 (ABA deficient 4), NCED3 (nine-cis-epoxycarotenoid 

dioxygenase 3) and AAO3 (abscisic aldehyde oxidase 3) are involved (Bittner et al., 2001; 

González-Guzmán et al., 2002; Iuchi et al., 2001; Marin et al., 1996; Nambara and Marion-

Poll, 2005; Seo et al., 2004). Among them, ABA3, ABA4 and NCED3 were downregulated 

upon LR induction. In particular, the expression of NCED3, which is commonly thought to be 

the rate-limiting enzyme during ABA biosynthesis, was strongly reduced 15 h pgi and 

sustainably low thereafter (Figure 18). It has been shown that the ABA level of NCED3 anti-

sense line is significantly lower than that of wild type (Iuchi et al., 2001). Thus, the repression 

of NCED3 suggests a decrease of the ABA level during LR development, which may trigger 

the induction of PIP2;8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 High-resolution expression profiles of genes involved in ABA biosynthesis after 

gravistimulation of lateral root formation.  
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2.1.7 Twenty-one transcription factors were identified as interesting 

candidates regulating PIP2;8 expression during LR development 

It has been shown that expression of most auxin-regulated PIP genes are controlled by 

transcription factor ARF7 (Figure 6). To further investigate how the distinct expression of 

PIP2;8 is regulated during LR development, the high-resolution transcriptomic dataset was 

again used to explore the candidate(s), which might control PIP2;8 expression based on their 

expression profiles upon LR induction. Transcription factors (TFs) were first selected to 

reduce the large number of genes in the dataset using Gene Ontology (GO) analysis in 

MAPMAN (Version 3.5.1). The TFs were further filtered to eliminate genes showing slight 

changes throughout LR development and the ones which had their maximum expression level 

at the last time-point (42 h pgi) (see 4.2.12). The remaining 224 TF genes, together with 

PIP2;8, were subjected to self-organizing map (SOM) analysis (collaboration with Dietrich 

Trümbach from the Institute of Developmental Genetics, Helmholtz Zentrum München) and 

were grouped into 16 clusters according to the similarity of expression profiles after 

gravistimulation (Figure 19a). All TF genes showing positive and negative correlations with 

the expression profile of PIP2;8 are theoretically interesting candidates. However, as an 

initial investigation of PIP2;8 regulating TFs, only positively correlated TF genes, i.e. those 

exhibiting similar expression profiles to PIP2;8 or upregulation earlier than PIP2;8, will be 

targeted in this work. SOM analysis revealed that PIP2;8 fell into cluster (0,0) together with 

34 TF genes (Figure 19b). Fifteen genes in cluster (0,1) and one gene in cluster (1,0) also 

showed similar expression profiles to PIP2;8, but their expression maxima were shifted to 

earlier time-points upon LR induction (Figure 19b). Those genes grouped into the remaining 

clusters, showing either a decreased expression to a very low level after the peak or 

potentially negative correlation with PIP2;8, will not be further discussed. 
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Figure 19 Self-organizing map (SOM) analysis revealed the selected TFs as candidates for regulating 

the expression of PIP2;8 during LR development. (a) 224 TF genes, together with PIP2;8, are grouped 

into 16 clusters (8×2) according to the similarity of expression profiles upon LR induction. In each 

cluster, the curve represents the mean gene expression levels of all time-points upon gravistimulus, 

and a vertical line at each time-point is shown as standard deviation. The number highlighted in each 

box indicates the number of genes belonging to the corresponding cluster. (b) From left to right: 

overlay of expression profiles of genes in cluster (0,0), (0,1) and (1,0), respectively. 
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To find out the final candidate genes from 50 initially selected TFs (Table 1 and S1), further 

filtering was performed based on several criteria including their tissue expression profile, 

roles in regulating transcription and ABA responsiveness (Figure 20).  

 

Figure 20 Scheme for selection of most interesting TF genes, which might induce PIP2;8 expression 

during LR development, from 50 initial candidates obtained from SOM analysis. Three selection 

criteria are highlighted in light-blue. Red frame indicates the final candidate regulators of PIP2;8 

expression selected via three steps. 

 

 

Firstly, final candidate(s) should be expressed in the stele, where upregulation of PIP2;8 at 

late stages of LR formation mainly occurs. Thirty out of 50 TFs have been shown to express 

in the stele (Brady et al., 2011). Secondly, final candidate(s) among 30 stele-expressed TFs 

should function as transcription activator to regulate PIP2;8 expression. According to the 

gene annotations by TAIR (www.arabidopsis.org), only six and two TFs are known to act as 

transcription activators and repressors, respectively. Although the roles of the remaining 22 

TF genes in regulating transcription remain unclear, they have been considered as potential 

transcription activators to ensure that all possible candidates are included for the subsequent 

filtering procedure. Thirdly, the hormone assay demonstrating ABA represses PIP2;8 

suggested that final candidate(s) should also be downregulated by ABA. However, ABA is 

not necessarily involved in regulation of PIP2;8 expression during LR development, as only 

few hormones have been tested in this work. Unknown signal(s), such as a direct inducer, 

may exist to contribute to the distinct PIP2;8 expression. Thus, final candidate(s) among 28 

known or potential transcription activators should be either downregulated or not responsive 

after ABA treatment, but not induced by ABA. The expression data obtained from public 

databases (Genevestigator and e-FP Browser) demonstrated that five and seven out of 28 TF 

http://www.arabidopsis.org/
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genes are significantly reduced and induced by ABA (p<0.05), respectively, and the 

remaining 16 TFs do not respond to ABA treatment (Table 1 and S1). Taken together, the 21 

TFs, which are expressed in the stele, act as (potential) transcription activators and are not 

ABA-inducible, were identified as final candidates (Table 1). These final candidates, 

particularly five known transcription activators (AT1G20910, AT3G16770, AT3G54810, 

AT5G65310 and AT5G66320), will be subjected to further investigation of their roles in 

controlling expression of PIP2;8 during LR development. 

 

 

Table 1 TF genes selected as final candidates for positively controlling PIP2;8 expression during LR 

development.  

AGI code 
SOM 

cluster 

Stele 

expression 

Regulation of 

transcription 

Response to hormones 

tested in this work Response to other factors 

(hormones or stresses) 
ABA 

other 

hormones 

AT1G20910 (0,0) yes activator no   

AT3G16770 (0,0) yes activator no cytokinin, 
ethylene 

jasmonic acid 

AT3G54810 (0,0) yes activator no   

AT5G65310 (0,0) yes activator reduced   

AT5G66320 (0,0) yes activator no  nitrate inducible 

AT1G20700 (0,0) yes unknown no   

AT1G30330 (0,0) yes unknown no auxin  

AT2G34140 (0,0) yes unknown no auxin, 

ethylene 
 

AT2G41710 (0,0) yes unknown no   

AT2G44940 (0,0) yes unknown no   

AT3G16280 (0,0) yes unknown reduced   

AT3G25710 (0,0) yes unknown no  phosphate starvation 

AT4G14770 (0,0) yes unknown no   

AT4G30410 (0,0) yes unknown reduced auxin  

AT5G60200 (0,0) yes unknown no   

AT5G65640 (0,0) yes unknown no   

AT1G72360 (0,1) yes unknown reduced ethylene  

AT3G11280 (0,1) yes unknown reduced  
gibberellin, 

salicylic acid 

AT3G16500 (0,1) yes unknown no auxin nitrogen starvation 

AT5G15130 (0,1) yes unknown no   

AT5G17800 (0,1) yes unknown no   
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2.1.8 PIP2;8 function is also required for promoting LRE 

The spatio-temporal expression of PIP2;8 at LR formation sites (Figure 9f), in particular 

compared with its low or non-existent expression in the remaining root, suggests that PIP2;8 

may play a role in LRE. Based on the expression pattern of PIP2;8, the mathematical model 

predicted that its mutation should promote LRE due to the reducing boundary permeability k3 

and decreasing water outflow towards the stele (Figure 12). To test this, the LRE rate in 

pip2;8 mutants was examined. In comparison with the wild type (Col-0 or Col-4), LR 

initiation and first divisions were not affected, but primordial outgrowth was retarded by 

accumulation of stage II to VIII LRP 42 h pgi in pip2;8-1 or pip2;8-2 mutant (Figure 21a-d). 

These observations were inconsistent with the model prediction, but nevertheless demonstrate 

that optimal LRE also requires PIP2;8 function.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21 LRE is delayed in pip2;8 mutants. pip2;8-1 is Col-0 background and pip2;8-2 is Col-4 

background. LRE phenotyping was achieved as described in Figure 13. Primordia were grouped 

according to developmental stages 18 h pgi (black bars) and 42 h pgi (grey bars). Percentage of plants 

was calculated from the total number of seedlings harvested from three independent experiments 

(n=90-100).  
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2.2 Discussion 

 

2.2.1 Fine-tuned regulation of aquaporin-dependent tissue hydraulics by 

auxin facilitates LRE 

Auxin acts as a key regulator of LR development (Overvoorde et al., 2010). It induces cell 

divisions during initiation, patterns the newly forming LRP (Casimiro et al., 2001; Friml et 

al., 2003) and triggers the cell wall remodeling in the overlaying tissue to facilitate new organ 

emergence (Swarup et al., 2008). The results of this work demonstrate that auxin also controls 

aquaporin-dependent tissue hydraulics to promote LRE.  

Auxin regulates root tissue hydraulics by coordinating the repression of PIP gene expression 

in the LRP and overlaying tissue. Application of exogenous auxin downregulates most of the 

PIP genes, including those expressed in the LRP and overlaying tissues (Figure 5). 

Accordingly, root hydraulic conductivity at both whole-root and single-cell levels decrease 

(Péret et al., 2012). Expression-pattern analysis employing PIP reporter lines further revealed 

an auxin-directed spatio-temporal distribution of PIPs during LR development (Figure 7-10). 

These observations suggest that LRE involves the spatial and temporal control of tissue 

hydraulics through regulating PIP distribution by auxin.  

To probe the regulatory mechanism of how auxin control of aquaporin activity affects LRE, a 

tissue-scale mathematical model had been developed (Figure 12) (Péret et al., 2012). It 

suggested that optimal LRE requires water transport into the overlaying tissue to be repressed 

as a result of auxin accumulation, whereas aquaporins would promote water transfer from the 

overlaying cells into the primordium. These opposing effects on LRE have therefore to be 

precisely tuned in time and space to explain an overall beneficial effect of auxin and 

repression of PIPs in different compartments. Model simulations have provided insights into 

this integrated process. The model predicted that knockout of specific PIPs should result in a 

delayed LRE due to either a reducing water flow into the growing primordium (pip2;1 or 

pip2;2 mutant) or overall effects of reducing water flow in both growing primordium and 

overlaying tissues (pip1;2 or pip2;7 mutant). The LRE phenotypes observed in the mutants 

were consistent with model predictions (Figure 13 and 15). Interestingly, the model also 

predicted that LRE should be delayed when PIP2;1 is ectopically expressed under the control 

of a constitutive promoter and therefore independent of auxin. The ectopically expressed 

PIP2;1 is not only present in the LRP, but also in the overlaying tissue. This PIP2;1 

distribution would facilitate water fluxes into the overlaying tissue, resulting in this tissue 
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providing a greater resistance to primordium expansion. The experimental data determining 

the LRE rate in d35S:PIP2;1 line again validated the model prediction (Péret et al., 2012). 

Thus, due to the opposite effect of PIP expression in different tissues, this is a very special 

case that loss-of-function mutant and constitutive overexpression line show a similar 

phenotype.  

 

2.2.2 Auxin-responsive PIPs are regulated by ARF7 and parallel pathways 

A previous study has demonstrated that ARF7, together with ARF19, mediates the expression 

of LAX3 to promote LRE (Swarup et al., 2008). In this work, this transcription factor was 

shown to also regulate expression and function of PIP aquaporins during LRE (Figure 6 and 

13f, g). The expression pattern of ARF7 provides additional evidence for the ARF7-

dependence of some auxin-responsive PIPs. ARF7 is expressed in the stele and in the whole 

LRP, but after emergence from the parental root, its expression dissipates from the 

meristematic region (Okushima et al., 2005). Some ARF7-dependent PIPs, PIP2;1, PIP2;2 

and PIP2;7, exhibit similar expression patterns. However, another LRP-expressed isoform 

PIP1;2 is repressed by auxin independently of ARF7. The expression pattern of ARF7 

indicates that this transcription factor is absent from the overlaying tissue during LR 

development (Okushima et al., 2005). For the auxin-regulated PIPs, which are exclusively 

expressed in the overlaying tissues, PIP2;4 expression is ARF7-independent, whereas PIP1;1 

is expressed dependently on ARF7 function. The ARF7-dependence of PIP1;1 expression 

seems contradictory to the observation that their expression patterns during LR development 

have no overlays. Nevertheless, these results suggest that auxin regulates PIPs with similar 

expression patterns through different pathways.  

The data on ARF7-dependence showing that PIP1;1, PIP2;1, PIP2;2 and PIP2;7 function 

downstream of the ARF7 pathway and the observation that PIP1;2 and PIP2;4 could be 

targeted by parallel pathways help to interpret the observed LRE phenotypes in double 

mutants. Given that two genes are involved in the same pathway, mutations in both genes 

would result in similar plant phenotype to that caused by the mutation in either gene; in 

contrast, mutations in two genes would give an additive phenotype when they are controlled 

by independent pathways. Mutant analysis based on the synchronization of LR formation 

upon gravistimulation demonstrated that the pip2;1 pip2;2 double mutant exhibited a similar 

LRE phenotype as pip2;1, whereas pip1;2 pip2;7 and pip1;1 pip2;4 strengthened the delayed 
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LRE compared with the single mutants (Figure 13 and 15). These observations nicely fit the 

two-pathway assumption.  

The ARF7-related transcription factor ARF19 may contribute to regulating ARF7-

independent PIPs. ARF19 is another key component taking part in auxin-regulated LR 

formation (Okushima et al., 2007; Wilmoth et al., 2005) and is ubiquitously expressed in the 

primary root and LRs (LRP and emerged LRs) (Okushima et al., 2005). Monitoring the 

effects of arf19 loss-of-function on expression of ARF7-independent PIPs upon auxin 

treatment will provide the evidence whether their auxin responses are dependent on the 

ARF19 function. Taken together, these results suggest that auxin exerts complicated effects 

on regulation of PIP expression to regulate LRE. 

 

 

2.2.3 Understanding a novel aquaporin-dependent regulation of LRE 

requires identification of regulators of PIP2;8 expression  

In comparison with most PIP isoforms, PIP2;8 shows distinct behaviours during LR 

development, including strong induction from stage IV onwards in the stele and independence 

of auxin. Together with the delayed LRE in pip2;8 mutants, these observations suggest that an 

auxin-independent pathway also targets at regulating aquaporins (i.e. inducing PIP2;8) to 

promote LRE.  

