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Summary 

 

The majority of plant proteins essential for human and animal nutrition are synthesised 

and stored in the plant secretory pathway - a system of dynamic, membrane-bounded 

organelles comprising of the endoplasmic reticulum, Golgi complex, endosomes and 

vacuoles. In plants the protein storage vacuoles (PSV) are present in seeds whereas 

tissue lytic vacuoles (LV) are located in vegetative tissues. The vacuolar membrane, 

the tonoplast, contains aquaporin proteins that act as channels for the transport of water 

and small molecules; these are tonoplast intrinsic proteins (TIPs). The plasma 

membrane also contains aquaporins known as plasma membrane intrinsic proteins 

(PIPs).  

Research in our group has shown that these multi-pass transmembrane proteins are 

essential for the ability of seeds to germinate in conditions of water stress. To date, no 

definitive mechanism has been described by which TIP, and indeed most tonoplast 

proteins, are transported to the tonoplast. However, it is known how other aquaporins, 

including some PIPs, reach the plasma membrane. Using, as model proteins, a subset 

of aquaporins normally localised to either the tonoplast (TIP1;1) or the plasma 

membrane (PIP2;1), this project focussed on elucidating what determines the sorting 

of membrane proteins along the secretory pathway to the tonoplast.  

 

Following a systematic mutational approach of protein sequences of both TIP1;1 and 

PIP2;1 and subsequent imaging of fluorescent tagged proteins, although no singular 

distinct motif or domain of a TIP or PIP could be linked to localisation of the protein, 

the hypothesis that it is a combination of more than one factor remains. However, it 

was shown that a TIP with the N-terminal domain of a PIP still localises to the 

tonoplast thus implying the transmembrane domains of aquaporins are responsible, at 

least in part, to proper localisation of these proteins. 

 

Furthermore, the role of TIPs in regulating the germination of Arabidopsis seeds 

during conditions of drought and salt stress was investigated. By using Arabidopsis 

knockout lines, it was observed that the seed specific TIP3 isoforms are not only 

involved in water uptake but also in the control of seed germination. Finally, the root 

specific aquaporin TIP4;1, which has not previously been associated with 

germination, was found to play a role in regulation during drought stress.  
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Chapter 1: Introduction
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1.1 The plant secretory pathway  

Plant cells contain a dynamic organisation of membrane-bounded organelles along 

with other structures that work together to provide food and energy to both the plant 

itself and any other living organism that consumes it. The understanding of how 

proteins synthesised within a plant cell are trafficked to their precise destinations is 

therefore of global importance. The majority of plant membrane proteins are sorted to 

their destination membranes via the secretory pathway; a system of dynamic 

organelles comprising of the endoplasmic reticulum (ER), Golgi complex, endosomes, 

vacuoles and the plasma membrane (PM). Trafficking through the secretory pathway 

occurs in both an anterograde and a retrograde manner allowing for both synthesis and 

recycling of membranes and proteins within a single cell (Vitale and Denecke, 1999).  

 

Many plant proteins that are synthesised in the ER follow the traditional anterograde 

secretory route of COPII (coat-protein II) vesicle-mediated export from the ER at 

specific sites (ER exit sites, ERES) to the adjacent Golgi apparatus (Hwang and 

Robinson, 2009), before being sorted at the trans-Golgi network (TGN) and finally 

trafficked to either the plasma membrane (PM) or to the tonoplast (the plant vacuolar 

membrane) via pre-vacuolar and late pre-vacuolar compartments (PVC and late PVC 

respectively) (Robinson et al., 2007). Protein complexes composed of SNAREs 

(soluble N-ethylmaleimide-sensitive factor protein attachment protein receptors) 

oversee membrane fusion events in the secretory pathway. They are found on vesicles 

and target membranes and contribute to ensuring the specificity of fusion between a 

vesicular carrier and its correct target compartment. SNAREs have been shown to be 

required for the correct trafficking of plant proteins to the PM in both maize and 

Arabidopsis (Hachez et al., 2014; Besserer et al., 2012). In addition, there are protein 

complexes that have been shown to interact with SNAREs and play a role in the 

trafficking of proteins to the vacuole; these are RAB GTPases and tethering complexes 

(Plemel et al., 2011; Uemura and Ueda, 2014). For example, HOPS (homotypic fusion 

and protein sorting) and CORVET (class C core vacuole/endosome tethering) are 

tethering complexes which have recently been shown to be necessary for sorting to 

the vacuole (Takemoto et al., 2018). 
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1.2 The plant vacuole 

The vacuole accounts for approximately 90% of the volume of a plant cell in 

vegetative tissues and is an integral component responsible for vital cellular functions, 

including storage of proteins and pigments as well as maintaining a cell’s turgor 

pressure (Zhang et al., 2014). Vacuoles with distinct functions can be found in a plant 

cell. However, only one form is normally present at any one time. The protein storage 

vacuole (PSV) is essential for seed viability and protein storage, whereas the lytic 

vacuole (LV) is required for homeostasis and macromolecular degradation (Carter et 

al., 2004). Vacuolar membrane proteins are sorted to the tonoplast via the secretory 

pathway either via the Golgi dependent route or a Golgi independent route (Figure 

1.1) where adaptor protein (AP) complexes (AP1, AP4 and AP3) and dileucine protein 

motifs have been shown to be involved (Fuji et al., 2015; Di Sansebastiano et al., 

2017; Müdsam et al., 2018).  

 

 
Figure 1.1. Possible routes of secreted proteins from the ER to the vacuole. Traditional Golgi 

dependent route showing anterograde trafficking from the ER to the Golgi complex by coat protein 

complex II vesicles (COPII) and retrograde trafficking via COPI vesicles. Trafficking from Trans-Golgi 

network (TGN) via adaptor protein complexes 1 and 4 (AP1/AP4) to pre-vacuolar compartments 
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(PVC), late pre-vacuolar compartments (LPVC) and the vacuole. AP3 may be involved in trafficking 

directly from TGN to vacuole. A Golgi independent route (depicted by straight dashed arrow) for some 

vacuolar proteins occurs via unknown mechanisms (Pedrazzini et al., 2013; Di Sansebastiano et al., 

2017; Rosquete et al., 2018). 

 

The trafficking to the tonoplast of some specific proteins, such as particular members 

of the tonoplast intrinsic protein family (TIPs), is thought to take a Golgi-independent 

route and therefore the mode of sorting and localisation of these proteins remains an 

active area of study (Pedrazzini et al., 2013). The evidence for a Golgi-independent 

trafficking route is discussed further in section 1.4. 
 

 

1.3 Aquaporins: Structure and Function 

The first proteinaceous water channel in a biological membrane was discovered in the 

early 1990s in red blood cells  (Preston and Agre, 1991). It was initially referred to as 

‘CHIP28’ (channel-like integral membrane protein) (Agre et al., 1993) before being 

renamed aquaporin-1 (AQP1) (Hohmann et al., 2000). Since then, a whole family of 

proteins responsible for the transport of water and small solutes, including glycerol, 

hydrogen peroxide, urea and boric acid, through membranes has been characterised 

(Kruse et al., 2006;  Hove and Bhave, 2011; Wang et al., 2020). These proteins, named 

aquaporins, are found in the membranes of all eukaryotes (Heymann and Engel, 1999). 

Aquaporins are intrinsic membrane proteins and have the conserved structure of six 

transmembrane domains with both the N- and C-termini facing the cytosol and contain 

two conserved asparagine-proline-alanine (NPA) pore forming motifs (Figure 1.2) 

(Maurel and Chrispeels, 2001). The interaction between the two NPA pore forming 

motifs causes a constriction within the pore which controls the transport of solutes 

through the membrane  (Deshmukh et al., 2016). 
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Figure 1.2. The six transmembrane domain regions of an aquaporin and how a monomer would 
be situated within a membrane.  A Topology of an aquaporin within a membrane: showing the six 

transmembrane domains, five connecting loops, two NPA pore forming motifs (boxed) and the 

cytoplasmic N- and C-terminal tails; B An aquaporin monomer situated within a membrane. The arrows 

depict the location of the pore and movement of water and/or small solutes through it. (Copied from 

Maurel and Chrispeels, 2001) 

 

 

Electron crystallographic data for AQP1 and subsequent model building (Murata et 

al., 2000) showed that each aquaporin monomer forms an hourglass shape resulting in 

a pore in the middle and each monomer will combine with three others to form a 

tetramer (Figure 1.3) (Kruse et al., 2006; Canessa Fortuna et al., 2019). The hourglass 

structure is created by the two NPA pore forming motifs, situated in the second and 

fifth loops of the aquaporin, coming together within the membrane (Murata et al., 

2000). This interaction causes a constriction in the structure and the hourglass shape 

is formed. Although aquaporins are found as tetramers at the membrane, with each 

monomer creating a separate pore (Chaumont et al., 2005), it still remains unclear 

what drives the formation of homo- or heterotetramers in plants. The exact 

combination of monomers may well be dependent on the immediate environment of 

the plant itself, be it growing in optimal conditions or in an environment of drought or 

salt stress, and therefore the tetramer formation may play a role in how the plant is 

regulating water uptake (Fetter et al., 2004).  
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Figure 1.3. Modelled 3D structures of an aquaporin monomer and tetramer. A Structure of an 

aquaporin monomer (Kruse et al., 2006). The coloured ribbons relate to the six transmembrane domains 

(TMDs): dark blue – TMD1, orange - TMD2, maroon – TMD3, purple – TMD4, yellow – TMD5, red 

– TMD6. The arrows point to the NPA pore forming motifs which are coloured green and grey and 

interact with each other to produce the hourglass structure;  B Top view of a plasma membrane intrinsic 

protein tetramer (PDB 1Z98) showing each individual monomer and its pore (blue arrowhead) (Canessa 

Fortuna et al., 2019). The coloured ribbons relate to the six transmembrane domains: dark blue – TMD1, 

light blue - TMD2, green – TMD3, yellow – TMD4, orange – TMD5, red – TMD6. (Kruse et al., 2006; 

Canessa Fortuna et al., 2019) 

 

Since their discovery in plants in the 1990s (Maurel et al., 1993), aquaporins have 

been extensively researched in a variety of plant species. This has resulted in 33 

aquaporin genes being identified in maize (Zea mays) and rice (Oryza sativa) 

(Chaumont et al., 2001; Sakurai et al., 2005). In higher (vascular) plants there are five 

main subfamilies of aquaporins. These are the TIPs, the plasma membrane intrinsic 

proteins (PIPs), nodulin26-like intrinsic proteins (NIPs), small basic intrinsic proteins 

(SIPs) and the uncategorised intrinsic proteins (XIPs) of unknown function (Maurel et 

al., 2015). The NIPs are named after the first nodule localised aquaporin in soybean 

(GmNOD26) but can also be found in non-legume plants at either the PM or the ER 

(Li et al., 2014). The model plant Arabidopsis thaliana has 35 aquaporin genes in its 

genome, of which 10 encode for specific TIPs (Deshmukh et al., 2016), 13 for PIPs, 

C

N

A B
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9 for NIPs and the remaining 3 for SIPs (Jang et al., 2004). Figure 1.4 shows the 

sequence relationships of all Arabidopsis aquaporins in a phylogenetic tree. 