Better understanding such a novel regulation of LRE needs to address the questions which 

and how signal(s) precisely regulate the expression of PIP2;8 during LR development. The 

hormone assay demonstrated that ABA, a negative regulator of LR development, repressed 

the expression of PIP2;8 (Figure 17). Consistent with this, LRE phenotypes of ABA-treated 

Col-0 and pip2;8 mutants are highly similar (Figure 21 and 22). Upregulation of PIP2;8 could 

result from a reduction of the ABA level upon LR induction, which releases the repression of 

PIP2;8 expression. A remarkable downregulation of NCED3 (that encodes the rate-limiting 

enzyme in the ABA biosynthesis pathway) during LR development was observed (Figure 18), 

which is consistent with the assumption that the ABA level is reduced. However, NCED3 has 

been shown to be specifically expressed at the base of a LR (Tan et al., 2003) similar to the 

site of PIP2;8 expression. This observation suggests that the base of a LR is an active site of 

ABA biosynthesis, which contradicts the assumption above. Therefore, the involvement of 

ABA in PIP2;8 induction requires further experimental support. Comparison of PIP2;8 

expression during LR development between wild type and mutants defective in ABA 

biosynthesis (e.g. nced3) (Ruggiero et al., 2004) and/or ABA response (e.g. ABA insensitive 
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mutants) (Finkelstein and Somerville, 1990) will provide straightforward evidence whether 

ABA deficiency releases the repression of PIP2;8.  

Instead of such a release of repression, a direct upregulation of PIP2;8 by so far unknown 

inducer(s) could be possible. Public expression databases such as Genevestigator and e-FP 

Browser are normally powerful tools to identify candidate regulators of gene expression. 

However, they are not applicable for investigating the inducer(s) of PIP2;8 expression since 

the hybridization signals of PIP2;8 and PIP2;7 are not distinct on Affymetrix microarray, on 

which the majority of public data depend. Nevertheless, the responsiveness of PIP2;8 to plant 

hormones other than the ones tested in this study (auxin, cytokinin, ethylene, BR and ABA), 

such as strigolactone and gibberellin (negative regulators of LR development), is to be 

determined (Gou et al., 2010; Ruyter-Spira et al., 2011). In recent years, some signaling 

peptides (Fernandez et al., 2013; Kumpf et al., 2013; Meng et al., 2012) and nitric oxide (NO) 

(Méndez-Bravo et al., 2010) have been shown to be involved in regulating LR development. 

They may also lead to specific induction of PIP2;8.  

 

 

 

Figure 22 LRE is delayed in Col-0 seedlings 

treated with exogenous ABA. Three-day-old 

seedlings were transferred to MS plates 

containing 0.1 µM ABA or normal MS plates. 

Gravistimulus was applied immediately after 

the transfer for 42 h. Primordia were grouped 

according to developmental stages in treated 

(grey bars) or non-treated (black bars) 

seedlings. Percentage of plants was calculated 

from the total number of 30 seedlings. 

 

 

 

SOM analysis and further filtering procedures have identified 21 transcription factors as 

candidates that might control PIP2;8 expression during LR development due to their parallel 

or preceding upregulation with PIP2;8. One should be aware that transcription factors, which 

anti-correlate with PIP2;8 expression profile (i.e. highly reduced at late-stage LR 

development), exhibit stele expression and function as transcription repressors, are equally 

interesting candidates. Two strategies can be employed to further investigate whether and 
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which candidate determines PIP2;8 expression: (1) compare the expression pattern of PIP2;8 

during LR development between wild-type and TF-mutant backgrounds (introduce 

proPIP2;8:GUS into different TF mutants); (2) compare the expression profile of PIP2;8 

between different genetic backgrounds based on qPCR (particularly at crucial time-points, 

e.g. 36 h pgi). The identification of the final TF controlling PIP2;8 expression could in turn 

help to find out the chemical inducer(s) of PIP2;8, because the regulation of the final TF 

might be better annotated and the public expression databases could be used to search for the 

candidate inducer(s).  

 

 

2.2.4 LRE phenotypes of some pip mutants help to refine crucial 

parameters in the current mathematical model 

Although the modeling approach has allowed us to correctly simulate the LRE phenotypes 

upon many modifications of boundary permeabilities, in particular the similar LRE defects 

caused by both gain- and loss-of-function of PIP2;1, some experimental data, which 

disagreed with model simulations, suggest that estimates of crucial parameter values are 

inaccurate and require further modifications.  

The delayed LRE observed in pip1;1 and pip2;4 mutants is contradictory to the model 

prediction. Since PIP1;1 and PIP2;4 are exclusively expressed in the overlaying tissue 

(Figure 9a, b and 11f, g), they should contribute to the boundary permeabilities k2 and k4, 

which affect the water fluxes into the overlaying tissue (Figure 12). Furthermore, boundary 

permeability k2 is reduced during LRE due to auxin accumulation, whereas k4 is not regulated 

by auxin. Therefore, the simulation of LRE phenotype in pip1;1 or pip2;4 mutant involves the 

value changes of model parameters including initial k2 (k2init, distinguished from minimum k2 

as a result of auxin repression), k4 and rate of decrease of k2 due to auxin (k2g). Simulations by 

Leah Band (University of Nottingham) revealed that reducing k2init and k4 causes faster 

emergence whereas reducing k2g causes delayed emergence (Table 2). The faster emergence 

in pip1;1 or pip2;4 predicted by the current model considered the effects of reducing k2init and 

k4 dominating over reducing k2g, but the delayed LRE observed in pip1;1 and pip2;4 mutants 

implied that reducing k2g should have a more pronounced effect than reducing k2init and k4 on 

emergence time. Taking this into account, the model prediction of emergence time in pip1;1 

or pip2;4 mutant would be greatly improved with slight reductions of k2init and k4 (e.g. 

k2init=k4=0.6) and a very small value of k2g (Table 2). However, the meaning of such 

modification in parameter values is questionable since the knowledge of contributions of 
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individual overlaying-tissue PIPs to boundary permeabilities k2init and k4 during LRE and the 

relationship between changes in k2init and k2g (the degree of k2g reduction is associated with 

how much k2init would be reduced) is still lacking. Although quantitative analysis of PIP 

proteins in the whole root could give some hints (Monneuse et al., 2011), this data cannot be 

simply used to assess the contribution of individual PIPs to boundary permeabilities during 

LRE for two main reasons: (1) protein abundance is not equal to its real-time activity (for 

example, PIP2;2 is more abundant than PIP2;1 in the whole root whereas PIP2;1 appears to 

function more dominantly at the particular LR formation sites); (2) one isoform could have 

different expression levels in LRP and overlaying tissues and, therefore, exert different 

contributions to boundary permeabilities (such as PIP1;2 and PIP2;7). Nevertheless, the 

currently available data on transcript and protein levels of PIP1;1 and PIP2;4 could be 

employed for subsequent simulations. In addition, optimal estimates of these parameters could 

be identified from the simulation which most nicely agrees with the experimental data.    

 

 

Table 2 The influence of different boundary permeabilities (k2init and k4) and the decreasing rate of 

k2init (k2g) on the predicted emergence time.  

 k2init k2g k4 Emergence time 

Wild type 1 0.0028 1 28 hours 

Partial contribution of PIP(s) to kx*  

& auxin influences k2init 
0.6 0.0028 0.6 22.7 hours 

Partial contribution of PIP(s) to kx  

& auxin no longer influences k2init 
0.6 0 0.6 44.7 hours 

Full contribution of PIP(s) to kx  

& auxin no longer influences k2init 
0.2 0 0.2 17 hours 

* kx represents k2init and k4. 

 

 

The significance of boundary permeability k3-mediated water flux during LRE may have been 

overlooked in the current model. k3-dependent water flux is predicted to flow from 

primordium into the stele (it is commonly known that water moves towards the stele where 

long-distance transport occurs), and plays the least important role in affecting the emergence 

time (Péret et al., 2012). However, the spatio-temporal expression of PIP2;8 at LR formation 
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sites and retarded LRE observed in pip2;8 mutants suggest that k3-dependent water transport 

could be equally important as other water fluxes. This raises the possibility that the direction 

of water flux between stele and primordium driven by the water potential difference may 

revert at LR formation sites, namely from stele into primordium, to meet the water 

requirement in the rapidly growing LRP for cell expansions. Although the experimental data 

supporting this speculation is challenging to obtain, the observations in this work will direct 

the parameter modification towards strengthening the importance of k3 and considering 

dynamic changes of water potential difference between primordium and stele.      

In addition to optimization of the current parameters, new factors might be required to further 

develop the mathematical model. The regulatory signals other than auxin (e.g. the inducer of 

PIP2;8 expression) could be integrated. Furthermore, since the current tissue-scale model 

provides the simplest representation of LRE, considering the growing primordium and the 

overlaying tissue as two homogeneous fluid-like compartments and lumping the effects of 

cell-wall extension and cell-to-cell reorganization into the boundaries surrounding each tissue 

region (Péret et al., 2012), it would be important to build a cell-scale, three-dimensional 

model. Such a model would facilitate the simulations of the emergence time and, more 

importantly, help to better understand the complexity of LRE biomechanics.  

 

 

2.2.5 Mutations in PIPs do not affect LR number under normal growth 

conditions 

Mutant analysis has demonstrated that LRE was delayed in various pip mutants (Figure 13, 15 

and 21), including pip2;1. In addition, a flattened LRP was observed in pip2;1 (Figure 14). 

However, pip2;1 mutants exhibited similar primary root length and LR number as Col-0 

under normal growth conditions (Figure S3a, b). Preliminary characterization of LR density 

(LR number/primary root length) in pip2;1 pip2;2 double mutant and pip2;8 single mutant, 

which exhibited similar delay in LRE to pip2;1, also showed no significant difference from 

wild type (Figure S3c). These data indicate that, although a longer time is required for LRE, 

the entire growth program in these mutants is not hampered.  

It has been demonstrated that retardation of LRP outgrowth in the pip1;2 pip2;1 pip2;2 pip2;7 

quadruple mutant (mutations in four LRP-expressed PIPs) was similar to the pip2;1 single 

mutants (Figure 13b, c and 15f). The unexpected observation showing no further delay of 

LRE in the quadruple mutant motivates further study to examine whether LR number/density 
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of this mutant is altered. In addition, the subsequent investigation of lateral root length in Col-

0 and various pip mutants would provide some insights into the role of PIPs in the post-

emergence LR growth.  

It could also be interesting to characterize LR phenotypes of pip mutants under various 

nutrient conditions. Suboptimal nutrient availability in the soil modifies root architecture 

through regulating endogenous hormones and their signaling pathways. For example, high 

concentration of nitrate causes a lower auxin level and higher levels of cytokinin and 

ethylene, leading to an inhibitory effect on LR growth (Takei et al., 2004; Tian et al., 2009; 

Walch-Liu et al., 2006); phosphate deficiency induces LR formation by upregulation of the 

key auxin signaling component TIR1 to increase the auxin sensitivity (Perez-Torres et al., 

2008). In parallel, root hydraulic conductivity is also affected under these conditions. Re-

supply of nitrate after deprivation largely induces the root hydraulic conductivity in Lotus 

japonicas (Prosser et al., 2006). A similar treatment upregulates the aquaporin gene 

expression in tomato (Wang et al., 2001). Phosphate deficiency reduces root hydraulic 

conductivity in wheat, suggesting that regulation of aquaporins may occur (Clarkson et al., 

2000). The difference of LR phenotypes between wild type and pip mutants under these 

conditions would increase our understanding of the biological significance of aquaporin 

functions during lateral root development. 
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3. INVOLVEMENT OF PIP AQUAPORINS IN 

RESPONSE TO ALTERED ENVIRONMENTAL CUES 

 

3.1 Experimental design 

 

3.1.1 Genotype selection 

The expression data obtained from different sources, including published qPCR results 

(Alexandersson et al., 2005; Boursiac et al., 2005), public database “Genevestigator” and 

GUS staining patterns (Da Ines, 2008; Prado et al., 2013), demonstrated that PIP2;1 and 

PIP2;2 are highly and ubiquitously expressed isoforms, and PIP2;4 is an isoform specifically 

expressed in roots in Arabidopsis. In addition, the water channel activity of PIP2;1 and 

PIP2;2 has been determined (Kammerloher et al., 1994), and their post-translational 

modifications and regulations are well-characterized. Based on these information, pip2;1 

pip2;2 double mutant (dm) and pip2;1 pip2;2 pip2;4 triple mutant (tm) were selected, in 

comparison with Col-0 (wt), to determine the plants’ metabolic changes in response to 

different environmental conditions. Seeds of these genotypes were propagated before use 

under control condition as indicated in Table 3. 

 

3.1.2 Growth conditions and stress application 

Plants were raised in two identical climate simulation chambers, where realistic conditions for 

plant growth, including irradiance (spectrum and intensity), temperature, humidity and 

chamber atmosphere (CO2, O3), can be provided (Seckmeyer and Payer, 1993; Thiel et al., 

1996). In addition, the central control system allows a well-defined operation and accurate 

climatic conditions to ensure reproducibility between independent experiments (collaboration 

with the Environmental Simulation Research unit, Helmholtz Zentrum München). 

Plants of three genotypes (dm, tm and wt) were grown under control condition (C) for 20 

days (Figure 23 and Table 3). A flooding system was employed to achieve uniform watering: 

plants were distributed in square basins and flooded with water up to 60 % of the pot height 

for 15 minutes. The amount and timing of water pumping in/out are well-controlled and 

automatic (Figure 24). After a flooding on day 20, watering was stopped to the plants used for 

drought and heat treatment (DH) in chamber 2 (Figure 23). The soil moisture was regularly 

monitored during the following drought stress. When the soil water content decreased to 20.7 

http://www.genevestigator.ethz.ch/
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± 2.7 % on day 27, both drought-treated and well-watered plants in chamber 2 were subject to 

heat stress (33 °C; H) for 6 hours (from 11:00 a.m. to 5:00 p.m.). It is known that temperature 

increase dramatically reduces relative air humidity. In order to maintain the same vapour 

pressure deficit (VPD) at the level before application of heat stress, the relative air humidity 

was accordingly adjusted to 82 %. The combination of high temperature and high air 

humidity ensured that heat stress could be separated from an additional drought stress in the 

ambient air. The plants in chamber 1 were continuously grown under control condition 

(Figure 23 and Table 3).  

Figure 23 Scheme for drought and/or heat stress application used in this work. The black line and 

bars represent plant growth and treatment durations. Three different conditions are shown by color-

coded brackets. C, H and DH are abbreviated for control, heat stress and combination of drought and 

heat stress, respectively. 

 

 

Table 3 Details of control, drought and heat conditions in the climate simulation chambers. 

 Control Drought  Heat 

Watering status regular watering no watering regular watering 

Temperature 22 °C 22 °C 33 °C 

Relative humidity 70 % 70 % 82 % 

VPD (Vapour Pressure Deficit) 0.793 kPa 0.793 kPa 0.793 kPa 

Light/dark cycle 11 h* / 13 h  11 h / 13 h 11 h / 13 h 

Light intensity 200 µE m
-2 

s
-1

 200 µE m
-2 

s
-1

 200 µE m
-2 

s
-1

 

* Light was on from 8:30 a.m. to 7:30 p.m.. 
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3.1.3 Replicate arrangement and harvest 

Under each environmental scenario, five replicates of each genotype were generated. To 

exclude any potential position effect among genotypes and replicates, they were randomly 

distributed in each treatment area to ensure that one genotype did not have the same 

neighboring genotypes in other instances (Figure 25). 

 
 
 
 
 
 
 
Figure 24 Flooding system 
designed to achieve uniform 
watering. Four square watering 
basins (1 m × 1 m) can be placed 
in one chamber. The pipes for 
water pumping in and out are 
mounted as indicated. The timing 
is automatically controlled by 
timers, and the water height 
controller is set to 60 % of pot 
height to avoid excess water 
pumping in.   

 

  

 

 

 

 

Figure 25 Scheme for random 

arrangement of genotypes and 

replicates under H and DH to 

exclude the position effect. Four 

black frames represent the 

watering basins where plants are 

placed. The arrangement of 

genotypes and replicates for DH 

is shown (inside the red frame). 

The distribution of plants for H 

mirrors this arrangement. R is 

abbreviated for replicate. 
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Treated and control samples were harvested on day 27 starting at 5:00 p.m.. Rosettes from 

eight plants were pooled as one replicate, and collected into a sampling bag. The difference of 

harvest time between replicate 1 and 5 was at most 15 minutes. All harvested samples were 

immediately frozen in liquid nitrogen and stored at -80 °C until use. 

 

3.1.4 Non-targeted metabolome analysis using FT-ICR-MS 

The Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS) is an 

unbiased analytical approach that allows the parallel detection of a large number of 

compounds with different masses in biological samples. It provides ultra-high resolution and 

accurate m/z determinations, therefore enables pattern analysis as well as prediction of 

empirical formula and molecular identities of the m/z peaks (Gougeon et al., 2009; Stenson et 

al., 2003; Tziotis et al., 2011). 

An FT-ICR-MS (Bruker, Germany) equipped with a 12 Tesla magnet was used for non-

targeted metabolome analysis. Each sample was measured in both negative (loss of proton) 

and positive (addition of cation, e.g. H
+
 or Na

+
) ionization modes (collaboration with the 

Research unit of Analytical BioGeoChemistry, Helmholtz Zentrum München). After 

processing and statistical analyses of the acquired data (done by Theresa Faus-Kessler from 

the Institute of Developmental Genetics and Veronica von Saint Paul from the Institute of 

Biochemical Plant Pathology, Helmholtz Zentrum München), the formulas and putative 

metabolite identities of significantly changed m/z peaks associated with PIP mutations were 

identified.  
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3.2 Results 

 

The metabolic profiles of three genotypes under different environmental scenarios were 

obtained from FT-ICR-MS measurements. The negative- and positive-mode datasets, each of 

which joined all samples from two independent experiments (IEs), were subjected to 

statistical analyses (see 4.2.14).  

 

3.2.1 Several data-processing strategies of statistical analyses emerge from 

the quality control of the metabolic profile datasets  

To control the quality of FT-ICR-MS measurements, the intensity of internal standard di-

alanine (added after metabolite extraction) and the sum of total peak intensities were 

monitored to detect variation of ionization efficiency. In the negative-mode dataset, di-alanine 

exhibited increasing peak intensities throughout the measurements in both IEs (Figure 26a), 

indicating enhanced ionization efficiency along the measurement order. The increase of total 

peak intensities, similar to di-alanine, was also observed in IE1. However, in IE2, the mean of 

total peak intensities steeply dropped from 7e+10 in replicate 1 and 2 to 3e+10 in the 

remaining replicates (Figure 26b). In the positive-mode dataset, the changes of di-alanine 

intensity and total peak intensities were similar, showing decreasing peak intensities 

throughout the measurements in IE1 and a “sudden increase” effect in IE2 (Figure S4). The 

changing ionization efficiency and replicate-separated intensity differences resulted in 

significant variations between replicates and could eventually affect the identification of 

significantly changed metabolites. To suppress this effect, the mean intensity of each peak 

over all replicates was used and the measurement order was taken into account during the 

downstream principle component analysis (PCA) and analysis of variance (ANOVA), 

respectively. 

I also noticed that total peak intensities displayed pseudo-periodic “up-down-up” variations in 

both datasets (Figure 26b and S4b). When DH-treated samples of three genotypes were 

combined, their mean intensities were higher than those of non-drought (H and C) samples for 

each replicate in IE1 (Figure 27b). In addition, the dilution series (1:30, 1:50, 1:75, 1:100, 

1:125 and 1:150) assay, which was performed in negative mode using two wild-type samples 

under C and DH, respectively, showed that the DH-treated sample exhibited higher peak 

intensities of some endogenous metabolites (not drought inducible) and total peak intensities 

than the C-treated sample regardless of dilution ratios (Figure S5). These observations 
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suggested the difference in metabolite concentrations between DH-treated and non-drought 

samples was most likely a consequence of their fresh-weight differences. Due to water loss, 

the fresh weights of DH-treated samples were 30 % (on average) lower than non-drought 

ones, whereas the wild type and pip mutants had similar fresh weights under each condition 

(Table S2). As a consequence, the metabolites in DH-treated samples should be more 

concentrated when the same amounts of fresh powder (100 mg) were used for extraction. 

Normalization using fresh weight would reduce this difference between DH-treated and non-

drought samples. However, not all peaks in DH-treated samples suffer from an identical 

concentration effect since the peak intensity is not fully determined by its concentration, but 

also the chemical property and complexity of biological matrices (Han et al., 2008; Lei et al., 

2011; Wang et al., 2003). More importantly, this study aimed at determining the altered 

metabolic responses upon loss of major PIP isoforms, i.e. the metabolic differences between 

different genetic backgrounds under each condition rather than those between different 

conditions in each genotype. Therefore, instead of normalization with fresh weight, mutant/wt 

ratios were used with the replicates and measurement order taken into account during 

downstream PCA and ANOVA to compensate for the observed differences in fresh weight 

and ionization efficiency.  

As an internal standard added after metabolite extraction, the peak intensity of di-alanine 

should not be affected by the metabolite-concentration difference as discussed above. 

However, it seemed that DH-treated samples exhibited higher mean peak intensities of di-

alanine than the non-drought samples (Figure 27a), which was probably due to the matrix 

effect or drought induction of alanine (Allan et al., 2008).  

Pairwise xy-plots and Pearson correlation analysis of all peak intensities (excluding missing 

values) were in parallel employed to check extract reproducibility in each group (a “group” 

contains all replicates collected from one genotype under one condition). In the negative-

mode dataset, high reproducibility between replicates within each IE was achieved, yielding a 

correlation coefficient of R
2
>0.90 in most cases. Relatively lower correlations (0.80<R

2
<0.90) 

were observed between the first two replicates and the remaining three ones in IE2. Some 

peaks, visualized by formation of additional lines or “clouds” in corresponding pairwise-plots, 

exhibited higher intensities in replicate 1 and 2, but lower ones in replicate 3, 4 and 5 (Figure 

28), consistent with the drop of total peak intensities at the interface of replicate 2 and 3 in 

IE2. In addition to extract reproducibility within each IE, it was also examined between 

replicates from different IEs. As expected, two extracts from different IEs exhibited lower 

reproducibility, with varying correlation coefficients ranging from 0.65 to 0.80 (Figure 28). 
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Similarly, higher extract reproducibility within each IE and lower reproducibility between 

extracts from different IEs were also observed in the positive-mode dataset (Figure S6).  

 

Figure 26 Quality control of FT-ICR-MS measurements (negative mode) by monitoring the variations 

of di-alanine intensity (a) and total peak intensities (b). Intensities of all samples from two IEs are 

plotted. The green line in each graph separates IE1-samples from IE2. Red lines indicate that the 

samples from each IE were measured in three batches (I, II, III). They were split according to 

replicates as indicated.  

 

 

 

Figure 27 DH-treated samples exhibit higher intensity of di-alanine (a) and total peak intensities (b) 

than non-drought samples for each replicate in IE1 (negative mode). The mean peak intensity of 

three genotypes for each replicate under each environmental condition was calculated and plotted. 

GT represents “combined genotypes” and R1-R5 indicate five replicates.   

 

a b 

a b 
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Figure 28 Pairwise xy-plots and Pearson correlation analysis between replicates in the group “wt 

under control condition” (negative mode). 1-5 represent extracts from IE1, and 6-10 are from IE2. 

Peak intensities (log10 transformed) between two replicates were compared, and pairwise 

correlations were calculated as indicated. The results of extract reproducibility in other groups were 

similar to this group. 

 

 

3.2.2 Both stress conditions and PIP mutations affect metabolic profiles  

PCA was performed to visualize the major variances of metabolite profiles between groups. 

PCA using group means (mean intensity of each peak over all replicates in one group) as 

loading factors showed that the component 1, accounting for more than 50 % explained 

variance, separated DH-treated groups from H-treated and control groups in both negative- 

and positive-mode datasets (Figure 29a, b and S7a, b). The separation by component 1 most 

likely resulted from the difference in metabolite concentrations between DH-treated and non-

drought samples as discussed in 3.2.1. The additional informative variances of metabolite 
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profiles could be observed in the following principal components. When component 2 and 3 

(approximately 10 % explained variance each) were plotted in the negative-mode dataset, 

separation of groups by conditions and by genotypes was observed (Figure 29c, d). This 

observation suggested that both stress conditions and genetic modifications triggered the 

alteration of metabolic responses. In the positive-mode dataset, component 2 and 3 

contributed to the separation between stress-treated and control groups (Figure S7c). 

Furthermore, component 4 separated C and DH-treated pip mutants from wild type, whereas 

H-treated dm, not tm, was discriminated from wild type (Figure S7d).   

In addition, PCA using mutant/wt ratios (mean ratio of each peak over all replicates in one 

group) as loading factors was also performed. The group separation was not affected by the 

difference in metabolite concentrations in this PCA. The metabolic profiles of pip mutants 

were separated by three environmental conditions in both negative- and positive-mode 

datasets (Figure 29e, f and S7e, f). H- and DH-treated pip mutants were discriminated by both 

component 1 and 2. Taken together, PCA results revealed that both stresses and PIP 

mutations affected the metabolic profiles, and the metabolic changes associated with PIP 

mutations appeared to be condition-specific.   

 

 

 

 

 

a b 
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Figure 29 Principal component analysis (PCA) of metabolic profiles (negative mode) using group 

means (a-d) and mean mutant/wt ratios (e-f) as loading factors demonstrated that differential 

metabolic responses are caused by both stresses and PIP mutations. Principal component 1 and 2 (b 

and f) and component 2 and 3 (c and d) were plotted. The green, red and blue circles label three (or 

two) genotypes treated with control (C), heat (H) and combination of drought and heat (DH), 

respectively (b, c and f). Two orange circles indicate the wild-type groups and mutant groups 

regardless of conditions (d). 

 

 

c d 

e f 
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3.2.3 Loss of major PIP isoforms results in specific metabolic changes under 

different environmental conditions  

To further identify significantly changed m/z peaks in pip mutants under each environmental 

condition, ANOVA was performed (comparisons between each mutant and wt) and the m/z 

peaks showing p<0.01 (without multiple testing correction) were selected.  

In both negative- and positive-mode datasets, more significantly changed m/z peaks were 

identified in dm rather than in tm (which has an additional mutation in PIP2;4 compared with 

dm) under each condition (Table 4). Consistent with the PCA result, most of significantly 

changed m/z peaks were condition-specific in each mutant (Figure 30). In contrast to 

condition-specific m/z peaks, m/z 338.0882 (negative mode) showed a significant change in 

dm independent of conditions (Figure 30a). In addition, some m/z peaks were detected in two 

conditions, either under C and H or C and DH, whereas no common m/z peaks under H and 

DH were observed. This was also consistent with the PCA result that more variances existed 

between H- and DH-treated pip mutants (separated by both component 1 and 2) than in other 

comparisons (Figure 29f). 

Since dm and tm are highly related mutants, the m/z peaks significantly changed in both 

mutants were selected (with the ones derived from carbon isotopic peaks and satellite peaks 

deleted) for downstream analyses. Due to the small number of significantly changed m/z 

peaks identified in tm, less than ten peaks were commonly found in both pip mutants under 

each condition (Table 4). Again, these m/z peaks were related to a specific condition except 

for m/z 338.0882 and 575.1526 (Figure 31). In addition, intensity comparisons of significantly 

changed m/z peaks between pip mutants and wild type in original spectra illustrated the 

ANOVA results (Figure S8 and S9). The replicate-wise spectrum overlays demonstrated clear 

peak-intensity differences between different genetic backgrounds, which were not observed 

when the spectra of all genotypes and replicates were overlaid (Figure S8), indicating that 

inclusion of measurement order during ANOVA suppressed the negative effect of changing 

ionization efficiency on the identification of significantly changed metabolites (as discussed 

in 3.2.1). 

To further elaborate the metabolic changes in pip mutants, conversion of the significantly 

changed m/z peaks into putative compounds is a crucial step. Twenty-one and 14 m/z peaks  

identified in both pip mutants in negative- and positive-mode datasets, respectively, were 

subjected to several public metabolite databases (see 4.2.15) to assign possible metabolite 

identities (mass error less than 1 ppm). Although only putative metabolite identities of the m/z 
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peaks can be obtained via the database search, this information provides important hints 

towards the real compounds corresponding to the m/z peaks.  

 

 

 

Figure 30 Most of the significantly changed m/z peaks identified in each pip mutant (dm or tm) in 

comparison with wild type (wt) are condition-specific. The Venn diagrams show the numbers of 

significantly changed m/z peaks specifically present in one condition and commonly detected in two 

or three conditions. (a, b) Negative-mode dataset. (c, d) Positive-mode dataset. C, H and DH are 

abbreviated the same as indicated in 3.1.2. 

b a 

d c 
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Table 4 Overview of the number of significantly changed m/z peaks (p<0.01) identified in each pip 

mutant under each condition. The dataset for each ionization mode joining all samples from two 

independent experiments was used for ANOVA. 

 * The number of significantly changed m/z peaks after deletion of carbon isotopic peaks and satellite 

peaks. 

 

 

Figure 31 Most of the significantly 

changed m/z peaks identified in 

both pip mutants are condition-

specific. The Venn diagram shows 

the number of significantly 

changed m/z peaks specifically 

present in one condition in 

negative-mode (number in white or 

black) and positive-mode (number 

in red) datasets. The numbers and 

m/z peaks commonly detected in 

two conditions are as indicated. C, 

H and DH are abbreviated the same 

as indicated in 3.1.2. 