 

 

 
 

Figure 1.4. Families of aquaporins in Arabidopsis. Adapted from Quigley et al. (2001) The length 

of each branch of the tree is proportional to the divergence of the protein sequence from the other 

families. The scalebar represents evolutionary distance shown as the number of substitutions per 

amino acid (Quigley et al., 2001). 

 

TIPs were initially used as markers for the tonoplast in planta (Jauh et al., 1998) as 

they are localised to the tonoplast, whereas PIPs reside at the PM (Daniels et al., 1999). 

Vajpai et al. (2018) described how PIPs have been shown to form both homo- and 

heterotetramers and that this formation is important for trafficking from the ER to the 

PM (Vajpai et al., 2018). The specific combination of PIP tetramers has also been 

shown to play an important role in water permeability (Fetter, 2004) thus implying 

that the specific organisation of these proteins could be involved in how plants adapt 

to environments of water stress. However, there has been no such research on the 

formation of TIP heterotetramers in A. thaliana or the possibility of heterotetramers 

consisting of both TIPs and PIPs.  

TIP

PIP

SIP

NIP
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The 10 subsets of AtTIP can be further categorised in terms of their expression in 

specific tissue types of a plant. Although TIPs are distributed throughout both seed 

and vegetative tissue, their expression is dependent on the developmental stage of the 

plant. In seeds it is only the two AtTIP3 isoforms that are expressed until germination 

occurs and then AtTIP4 is expressed but is restricted to the expansion zone of the root 

(Gattolin et al., 2010). AtTIP1 and AtTIP2 are only expressed in vegetative tissue 

(Höfte et al., 1992; Gattolin et al., 2010) similar to the PIPs which have been shown 

to be expressed in vegetative tissue in both brassicas and Arabidopsis (Gao et al., 

1999; Vander Willigen et al., 2006). 

 

 

1.4 Dynamic localisation of TIPs and PIPs 

Aquaporin proteins are produced in the ER and trafficked to their destination 

membrane via either the traditional Golgi route or the less defined Golgi independent 

route (Pedrazzini et al., 2013). Evidence for these two routes comes from experiments 

carried out with Brefeldin A (BFA) treatment of Arabidopsis, common bean 

(Phasoelus vulgaris) and tobacco protoplasts (Park et al., 2004). BFA inhibits the 

formation of COPI vesicles. An interruption of this process ultimately results in a 

change in morphology of the early Golgi compartments, leading to an inability of 

COPII vesicles to fuse with the Golgi and thus resulting in an inhibition of ER to Golgi 

trafficking (Nebenfuhr, 2002). From experiments performed in Arabidopsis 

protoplasts on the trafficking of phaseolin (a storage protein of P. vulgaris) and a 

modified form of TIP3;1, as well as the analysis of Golgi delivered N-glycan 

modification during Brefeldin treatment, trafficking of TIP3;1 was deemed to be BFA 

insensitive to (Park et al., 2004), while trafficking of phaseolin was inhibited. As this 

indicated that TIP3;1 was avoiding the traditional ER to Golgi trafficking route, 

evidence for the two trafficking routes was proposed (Park et al., 2004).  Apart from 

this individual example, the importance of this Golgi-independent route and the 

precise mechanism by which most membrane proteins are trafficked to the tonoplast 

is, as of yet, unknown.  

 

Distinct sequence motifs in both plasma membrane and tonoplast localised proteins 

have been identified as being important for their localisation and/or trafficking route. 

Research from Chevalier and Chaumont (2015) highlighted the importance of N-
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terminal domain diacidic (D/ExD/E) motifs for the export of proteins from the ER 

(Chevalier and Chaumont, 2015). Other research has shown that dileucine (LxxxL) 

and tyrosine (Yxxf; where f indicates a bulky, hydrophobic amino acid) based motifs 

interact with adaptor protein complexes AP1, AP2 and AP3 to enable localisation to 

the correct membrane (Müdsam et al., 2018). In Arabidopsis, the role of the AP4 

complex was unclear until Fuji et al. (2015) showed it interacted with a tyrosine motif 

in the vacuolar sorting receptor protein VSR1 and played a role in sorting of vacuolar 

proteins at the TGN (Fuji et al., 2015). Jung et al. have also identified the N-terminal 

diacidic motif EEE to be required, not only for exit from the ER, but also in trafficking 

from the TGN to pre-vacuolar compartments (PVC) and subsequently to the vacuole 

of an vacuolar invertase in Arabidopsis (Jung et al., 2011).  

 

Recent studies have also shown transmembrane domains (TMDs) to be necessary for 

proper localisation of PIPs (Wang et al., 2019). Domain swaps and deletions showed 

that TMD 2 and 3 of AtPIP2 were required for PM localisation (Wang et al., 2019). 

Interestingly, TMD3 contains the LxxxA motif which has been found to be required 

for the localisation of  PIP2;5 to the PM in maize (Chevalier et al., 2014) implying 

that it could also be important for the localisation of AtPIP to the PM. 

 

Hetero-oligomerisation of PIPs and their interactions with transport proteins such as 

SNAREs has also been shown to play a part in PIP trafficking from the TGN to the 

PM (Hachez et al., 2014; Fox et al., 2017). As SNARE complexes are important for 

vacuole biogenesis and the trafficking of proteins to the vacuole (Tyrrell et al., 2007; 

Ebine et al., 2008; Faraco et al., 2017), it is also likely that they are involved in 

transport of TIPs to the tonoplast as well, an area yet to be fully investigated. 

Associated with SNAREs are the tethering complexes CORVET and HOPS which are 

known to be involved in vacuolar trafficking in non-plant systems (van der Beek et 

al., 2019). Recent studies by Takemoto et al. (2018) on Arabidopsis mutants have 

shown that in concert with the R-SNAREs VAMP727 (vesicle-associated membrane 

protein) and VAMP713 respectively, CORVET and HOPS are also involved in protein 

trafficking to the vacuole in plants (Takemoto et al., 2018).  
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1.5 Biological roles of aquaporins  

1.5.1 Aquaporins in drought and salt stress  

Despite the established role of aquaporins in facilitating transcellular water exchanges, 

it is still unclear whether abiotic stresses, specifically those of drought and salt stress, 

have an effect on either the trafficking or localisation of aquaporins. Drought stress 

responses of plant aquaporins are most likely isoform and species-specific (Afzal et 

al., 2016) and it has been observed that during salt stress AtPIP aquaporins can change 

localisation from the PM to intracellular vesicles (Boursiac, 2005; Boursiac et al., 

2008; Chevalier and Chaumont, 2015). This was hypothesised to occur in order to 

allow a decrease in PIP at the PM of plants in an environment of high salt levels. 

Detailed studies of PIP gene expression in Arabidopsis during drought stress showed 

that the majority of PIPs were down-regulated during periods of water stress apart 

from AtPIP2;5 and AtPIP1;4 which were up-regulated (Alexandersson et al., 2010). 

Although the majority of transcriptome experiments have concentrated on PIP 

expression, showing it to be down-regulated during times of reduced water availability 

(Alexandersson et al., 2010), further studies on rice during drought stress have 

revealed an upregulation of OsTIP1;1 (Afzal et al., 2016; Liu et al., 2013). These 

results implied that TIPs may play an important role in plant homeostasis during 

periods of water stress, a hypothesis that was confirmed by our recently published 

work showing that TIPs are involved in the control of water uptake during seed 

germination in drought conditions (Footitt et al., 2019) (Chapter 3, Appendix E).  

 

1.5.2 Aquaporins in germination 

Until recently the precise role of aquaporins in seed germination was unclear, although 

evidence of reduced germination has been seen in seeds upon general aquaporin 

inhibition by mercury treatment (Vander Willigen et al., 2006). Recent collaborative 

work from our group has shown that TIPs do play an important role in seed 

germination and that both isoforms of AtTIP3 are required for normal water uptake in 

seeds (Footitt et al., 2019).  

 

 

1.6 Aims and Objectives 

It is known that aquaporins reach their specific membrane destinations via the 

secretory pathway, however it is still unclear whether and how different proteins 
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follow different routes. TIPs appear to only get trafficked to the tonoplast whereas 

PIPs sort to the PM. A notable exception is the seed specific subset of Arabidopsis 

TIP3 which can be visualised at both the tonoplast and the PM simultaneously 

(Gattolin et al., 2011). This phenomenon implies there must be features in the protein 

sequence and structure of TIP3 that enables this dual localisation to occur. As there 

are no PIPs present in maturing seed (Vander Willigen et al., 2006), this leads to the 

hypothesis that TIP3 may play the role of both tonoplast and PM located aquaporins 

in seed.  

 

Therefore, the main objective of this project is to establish whether definable protein 

sequence motifs or structural features of PIP and TIP exist that determine their 

trafficking to the respective destinations. All studies will be carried out with 

Arabidopsis thaliana aquaporins, although given the sequence similarity of plant 

aquaporins, findings will likely be highly applicable to other plant species. Employing 

a systematic approach, based on in-depth in silico analysis and analysis of the 

(relatively limited) literature on tonoplast sorting signals, putative localisation or 

trafficking motifs will be identified in TIP sequences and will then be subjected to 

mutational analysis. These motifs will be investigated along with mutations of PIP 

sequences to resemble TIP sequences in order to establish whether the final destination 

membrane for these proteins can be manipulated in a predictable manner.  

Furthermore, I will aim to determine whether there are any other proteins or protein 

complexes required for the trafficking or localisation of a TIP to the tonoplast. In 

determining localisation, it will also be important to verify interactions between 

mutant and wild-type TIPs.  

 

As the AtTIP3 isoforms are seed specific they can only be studied in stable transgenic 

plants rather than in a transient expression system. Therefore, for the localisation and 

trafficking experiments in this project, a TIP and a PIP isoform that are both expressed 

in vegetative tissue will be used as exemplars of aquaporin proteins. Using the selected 

TIP and PIP isoforms as models, this project aims to elucidate what sequence motifs 

and specific secretory pathway machinery are utilised to ensure sorting to these 

different membranes. 
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Finally, it is of interest to understand how seed-specific TIPs are involved in the 

response of the plant during abiotic stresses such as drought and high salinity. 