 

 

Based on the mass accuracy, 10 out of 35 m/z peaks were attributed to putative metabolites 

(Table 5). Among them, eight peaks (m/z 341.1089, 365.1055, 503.1617, 527.1581, 227.1289, 

247.0646, 277.1659 and 338.0882) were found in Arabidopsis, whereas the remaining two 

peaks (m/z 202.0721 and 287.1101) were only identified in other plant species.  

 

Condition Mutant 
Number of significantly changed m/z peaks 

Negative mode Positive mode 

Control (C) 
dm 171 

9 8* 
105 

9 7* 
tm 21 17 

Heat (H) 
dm 39 

13 9* 
50 

5 5* 
tm 31 18 

Drought+Heat (DH) 
dm 60 

11 6* 
22 

3 2* 
tm 17 6 
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Table 5 The possible predictions of molecular formulas and metabolite identities of significantly 

changed m/z peaks (p<0.01) identified in both pip mutants under each environmental condition from 

both metabolic profile datasets.  

m/z 

 

Formula  

[M] 

Error 

(ppm) 

Putative metabolite 

in plants 

Pathway 

involved 

Hits in 

ChemSpider 

dm & tm under C 

negative mode [M-H] 

247.0646 C10H16O5S 0.004 
2-(5'-methylthio) 

pentylmalate in At
a
 

glucosinolate 

biosynthesis 
n.s.

 b
 

307.0857 C12H20O7S 0.008 no  12 

308.0389 C17H11NO3S 0.06 no  82 

459.1241 
C23H28N2O2S3 0.03 no 

no 

 12 

C23H20N6O3S 0.07  159 

503.1617 C18H32O16 0.04 
trisaccharides  

in At 

carbohydrate 

metabolism 
n.s. 

663.2465 
C24H44N2O19 0.008 

no 
 1 

C37H36N4O8 0.07  12 

positive mode [M+H/Na] 

277.1659 C14H20N4O2 0.005 
p-coumaroylagmatine  

in At 

amino acid 

metabolism 
n.s. 

287.1101 C11H20O7 0.01 
two possible metabolites in 

different plant species
c
 

 32 

365.1055 C12H22O11 0.02 
disaccharides  

in At 

carbohydrate 

metabolism 
n.s. 

458.1397 C17H21N7O7 0.04 no  3 

527.1581 C18H32O16 0.02 
trisaccharides  

in At 

carbohydrate 

metabolism 
n.s. 

531.0922 C28H18O11 0.05 no  2 

557.1551 C22H28N4O11S 0.07 no  3 

dm & tm under H 

negative mode [M-H] 

341.1089 C12H22O11 0.01 
disaccharides  

in At 

carbohydrate 

metabolism 
n.s. 

383.0652 
C15H17N2O8P 0.05 no  

no 

 1 

C13H20O11S 0.05  1 

395.0830 C14H20O13 0.02 no  1 

488.1621 
C23H23N9O2S 0.03 no 

no 

 3 

C30H23N3O4 0.10  69 
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503.1978 C32H28N2O4 0.04 no  154 

511.1034 C29H20O9 0.007 no  2 

512.1288 C28H23N3O5S 0.03 no  165 

517.1940 C24H30N4O9 0.002 no  18 

positive mode [M+H/Na] 

381.0794 C15H18O10 0.03 no  9 

506.1771 C23H27N3O10 0.009 no  14 

523.2097 C24H32N6O4S 0.06 no  51 

525.1777 C24H30N4O6S 0.06 no  129 

563.1454 C25H22N8O6S 0.02 no  1 

dm & tm under C&H 

 negative mode [M-H] 

575.1526 C27H32N2O8S2 0.03 no  3 

dm & tm under DH 

negative mode [M-H] 

202.0721 C8H13NO5 0.002 
7a-epialexaflorine  

in Alexa grandiflora 
 188 

227.1289 C12H20O4 0.09 
traumatic acid 

in At 

lipid 

metabolism 
n.s. 

285.0187 C10H10N2O6S 0.006 no  34 

330.0710 C19H13N3OS 0.09 no  163 

366.0685 
C13H21NO7S2 0.04 

no 
 1 

C15H18N3O4PS 0.06  1 

positive mode [M+H/Na] 

383.1187 C14H16N8O4 0.05 no  13 

453.1352 

C16H24N2O13 0.04 

no 

 2 

C16H26N6O4S2 0.08  5 

dm & tm under C&DH 

negative mode [M-H] 

338.0882 C15H17NO8 0.014 

6-hydroxyindole-3-

carboxylic acid 6-O-beta-D-

glucopyranoside in At 

 n.s. 

a) At is the abbreviation for Arabidopsis thaliana. 

b) The possible chemical structure(s) of the m/z peaks that have been putatively identified in plants 

have not been searched (n.s.) in ChemSpider.   

c) Iridoid in Eccremocarpus scaber and ilicifolinoside A in Maytenus ilicifolia. 
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For the remaining 25 m/z peaks that have no putative compounds assigned, the molecular 

formulas were generated (mass error less than 1 ppm) using the Data Analysis program 

(Bruker, Germany). One exact molecular formula could be generated for one m/z peak in most 

cases, whereas some m/z peaks (especially the ones in the higher mass range) corresponded to 

two possible elemental compositions (Table 5). Interestingly, 12 out of 25 m/z peaks 

contained sulfur in their molecular formulas. The possible chemical structure(s) of each m/z 

peak were obtained by searching individual formulas in the public database ChemSpider 

(http://www.chemspider.com/).   

To analyze and better visualize the metabolic changes caused by PIP mutations under 

different conditions, hierarchical clustering was performed using all 35 m/z peaks. In general, 

two major clusters were generated, which were composed of m/z peaks significantly induced 

and reduced in pip mutants compared with the wild type, respectively (Figure 32 and Table 

S3).  

The mutant-induced m/z peaks included putative soluble sugars and condition-specific sulfur-

containing metabolites (Figure 32 and Table 5). m/z 341.1089 and 365.1055 from different 

ionization modes showed the same molecular formula C12H22O11 and were predicted as a 

disaccharide; similarly, m/z 503.1617 and 527.1581 corresponded to a putative trisaccharide 

with the same formula C18H32O16 (Table 5), suggesting that these m/z peaks most likely 

represent soluble sugars. Interestingly, two m/z peaks of putative disaccharide or trisaccharide 

detected in negative- and positive-ionization modes, respectively, were grouped together. 

These putative soluble sugars were accumulated in pip mutants under non-drought conditions. 

The induction of the putative trisaccharide was particularly observed under C. It remained 

under H, but to a lesser extent. In contrast, the pip mutants and wild type exhibited similar 

contents of the putative disaccharide and trisaccharide under DH. m/z 287.1101, 459.1241 (a 

sulfur-containing metabolite) and 663.2465, which were grouped together with two m/z peaks 

of the putative trisaccharide, also showed accumulation under C. m/z 287.1101 fits two 

possible molecular structures, corresponding to an iridoid in Eccremocarpus scaber and 

ilicifolinoside A (glucoside) in Maytenus ilicifolia (Garbarino and Nicoletti, 1989; Zhu et al., 

1998). m/z 523.2097 (a sulfur-containing metabolite) was highly and specifically induced 

under H, and accumulation of three sulfur-containing metabolites (m/z 285.0187, 330.0710 

and 336.0685) were specifically observed under DH. In addition to sulfur-containing 

metabolites, the level of m/z 202.0721 was also high exclusively under DH.  m/z 202.0721 

(C8H13NO5) could be a unique pyrrolizidine amino acid, 7a-epialexaflorine in Alexa 

grandiflora (Pereira et al., 1991), or a N2-acetyl-L-aminoadipate as annotated in KEGG 
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(Kyoto Encyclopedia of Genes and Genomes). Although N2-acetyl-L-aminoadipate has not 

been described in Arabidopsis, its related metabolite N2-acetyl-L-aminoadipate semialdehyde 

(C8H13NO4), which is involved in lysine metabolism, has been identified in Arabidopsis.  

Among the reduced m/z peaks, the sulfur-containing metabolites m/z 247.0646, 307.0857, 

308.0389, 512.1288, 557.1551 and 575.1526 were grouped together. They were repressed in 

pip mutants under non-drought conditions (Figure 32). m/z 247.0646 (C10H16O5S) was 

predicted as a known sulfur-containing metabolite 2-(5'-methylthio) pentylmalate in 

Arabidopsis, which is involved in aliphatic glucosinolate biosynthesis. In addition, two peaks, 

m/z 227.1289 and 453.1352, were reduced specifically under DH. m/z 227.1289 (C12H20O4) 

was identified as putative traumatic acid in Arabidopsis, an oxylipin derived from 

lipoxygenase (9-LOX and 13-LOX) cascade (Berger et al., 2001; Feussner and Wasternack, 

2002). Two other peaks, m/z 277.1659 and 338.0882, were diminished under both C and DH. 

The reduction of these peaks appeared to be independent of conditions when only dm was 

considered. Both m/z peaks were putatively identified in Arabidopsis. m/z 277.1659 

(C14H20N4O2) was found to be a putative p-coumaroylagmatine (Matsuda et al., 2009), which 

takes part in arginine and proline metabolism. m/z 338.0882 (C15H17NO8) might be 6-

hydroxyindole-3-carboxylic acid 6-O-beta-D-glucopyranoside, which has previously been 

identified to be induced by infection in both leaves and roots (Bednarek et al., 2005).  

Taken together, the changes of putative soluble sugars, sulfur-containing metabolites and 

some unknown peaks were associated with the loss of major PIP isoforms. They were 

significantly induced or reduced in a condition-specific manner. These altered metabolites 

could reflect the cellular regulations in response to different environmental conditions in the 

pip mutants which reduced the cellular water permeability. 

http://pmn.plantcyc.org/ARA/NEW-IMAGE?type=PATHWAY&object=PWYQT-4450
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Figure 32 Clustered heat map of significantly changed m/z peaks identified in both pip mutants under 
at least one condition from both metabolic profile datasets by ANOVA (comparisons between 
mutants and wt under each condition; p<0.01). Plotted values of these m/z peaks are log2-
transformed fold change. Two black brackets and Roman number I and II indicate two major clusters 
composed of the m/z peaks significantly induced and reduced in pip mutants compared with wild 
type, respectively. The m/z peaks in red are putatively known in Arabidopsis or other plant species, in 
green are sulfur-containing metabolites with unknown identities. Two pink frames indicate two main 
groups of sulfur-containing m/z peaks.   
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3.3 Discussion 

 

3.3.1 Loss of major PIPs is associated with altered accumulation of putative 

osmoprotectants and glucosinolate biosynthesis  

PIP aquaporins significantly contribute to plant water relations (Da Ines et al., 2010; Javot et 

al., 2003; Kaldenhoff et al., 1998; Postaire et al., 2010). The maintenance of water 

homeostasis upon challenging environmental conditions could require the regulation of PIP 

aquaporins. Heat, drought and their combination represent the climate change scenarios that 

most frequently occur. Many studies have addressed the regulations and functions of PIPs 

under drought stress (Alexandersson et al., 2005; Kline et al., 2010; Lee et al., 2009; Martre 

et al., 2002), however, their roles in response to heat and heat combined with drought remain 

elusive. To probe this, this study analyzed the altered metabolic responses in pip mutants 

(abundant and root-specific isoforms are affected) under these conditions. The transcriptomic 

and physiological changes in pip mutants are being analyzed by a colleague Ming Jin 

(Institute of Biochemical Plant Pathology, Helmholtz Zentrum München). Taking advantage 

of high mass accuracy of the FT-ICR-MS, a non-targeted approach was chosen to assess the 

metabolic changes in an unbiased manner. Possible metabolite identities of significantly 

changed m/z peaks related to PIP mutations and environmental conditions were unveiled. 

These results provided important information on PIPs’ involvement in coping with the 

challenging conditions. 

An important observation was that most of significantly changed m/z peaks identified in pip 

mutants were condition-specific (Figure 30 and 31). It suggested that the m/z peaks 

specifically changed under control condition are H/DH-responsive as pip mutants and wild 

type exhibited similar levels of these peaks under stress conditions; in parallel, the m/z peaks 

specifically changed under H or DH represent novel stress responses caused by the loss of 

major PIPs. Interestingly, six out of 13 m/z peaks, which were significantly changed under 

control condition in pip mutants in both negative- and positive-mode datasets, were indeed 

responsive to H in wt in the same manner as observed in pip mutants under control condition 

(Figure S10 and Table S4). For instance, the putative trisaccharide (m/z 503.1617 in the 

negative mode and m/z 527.1581 in the positive mode) that accumulated in pip mutants under 

control condition was induced by H in wt (Table S4), consistent with the previous observation 

that raffinose (one trisaccharide) is a heat-inducible metabolite (Kaplan et al., 2004; 

Panikulangara et al., 2004). Due to the difference in metabolite concentrations between DH-
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treated and control samples, the m/z peaks in response to DH identified by ANOVA 

(comparisons between treatment and control) were not reliable. As a result, it could not be 

proven whether the remaining seven m/z peaks responded to DH. Nevertheless, the current 

results support the notion that m/z peaks specifically changed under control condition in pip 

mutants are stress-responsive.   

The condition-specific metabolic changes caused by PIP mutations included the putative 

soluble sugars, sulfur-containing metabolites and some unknown m/z peaks. As mentioned 

above, the pip mutants accumulated putative disaccharide and trisaccharide under control 

condition (Figure 32), indicating that the cells’ osmotic potential counters the reduction of 

membrane water permeability due to PIP mutations by enhancing the driving force of water 

movement into cells.  

The putative N2-acetyl-L-aminoadipate (m/z 202.0721, C8H13NO5), which was highly and 

specifically induced under DH in pip mutants (Figure 32), might function as an 

osmoprotectant precursor. N2-acetyl-L-aminoadipate is closely related to L-aminoadipate 

semialdehyde (C8H13NO4), a metabolite known in Arabidopsis. A previous study has shown 

that osmotic stress induces the production of L-aminoadipate semialdehyde in Brassica napus 

and it could be further converted into L-aminoadipate (C8H13NO5) and acetyl CoA. L-

aminoadipate could behave as a precursor of pipecolic acid, an osmoprotectant in bacteria and 

is co-accumulated with proline in halophytic plants. Furthermore, the production of L-

aminoadipate semialdehyde in Brassica napus is catalyzed by lysine-ketoglutarate reductase 

(LKR) and saccharopine dehydrogenase (SDH) (Moulin et al., 2006). Interestingly, LKR and 

SDH are encoded by the same gene (AT4G33150) with variant splicing in Arabidopsis, and 

function similarly to these enzymes in Brassica napus (Zhu et al., 2000). It is also known that 

the expression of AT4G33150 is induced by ABA (Fujita et al., 2004), a central hormone 

responsive to drought stress. These evidences suggest that in Arabidopsis the putative N2-

acetyl-L-aminoadipate may be involved in osmotic adjustment, like in Brassica napus. It has 

been shown that combination of drought and heat accumulates soluble sugars instead of 

proline as major osmoprotectant (Rizhsky et al., 2004). pip mutants and wild-type plants 

exhibited similar sugar contents under DH (Figure 32). Accumulation of N2-acetyl-L-

aminoadipate suggests that induction of carbohydrates is not sufficient, and an additional 

osmotic regulation strategy is required in pip mutants in response to DH.  

Glucosinolate biosynthesis seemed to be inhibited as a consequence of PIP mutations. 

Thirteen out of 35 significantly changed m/z peaks were predicted as sulfur-containing 

metabolites (Table 5). The putative identities of these metabolites have not been described 
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except for m/z 247.0646 (C10H16O5S). This m/z peak, which was reduced under control 

condition (Figure 32), was putatively involved in aliphatic glucosinolate biosynthesis in 

Arabidopsis. The downregulation of m/z 338.0882 (putative 6-hydroxyindole-3-carboxylic 

acid 6-O-beta-D-glucopyranoside) could be another piece of evidence supporting the 

assumption that glucosinolate biosynthesis was inhibited. Although not a sulfur-containing 

metabolite, 6-hydroxyindole-3-carboxylic acid 6-O-beta-D-glucopyranoside has been shown 

to accumulate in plants overexpressing genes that regulate the indolic glucosinolate 

biosynthetic pathways (Malitsky et al., 2008), suggesting a correlation between production of 

this metabolite and glucosinolate biosynthesis. The reduction of m/z 338.0882 could therefore 

be indicative for the inhibition of glucosinolate biosynthesis. This inhibition seems to be 

independent of conditions in pip mutants since the reduction of m/z 338.0882 occurred under 

each condition (Figure 32).  

The potentially reduced content of glucosinolates together with the accumulation of 

condition-specific sulfur-containing metabolites (i.e. m/z 459.1241 under C, m/z 523.2097 

under H, m/z 285.0187, 330.0710 and 336.0685 under DH) (Figure 32) suggest the 

differential regulation of sulfur metabolism in pip mutants compared with wild type. It is 

known that the primary and secondary sulfur metabolism compete for the common substrate 

adenosine 5'-phosphosulfate (APS) (Chan et al., 2012; Davidian and Kopriva, 2010; Kopriva, 

2006; Mugford et al., 2011; Mugford et al., 2009). The wild-type plants represent a balance in 

sulfur partitioning between primary and secondary sulfur metabolism. Experimental 

evidences have shown that such a balance could be regulated by the oxidative stress, i.e. the 

primary sulfur metabolism is enhanced (accumulation of glutathione) while the secondary 

sulfur metabolism is inhibited (reduction of glucosinolates) (Mugford et al., 2011; Mugford et 

al., 2009; Ravilious et al., 2012). Mutations in PIPs appear to disrupt the balance of primary 

and secondary sulfur metabolism under control condition as well as the regular sulfur-

partitioning regulation under stress conditions.  

The metabolic changes discussed in this study were observed in the double and triple pip 

mutants. It could be interesting to examine whether a single mutation (e.g. pip2;1 or pip2;2 

single mutant) is sufficient to induce the metabolic changes, such as the accumulation of 

putative soluble sugars. With respect to the further identification of the metabolite identities, 

the annotation of significantly changed m/z peaks via the in silico routine (database search) 

should be further combined with experimental routines. On the one hand, a targeted 

metabolomics approach will be used to determine predefined group of metabolites. One 

limitation of the non-targeted FT-ICR-MS approach is that metabolites with the same mass 

http://pmn.plantcyc.org/ARA/NEW-IMAGE?type=PATHWAY&object=PWYQT-4450
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(e.g. isomers) cannot be distinguished. The putative trisaccharide, with the molecular formula 

C18H32O16, could be raffinose, fructan or other polymers of monosaccharide molecules. An 

analysis of individual soluble sugars will help to identify which sugar molecule(s) contribute 

to the accumulation of trisaccharide(s) observed in pip mutants under control condition. On 

the other hand, fragmentation of significantly changed m/z peaks with unknown identities will 

help to identify their possible structures. This strategy has been successfully used to identify 

the substrate of UDP-dependent glucosyltransferase UGT76B1 in Arabidopsis (von Saint Paul 

et al., 2011). Therefore, more hints of metabolite identities will be obtained through 

fragmentation, e.g. whether m/z 202.0721 corresponds to N2-acetyl-L-aminoadipate in 

Arabidopsis as predicted.   

 

3.3.2 Heat stress in combination with high air humidity seems to trigger 

specific metabolic responses  

Temperature increase lowers the relative air humidity if no water is added to the ambient 

atmosphere. As a consequence, plants suffer from not only heat stress, but also an additional 

drought stress from the ambient air. This scenario has been used in all studies on heat stress in 

plants (Bennett et al., 2005; Kaplan et al., 2004; Panikulangara et al., 2004; Rizhsky et al., 

2004). In contrast, this study has taken the reduction of air humidity upon high temperature 

into account, analyzing the plants’ responses to heat stress (33 °C) with increased, adjusted 

relative air humidity to maintain the same vapour pressure deficit (VPD) as observed at 

control temperature (22 °C). Investigation of the combination of high temperature and high air 

humidity is meaningful as this is an environmental condition frequently occurring in the 

summer of some regions, such as Southeast Asia.  

To identify whether heat stress in combination with high air humidity (H) triggers differential 

metabolic responses, the metabolome data obtained in this study was compared with the 

published data on the metabolic changes induced by classical heat stress (without air-humidity 

adjustment) in Arabidopsis. Forty-three m/z peaks, which were significantly changed under H 

in wt (comparisons between H and C in wt via ANOVA, p<0.01), have been identified in this 

study. The putative metabolite identities of nine m/z peaks were assigned in Arabidopsis and 

other plant species, and they appeared to be involved in diverse metabolic pathways, 

including carbohydrate metabolism, glucosinolate biosynthesis, flavonoid metabolism and 

monoterpenoid biosynthesis (Table S5). Previous studies have been shown that raffinose is 

induced and glucose 6-phosphate is reduced by the classical heat stress (Kaplan et al., 2004; 

http://www.genome.jp/kegg-bin/show_pathway?map=map00902&show_description=show
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Panikulangara et al., 2004). The m/z peaks putatively corresponding to raffinose (m/z 

503.1617 and 527.1581) and glucose 6-phosphate (m/z 259.0225) exhibited similar changes in 

response to H (Table S5). In addition, the accumulation of some glucosinolates and 

anthocyanins in response to classical heat stress has been reported (Bennett et al., 2005). The 

induction of m/z 221.0491, which was predicted as a metabolite involved in glucosinolate 

biosynthesis (Table S5), suggests that H also upregulates the glucosinolate content. In 

addition, the reduced level of m/z 411.0688 gives a hint of anthocyanin accumulation (Table 

S5). This peak was predicted as two different flavonols in Gutierrezia texana and Melicope 

triphylla, respectively. Since flavonols and anthocyanins are derived from common precursors 

and their accumulations have been shown antagonistic in Arabidopsis (Gou et al., 2011), the 

reduction of the putative flavonols (m/z 411.0688) could therefore be suggestive for the 

accumulation of anthocyanins. In contrast to the metabolites responsive to heat stress 

independent of the air humidity, the changes of some metabolites seem to be specific to each 

heat stress condition. Most of the m/z peaks showing significant changes under H have no 

putative metabolites identified in Arabidopsis, therefore, it is not clear whether these m/z 

peaks are altered exclusively under this heat stress condition. Nevertheless, they could be 

good candidates as metabolites differentially reacting to heat stress with different air 

humidity. The H-reduced putative syringin (m/z 395.1312, C17H24O9) (Table S5), which has 

not been reported to respond to classical heat stress, could represent a specific change under 

H. In addition, the putative metabolites sucrose (m/z 341.1089 and 365.1055, C12H22O11), 

glycerol 3-phosphate (m/z 171.0064, C3H9O6P), ribonic acid (m/z 165.0405, C5H10O6), citric 

acid (m/z 191.0197, C6H8O7), quinic acid (m/z 191.0561, C7H12O6) and galactonic acid (m/z 

195.0510, C6H12O7) are induced under classical heat stress (Kaplan et al., 2004), but not 

changed under H (Table S6). In fact, the contents of some amino acids (e.g. alanine and valine) 

are also affected by classical heat stress (Kaplan et al., 2004; Rizhsky et al., 2004). However, 

the changes of amino acids cannot be compared because such small molecules are not 

detectable in FT-ICR-MS measurements (which detect masses ranging from m/z 148 to m/z 

1999). Nevertheless, these data suggest that heat stress in combination with high air humidity 

appears to cause specific metabolic responses.  

One should be aware that the published data on metabolic changes in response to classical 

heat stress were not fully comparable with the data obtained in this study as different 

temperatures and treatment durations were used and, more importantly, the metabolite 

identities of detected m/z peaks could be different from current predictions. The future study 

focusing on a direct comparison of metabolic responses to heat stress with different air 
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humidity using both targeted and non-targeted metabolomics approaches could overcome 

these problems and provide more insights into the plants’ responses to the combinational 

conditions.  

It has been demonstrated that the major PIPs are upregulated under classical heat stress (Rae 

et al., 2011). A previous study has also shown that increased relative air humidity (45 % to 85 

%) enhances the osmotic water permeability of isolated mesophyll protoplasts, suggesting the 

regulation of PIP aquaporins in response to high air humidity (Morillon and Chrispeels, 

2001). Therefore, the role of major PIP isoforms in response to heat stress with different air 

humidity could be interesting to characterize.  

 

 

3.3.3 Integration of metabolome and transcriptome data helps to better 

understand the metabolic responses caused by PIP mutations 

In addition to analyses of altered responses in pip mutants under different conditions at the 

metabolome level, the transcriptome level has also been examined (done by Ming Jin from the 

Institute of Biochemical Plant Pathology, Helmholtz Zentrum München). Similar to the 

metabolic responses, the differential gene expressions are caused by both environmental 

conditions and loss of major PIP isoforms. In addition, the significantly up- and down-

regulated genes in pip mutants under each condition have been identified. Currently, PIP-

dependent changes determined using two experimental platforms are being integrated (by 

Theresa Faus-Kessler from the Institute of Developmental Genetics, Helmholtz Zentrum 

München). An important part of this integration is to cluster the significantly changed 

metabolites and genes, which show similar behaviours. This could lead to the confirmation of 

observed responses and, more importantly, the prediction of metabolite identities and gene 

functions. For example, the putatively accumulated trisaccharide grouping together with 

carbohydrate biosynthesis-related genes would confirm the changes in both datasets; a well-

annotated gene showing similar behaviour to an unknown m/z peak would provide the 

possibility that this metabolite is highly associated with the gene function. The integration 

will therefore improve the information content of each single dataset, better understanding the 

altered cellular/molecular regulations upon the reduction of water permeability due to the loss 

of major PIPs. 
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4. MATERIALS AND METHODS 

 

4.1 Materials 

 

4.1.1 Plant materials 

Insertion lines and wild-type plants used in this study are Arabidopsis thaliana ecotype 

Columbia (Col-0 or Col-4), except for pip2;7, which is ecotype Landsberg (Ler). Col-0 

background pip2;7 mutant was generated by backcross. Most of the seeds were obtained from 

the Nottingham Arabidopsis Stock Center (NASC) or from the Arabidopsis Biological 

Resource Center (ABRC, Ohio State University, USA). GABI lines were purchased from 

GABI-Kat (MPI, Köln, Germany). arf7 seeds were provided by Professor Malcolm Bennett 

(University of Nottingham). Double or quadruple mutants were generated by crossing and 

verified by PCR-based genotyping at the DNA level and by RT-PCR at the RNA level. The 

single, double and multiple mutants used in this work are listed in Table 6 and 7. In addition, 

the seeds of pip2;1-2 complementing with proPIP2;1:PIP2;1-mCHERRY construct were 

provided by Professor Christophe Maurel (CNRS Montpellier). 

proPIP:GUS or proPIP:GFP-GUS constructs transformed plants (C24 or Col-0 ecotype), 

were used for expression studies. The expression pattern of each PIP gene during LR 

development was confirmed by observation of the same expression pattern in two transgenic 

lines (Table 8). 

 

4.1.2 Media and solutions 

Typical media, buffers and solutions were prepared according to common protocols used in 

molecular biology. The preparation of special media and solutions is described in the 

corresponding methods section below. 

 

4.1.3 Restriction enzymes and modifying enzymes 

The restriction enzymes and their buffers were purchased from New England Biolabs 

(Frankfurt, Germany) or MBI Fermentas Life Sciences (St. Leon-Rot, Germany). Other 

enzymes, including Taq DNA polymerase, high fidelity DNA polymerase, DNase, RNase A 

and H, Reverse Transcriptase SuperScript II were purchased from Amersham Pharmacia, 

MBI Fermentas, Gibco-BRL, Promega, Q-Biogene, Stratagene, Roche and Sigma. 
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Table 6 Single mutants used in this work. 

These mutants are derived from collections including AMAZE (ZIGIA project, MPI, Köln, Germany), JIC 

SM (Tissier et al., 1999), GABI (Rosso et al., 2003), SAIL (Sessions et al., 2002), SALK (Alonso et al., 

2003), CSHL (Martienssen, 1998) and SK (Robinson et al., 2009). 

Mutant type AGI code Name Line Ecotype 

pip 

mutant 

AT3G61430 pip1;1-1 GABI_437b11 Col-0 

AT2G45960 
pip1;2-1 SALK_145347 Col-0 

pip1;2-2 SALK_019794 Col-0 

AT3G53420 
pip2;1-1 AMAZE_6AAS98 Col-0 

pip2;1-2 SM_3_35928 Col-0 

AT2G37170 
pip2;2-3 SAIL_169A03 Col-0 

pip2;2-4 GABI_098D07 Col-0 

AT5G60660 pip2;4-1 SM_3_20853 Col-0 

AT4G35100 pip2;7-1 CSHL_GT19652 Ler* 

AT2G16850 
pip2;8-1 SALK_099098 Col-0 

pip2;8-2 SK_16840 Col-4 

Other mutant AT5G20730 arf7 SALK_040394 Col-0 

* Col-0 background pip2;7 mutant, which was generated by backcross, was used in this work. 

 

 

Table 7 Double and multiple mutants used in this work. 

Mutant type Name Source Generation 

Double mutant 

arf7 pip2;1 this work arf7 × pip2;1-2 

pip1;1 pip2;4 this work pip1;1-1 × pip2;4-1 

pip1;2 pip2;7 this work pip1;2-2 × pip2;7-1 

pip2;1 pip2;2 lab stock  

Triple mutant pip2;1 pip2;2 pip2;4 lab stock 
 

Quadruple mutant pip1;2 pip2;1 pip2;2 pip2;7 this work 
pip1;2-2 pip2;1-2 pip2;2-3* 

× pip2;7-1 

* Seeds were provided by Chen Liu (Institute of Biochemical Plant Pathology, Helmholtz Zentrum 

München). 
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Table 8 proPIP:GUS and proPIP:GFP-GUS reporter lines. 