Therefore, I shall carry out germination experiments comparing wild-type and mutant 

AtTIP lines in conditions mimicking either drought or salt stress. This work aims to 

determine whether AtTIPs play a role in regulating seed germination.  
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Chapter 2: Materials and methods
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2.1 Plant material 

All available Arabidopsis thaliana Columbia-0 (Col-0) T-DNA insertion lines (SALK 

and SAIL (Alonso et al., 2003)) in TIP3 genes (Footitt et al., 2019), as well as HOPS 

and CORVET subunits (Takemoto et al., 2018) and Adaptor Protein subunits  (Kwon 

et al., 2018; Müdsam et al., 2018) were obtained from the Nottingham Arabidopsis 

Stock Centre (NASC) (Scholl et al., 2000), and are documented in Table 2.1. All T-

DNA insertion lines were genotyped prior to use (section 2.9.2). The embryo lethal 

lines SALK_042865 and SALK_092095 were kept in a heterozygous state, all other 

heterozygotes were self-pollinated in order to generate homozygous lines. 

The tip3;1tip3;2 mutant was created by crossing SALK_053807 (tip3;1) and 

SALK_125353 (tip3;2) and confirmed as homozygous by genotyping (section 2.9.2). 

Gene expression analysis was carried out to determine whether both genes were 

completely knocked out or knocked down (section 2.9.3). 

 

Gene  Locus NASC Stock code T-DNA ID 

TIP1;1 AT2G36830   

TIP1;2 AT3G26520   

TIP1;3 AT4G01470   

TIP2;1 AT3G16240   

TIP2;2 AT4G17340   

TIP2;3 AT5G47450   

TIP3;1 AT1G73190 N553807 SALK_053807 

TIP3;2 AT1G17810 N625353 SALK_125353 

TIP4;1 AT2G25810 N550663 SALK_050663 

TIP5;1 AT3G47440   

PIP1;1  AT3G61430   

PIP1;2 AT2G45960   

PIP1;3 AT1G01620   

PIP1;4 AT4G00430   

PIP1;5 AT4G23400   

PIP2;1 AT3G53420   

PIP2;2 AT2G37170   

PIP2;3 AT2G37180   
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PIP2;4 AT5G60660   

PIP2;5 AT3G54820   

PIP2;6 AT2G39010   

PIP2;7 AT4G35100   

AHA2 AT4G30190.1   

VPS3 (CORVET-

specific) 

AT1G22860 N542865 SALK_042865 

VPS39 (HOPS-

specific) 

AT4G36630 N592095 SALK_092095 

AP4b-1 (adaptor 

protein 4 subunit) 

AT5G11490 N834984 SAIL_781_H01 

AP4b-2 (adaptor 

protein 4 subunit) 

AT5G11490 N835621 SAIL_796_A10 

AP4µ (adaptor 

protein 4 subunit) 

AT4G24550 N514326 SALK_014326 

Table 2.1. A. thaliana gene information. Gene loci and NASC database information for TIP and PIP 

subsets, the plasma membrane protein AHA2, a specific vacuolar protein sorting-associated protein 

(VPS) subunit for each of the tethering complexes homotypic fusion and protein sorting (HOPS) and 

class C core vacuole/endosome tethering (CORVET) (Takemoto et al., 2018), Adaptor Protein 4 

complex subunits (AP4) (Müdsam et al., 2018), and T-DNA insertion lines identifying information as 

from the NASC database. 

 

2.2 Arabidopsis growth conditions 

All Arabidopsis line were either grown in a growth cabinet (Snijder cabinet ECL02) 

with 16 h light period at  21°C/8 h nights at 18°C; or in a Grodome compartment in 

the University of Warwick Phytobiology Facility (PBF) under 16 h days at 20°C/8 h 

nights at 18°C. Arabidopsis seed were sown directly onto pre-soaked compost (in a 

ratio of 6:1:1 – Levington’s F2 compost, silver sand (Melcourt) and fine vermiculite 

(Sinclair)) and covered in clingfilm to maintain humidity until the seedlings were 

established. 

 

2.3  Generation of transgenic Arabidopsis lines 

Wild-type Arabidopsis Col-0, tip3;1tip3;2, the HOPS, CORVET, AP4 and AtCAP2 

mutant lines (Table 2.1) were transformed by the floral dipping procedure as 
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previously described (Clough and Bent, 1998). Further generations of transgenic seed 

were selected as detailed in section 2.4 and 2.5. 

 

2.4 Dry sterilisation of seed  

Working in a fume hood, seed was aliquoted into open eppendorfs and placed in a 

rack in a large plastic lidded container. 3 ml of HCl were added to 100 ml sodium 

hypochlorite in a beaker which was placed in the plastic container, the lid was replaced 

promptly. Seed was left to sterilise in the chlorine gas for 4 - 6 h. 

 

2.5 Selection of transformants  

Following sterilisation and working in a laminar flow hood, seed was distributed on 

plates of Murashige Skoog zero sucrose (MSO) media (Murashige & Skoog, 1962; 

Gamborg et al., 1976) with 1% agar containing either kanamycin (50 µg/ml) or 

glufosinate-ammonium (7.5 µg/ml) for selection of positive transformants. After 2 - 4 

days in the dark at 4°C, plates were moved to either the growth cabinet or a 

compartment in the Grodome of the PBF. Within two weeks resistant plants were 

easily identified and subsequently transferred to individual modules of pre-soaked 

compost and returned to either the growth cabinet or PBF compartment. 

 

2.6 Nicotiana benthamiana growth conditions 

N. benthamiana seeds were stratified in 0.1% (w/v) agarose at 4°C in the dark for 72 

h. Seeds were then sown in pre-soaked compost (section 2.2) in 9 cm2 pots, covered 

in clingfilm to maintain humidity and placed in a growth cabinet to germinate. 

Clingfilm was removed once the seedlings were established after ~10 days.  

 

2.7 Transient transformation of Nicotiana benthamiana  

N. benthamiana leaves were infiltrated with Agrobacterium tumefaciens using the 

protocol of Sparkes et al. (2006). Plants between 6 and 8 weeks old were used for 

imaging or protein extraction. 

 

2.8 Seed germination experiments  

Germination experiments of Arabidopsis seed in conditions of decreasing water 

potential or increasing NaCl concentration, representing drought and salt stress 
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respectively, were carried out exactly as stated in the protocol in Footitt et al. (Footitt 

et al., 2019). Table 2.2 shows the weight of PEG 8000 required per 100 g of water as 

determined by Michel (1983). Germination assays were subsequently carried out at 

15°C in 24 hour light. 

 

 

Water potential (φ) MPa Weight of PEG 8000 in g  

(in 100 g H2O) at 15°C 

-0.4 16.626 

-0.6 20.704 

-0.8 24.146 

-1.0 27.180 

-1.1 28.583 

-1.2 29.923 

-1.3 31.209 
Table 2.2. Water potentials and relative quantities of PEG 8000. Weight of PEG 8000 required  as 

calculated using equation 1 as stated by Michel (Michel, 1983). 

 

 

 

 
Figure 2.1. Schematic of the layout for the seed germination boxes. A seeds on sections of fine 

mesh; B filter paper; C PEG or NaCl solution, or water; D gauze; E section of wide, open lattice plastic 

3mm deep glass-drying mat (Nisbits Ltd, UK) providing a support for the gauze whilst allowing space 

for the liquid to circulate. 

 

 

 

 

 

A
B
C D

E
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2.9  Molecular biology 

2.9.1 Primer design 

For site-directed mutagenesis (SDM) the QuikChange Primer design program 

(https://www.agilent.com/store/primerDesignProgram.jsp, Agilent) was used to 

ensure the primers met the specific requirements for the creation of efficient point 

mutations/insertions or deletions. For all other standard primer design, SeqBuilder Pro 

(DNAstar) and Primer BLAST (NCBI) were used taking into account %GC content 

and melting temperature (TM). 

 

2.9.1.1 Primer list – see Appendix A 

 

2.9.2 Genotyping and PCR 

All T-DNA insertion lines were genotyped prior to use, as was homozygosity of 

crossed lines. Genomic DNA was extracted from 0.5 cm discs of leaf material using 

the REDExtract-N-AmpTM Plant PCR kit (Sigma-Aldrich) as detailed in the 

manufacturer’s instructions but using 25 µl each of Extraction and Dilution solution. 

To screen for the presence of the specific T-DNA in each line, PCR was carried out 

using 5 µl BioMixTM Red 2x reaction mix, 0.4 µM each forward and reverse primer, 

1 µl crude total DNA extract, up to 10 µl final volume with nuclease free H2O. PCRs 

were carried out with two different sets of primers; 1) using forward and reverse 

primers located in the T-DNA flanking sequences and 2) using the specific left T-

DNA border primer – SALK LBb1.3 or LB3 (SAIL) with the reverse primer located  

in the flanking sequence. All primer sequences as listed in Appendix A. The thermal 

cycling protocol used was as follows; 95°C for 5 min, then 30 cycles of 95°C for 30 

s, 55°C for 30 s, 72°C for 1 min 30 s and a final extension of 72°C for 10 min. 

 

2.9.2.1 Agarose gel electrophoresis 

All DNA samples were run on agarose electrophoresis gels at 100 V for approximately 

20 – 40 min, depending on the DNA fragment size and therefore the % agarose (w/v) 

of the gel. 1-1.5% (w/v) agarose was prepared with 1x TAE buffer (40 mM Tris base, 

20 mM acetic acid, 1 mM EDTA, pH 8.0) and 0.00005% GelRed® (Biotium). 

Running buffer was also 1x TAE. Loading dye for all DNA samples was Orange G 

(Sigma-Aldrich) unless BioMix Red PCR mix had been used and therefore no 
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additional loading dye was required. DNA markers used were either 1 Kb plus or 1 

Kb DNA ladder (Invitrogen/ThermoFisher Scientific). 

 

2.9.2.2 PCR clean up and gel extraction  

Following gel electrophoresis, PCR products were either purified by the NEB 

Monarch® PCR & DNA Cleanup Kit (T1030) or by gel extraction method and the 

NEB Monarch® Gel Extraction Kit (T1020) according to the manufacturer’s protocol. 