PIP Gene 
Independent line 

(lab name) 
Ecotype Source / Reference Reporter 

PIP1;1 
1a-15a 

1a-6 

C24 (Franck, 1999) 
GUS 

 

PIP1;2 
4 

5 

PIP2;1 
2a-3/2 

2a-6a 

PIP2;2 
26/3-1 

26/1 

PIP2;3 
4-1 

7-1 

PIP2;4 
1-1 

2-1 

PIP2;5 
8 

28 
Col-0 

Dr. Ulrich Hammes 

(University of Regensburg) 

GFP-GUS 
PIP2;6 

4 

5 

C24 (Da Ines, 2008) PIP2;7 
2 

5 

PIP2;8 
2 

4 

 

 

4.1.4 Bacterial strains 

Species Strain 

Escherichia coli 

Agrobacterium tumefaciens 

DH 5α 

GV3101 (pMP90) 

 

 

4.1.5 Vectors 

Name Source / Reference 

pGEM-T easy Promega, Germany 

pDONR221 Invitrogen, Germany 

pBGW 
(Karimi et al., 2002) 

pKGW 
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4.1.6 Antibiotics 

Name 
Stock solution* 

(mg/ml) 

Working concentration 

(μg/ml) 
Source 

Ampicillin 100 (in water) 100 Roche, Mannheim, 

Germany 
Gentamicin 50 (in water) 25 

Rifampicin 50 (in methanol) 100 

Sigma, Deisenhofen, 

Germany 
Kanamycin 50 (in water) 50 

Spectinomycin 100 (in water) 100 

* All stock solutions were stored at -20 °C before use. 

 

 

4.1.7 Plant hormones and hormone response inhibitor 

Name* Stock solution 
Working 

concentration 
Source 

Kinetin 10 mM (in water) 0.5 µM Serva, Heidelberg, Germany 

PCIB 10 mM (in ethanol) 10 μM VWR, Darmstadt, Germany 

IAA 10 mM (in ethanol) 1 μM 

Sigma, Deisenhofen, 

Germany 

6-BA 

10 mM (in DMSO) 

0.1 mM (in water) 

0.1 µM 

ACC 10 mM (in water) 0.1 µM 

BL 1 mM (in DMSO) 10 nM 

ABA 5 mM (in methanol) 0.1 µM 

* The chemical abbreviations are used (except for kinetin). PCIB, IAA, 6-BA, ACC, BL and ABA are 

the abbreviations for p-chlorophenoxy-isobutyric acid, indole-3-acetic acid, 6-benzylaminopurine, 1-

aminocyclopropane-1-carboxylic-acid, brassinolide and abscisic acid, respectively. 
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4.2 Methods 

 

4.2.1 Plant growth conditions  

For plant growth, soil (Floragard) was mixed with silica sand in a ratio of 5:1 and poured into 

six-well packs. The soil-sand mixture was first wetted with water, and then seeds were placed 

on the surface of the soil with a toothpick and stratified for two days at 4 °C to synchronize 

germination before transfer into the plant chamber. 

For hormone treatments and determination of the LRE phenotype, seeds were first surface-

sterilized twice with 90 % (v/v) ethanol spread on a filter paper and dried under a sterile hood. 

After complete dryness, seeds were then sown on squared petri dishes (120 mm × 120 mm × 

17 mm Greiner Bio-One Germany) containing 75 ml half-strength MS (Murashige and 

Skoog) medium. Plates were sealed with parafilm and kept for two days at 4 °C for 

stratification. After transfer into the plant chamber, plates were placed vertically to ensure 

roots grow along the medium. 

Half-strength MS medium 

2.2 g/l MS medium powder (M5519, Sigma)  

0.5 % (w/v) Gelrite (Duchefa) 

pH 5.8 adjusted with KOH 

 

Arabidopsis thaliana plants grown on soil or MS medium in a growth chamber were under 

the following environmental parameters (or otherwise mentioned): 16 h light / 8 h dark cycle, 

200 μE m
-2

s
-1

 light intensity, 22 °C temperature and 60 % relative humidity.  

 

4.2.2 Hormone treatments 

For expression analysis (qPCR), seven-day-old seedlings were transferred to vertical half-

strength MS plates supplemented with 1 μM IAA for 0.5 h, 3 h, 6 h, 12 h, 18 h, 24 h and 36 h 

as indicated in Figure 5. 

To investigate the effects of different hormones on the expression patterns of proPIP:GUS 

fusion lines during LR development, seven-day-old seedlings were transferred to half-strength 

MS plates supplemented with 1 μM IAA, 10 μM PCIB, 0.1 µM 6-benzylaminopurine, 0.5 µM 

kinetin, 0.1 µM ACC, 10 nM BL and 0.1 µM ABA and grown for 24 h or 48 h as indicated in 

Figure 10, 16 and 17. Seedlings transferred to normal MS plates were used as control. 
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4.2.3 qPCR (quantitative Polymerase Chain Reaction) 

qPCR was performed to investigate the expression of PIP genes in response to exogenous 

auxin (1 μM IAA) in Col-0 and arf7 mutant backgrounds (done together with Benjamin Péret 

in the University of Nottingham). Total RNA and cDNA have already been prepared (by the 

colleague in the University of Nottingham). qPCR was performed in 384-well optical reaction 

plates using SYBR Green Sensimix (Quantace) on a Roche LightCycler 480 apparatus.  

PCR program 

95 °C 1 min 

95 °C 5 s 

62 °C (annealing) 8 s              40 cycles    

72 °C 30 s 

 

Expression levels were normalized to the ubiquitin-associated gene UBA (AT1G04850). All 

qPCR experiments were performed in triplicate and the values represent means ± sem 

(standard error of the mean) (Péret et al., 2012). 

 

4.2.4 Generation of double/quadruple mutants 

4.2.4.1 Crossing 

The double and quadruple mutants used for LRE phenotype analysis were generated by 

crossing the parent lines indicated in Table 7. Take arf7 pip2;1 double mutant as an example. 

Two single mutant plants were grown under long light conditions until mature flowers were 

present. Two to three inflorescences from the arf7 mutant were chosen, and mature siliques, 

open flowers with visible white petals and flower buds that were too small were removed. 

Three flower buds from each inflorescence normally remained and were used for crossing. To 

prepare the recipient flower (ovary), all flower parts except the pistil were carefully removed 

without touching the stigma. A mature flower was taken with forceps from a pip2;1 plant, and 

anthers were dabbed onto the exposed stigma of the emasculated plant. This step was repeated 

at least twice to ensure the pollination. When several crosses were done in a row, forceps 

should be cleaned in between by dipping them in 95 % ethanol (v/v) followed by rinsing with 

distilled water. A successful cross was indicated by obvious elongation of stigma after 1-2 

days to generate a silique.  
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4.2.4.2 Verification of homozygous double/quadruple mutants 

4.2.4.2.1 PCR-based genotyping 

To identify homozygous mutants at the genomic DNA level, PCR-based genotyping was 

employed in F2 generation plants using Extract-N-Amp
TM

 Plant PCR Kit (Sigma). A small 

piece of leaf was used for genomic DNA extraction according to the manufacturer’s 

instructions. One cotyledon from a young seedling was also sufficient to isolate genomic 

DNA when the volume of extraction and dilution buffers was reduced to 25 µl. PCR reactions 

were performed immediately after genomic DNA extraction using a Multicycler PTC-200 

(Biozym, Germany). Two reactions suffice to determine the genotype of one sample: one 

reaction amplifies a fragment of the target gene with primers flanking the putative insertion 

site in wild-type genomic DNA, whereas the other reaction uses a primer from the T-DNA 

insertion and one from the genomic DNA, respectively. The judgment of a plant genotype is 

based on the presence or absence of DNA fragments amplified by specific primer 

combinations (Figure 33).  The plants showing the presence of only insertion band (like 

“Plant 2” in Figure 33) of each gene were selected as homozygous double or quadruple 

mutants.  

 

 

Figure 33 Scheme for judgment of 

a plant genotype by PCR-based 

genotyping after electrophoresis. 

 

 

 

4.2.4.2.2 Reverse Transcription Polymerase Chain Reaction (RT-PCR) 

Further confirmation of the homozygous mutants at the RNA level was performed using RT-

PCR. Total RNA was extracted using RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The 

leaf material was disrupted with a dismembrator (micro-dismembrator S; 2500 rpm, 1 min). 

50-100 mg powder was used for RNA extraction according to the manufacturer’s instructions. 

DNase treatment was performed on the column as recommended. One μg total RNA was 

reverse transcribed into cDNA using the SuperScript II First Strand synthesis system 

(Invitrogen) according to the manufacturer’s instructions. For each sample, a negative RT 

reaction without reverse transcriptase (-RT) was prepared in parallel to control contaminations 
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with genomic DNA. To ensure RT was successful and examine whether genomic DNA was 

present in RNA samples, PCR reactions with TUBULIN primers were performed using a 

Multicycler PTC-200 (Biozym, Germany). A successful RNA isolation and cDNA synthesis 

yielded a positive band for the +RT reaction and no band in the -RT reaction. By using the 

cDNA samples without contamination, no amplification of target fragments in the mutants 

were observed. The seeds of these confirmed homozygous mutants were harvested and the 

seedlings were used for LRE phenotype analysis. 

 

4.2.5 Complementation of pip2;1 mutants 

The mutant complementation was performed using Gateway
TM

 cloning system (Invitrogen, 

Germany). A 4.6 kb genomic PIP2;1 fragment was amplified by PCR using primers 5’- GGG 

GACAAGTTTGTACAAAAAAGCAGGCTGGAGTGACTAAAAAGGACAA -3’ (forward) 

and 5’- GGGGACCACTTTGTACAAGAAAGCTGGGTTCGAGCATTTCCTATATGATT -

3’ (reverse) with high fidelity DNA polymerase. This fragment was first cloned into the 

pDONR221 vector and transformed into E. coli (see 4.2.6). After verification by sequencing, 

the fragment was further recombined and cloned into pBGW and pKGW vectors and 

transformed into Agrobacterium tumefaciens (see 4.2.7). The Agrobacterium tumefaciens-

mediated transformation into two alleles of pip2;1 mutants was performed using floral dip 

(Clough and Bent, 1998). The pip2;1 mutants were grown in big pots to the flowering stage. 

Siliques and open flowers were removed before transformation to increase the transformation 

rate. The inflorescences were dipped into the bacterial suspension for several seconds. Dipped 

plants were dried, covered with a transparent plastic bag to maintain humidity and kept in a 

low light condition for one day. After being returned to the growth chamber, plants continued 

growing until seed harvest. 

The transformants were selected either on soil on the basis of BASTA resistance or in vitro on 

MS solid medium supplemented with Kanamycin. The BASTA/Kanamycin-resistant T1 

generation plants were individually harvested and used for segregation in the next generation. 

The line showing 3 (resistant):1 (non-resistant) segregation ratio in T2 generation and no 

segregation (all resistant) in T3 generation was considered as a homozygous transformant 

with single insertion. Two to three independent homozygous transformants with single 

insertion of each allele were confirmed at mRNA level by RT-PCR (see 4.2.4.2.2). A restored 

PIP2;1 expression in complementation samples was observed. The seeds of these successfully 

complemented lines were harvested and the seedlings were used for LRE phenotype analysis. 
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4.2.6 E. coli transformation and preparation of plasmid DNA 

The genomic PIP2;1 fragment was cloned into the pDONR221 vector and transformed into E. 

coli. An aliquot of competent E. coli cells was thawed on ice and mixed with 100-200 ng 

plasmid DNA. After incubation on ice for 30 min, the mixture in an Eppendorf tube was 

treated at 42 °C (water bath) for 30 sec, and immediately cooled on ice for 2 min. 500 µl of 

SOC medium was added, and then the sample was incubated at 37 °C for 30 min with 

agitation (1400 rpm). Transformed bacterial suspensions were centrifuged, resuspended with 

50 µl SOC medium, and plated on selective LB solid medium. 

Plasmid DNA from E. coli was extracted using the QIAprep Spin Miniprep Kit (Qiagen, 

Hilden, Germany) according to the manufacturer’s instructions. After verification of the target 

fragment being correctly inserted by restriction digests, plasmid DNA was prepared for 

sequencing according to the manufacturer’s instructions (plasmid DNA/water mixture 15 µl 

and 0.5 µl 10 µM primer) and processed by Eurofins MWG GmbH (Ebersberg, Germany). 

 

4.2.7 Agrobacterium transformation  

For plant transformation, the plasmid DNA (pBGW or pKGW vector with the PIP2;1 

fragment) was transformed into Agrobacterium tumefaciens by electroporation. An aliquot of 

competent Agrobacterium tumefaciens strain GV3101 containing a Ti plasmid (pMP90) was 

thawed on ice. Less than 50 ng of plasmid DNA was added and incubated for 2 min on ice. 

The mixture was then transferred into a dry, pre-chilled 0.2 cm cuvette for electroporation. 

Pulsing was done using the following conditions: resistance 400 Ω, capacitance 25 μF and 

voltage 2.5 kV, and the time constant should be larger than 9.1 (optimal would be 9.4 to 9.6) 

to give a relevant number of transformants. Immediately after the pulse, 1 ml of SOC medium 

was added into the cuvette and the suspension was transferred into a 1.5 ml Eppendorf tube. 

After incubation at 28 °C for 60-90 min (with gentle agitation), the bacterial cells were 

centrifuged and resuspended. A quarter of total cells was spread onto a selective LB solid 

medium (Rifampicin and Gentamicin for agrobacteria and appropriate antibiotics for the 

vectors) and incubated at 28 °C for two to three days. A single colony of Agrobacterium 

tumefaciens strain GV3101 carrying the PIP2;1 genomic fragment was used to prepare a 2 ml 

preculture (28 °C, overnight). 1 ml of the preculture was then diluted 1:300 in selective LB 

medium on the next day (Rifampicin and Gentamicin for agrobacteria and an appropriate 

antibiotic for the vector). The agrobacterial cells were collected by centrifugation and then 

resuspended in a 5 % (w/v) sucrose solution to a final OD600 of approximately 0.8. 
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4.2.8 Histochemical GUS assay  

To study the expression pattern of individual PIP isoforms during LR development, in the 

stele and in response to different plant hormones, the histochemical localization of β-

glucuronidase gene (GUS) was determined in transgenic plants expressing this reporter under 

the control of native PIP promoters (Deruère et al., 1999). Treated or untreated seedlings 

were harvested and transferred to the fixation solution, vacuum-infiltrated for 10 times, and 

then incubated for 30 min at room temperature. Seedlings were washed three times with 

phosphate buffer (Na-phosphate, pH 7.0) and then the GUS-staining solution was added. 