 

2.9.3 Gene expression analysis 

2.9.3.1 RNA extraction 

RNA was extracted from imbibed seeds, roots from 2-3 week old seedlings or fully 

developed leaf tissue dependent on the TIP expression being quantified. To imbibe 

Arabidopsis seeds approximately 50 mg of dry seeds were soaked in sterile H2O in an 

Eppendorf tube overnight in the dark at 4°C. Working in a fume hood, with all surfaces 

treated with RNase Away (Sigma-Aldrich), and with the water removed, the seeds 

were homogenised in 200 µl RNA extraction buffer (50 mM Tris-HCl pH 8.0, 150 

mM LiCl, 5 mM EDTA, 1% (w/v) sodium dodecyl sulphate (SDS)). 200 µl of 25:24:1 

phenol:chloroform:isoamyl alcohol (IAA) was added, the sample shaken and 

incubated on ice for 5 min with mixing every 2 min. The solution was then transferred 

to a pre-spun 1.5 ml Eppendorf tube containing approximately 100 µl silicone grease 

to aid separation of phases. Samples were centrifuged at 10000 g for 10 min at 4°C. A 

further 200 µl of phenol:chloroform:IAA was added, the tube inverted gently and 

incubated on ice for 5 min. Samples were centrifuged again at 10000 g for 10 min at 

4°C. 200 µl of chloroform was then added, the tubes shaken, incubated on ice for 5 

min with mixing every 2 min before a further centrifugation at 10000 g for 10 min at 

4°C. The aqueous phase (top layer) of the sample was removed to a clean Eppendorf 

tube and 1 ml TRIzolTM reagent (Invitrogen) added. The sample was shaken for 15 s 

and incubated at room temperature for 5 min before centrifuging 12000 g for 15 min 

at 4°C. 500 µl of the aqueous phase was transferred to a clean Eppendorf and 500 µl 

isopropanol was subsequently added. The sample was mixed well and incubated for 

10 min on ice. The sample was then centrifuged at 12000 g for 10 min at 4°C. The 

supernatant was removed and the RNA pellet washed 3 times with 1 ml 70% EtOH 

(made up with diethylpyrocarbonate treated water). Each wash step consisted of 1 ml 
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70% EtOH added to the tube, a centrifuge step of 7500 g for 5 min at 4°C, and the 

supernatant removed. The RNA pellet was air dried and resuspended in 50 µl nuclease 

free H2O. 

For seedlings and whole leaf samples, plant material was harvested directly into 2 ml 

Eppendorf tubes and frozen in liquid nitrogen. Working in a fume hood, with all 

surfaces treated with RNase Away (Sigma-Aldrich), a Dremel drill was used to grind 

the tissue. The drill bit was first frozen in liquid nitrogen before briefly grinding the 

tissue in the Eppendorf tube, ensuring the plant material remains frozen. 1 ml 

TRIzolTM reagent was added to the tube and the tissue was homogenised using the 

Dremel drill for 1 – 2 min until the tissue appeared to be completely dissolved in the 

TRIzolTM. Samples were then incubated at room temperature for 5 min. 0.2 ml of 

chloroform was added to the sample and the tube shaken vigorously by hand for 15 s 

before incubating at room temperature for a further 3 min. Samples were then 

centrifuged at 12000 g for 15 min at 4°C. The aqueous phase was transferred to a clean 

1.5 ml Eppendorf tube and 0.5 ml cold isopropanol was added. Samples were then 

incubated at -20°C for 1 – 2 h. Following a further centrifugation step of 12000 g for 

10 min at 4°C, the RNA formed a gel-like pellet on the side of the tube. The 

supernatant was carefully removed and the pellet washed by adding 1 ml 70% EtOH, 

mixing briefly on a vortex mixer before centrifuging again at 12000 g for 10 min at 

4°C. The pellet was then air-dried for 5 min at room temperature before resuspending 

in 50 µl nuclease free H2O. Following both RNA extraction methods, the total RNA 

was treated with DNase using RQ1 RNase-Free DNase (Promega) as per the 

manufacturer’s guidelines before being purified using Qiagen RNeasy purification 

columns according to the manufacturer’s protocol. Purified RNA was eluted in 2 x 30 

µl nuclease free H2O. The final concentration of RNA was measured using a 

NanoDropTM spectrophotometer (ThermoScientific).  

 

2.9.3.2 Reverse-transcriptase PCR (RT-PCR) 

In order to determine the gene expression profile of the tip3;1, tip3;2, tip3;1tip3;2 

mutant and tip4;1 lines, RT-PCR was carried out using specifically designed primers 

(Appendix A). cDNA was initially synthesised from the purified RNA samples using 

ReadyScript cDNA Synthesis Mix (Sigma-Aldrich) as per the manufacturer’s 

instructions. RT-PCR was then carried out using 1 µl of 1:100 dilution of cDNA, 25 
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µl 2x BioMixTM Red (Bioline), 0.2 µM each forward and reverse primers, made up to 

final volume of 50 µl with nuclease free H2O. The following thermo cycling protocol 

was used; initial denaturation step of 95°C for 5 min, then 30 cycles of 95°C for 30 s, 

55°C for 30 s, 72°C for 1 min/kb and a final extension of 72°C for 10 min. 

 

2.9.4 Gateway® cloning 

All cloning was performed utilised the Gateway® recombination cloning technology 

(Invitrogen/ThermoFisher Scientific) and associated reagents (BP ClonaseTM, 

pDONRTM/Zeo, ZeocinTM and LR ClonaseTM).  

 

2.9.4.1 Generation of attB-PCR products 

Using a two-step approach, PCR products were created containing the specific attB 

sites at either end of the sequence required for insertion into a Gateway® donor vector. 

Template-specific primers were designed with half of the attB1 (forward) or attB2 

(reverse) site on the 5’ end. Thus, the forward primer was designed as such 5’ 

AAAAAAGCAGGCTTC(template specific sequence) 3’ and the reverse primer (no 

stop) 5’ AGAAAGCTGGGTC(template specific sequence) 3’ (Appendix A). The first 

PCR (½ GW PCR) was performed on plasmid DNA containing the required gene, or 

on purified PCR product of the specific sequence required at a concentration of 

approximately 25-30 ng DNA. Primers were at a concentration of 0.2 µM with 25 µl 

2x AccuzymeTM PCR mix (Bioline) in a final volume of 50 µl. Thermal cycling 

conditions were 95°C for 5 min, followed by 5 cycles of 95°C for 30 s, 45°C for 30 s, 

68°C for 30 s – 2 min (1 min/kb) then 25 cycles of 95°C for 30 s, 55°C for 30 s, 68°C 

for 30 s – 2 min (1 min/kb) and a final extension of 68°C for 10 min. Following PCR 

product clean-up, a second PCR (full attB PCR) was run with 25 – 30 ng DNA, 25µl 

2x AccuzymeTM PCR mix, 0.2µM of attB primers (attB1: 5’ 

ACAAGTTTGTACAAAAAAGCAGGCTTC 3’ and attB2: 5’ 

ACCACTTTGTACAAGAAAGCTGGGTC 3’) in a final volume of 50 µl.  The 

following thermo cycling protocol was used; 95°C for 5 min, then 30 cycles of 95°C 

for 30 s, 55°C for 30 s, 68°C for 30 sec – 2 min (1 min/kb) and a final extension of 

68°C for 10 min. PCR products were again cleaned-up and used in a BP recombination 

reaction. 
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2.9.4.2. Creation of Entry and Destination clones: BP and LR reactions 

Recombination reactions to create Entry clones from purified PCR products and 

pDONRTM/Zeo were carried out as follows; 150 ng attB-PCR product, 150 ng 

pDONRTM/Zeo, 1 µl BP ClonaseTM II, made up to 5 µl with nuclease free H2O. The 

reaction was incubated overnight at 25°C. 3 µl of the BP reaction was used to 

transform E. coli DH5a cells for subsequent plasmid amplification (sections 2.9.6 and 

2.10.1).  

LR reactions were carried out to obtain expression plasmids containing the required 

gene in  fluorescent protein-tagged expression vectors. 150 ng pDONRTM/Zeo, 150 ng 

pGWB6xx (Nakamura et al., 2010), 1µl LR ClonaseTM II, made up to 5 µl with 

nuclease free H2O. Reactions were incubated overnight at 25°C and 3 µl of the LR 

reaction was used to transform E. coli DH5a cells for subsequent plasmid 

amplification (sections 2.9.6 and 2.10.1).  

 

2.9.5 Vectors  
Vector Expression tag Application  Antibiotic 

resistance – 

bacterial 

Selection – 

plant  

pDONRTM/Zeo  Gateway® 

cloning  
Zeocin 25 µg/ml n/a 

pGWB605 

(Nakamura et al., 

2010) 

35S C-term 

GFP 

Expression in 

planta 

Spectinomycin 

100 µg/ml 

Glufosinate 

ammonium 7.5 

µg/ml 

pGWB654 

(Nakamura et al., 

2010) 

35S C-term 

RFP 

Expression in 

planta 

Spectinomycin 

100 µg/ml 

Glufosinate 

ammonium 7.5 

µg/ml 

pGREENII0029 

(Gattolin et al., 

2011) 

 Plant 

transformation 

Kanamycin 50 

µg/ml 

Kanamycin 50 

µg/ml 

Table 2.3. Vectors used for the generation of constructs. 
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2.9.6 Plasmid purification 

Plasmid DNA was purified from recombinant E. coli cultures using the ThermoFisher 

Scientific GeneJET Plasmid Miniprep Kit as per the manufacturer’s instructions but 

from a starting overnight culture of 10 ml and with a final elution volume of 30 µl. 

 

2.9.7 Sequencing 

Sanger sequencing of all DNA constructs was outsourced to either GATC (LIGHTrun, 

Eurofins Genomics Germany GmbH) or SourceBioscience (Nottingham, UK). 

 

2.9.8 Site-directed mutagenesis  

A PCR based site-directed mutagenesis method was used to create specific mutations 

of single amino acid changes, deletions or insertions in the DNA sequences of TIP1;1 

and PIP2;1. Specific primers were designed as described previously in section 2.9.1. 

Reaction mix consisted of 10 - 50 ng plasmid DNA, 0.25 µM each primer, 25 µl 2x 

AccuzymeTM PCR mix (Bioline) in a final volume of 50 µl. Thermal cycling 

conditions were 95°C for 1 min, followed by 18 cycles of 95°C for 30 s, 55°C for 1 

min, 68°C for 1 min/kb and a final extension of 68°C for 10 min. 1 µl of the restriction 

enzyme Dpn I (10 U/µl) was then added, the reaction solution mixed and incubated 

for a further 60 min at 37°C. This step was to ensure that any nonmutated ds DNA 

was digested and therefore not able to replicate. 2 µl of the Dpn I treated sample was 

used to transform E. coli DH5a cells as in section 2.10.1. 

 

2.9.9 Domain swapping 

N-terminal and transmembrane domain swaps were carried out by a PCR-fusion 

method as described below. 

Specific primers (Appendix A) were designed of each domain to be amplified of either 

TIP1;1 or PIP2;1. The primer sequences included a tail of approximately 9 nucleotides 

of the other aquaporin sequence in order to produce PCR products that could be fused 

together by subsequent PCR. Following a standard PCR to amplify individual domains 

(25-30 ng DNA, forward and reverse primers at a concentration of 0.2 µM each, 25 µl 

2x AccuzymeTM PCR mix (Bioline) in a final volume of 50 µl and thermal cycling of 

95°C for 5 min, followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, 68°C for 1 

min/kb and a final extension of 68°C for 10 min) the PCR product was purified 
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(section 2.9.2.2) and the following protocol carried out to fuse domains together; 25-

30 ng purified PCR product, forward and reverse primers at 0.2 µM each, 25 µl 2x 

AccuzymeTM PCR mix (Bioline) in a final volume of 50 µl. Cycling conditions of 

95°C for 5 min, followed by 5 cycles of 95°C for 30 s, 45°C for 30 s, 68°C for 1 

min/kb then 25 cycles of 95°C for 30 s, 55°C for 30 s, 68°C for 1 min/kb with a final 

extension of 68°C for 10 min. 

 

 

 

 
 

Figure 2.2. Schematic of N-terminal domain swaps. Process carried out by PCR 

amplifications, purification and subsequent fusions. 
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Figure 2.3. Schematic of transmembrane domain swaps between two aquaporin 

sequences. Multiple PCR steps performed and final fusion. 

 

The final PCR products were subsequently amplified with attB primers (section 

2.9.4.1), sequence verified, cloned into the Gateway® Entry vector pDONRTM/Zeo via 

BP reaction (section 2.9.4.2). The Entry clone containing the domain swap sequence 

was then used in a LR recombination reaction (section 2.9.4.2) with the fluorescent 

protein tagged expression vectors pGWB605 and pGWB654 (Nakamura et al., 2010), 

which express GFP and RFP protein fusions respectively. The constructs were 

transformed into the Agrobacterium tumefaciens strain GV3101 (Koncz and Schell, 

1986) (section 2.10.2) for analysis of transient expression in Nicotiana benthamiana 

leaves and subsequent confocal microscopy imaging.  

 

2.10 Bacterial strains 

Bacterium Strain Helper plasmid Antibiotic resistance 

Escherichia coli  DH5a N/A N/A  

Agrobacterium 

tumefaciens 

GV3101 pMP90 Rifampicin 50µg/ml 

Gentamicin 10µg/ml 

Table 2.4. Bacterial strains used for cloning. Arabidopsis thaliana transformation 

and infiltration of Nicotiana benthamiana leaves. 
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2.10.1 Transformation of chemically competent Escherichia coli DH5a cells  

5 to 50 ng plasmid DNA was added to 25 µl aliquots of chemically competent E. coli 

DH5a cells and incubated on ice for 30 min. The cells were then heat-shocked at 42°C 

for 45 s and placed back on ice. 200 µl SOC medium (5 g/L BactoTM Yeast extract, 20 

g/L BactoTM Tryptone, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 

20 mM glucose) was added and the cells incubated with shaking at 37°C for 1 h. All 

of the culture was plated on selective LB agar plates (5 g/L BactoTM Yeast extract, 10 

g/L BactoTM Tryptone, 10 g/L NaCl, 2% (w/v) Bacto agar), containing the appropriate 

antibiotic for selection and incubated at 37°C overnight.  

 

2.10.2 Transformation of chemically competent GV3101 Agrobacterium 

tumefaciens cells  

1 µg of plasmid DNA was added to a 100 µl aliquot of chemically competent A. 

tumefaciens GV3101 cells and incubated on ice for 5 min. The cells were then frozen 

in liquid nitrogen for a further 5 min before thawing/heat shocking for 5 min at 37°C. 

250 µl SOC medium was added and the cells were incubated with shaking for 2-3 h at 

28°C. All of the reaction was plated on low salt LB agar plates (5 g/L BactoTM Yeast 

extract, 10 g/L BactoTM Tryptone, 5 g/L NaCl, 2% (w/v) Bacto agar), containing the 

appropriate antibiotics and incubated at 28°C for 3 days.  

 

2.10.3 Culture of transformed DH5a or GV3101 cells  

10 ml of either LB or low salt LB (dependent on strain of bacteria and plasmid present) 

liquid media containing the appropriate antibiotics for selective growth was inoculated 

with bacteria and grown at either 37°C or 28°C (E. coli or Agrobacterium tumefaciens 

respectively) overnight in shaking incubators. Glycerol stocks were made with 500 µl 

50% glycerol (sterile) + 750 µl overnight culture and stored at -80°C. 

 

2.11 Protein biochemistry  

2.11.1 Extraction of protein from plant material  

The protocol for extraction of protein from seeds was carried out as stated in Footitt 

et al. (2019) For the extraction of protein from leaf material the following protocol 

was followed: leaf material was ground in a pestle and mortar under liquid nitrogen 

and 0.2 - 0.3 g was weighed into a 2 ml Eppendorf. Homogenisation buffer (0.2 M 
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NaCl, 1 mM EDTA, 2% b-mercaptoethanol, 0.2% Triton X-100, 0.1 M Tris-HCl pH 

7.8, cOmpleteTM protease inhibitor cocktail tablet (Roche)) was then added to tissue 

at a ratio of 4:1 before grinding for a further 2 min. The homogenate was centrifuged 

at 15000 g for 10 min at 4°C and supernatant collected. This was spun for a further 10 

min at 15000 g at 4°C and the supernatant removed again to ensure no carry-over of 

solid matter. Protein extract was kept at 4°C throughout the procedure to minimise 

degradation and stored at -20°C. Before running on an SDS-PAGE gel the samples 

were denatured in Laemmli sample buffer (0.5 M Tris-HCl pH 6.8, 4% (w/v) SDS, 

20% (w/v) glycerol, 0.004% bromophenol blue) for 5 - 10 min at 37°C. 

 

2.11.2 Protein quantification 

Where exact protein concentrations were required in order to ensure equal loading on 

SDS-PAGE gels, total protein was quantified using the Bradford Ultra (detergent 

compatible) protein assay kit as per the manufacturer’s instructions (Expedeon). This 

was carried out before denaturing of the protein in Laemmli sample buffer 

 

2.11.3 Separation of proteins by SDS-polyacrylamide gel electrophoresis (SDS-

PAGE)  

SDS-polyacrylamide gels were cast and run using either the BioRad Mini-

PROTEAN® or PROTEAN® II gel electrophoresis system according to the 

manufacturer’s instructions. 15% acrylamide gels (15% (v/v) acrylamide/0.4% (v/v) 

bis-acrylamide (ProtoGel 37.5:1), 375 mM Tris-HCl pH 8.8, 0.1% (w/v) SDS, 0.05% 

(w/v) ammonium persulfate (APS) and 0.0005% (v/v) TEMED) were used to resolve 

proteins and stacking gels for loading consisted of 4.5% (v/v) acrylamide/0.12% (v/v) 

bis-acrylamide (ProtoGel 37.5:1), 125 mM Tris-HCl pH 6.8, 0.1% (w/v) SDS, 0.03% 

(w/v) ammonium persulfate (APS) and 0.001% (v/v) TEMED. Running buffer at a 1x 

concentration (25 mM Tris base, 192 mM glycine, 1% (w/v) SDS).  

Mini gels were run at room temperature with constant 15 mA through the stacking gel, 

then the current was increased to 35 mA for separation. Large gels (16 cm x 20 cm) 

were run using the PROTEAN® II system (Bio-Rad) together at 4°C at constant 24 

mA for approximately 16 hours. The first lane of every gel run contained an aliquot 

of a protein ladder (NEB colour prestained protein standard, broad range 10 – 250 

kDa). 
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2.11.4 Western blotting of SDS-polyacrylamide gels 

Proteins were transferred from SDS-polyacrylamide gels to PVDF transfer membrane 

using the BioRad Trans-Blot Turbo Transfer System as per the manufacturer’s 

instructions, specifically for transfer using traditional semi-dry conditions. The 

membrane was blocked in tris-buffered saline (TBS) (50 mM Tris-HCl pH7.5, 150 

mM NaCl) containing 0.1% Tween and 5% (w/v) milk powder overnight at 4°C on a 

platform shaker. Blocking solution was removed and replaced with fresh TBST + 5% 

(w/v) milk powder containing either the primary antibody for TIP3 detection or the 

conjugated GFP-HRP antibody (section 2.11.5) and incubated for 1-2 h with shaking 

at room temperature. The membrane was then washed 5 – 6 times with TBST over a 

1 h period. If a secondary antibody was required, the membrane was again incubated 

with the antibody diluted in TBST containing 5% milk for 1 h at room temperature on 

a shaking platform. The membrane was washed again as described previously before 

detection of immunoreactive bands was carried out using the Promega ECL Western 

Blotting Substrate according to the manufacturer’s protocol. Visualisation of the bands 

was performed either by exposing to X-ray film (Fujifilm) in a light proof cassette, or 

by using the ImageQuant chemiluminescence detection system (GE Healthcare Life 

Sciences). X-ray films were developed using an Agfa Curix 60 automatic developer 

as recommended by the manufacturer’s instructions and protocols. 

 

2.11.5 Antibodies 

The antibodies used for western blotting are described in Table 2.5. 

Antibody Animal, type Antigen Dilution Manufacturer 

Anti-GFP-

HRP 

Rabbit, 

polyclonal 

GFP 1:6666 Miltenyi Biotech 

Anti-TIP3 Rabbit, 

polyclonal 

TIP3 

(CHQPLAPEDY) 

1:2000 GenScript 

Anti-Rabbit Goat, HRP 

conjugate 

Rabbit 1:5000 Promega 

Table 2.5. Antibodies used for western blotting. Description of antibodies used, 

dilution factors and the distributor. 
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2.11.6 Coomassie staining of SDS-polyacrylamide gels and PVDF transfers 

In order to visualise the protein loading on either a SDS-polyacrylamide gel or PVDF 

membrane after protein transfer, Coomassie stain was used (1.25 g Brilliant Blue 

R250, 200 ml methanol, 50 ml glacial acetic acid, up to 500 ml with sterile H2O). The 

Coomassie stain was pipetted onto either the gel or membrane, swirled until an even 

distribution was obtained and then washed off under running water. To complete the 

destain process, the gel or membrane was soaked in destain solution (200 ml methanol, 

50 ml glacial acetic acid, up to 500 ml with sterile H2O) and incubated at room 

temperature on a shaking platform. 