After 10-times vacuum infiltration, seedlings were incubated for several minutes to overnight 

at 37 °C in the GUS-staining solution (depending on the expression level of corresponding 

PIP genes). Staining solution was replaced by 70 % (v/v) ethanol to terminate the reaction. 

Destaining was done by keeping seedlings in the ethanol at room temperature overnight or at 

80 °C (water bath) for 10 min. The seedlings were then submerged and stored in fresh 70 % 

(v/v) ethanol at room temperature before microscopic pictures were taken. 

Fixation solution                                                  GUS-staining solution  

0.5 % Formaldehyde  1 mM X-Gluc in DMSO 

0.05 % Triton X 100  1 mM Potassiumhexacyanoferrat II 

50 mM Na-phosphate, pH7.0  1 mM Potassiumhexacyanoferrat III 

  0.1 % Triton X 100 

  50 mM Na-phosphate, pH7.0 

 

 

4.2.9 Vibratome sectioning 

To observe the expression patterns of PIPs in the stele, GUS stained roots were cross-

sectioned using a vibratome (Series 1000, Ted Pella). 5 % low melting agarose (Biozym 

Plaque GP Agarose) was prepared and kept in a water bath at 60 °C before use. The upper 

part of blue pipette tips was cut into approximately 0.5 cm segments, which were used for 

root embedment. 1-1.5 cm root segment was first cut from the whole root (lower cutting site 

positioned at 5 mm from the root tip), and further dissected into 2-2.5 mm segments. One 

minute after addition of agarose into a blue tip segment, one root segment was introduced to 

the middle position of semi-liquid agarose by a toothpick. The one minute interval was 

optimal for agarose to cool down a bit, avoiding the embedded root segment swimming to the 

agarose surface. The embedding blocks were then kept at 4 °C for at least one hour to fully 
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strengthen the agarose. Before sectioning, the agarose block was taken out of the blue tip, cut 

into a trapeze shape. Importantly, the root segment to be sectioned should be vertical to the 

bottom of agarose block. The trapeze shaped agarose block was fixed to a petri dish with 

instant glue, and the petri dish afterwards was installed in the middle of sectioning station of 

the vibratome. The whole area of sectioning station was filled with ice-water mixture until it 

covered the front part of the razor blade. Section thickness was set to 30 µm. Moving speed of 

the razor blade was set to 7 and its amplitude to 4. After each cut, the section was gently 

caught by a small paint brush, and immediately transferred to a petri dish with cold water. 

When all sections from one agarose block were collected, they were mounted with water and 

observed under the microscope.   

 

4.2.10 Application of gravitropic stimulus and sampling 

For determination of LRE phenotype, three-day-old seedlings were given a gravitropic 

stimulus by turning the MS plates to 90° for 18 and 42 h pgi, respectively. Seedlings were 

harvested and cleared in the chloral hydrate solution for 24 h. Before microscopy, the bending 

site of each root should be mounted horizontally with the slide using 50 % glycerol to avoid 

the twisting of primordia, of which the following observation of developmental stages would 

be inaccurate.  

Chloral hydrate solution 

200 g chloral hydrate (Sigma) 

25 ml glycerol  

50 ml H2O 

 

4.2.11 Microscopy 

The expression patterns of proPIP:GUS fusion lines during LR development and the hormone 

effects were observed with a Olympus BX61 microscope, and LR developmental stages at 

root bending sites in wild-type and pip2;1 seedlings (Figure 4 and 14) were observed with a 

Leica DMRB microscope (University of Nottingham) using Differential Interference Contrast 

(DIC) setting. For examining the expression pattern of PIP2;1 during LR development in the 

proPIP2;1:PIP2;1-mCHERRY complementing pip2;1-2 mutant, confocal microscopy was 

performed using a Zeiss LSM 510 META microscope with a 40× water immersion objective. 

The emitted fluorescence signal was captured by alternately switching the 488 nm 

(autofluoresence) and 543 nm (mCHERRY) excitation lines.  
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4.2.12 SOM (self-organizing map) analysis 

SOM analysis implemented in the “som” package of the statistical software R, which is 

suitable for clustering of expression data (Tamayo et al., 1999), was performed for 

identification of genes correlated with the expression profile of PIP2;8 during LR 

development from a time-course microarray dataset with 14 time-points (done by Dietrich 

Trümbach from the Institute of Developmental Genetics, Helmholtz Zentrum München). The 

x-, y-dimensions of the map were set to 8 and 2, respectively. A hexagonal topology of the 

grid was chosen with a Gaussian neighborhood function for the distance measure. To 

eliminate genes that did not change much across samples a variation filter was used. Genes 

were excluded with a fold change < 2 and an absolute expression difference < 50. 

Furthermore, only genes which have their maximum expression level not at the last time-point 

(42 h pgi) were considered. As a result, 224 genes were obtained and subjected to SOM 

analysis together with PIP2;8. The genes with similar expression profiles and expression 

levels along LR induction were grouped. The overlay graph and gene list of each cluster were 

obtained.       

 

4.2.13 Metabolite extraction and FT-ICR-MS measurements 

Pooled material from eight plants was ground with a dismembrator (micro-dismembrator S; 

2500 rpm, 2.5 min), and 100 mg powder of each sample was used for metabolite extraction, 

which was performed as described previously (Weckwerth et al., 2004) with slight 

modifications (Figure 34). Forty-four μg/ml loganin and 3 μg/ml nitrophenol were added to 

the extraction buffer 1 (methanol/chloroform/H2O 2.5:1:1 v/v/v) as internal standards. Two ml 

pre-cooled extraction buffer 1 (-20 °C) was added to 100 mg plant material and mixed at 4 °C 

for 30 min. After centrifugation (10 min, 14000 rpm, 4 °C), 1 ml of the supernatant 

(supernatant A) was transferred into a fresh 2 ml Eppendorf tube and the remaining pellet was 

extracted in a second step with 1 ml pre-cooled (4 °C) extraction buffer 2 

(methanol/chloroform 1:1 v/v). After a second centrifugation, 500 μl of the supernatant 

(supernatant B) were mixed with supernatant A. The chloroform phase was then separated 

from the water/methanol phase by addition of 250 μl of HPLC grade water (4 °C, Merck). 

The aqueous phase was divided into several 200 μl aliquots and dried completely using a 

Speed-Vac. 

Measurements were performed in both negative and positive ionization modes. One dried 

aliquot of each sample was redissolved in 200 μl 70 % methanol and diluted 1:100 (or 



MATERIALS AND METHODS 

81 

 

 

 

 

100 mg powder 

 

 

 

 

Aliquot and dry 

 

 

 

 

 

 

 

otherwise mentioned) in 70 % methanol containing 35 (for negative mode) or 100 (for 

positive mode) pmol/ml di-alanine. High-resolution mass spectra were acquired on a Bruker 

APEX Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR-MS; Bruker, 

Germany) equipped with a 12 Tesla superconducting magnet and an Apollo II Electrospray 

ionization source. Sample measurement order of each independent experiment was organized 

as shown in Figure 35. In general, 45 samples from one independent experiment were sorted 

and measured according to the replicate order. Within each replicate, three genotypes under 

control condition were first determined, followed by DH- and H-treated samples. Extracts 

were introduced automatically into the electrospray source under control of an autosampling 

program. Spectra were externally calibrated based on arginine cluster ions (5 ppm). 385 (for 

negative mode) or 415 (for positive mode) scans were accumulated for each spectrum. Prior 

to the acquisition of the first sample, methanol was measured several times until its signal 

intensity of all peaks was lower than 1 × 10
7 
after 20 scans.  

 

 Figure 34 Work flow of metabolite extraction. 
 



MATERIALS AND METHODS 

82 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35 Arrangement of the sample measurement order in one independent experiment. Each 

bracket pair (in grey) contains all samples of each replicate. Within each replicate, three genotypes 

under control condition were first analyzed with the order as indicated, followed by DH- and H-

treated samples. C, DH and H represent the same abbreviations as described in 3.1.2. R1-R5 indicate 

five replicates.  

 
 

4.2.14 FT-ICR-MS data processing 

The spectrum of each sample obtained from FT-ICR-MS measurement was calibrated using 

the Data Analysis program (Bruker, Germany). This internal mass calibration was performed 

using internal standards (loganin and di-alanine) in addition to endogenous plant metabolites 

with calibration accuracy smaller than 0.05 ppm (Table 9 and 10). Calibrated mass list of each 

sample was exported to an .asc file, which contains a m/z column and a peak-intensity 

column. The signal to noise ratio (S/N value) was set to 4, and mass precision was set to 4 

decimal places. For each ionization mode, two spectra were problematic so that no mass lists 

could be extracted from these samples, therefore, 88 mast lists were obtained from two 

independent experiments.  

The raw mass lists from each ionization mode were joined into a matrix using a custom-made 

program with a window width of 1 ppm (M. Frommberger, Helmholtz Zentrum München). 

Each matrix consisted of accurate masses of peaks and their peak intensity values obtained 

from each sample. Initial matrices, each of which combined all 88 samples, contained 184808 

(for negative mode) and 162248 (for positive mode) m/z peaks, respectively. However, most 

of the m/z peaks were detected only in one or a few samples, but not in the remaining ones, in 

which zeroes were generated as missing values. These m/z peaks normally have no statistical 
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significance. Thus, size reduction of matrices by deleting m/z peaks with many missing values 

was required. In detail, only m/z peaks, signals of which were detected in seven or more 

replicates in at least one group, were kept (in most cases, a group contained ten replicates, 

only two groups had nine replicates). This dramatically reduced the size of matrices, resulting 

in 2434 and 1430 m/z peaks for negative and positive modes, respectively. By using these 

final matrices, the quality control and statistical analyses (PCA and ANOVA) were performed 

in R (R-Development-Core-Team, 2009; R scripts were written by Theresa Faus-Kessler from 

the Institute of Developmental Genetics and the program was run by Veronica von Saint Paul 

from the Institute of Biochemical Plant Pathology, Helmholtz Zentrum München). 

 

4.2.15 Assignment of possible metabolite identities 

The putative metabolite identities of m/z peaks that were significantly changed in pip mutants 

in comparison with the wild type under each environmental condition were identified using 

following metabolite databases: 

KNApSAcK (http://kanaya.naist.jp/KNApSAcK/) 

PMN (Plant Metabolic Network) (http://plantcyc.org/) 

KEGG (http://www.genome.jp/kegg/ligand.html) 

METLIN (http://metlin.scripps.edu/) 

For the significantly changed m/z peaks which are not present in the metabolite databases 

above, the putative molecular formulas were generated and then searched in the public 

database ChemSpider (http://www.chemspider.com/) to obtain the possible chemical 

structures.  

 
Table 9 Mass list used for internal mass calibration of spectra measured in negative ionization mode. 

Compound Formula [M-H] m/z [M-H] 

Di-alanine C6H11N2O3 - 159.07752 

Dehydroascorbate C6H5O6 - 173.0091599 

Ascorbate C6H7O6 - 175.0248108 

Glucose C6H11O6 - 179.056114 

2-Methylcitrate C7H9O7 - 205.0353666 

Hexadecanoic acid C16H31O2 - 255.2329409 

Octadecanoic acid C18H35O2 - 283.2642483 

SA-Glucoside C13H15O8 - 299.077244 
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Glutathione C10H16N3O6S - 306.0765244 

Di-alanine Clusterion C12H23N4O6 - 319.162308 

Ascorbic acid glucoside C12H17O11 - 337.077639 

Sucrose C12H21O11 - 341.108939 

1-O-Sinapoyl-beta-D-glucose C17H21O10 - 385.114024 

Loganin C17H25O10 - 389.145324 

Glucoraphanin C12H22NO10S3 - 436.041135 

Glucobrassicin C16H19N2O9S2 - 447.053743 

Neoglucobrassicin C17H21N2O10S2 - 477.064308 

Raffinose C18H31O16 - 503.1618002 

Kaempferol di-rhamnoside C27H29O14 - 577.156284 

Kaempferol glucoside-rhamnoside C27H29O15 - 593.151199 

Kaempferol di-glucoside-rhamnoside C33H39O20 - 755.204024 

 

Table10 Mass list used for internal mass calibration of spectra measured in positive ionization mode. 

Compound Formula [M+H/Na] m/z [M+H/Na] 

Di-alanine C6H13N2O3 + 161.092069 

Arginine C6H15N4O2 +       175.118952 

Coniferyl aldehyde C10H11O3 + 179.07027 

Glucose C6H12O6 Na+ 203.052609 

2-Methylcitrate C7H10O7 Na+ 229.031874 

Sinapyl alcohol C11H14O4 Na+ 233.07843 

Slaframine C12H21N2O3 + 241.154669 

3-Deoxy-D-manno-octulosonate C8H14O8 Na+ 261.058089 

Kaempferol C15H10O6 +       287.055015 

Acetylmuramate C11H20NO8 + 294.118343 

Dibutyl phthalate  C16H22O4 Na+ 301.14103 

Myricetin C15H11O8 + 319.044844 

Di-alanine Clusterion C12H25N4O6 +       321.176861 

Sucrose C12H22O11 Na+ 365.105433 

Gibberellin A29 C20H26O5 Na+ 369.167245 

Gibberellin A34 C19H24O6 Na+ 371.14651 

Cortisone C21H28O5 Na+ 383.182895 

Hydroxygibberellin 1 C19H24O7 Na+ 387.141424 

Loganin C17H26O10 Na+ 413.141818 

Kaempferol di-rhamnoside C27H31O14 + 579.170836 

Kaempferol glucoside-rhamnoside C27H31O15 + 595.165751 

Kaempferol di-glucoside-rhamnoside C33H41O20 + 757.218576 
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6. SUPPLEMENTARY MATERIALS 

 

6.1 Regulation of PIP aquaporins is required to facilitate lateral 

root emergence 

 

 

Figure S1 Expression pattern of PIP2;1 during LR development determined with the translational 

proPIP2;1:PIP2;1-mCHERRY construct complementing pip2;1 mutant. The LR developmental stages 

are as indicated. Scale bar represents 50 µm.  

 

 

 

 

 

 

Figure S2 Cytokinin and ethylene 

inhibit LR formation whereas BR 

promotes LR formation. The 

hormone treatments of 

proPIP2;8:GUS fusion line (48 h) 

were the same as  indicated in 

Figure 17. Average LR number and 

sem (standard error of the mean) 

values are shown (n=30-35). 
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Figure S3 The primary root length and number of emerged LRs in pip2;1 mutants (a, b) and lateral 

root density (LR number / primary root length) in two alleles of pip2;8 mutants and pip2;1 pip2;2 

double mutant (c) are not altered compared with wild-type seedlings under normal growth 

condition. (a, b) The primary root length and emerged LR number of seven to ten-day-old seedlings 

were examined. Average root length and LR number and sem (standard error of the mean) values are 

shown (n=25). (c) The number of emerged LRs of nine-day-old seedlings was counted and their 

primary root lengths were measured by Image J (Version 1.46). Average LR density and sem 

(standard error of the mean) values are shown (n=30-35). 

 

 

a b 
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Table S1 The details of 29 TF genes selected from initial SOM analysis as candidates for controlling 

PIP2;8 expression during LR development, which are ABA-inducible and/or not expressed in the stele.  

AGI code 
SOM 

cluster 

Stele 

expression 

Regulation of 

transcription 

Response to hormones 

tested in this work Response to other factors 

(hormones or stresses) 
ABA 

other 

hormones 

AT1G02150 (0,0) no unknown reduced   

AT1G10480 (0,0) yes unknown induced  gibberellin 

AT1G16530 (0,0) no unknown no   

AT1G19050 (0,0) no unknown no cytokinin chitin 

AT1G70810 (0,0) no unknown no   

AT2G37120 (0,0) no unknown no   

AT2G46680 (0,0) yes positive induced   

AT3G04570 (0,0) no unknown no auxin  

AT3G12720 (0,0) no unknown no   

AT3G15790 (0,0) no unknown induced   

AT3G18490 (0,0) no unknown induced   

AT3G19380 (0,0) no unknown no auxin chitin 

AT4G30080 (0,0) no unknown no auxin  

AT4G34990 (0,0) yes unknown induced ethylene 
jasmonic acid,  

salicylic acid, Ca
2+

 

AT4G36730 (0,0) yes negative no   

AT4G36740 (0,0) yes unknown induced auxin  

AT5G07030 (0,0) no unknown reduced   

AT5G66700 (0,0) no unknown no 
auxin, 

cytokinin 
 

AT1G10470 (0,1) no unknown reduced cytokinin  

AT1G13300 (0,1) no unknown reduced  phosphate starvation 

AT1G17950 (0,1) yes unknown induced   

AT1G34670 (0,1) no unknown induced auxin salicylic acid 

AT1G73410 (0,1) yes unknown induced   

AT1G77930 (0,1) no unknown no   

AT3G01770 (0,1) no positive no   

AT3G04070 (0,1) yes unknown induced   

AT4G16780 (0,1) yes negative no 
auxin, 

cytokinin 
 

AT5G15830 (0,1) no unknown reduced   

AT3G50700 (1,0) no positive reduced  
bacterium, systemic 

acquired resistance 

 

http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=8839
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=8839
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6.2 Involvement of PIP aquaporins in response to altered 

environmental cues 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4 Quality control of FT-ICR-MS measurements (positive mode) by monitoring the variations 

of di-alanine intensity (a) and total peak intensities (b). Intensities of all samples from two IEs are 

plotted. Green line in each graph separates IE1-samples from IE2. Red lines indicate that the samples 

in IE2 were measured in three batches (I, II, III). They were split according to replicates as indicated.  

 

a 

b 
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Figure S5 Dilution series assay using two wild-type samples under C and DH, respectively, 

demonstrated that the intensities of some endogenous metabolites (not drought inducible) and total 

peak intensities are higher in the DH-treated sample than those in the control sample regardless of 

dilution ratios. Six dilution ratios were performed: 1:150, 1:125, 1:100, 1:75, 1:50 and 1:30, and they 

correspond to 0.67 %, 0.8 %, 1 %, 1.33 %, 2 % and 3.33 % dilutions, respectively. 
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Figure S6 Pairwise xy-plots and Pearson correlation analysis between replicates in the group “wt 

under control condition” (positive mode). 1-5 represent extracts from IE1, and 6-10 are from IE2. 

Peak intensities (log10 transformed) between two replicates were compared, and pairwise 

correlations were calculated as indicated. The results of extract reproducibility in other groups were 

similar to this group. 
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Figure S7 Principal component analysis (PCA) of metabolic profiles (positive mode) using group 

means (a-d) and mean mutant/wt ratios (e-f) as loading factors demonstrated that differential 

metabolic responses are caused by both stresses and PIP mutations. Principal component 1 and 2 (b 

and f), component 2 and 3 (c) and component 3 and 4 (d) are plotted. The green, red and blue circles 

label three (or two) genotypes treated with C, H and DH, respectively (b, c and f).  

c d 
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Figure S8 Original mass spectra of a selected peak m/z 575.1526 (significantly changed in pip mutants 

under C and H) overlaying all genotypes and replicates in IE1 (a) and overlaying all genotypes for each 

replicate (b). R1-R5 represent replicates 1 to 5. Spectra highlighted in light blue correspond to wild 

type and the ones in red and pink indicate two pip mutants.  

a 

b 
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Figure S9 Original mass spectra of selected m/z peaks that were significantly changed in both pip 

mutants. For each m/z peak, the spectra from one replicate of three genotypes were overlaid. 

Spectrum highlighted in light blue in each graph corresponds to wild type and the ones in red and 

pink indicate two pip mutants. The spectrum overlays of these m/z peaks illustrate the ANOVA 

results. 
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Figure S10 Six out of 13 m/z peaks, which were significantly changed in pip mutants under C in both 

negative- and positive-mode datasets, were responsive to heat stress (H) in wt (see Table S4). The H 

responsive m/z peaks in wt (p<0.05) in both datasets were obtained via ANOVA (comparisons 

between H and C).  

 

 

Table S2 The mean fresh weight in each group (a) and the corresponding ratio referring to the group 

“wt under C” (b) in each IE. 

    

 

 

 

 

 

 

 IE1 IE2 

Genotype 
Condition Condition 

C DH H C DH H 

wt 1.00 0.64 1.01 1.00 0.71 1.04 

dm 1.02 0.68 1.06 0.99 0.72 1.04 

tm 1.03 0.69 1.07 0.98 0.73 1.05 

 

 IE1 IE2 

Genotype 
Condition Condition 

C DH H C DH H 

wt 4.38 g 2.80 g 4.43 g 4.97 g 3.53 g 5.18 g 

dm 4.48 g 2.99 g 4.65 g 4.91 g 3.57 g 5.17 g 

tm 4.53 g 3.03 g 4.69 g 4.87 g 3.61 g 5.20 g 

a 

b 

 

 IE1 IE2 

Genotype 
Condition Condition 

C DH H C DH H 

wt 1.00 0.64 1.01 1.00 0.71 1.04 

ko1 1.03 0.69 1.07 0.98 0.73 1.05 

ko3 1.02 0.68 1.06 0.99 0.72 1.04 

 b 
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Table S3 Details of the significantly changed m/z peaks (p<0.01) identified in both pip mutants under 

each environmental condition. The values of fold change showing > 1 and < 1 indicate “induced” and 

“reduced”, respectively.  

m/z 

 

log10 transformed 

peak intensity 

Fold change p value 

tm/wt dm/wt tm/wt dm/wt 

dm & tm under C 

   negative mode [M-H] 

247.0646 6.05 0.70 0.75 0.0033 0.0097 

307.0857 6.05 0.61 0.67 0.0011 0.0043 

308.0389 6.11 0.68 0.76 0.0007 0.0058 

338.0882 6.23 0.76 0.69 0.0065 0.0005 

459.1241 6.14 1.61 1.74 0.0059 0.0014 

503.1617 6.87 1.81 2.30 0.0063 0.0003 

575.1526 6.93 0.69 0.70 0.0072 0.0074 

663.2465 6.74 1.65 1.97 0.0058 0.0004 

   positive mode [M+H/Na] 

277.1659 6.82 0.76 0.65 0.0079 0.0002 

287.1101 6.64 1.86 2.16 0.0057 0.0010 

365.1055 8.20 1.23 1.31 0.0094 0.0013 

458.1397 7.02 0.77 0.67 0.0055 0.0001 

527.1581 6.91 1.68 2.06 0.0063 0.0004 

531.0922 6.49 0.73 0.71 0.0085 0.0064 

557.1551 8.04 0.82 0.77 0.0027 0.0002 

dm & tm under H 

   negative mode [M-H] 

341.1089 8.06 1.25 1.28 0.0091 0.0069 

383.0652 6.17 1.35 1.36 0.0056 0.0064 

395.0830 6.81 0.82 0.82 0.0018 0.0038 

488.1621 6.55 1.35 1.33 0.0026 0.0048 

503.1978 6.51 1.23 1.23 0.0047 0.0061 

511.1034 6.35 1.25 1.34 0.0073 0.0013 

512.1288 6.33 0.75 0.71 0.0005 0.0001 

517.1940 7.76 0.83 0.82 0.0015 0.0015 

575.1526 6.93 0.67 0.61 0.0029 0.0008 

   positive mode [M+H/Na] 

381.0794 7.98 1.24 1.36 0.0087 0.0006 

506.1771 6.77 1.16 1.24 0.0067 0.0003 

b 

 

b 
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523.2097 6.96 2.60 2.72 0.0042 0.0030 

525.1777 7.54 1.26 1.31 0.0020 0.0005 

563.1454 6.91 1.23 1.47 0.0087 3.55e-05 

dm & tm under DH 

   negative mode [M-H] 

202.0721 5.92 2.42 2.38 3.22e-09 4.15e-09 

227.1289 6.05 0.80 0.81 0.00709 0.00817 

285.0187 6.00 1.43 1.41 0.00573 0.00751 

330.0710 6.04 1.43 1.67 0.00949 0.00064 

338.0882 6.23 0.74 0.70 0.00795 0.00241 

366.0685 6.60 1.24 1.28 0.00399 0.00162 

   positive mode [M+H/Na] 

383.1187 6.50 1.43 1.46 0.0045 0.0032 

453.1352 6.06 0.76 0.74 0.0071 0.0039 

 

Table S4 Six out of 13 m/z peaks that were significantly changed in pip mutants under C (p<0.01) 

were responsive to H in wt (p<0.05). The rows of these six m/z peaks are highlighted. The values of 

fold change showing > 1 and < 1 indicate “induced” and “reduced”, respectively. 

m/z 

 

Fold change 

H/C in wt 

p value 

H/C in wt 

Fold change p value 

tm/wt  

under C 

dm/wt 

under C 

tm/wt 

under C 

dm/wt 

under C 

   negative mode [M-H] 
  

247.0646 0.89 0.4182 0.70 0.75 0.0033 0.0097 

307.0857 0.76 0.0361 0.61 0.67 0.0011 0.0043 

308.0389 0.79 0.0484 0.68 0.76 0.0007 0.0058 

459.1241 1.05 0.8256 1.61 1.74 0.0059 0.0014 

503.1617 2.60 0.0035 1.81 2.30 0.0063 0.0003 

663.2465 2.51 0.0016 1.65 1.97 0.0058 0.0004 

   positive mode [M+H/Na] 
  

277.1659 0.76 0.0106 0.76 0.65 0.0079 0.0002 

287.1101 1.05 0.8923 1.86 2.16 0.0057 0.0010 

365.1055 0.88 0.3646 1.23 1.31 0.0094 0.0013 

458.1397 1.00 0.9988 0.77 0.67 0.0055 0.0001 

527.1581 2.44 0.0027 1.68 2.06 0.0063 0.0004 

531.0922 0.95 0.6174 0.73 0.71 0.0085 0.0064 

557.1551 0.97 0.7754 0.82 0.77 0.0027 0.0002 
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Table S5 The predictions of molecular formulas and metabolite identities of m/z peaks significantly 

changed under heat stress with high air humidity (H) in wt (p<0.01) in both negative- and positive-

mode datasets. Forty-three significantly changed m/z peaks were identified, and only the ones 

attributed to putative metabolites in plants (via database search) are shown. The values of fold 

change showing > 1 and < 1 indicate “induced” and “reduced”, respectively. 

m/z 
Formula 

[M] 

Putative metabolite 

in plants/annotated in KEGG 

Pathway  

involved 

Fold change
a
 

(p value) 

   negative mode [M-H] 

221.0491 C8H14O5S 
2-(3'-Methylthio) 

propylmalic acid in At
b
 

glucosinolate 

biosynthesis 

1.36 

(0.0035) 

259.0225 C6H13O9P 
glucose 6-phosphate etc.  

in At 

carbohydrate 

metabolism 

0.65 

(0.0001) 

503.1617 C18H32O16 
trisaccharides 

in At 

carbohydrate 

metabolism 

2.60 

(0.0035) 

   positive mode [M+H/Na] 

207.0992 C10H16O3 
different metabolites  

in different plant species 

monoterpenoid 

biosynthesis 

1.43 

(0.0017) 

229.0496 C13H8O4 
dihydroxyxanthone  

in many plant species 

polyketide 

metabolism 

0.57 

(0.0028) 

280.0921 C8H20NO6P 
glycerophosphocholine  

in KEGG 

lipid  

metabolism 

1.76 

(0.0006) 

395.1312 C17H24O9 
syringin  

in At 

phenylpropanoid 

biosynthesis 

0.65 

(0.0091) 

411.0688 C19H16O9 
different flavonols  

in different plant species 

flavonoid 

metabolism 

0.58 

(0.0018) 

527.1581 C18H32O16 
trisaccharides 

in At 

carbohydrate 

metabolism 

2.44 

(0.0027) 

a) Fold change: H/C in wt. 

b) At is the abbreviation for Arabidopsis thaliana. 

 

 

 

 

 

 

 

 

http://www.genome.jp/kegg-bin/show_pathway?map=map00902&show_description=show
http://www.genome.jp/kegg-bin/show_pathway?map=map00902&show_description=show
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Table S6 The putative metabolites showing induction upon classical heat stress have no response to 

heat stress with high air humidity (H). The formulas of the metabolites that have been shown to be 

induced by classical heat stress were obtained in KEGG. The m/z peaks with the same formulas were 

predicted as the corresponding putative metabolites detected in this work. 

m/z 
Formula 

[M] 

Putative metabolite 

in Arabidopsis 

Pathway 

involved 

Fold change
a
 

(p value) 

Response to 

classical heat
b
 

165.0405 

[M-H] 
C5H10O6 ribonic acid  

1.04 

(0.6805) 
induced 

171.0064 

[M-H] 
C3H9O6P glycerol 3-phosphate 

lipid 

metabolism 

1.00 

(0.9472) 
induced 

191.0197 

[M-H] 
C6H8O7 citric acid citrate cycle etc. 

1.04 

(0.5595) 
induced 

191.0561 

[M-H] 
C7H12O6 quinic acid 

amino acid 

metabolism 

0.79 

(0.1427) 
induced 

195.0510 

[M-H] 
C6H12O7 galactonic acid 

carbohydrate 

metabolism 

0.78 

(0.2874) 
induced 

341.1089  

[M-H] 
C12H22O11 sucrose 

carbohydrate 

metabolism 

0.93 

(0.6767) 
induced 

365.1055  

[M+Na] 
C12H22O11 sucrose 

carbohydrate 

metabolism 

0.88 

(0.3646) 
induced 

a) Fold change: H/C in wt. 

b) The response of each putative metabolite to classical heat stress is based on the published data 

(Kaplan et al., 2004). 
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