 

2.12 Analysis of TIP and PIP mutants 

All constructs were cloned into the plasmids pGWB605 and pGWB654 (Nakamura et 

al., 2010) (35S:C terminal tagged GFP and RFP vectors respectively), transformed 

into A. tumefaciens and transiently expressed in N. benthamiana leaves for imaging 

with a confocal microscope. 

 

2.13 Confocal microscopy 

Sections of infiltrated N. benthamiana leaves or individual uncoated A. thaliana 

embryos (section 2.13.1) were mounted in water on glass microscope slides and 

covered with a coverslip. Using the Zeiss LSM 880 microscope, fluorescent proteins 

tags were imaged using either a 63X (1.4 numerical aperture) oil-immersion objective 

lens (N. benthamiana) or a 40X (1.3 numerical aperture) oil-immersion lens (A. 

thaliana) with the appropriate excitation/emission wavelengths for the fluorophore. 

For eGFP excitation a 488 nm laser was used with an emission range of 498 – 558 nm; 

mRFP was excited using a 561 nm laser with an emission range of 605 – 661 nm.  

 

2.13.1 Uncoating of Arabidopsis thaliana embryos 

Arabidopsis embryos at varying stages of development were removed from their seed 

coat prior to imaging on the confocal microscope. Using fine forceps and a 

hypodermic needle, the seed coat was scratched gently at the micropyle enough to 

cause it to rupture, then by applying pressure at the opposite end, the embryo was 

pushed out of the seed coat. 
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2.13.2 Embryo isolation from Arabidopsis siliques 

Between six and eight siliques were removed from individual plants and dissected 

under a stereomicroscope. The ovules were removed and placed in a 1.5 ml Eppendorf 

tube containing approximately 200 µl of water. Using a small, plastic pestle, the ovules 

were gently squashed against the side of the tube to release the embryos. This 

suspension was then transferred to a 5 cm diameter petri dish half filled with water 

where the embryos were separated from the unwanted plant material and removed to 

a clean 1.5 ml tube containing a fresh aliquot of water. The embryos were then ready 

for transferring to a microscope slide and imaging on the confocal microscope. 

 

2.14 FRET-FLIM  

Förster Resonance Energy Transfer - Fluorescence-Lifetime Imaging Microscopy 

(FRET-FLIM) was carried out at the Central Laser Facility at Harwell Campus, UK. 

It was used to determine protein-protein interactions in a living cell system during 

transient expression of fluorescent tagged proteins in N. benthamiana (Schoberer and 

Botchway, 2014). In this case it was used to determine whether a mutated for of TIP1;1 

can still interact with tonoplast proteins. Data capture was performed as detailed in 

Osterrieder et al. (2009) for two photon excitation and Sparkes et al. (2010) for single 

photon. SCPImage 5.4 software was used for analysis and fluorescence lifetimes of 

putative interactors were compared to both positive and negative control samples. 

 

2.15 Bioinformatics  

All Arabidopsis thaliana DNA and protein sequences were obtained from Araport 

(Krishnakumar et al., 2015) and collated for further analysis. Protein sequence 

alignments were subsequently carried out using the online tool, Clustal Omega 

(Goujon et al., 2010; Sievers et al., 2011). Following the creation of alignments 

between the two aquaporin families and initial comparisons, the TIP and PIP 

sequences were then subjected to further in-depth motif analysis using the web-based 

tool Discriminative Regular Expression Motif Elicitation (DREME) (Bailey, 2011). 

DREME was used to detect any small length motifs present in one set of proteins when 

compared with the other. In order to analyse the structure of the aquaporin protein 

families, the online tools Protter (Omasits et al., 2014) and TOPCONS (Tsirigos et al., 

2015) were used to obtain predictions of the transmembrane topology. Further 3D 
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structural comparisons between a TIP and a PIP was performed using Chimera 

(Pettersen et al., 2004). For in-depth analysis of how TIP1;1 and PIP2;1 are located 

within a membrane, the following tools were used; Gromacs (www.gromacs.org) for 

molecular dynamics simulations (Van Der Spoel et al., 2005; Abraham et al., 2015),  

APBS (Jurrus et al., 2017) for electrostatic surface analysis and PyMOL for the 

visualisation of molecules (The PyMOL Molecular Graphics System, Version 2.0 

Schrödinger, LLC). 
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Chapter 3: Role of TIPs in seed germination
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3.1 Introduction 
In a time where food security is becoming ever more paramount, understanding the 

cellular mechanisms involved in the regulation of seed germination is an increasingly 

important area of research. As aquaporins are known to be important in regulating 

water uptake both in seeds and vegetative tissue (Chaumont and Tyerman, 2014), 

manipulating their expression in seeds could be a possible means to develop crops that 

are resistant to environmental stresses. The first water channel activity of a plant 

aquaporin was identified in 1993 as increased osmotic water permeability was 

observed when the Arabidopsis tonoplast intrinsic protein TIP1;1 was expressed in 

Xenopus oocytes (Maurel et al., 1993). Results showed that there was no glycerol 

permeability or ion transport, thus implying AtTIP1;1 was solely for water transport 

through the tonoplast. Although AtTIP1;1 is expressed in vegetative tissue not mature 

seeds, its role in water uptake can be translated to all TIP isoforms, which share an 

almost identical pore structure.   

 

There is emerging evidence that aquaporins not only play an important role in water 

uptake in vegetative plant tissue, but that they may regulate water exchanges during 

seed germination (Gattolin et al., 2011). In Arabidopsis, during the first two phases of 

water uptake during seed germination, seed imbibition and the plateau or lag phase, 

TIP3 is the only subset of TIPs detectable (Gattolin et al., 2011), and it is only during 

phase III (embryo tissue expansion) when the ‘vegetative’ isoform TIP1;1 becomes 

expressed (Vander Willigen et al., 2006). Vander Willigen et al. (2006) performed 

experiments to chemically inhibit aquaporins in Arabidopsis and showed that seed 

germination was dramatically delayed when aquaporins were inhibited by treatment 

with mercury (Vander Willigen et al., 2006). In recently published work, using 

knockout lines of the seed specific TIP3, we have shown that TIPs are also integral 

for the germination of seed in Arabidopsis (Footitt et al., 2019). The two TIP3 

isoforms are present at both the tonoplast and plasma membrane (PM) in germinating 

seeds, and as there are no other aquaporins present in Arabidopsis seeds (Vander 

Willigen et al., 2006), TIP3;1 and TIP3;2 may act as both TIPs and PIPs during the 

initial stages of germination. As aquaporins have been found to be involved in drought 

stress tolerance in other plant species including brassica, rice and legumes (Gao et al., 

1999; Li et al., 2015; Liu et al., 2013) it is of interest to investigate whether specific 

TIPs have a similar role in determining germination during drought stress.  
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Another environmental stress that plants and seeds have to face is salination. In areas 

of high irrigation, the levels of salination can be a problem as high salt levels in the 

soil can limit crop production and plant growth. Therefore, an understanding of how 

to promote salt tolerance through manipulation of aquaporins is needed. Aquaporin 

down-regulation has been shown in plants subjected to high concentrations of salt 

(Boursiac, 2005). This could be explained by the observation that the first stage of a 

plant’s response to salt is to reduce root water uptake. By having fewer aquaporins 

active in the roots, less salt may be taken up by the plant therefore reducing the toxic 

levels of salt within it. The overexpression of the specific PM aquaporins (PIPs) in 

tobacco plants has been shown to cause an increase in size, transpiration and 

photosynthesis during normal growth conditions (Aharon et al., 2003) and studies on 

knockout mutants of AtPIPs during drought and salt stress have shown altered 

regulation of PIPs throughout the different tissues in a plant (Afzal et al., 2016). This 

raises the question of whether a fine balance between expression of TIPs and PIPs is 

required during conditions of environmental stresses. Therefore, the TIPs are clear 

candidates to test for their ability to germinate in conditions of salt or water stress. 

 
3.1.1 Hypotheses to be tested 

• Do TIPs play a role in seed germination?  

• Are TIPs important during abiotic stresses such as drought and/or high salt? 

 
3.1.2 Aims and Objectives 

• To create a double knockout line of TIP3 in Arabidopsis 

• To create complemented lines for tip3 and tip4;1 knockouts in Arabidopsis 

• To carry out germination assays on mutant and wild-type seed using differing 

water potentials mimicking drought 

• To carry out germination assays on mutant and wild-type seed in conditions of 

increasing NaCl concentration thus mimicking salt stress  

• To compare the germination of both mutant and wild-type seed between the 

two abiotic stresses 
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3.2 Creation and testing of TIP mutant lines  
In order to study the role of TIPs in germination and drought stress, appropriate 

knockout lines and their complements were created. Single knockout lines of tip3;1, 

tip3;2 and tip4;1 were all obtained from NASC (Scholl et al., 2000). Genotyping of 

lines was carried out to ensure they were homozygous for the T-DNA insertion (for 

primer sequences see Appendix A). Subsequently, homozygous tip3;1 and tip3;2 lines 

were crossed with each other and resulting generations of seed selected and genotyped 

until a homozygous double knockout line was created. Figure 3.1 shows the location 

of the T-DNA insertions in all three TIP lines used.  

 

 
Figure 3.1. T-DNA insertions of TIP SALK lines. Location of T-DNA insertions (depicted by black 

arrowhead) for the SALK lines used to create knockout/knockdown lines. White boxes indicate exons, 

thick black lines introns and grey boxes indicate UTRs. (Adapted from Footitt et al, 2019). 

 

To ensure that the expression of the genes of interest were knocked down, RT-PCR 

was carried out on all lines prior to the germination experiments (for primer sequences 

see Appendix A). The resulting expression was analysed by comparing PCRs repeated 

with an increasing number of cycles in order to determine the expression levels at non-

saturated band intensities. The housekeeping genes ASAR1 (Arabidopsis secretion-

associated RAS super family 2) and tubulin were used as controls for level of  

expression and Col-0 cDNA as a control for the presence of the genes. Figure 3.2 

shows the resulting expression levels of the TIP3 lines. The analysis indicates that 

TIP3;1 expression is in fact only reduced, whereas TIP3;2 is completely knocked out. 

The expression of TIP3;1, shown by the presence of a product in panel A and depicted 

by a yellow star, although is lower than the Col-0 control is still at a detectable level. 

However, as shown in Panel B, the expression of TIP3;2 is completely knocked out in 

both the single and double mutant but is still present in Col-0 and tip3;1, which is 
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expected. As the primers used are specific only for TIP3;1 or TIP3;2 it was expected 

that expression of the other TIP would still be detected. 

 
Figure 3.2. RT-PCR of the resulting expression of the tip3 mutant lines. A Using specific TIP3;1 

primers, the expression of TIP3;1 in the mutant lines is knocked down (highlighted by a yellow star); 

B RT-PCR with specific TIP3;2 primers showing a complete knockout of TIP3;2 (highlighted by a 

green star) in the mutant lines; C the control housekeeping gene expression of ASAR1. 

 

A similar RT-PCR experiment was carried out for TIP4;1 expression and Figure 3.3 

shows the results. Like tip3;1, the expression is knocked down as opposed to knocked 

out. This is shown by the presence of a band, albeit fainter than that of Col-0, in the 

tip4;1 lane of the top panel of the gel image where specific TIP4;1 primers were used. 

In order to rule out the decrease in band intensity as a reduced cDNA concentration 

compared to that of Col-0, the control RT-PCR using primers specific for tubulin was 

performed shown in the lower panel of Figure 3.3 This result shows the same 

expression levels for tubulin in both the wild-type control and the knocked down 

mutant, therefore concentration of cDNA is equivalent, and it is purely the lack of 

expression of TIP4;1 in the mutant line that is detected. 
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Figure 3.3. RT-PCR of TIP4;1 in the knockdown line. Down regulation of TIP4;1 gene expression 

is observed as shown by a less intense band at approximately 200bp in the lane for tip4;1. The lower 

band in the upper panel is primer dimers. The housekeeping gene used as a control is tubulin and shows 

equal expression in both wild-type and knockdown lines. 

 

Following on from gene expression analysis of the TIP3 mutant lines, it was important 

to verify that this result also translated into levels of protein expression. Therefore, 

protein was extracted from mature seed and western blots were carried out on the 

mutant lines of TIP3. It was only possible to check the protein expression levels of the 

TIP3 as there is no TIP4;1 antibody currently available. Figure 3.4 shows the levels of 

protein obtained from seed extractions detected by the custom made TIP3 antibody, 

made specifically to the C-terminus epitope of both TIP3 proteins. The first blot shows 

the expression when equal amounts of protein is loaded for the wild-type seed and all 

three mutant lines. There is a significant decrease in the levels of TIP3 protein detected 

in the tip3;2 and tip3;1tip3;2 lines. The second blot shows that even with twice as 

much protein loaded onto a gel, the level of TIP3 detected in tip3;2 and tip3;1tip3;2 

is still markedly lower than that of TIP3 in tip3;1, thus reinforcing the previous result 

that TIP3;2 expression is knocked out in both the single and double mutant line, 

whereas TIP3;1 expression is just reduced. 
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Figure 3.4. Protein expression of TIP3 mutant lines compared with wild-type Col-0. Western blot 

results showing the levels of TIP3 expressed protein in TIP3 mutant lines. Following blotting, the 

transfer membrane was stained with Coomassie Brilliant Blue (CBB) stain in order to compare the 

loading of each protein. Blot A shows equal loading to the Col-0 control; B shows an increased loading 

of protein for the mutant TIP3 lines. Protein concentration was doubled but the expression of TIP3;2 is 

still very much reduced. 

 

Complemented lines were also created to be used in the subsequent germination 

experiments in order for comparisons to be drawn. These were mutant plant 

backgrounds stably transformed with the corresponding full length genomic TIP 

tagged with YFP. Again, protein was extracted from mature seeds and the expression 

analysed by western blots probing with both an anti-GFP and the anti-TIP3 antibody. 

The anti-GFP antibody used also detects GFP derivatives including YFP. The results 

show that the wild-type Col-0 seeds obviously have no YFP, but there is endogenous 

TIP3 present (Figure 3.5 panel B). The pTIP3;2:YFP-TIP3;2 seed has both YFP-

tagged TIP3 and free TIP3, shown by the bands at ~46 kDa and ~23 kDa respectively 

(Figure 3.5, panel B). The tip3;1tip3;2 line has no YFP detected and some TIP3 

expression, most likely from the leaky TIP3;1 line, and the complemented line, 

although showing not as strong expression as the wild-type or pTIP3;2:YFP-TIP3;2 

has some free TIP3 protein detected as well as YFP-tagged TIP. Panel B in Figure 3.5 

shows TIP3 detection at a lower expected molecular weight (MW) than the predicted 

28kDa. This could either be due to the band detected being a breakdown product of 

TIP3, which would also explain the lower band visualised in panel A (Figure 3.5) or 

that the protein has migrated at a faster rate through the SDS gel. This phenomenon of 

membrane proteins migrating at faster rates during SDS-PAGE is possibly due to the 

presence of the detergent itself (Rath et al. 2009). 
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Figure 3.5. Protein expression of mutant TIP lines and their complemented lines. Western blots 

showing detection of expressed TIP3 protein in wild-type, mutant lines and their complements. 

pTIP3;2:YFP-TIP3;2 is an N-terminal YFP-tagged TIP3;2 construct under the TIP3;2 promoter. 

tip3;1tip3;2 is the TIP3 knockdown line, where expression of tip3;1 is knocked down and tip3;2 is 

knocked out.  The predicted MW of YFP-TIP3;2 is ~54 kDa and MW of TIP3;2 is 28 kDa. A Results 

using anti-GFP antibody. Only protein tagged with YFP should be detected in panel A. The upper bands 

show complete protein, the lower bands show breakdown products; B Results with anti-TIP3 antibody. 

TIP3 should be detected in all lines, albeit in a lower concentration in the knockdown lines. TIP3 

unbound to YFP shown here by the lower protein band ~ 23 kDa; C and D Transfer membrane stained 

after blotting with CBB stain in order to give comparison of amount of protein loaded on the gel 

between wild-type and mutant lines.  

 

 

3.3 Seed germination experiments 
In order to determine whether the tonoplast proteins TIP3 and TIP4;1 are involved in 

the germination of seeds, germination assays were carried out in conditions of either 

drought or salt stress. Seeds were checked daily for germination denoted by emergence 

of the radicle as shown in Figure 3.6. A comprehensive set of conditions and seed lines 

were analysed. Each experiment was set up in a germination box as described in 

Chapter 2.8 (Materials and Methods). In each box there were 5 strips of fine mesh 
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with either Col-0 seed, as a control, plus any of the mutant lines; tip3;1, tip3;2, 

tip3;1tip3;2 and tip4;1 or the complemented lines. Each strip of mesh had 

approximately 50 seeds, and each plate set up was replicated 3 times.  

 

 
Figure 3.6. Stages of seed germination. A imbibed; B split/ruptured testa; C emergence of radicle.  

 

 

3.3.1 Germination during drought stress 
The drought stress was simulated by creating an environment of decreasing water 

potential using calculated concentrations of PEG 8000 solution (Chapter 2.8, Table 

2.2). Seven conditions of decreasing water potential were tested including a water 

control.  
 

Data were collected over a two week period, until at least 95% of the seed for each 

sample had germinated (data for all time points, seed type and conditions can be found 

in Appendix D). Germinated seed were counted and the percentage germination of all 

wild-type, mutant and complemented seed lines was calculated over the 3 replicate 

boxes at each time point. For all seed lines, it was observed that germination decreases 

along with water potential. This is not unexpected as seeds are programmed to 

germinate in optimal water conditions. Figure 3.7 shows the final percentage 

germination as determined by radical emergence for all lines and all water potentials. 

 

A B C
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Figure 3.7. Percentage final germination of wild-type and mutant lines during drought stress. 

Percentage radicle emergence of seed lines shown over the seven reducing water potentials (measured 

in megapascals; MPa), from water (0 MPa) to -1.3 MPa. Data was collected over a 2 week period and 

% germination measured until 95% germination reached or 14 days had passed, whichever was sooner. 

Data shown is mean germination counts ±SE (n = 3), where there are no error bars present (tip3;1 -1.3 

MPa), the SE = 0. Significant data highlighted by *. 
 

All seed, from both wild-type and mutant lines, showed an expected high level of 

germination in the water and two highest water potentials of -0.6 MPa and -0.8 MPa, 

with a significantly reduced percentage of seed germinating at the lowest water 

potential of -1.3 MPa.  

The germination data comparing Col-0 to tip3;1 is the only data within these 

experiments that shows a significant difference in % germination with a p value of 

<0.05 (Appendix D). The tip3;1 line showed a consistently higher total percentage 

germination in the lower water potential conditions than the wild-type seed. This could 

be due to the control of germination, which TIP3;1 normally provides, being absent 

and therefore the seeds continue to germinate even when the water availability is 

limited. Another possibility is that the presence of the remaining TIP3 isoform, TIP3;2 

is enough to facilitate germination despite a lack of water. The tip3;2 line also showed 

a higher percentage of seed germinating at the lower water potentials when compared 

to Col-0, apart from at -1.2 MPa where the percentage germination for Col-0 seed is 

the same for that of -1.0 MPa. This could be a spurious data point.  Throughout all 
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data, the percentage of germinated seed of tip3;2 was lower than that of tip3;1, 

suggesting that in the absence of TIP3;2 there is still some control on germinating in 

low water potential conditions coming from the presence of TIP3;1. Conversely, when 

TIP3;1 is absent, the presence of TIP3;2 is enough to drive germination despite the 

low water availability. This is an interesting concept which could be exploited to 

produce drought tolerant seeds. 

The percentage germination for the double mutant line tip3;1tip3;2, when compared 

with each of the single mutant tip3 lines, is seen to be consistently less for every water 

potential condition. This result infers that at least one TIP3 is required for germination 

to occur in conditions of low water potential. The complemented tip3;1tip3;2 line was 

predicted to produce similar results to that of tip3;1 as only TIP3;2 has been replaced. 

This was only observed at the highest water potentials, whereas at the lowest water 

potentials the total percentage germination for both complemented lines were lower 

than that of Col-0, implying that the presence and possible over-expression of TIPs 

can lead to a lack of germination. 

 

The final mutant line to be investigated was that of tip4;1. TIP4;1 is usually only 

expressed after germination as the levels of TIP3 begin to decrease. Interestingly 

tip4;1 seed showed the highest final percentage germination in three of the four lowest 

water potentials (-1.0 MPa, -1.1 MPa and -1.3 MPa) and had a final percentage of over 

50% germination in all conditions. Therefore, it seems possible that, like TIP3;1, 

TIP4;1 may play a role in controlling the germination of seeds during conditions of 

water stress. Without this control, the seeds are observed to germinate anyway.  

 

3.3.2 Germination during salt stress  
In order to investigate whether TIPs play a role in germination not only during drought 

but also during salt stress, germination experiments were carried out using increasing 

concentrations of NaCl solution. Numbers of seed germinated were counted over a 

period of 7 days by which point >97% of all seeds on water had germinated. Again, 

as for the drought stress experiments, the seeds tested included wild-type Col-0, the 

knockout/knockdown lines of tip3 and tip4;1 as well as the associated complemented 

lines. Figure 3.8 shows the final percentage germination of seeds for each NaCl 

concentration from H2O (0mM), 50mM, 75mM and 100mM. For all lines, the lowest 

number of seed germinated is seen at highest concentration of NaCl.  
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Figure 3.8. Percentage final germination of wild-type and mutant lines during salt stress. Final 

germination shown as percentage radicle emergence of seed lines over increasing NaCl concentrations 

(in mM) and water. Data was collected over a 7 day period and % germination measured until 95% 

germination reached or the 7 days had passed. Data shown is mean germination counts ±SE (n = 3). 
 

Col-0 seed showed high levels of germination in water as well as the lowest of the 

NaCl concentrations, and the lowest germination occurred at the highest concentration 

of salt. The tip3;1 line showed a higher percentage germination of seed at the higher 

NaCl concentrations compared with wild-type and this was also observed for the 

tip3;2 line. The two single tip3 mutant lines germinated at very similar rates in all the 

NaCl concentrations, with 95% of all seed germinated by 4 days even at 100mM 

levels. Whereas the tip3;1tip3;2 double mutant line showed a slight decrease in 

germination at the higher NaCl concentrations when compared to the single knockout 

lines and Col-0. This result implies that seeds containing only one aquaporin have a 

degree of tolerance to salt stress, but when both TIP3 isoforms are removed there is a 

slight reduction in the efficiency of seeds to germinate. This supports the results also 

seen with drought stress inferring that at least one TIP3 is required for germination in 

high levels of salt. The complemented tip3;1tip3;2 line showed decreased germination 

at the highest NaCl concentration when compared with tip3;1tip3;2 and Col-0. Again, 

similar to the results for germination during drought stress; the presence and possible 

over-expression of TIPs can lead to a lack of germination. Finally, the tip4;1 mutant 
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showed slightly higher germination rates than the wild-type, this also being 

comparable to the results observed from the drought stress experiment, again implying 

that TIP4;1 plays a role in germination during periods of abiotic stress. Although the 

results from all tip mutant lines show a higher percentage of seed germinating at the 

highest concentration of NaCl when compared to wild-type, the germination data 

comparing Col-0 to tip3;1tip3;2 and Col-0 to tip4;1 are the only data within these 

experiments that show a significant difference in % germination with  p values of 

<0.05 (Appendix D). The combined analysis of these germination experiments implies 

that TIPs regulate germination during conditions of salt stress, and when TIPs are 

absent from seeds the regulation is abolished.  

 

 

3.4 Discussion 
Col-0 wild-type seeds are known to contain both TIP3;1 and TIP3;2 and following 

emergence of the radicle, TIP4;1 expression is then detected. As there are no other 

TIPs or PIPs expressing in mature seeds, the TIP3 isoforms are solely responsible for 

water uptake. 

The resulting percentage germination observed for both the salt stress and drought 

experiments have shown that by eliminating the presence of a single TIP the regulation 

of delaying germination in unfavourable environments is removed. This was shown 

by the single loss-of-function mutant lines showing higher germination rates than 

wild-type in conditions of extreme drought or salt stress. However, when the 

expression of both TIP3 proteins is removed, the resulting germination at the lowest 

water potential is lower than for the wild-type. Therefore, one TIP3 is required for 

‘normal’ levels of germination to occur. Thus, in the absence of TIP3;2 there is still 

some control on germinating in the low water potential conditions coming from the 

presence of TIP3;1 and when TIP3;1 is absent, the presence of TIP3;2 is enough to 

push germination despite the low water availability. However, it is noted that both 

TIP3 are important for regulating seed germination as well as water uptake. Therefore, 

in order to produce crops that are drought and salt resistant, the seed specific TIPs and 

the role they play in germination could be manipulated. As TIPs are involved not only 

in the regulation of seed germination but also of water uptake and management, it is 

of interest to investigate how they reach their destination membrane and whether other 
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aquaporins can be modified to localise to the tonoplast as opposed to any other cellular 

membrane and subsequently act as TIPs.  

The results from the germination experiments as discussed in section 3.3.1 are part of 

the recent publication by Footitt et al.(2019) (Appendix E). Our research showed that  

TIP3;1 and TIP3;2 both have roles in environmental sensing in seeds thus determining 

the time of onset of germination during drought conditions (Footitt et al., 2019). We 

also showed that TIP4;1 has a previously undetermined role in regulating dormancy 

and germination during periods of heat and drought stress (Footitt et al., 2019).    

 

In maturing and germinating seed, TIP3 is expressed at both the tonoplast and the PM 

(Gattolin et al., 2011), therefore it is possible that as there are no PIPs present in seed, 

TIP3 plays the role of both TIP and PIP. PIP2;1 in rice has been shown to play a role 

in the regulation of water transport and plant growth. Experiments using 

overexpressed PIP2;1 in yeast showed increase water permeability of the yeast 

membrane whilst the RNAi lines (plants with reduced PIP2;1 expression) were found 

to grow at a reduced rate in drought conditions (Ding et al., 2019). This leads on to 

the question that if a PIP can be engineered into a TIP and vice versa, can seeds 

become more drought and salt tolerant? The results from the germination experiments 

of tip3;1 seed in conditions of low water potential could be of interest from a crop 

development point of view for areas of the world prone to drought, as if it was possible 

to engineer a seed that was lacking in this control, drought resistant or tolerant crops 

could be created. 

The question remains; could manipulating the localisation of a protein produce a seed 

that is more resistant to drought and salt stress? How the dual localisation of TIP3 in 

seeds occurs is still unknown, therefore the mechanism of TIP localisation was of 

interest to be investigated (Chapter 4). Previous work by Frigerio and Gattolin 

(unpublished) have shown that truncated versions of TIP3 are altered in their 

localisation. Specifically, by deleting the C-terminus of TIP3, targeting to the PM is 

removed and the TIP is only localised at the tonoplast. They also showed that the 

promoter sequence of TIP3;2 tagged to the coding region of TIP1;1 was not enough 

to change the localisation of TIP1;1 from tonoplast to tonoplast and PM.  Therefore, 

it can be inferred that by modifying the protein sequence, the localisation of the protein 

could also be altered, however there could also be other factors involved in 

determining the final destination of TIPs which require investigating.  
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Chapter 4: Investigating TIP and PIP sorting determinants
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4.1 Introduction 

The two plant aquaporin subfamilies of PIPs and TIPs, although structurally similar 

in both having six transmembrane domains (TMDs) with two conserved pore forming 

motifs and the N- and C-terminals both located in the cytoplasm (Chaumont et al., 

2005), have protein sequences that are divergent enough to dictate which destination 

membrane each family traffics to. For example; the two subsets of Arabidopsis PIPs 

have an average sequence homology of 70% (Clustal2.1) whereas when comparing 

PIPs to TIPs there is only approximately 30% homology (Clustal2.1) (Appendix B – 

percent identity matrix, Clustal2.1) (Madeira et al., 2019). The model TIP and PIP 

proteins chosen to be used throughout this research are AtTIP1;1 and AtPIP2;1. These 

two aquaporins are expressed in vegetative tissue and are known to both be initially 

sorted through the secretory pathway via the canonical Golgi route (Chevalier and 

Chaumont, 2015; Maurel et al., 2015). Although, once processed through the Golgi 

Complex, TIP1;1 is thought to be trafficked via pre-vacuolar compartments to the 

tonoplast (Rojas-Pierce, 2013) whereas all PIPs continue through the trans-Golgi 

network (TGN) to the plasma membrane (PM) (Di Sansebastiano et al., 2017). That 

these proteins are expressed in the same tissue but at different membranes means they 

are suitable comparable exemplars to work with. 

 

Evidence that vacuolar sorting receptors (VSRs) bind to the N-terminal NPIR (asn-

pro-ile-arg) amino acid motifs in soluble vacuolar proteins has been presented (Di 

Sansebastiano et al., 2017). However, as TIPs do not appear to have this conserved 

motif, if VSRs play a role in their localisation, there must be other sorting factors 

involved. Research on peptide transporter targeting in Arabidopsis by Komarova et al. 

(2012) implies that N-terminal dileucine motifs are required for tonoplast localisation, 

however as not all transporter proteins contain these motifs, there must also be other 

signals involved (Komarova et al., 2012). Conversely, research into inositol 

transporters in Arabidopsis showed that a dileucine motif in the C-terminus was 

responsible for sorting to the tonoplast rather than an N-terminal motif (Wolfenstetter 

et al., 2012). To date, no conserved protein sequence based signal has been solely 

associated with determining TIP localisation to the tonoplast. 

 

Other potential motifs that have been proposed to be required for correct trafficking 

and localisation of PM proteins include an N-terminal diacidic DxE motif in PIP2;4 
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and PIP2;5 in maize (Zea mays) (Zelazny et al., 2009) and PIP2;1 in Arabidopsis 

(Chevalier and Chaumont, 2015) as well as a LxxxA motif situated in the third TMD 

of ZmPIPs (Chevalier et al., 2014). Research from Chevalier (2015) and Müdsam 

(2018) has shown the importance of both diacidic (D/ExD/E) and dileucine motifs 

respectively for trafficking of proteins from the ER and localisation to the appropriate 

membrane in both maize and Arabidopsis (Chevalier and Chaumont, 2015; Müdsam 

et al., 2018). Additionally, research by Li et al. (2016) on the subunits PH1 and PH5 

of ATPase proton pumps located at either the tonoplast (AHA10) or the PM (AHA2), 

has identified a dileucine motif in the N terminus of AHA10 (Li et al., 2016) leading 

to the hypothesis that this LxxxLL motif is important for sorting to the tonoplast and 

an area of interest to investigate further. 

 

In summary, experimental data on specific protein motifs solely associated with 

tonoplast trafficking is currently limited. For this reason, a protein specific approach 

is required to understand TIP vacuolar trafficking. For this specific work, I 

hypothesised that the information responsible for trafficking TIP to the tonoplast may 

be gleaned from a comparative analysis to its PM counterpart, PIP. 

 

Many of the experimental techniques used to visualise localisation of aquaporins have 

relied on fluorescent protein fusions and confocal microscopy imaging (Hunter et al., 

2007; Maurel et al., 2015; Wang et al., 2020b). Comprehensive studies of the 

localisation of TIPs in the varying developmental stages of Arabidopsis have 

identified the seed specific TIP3 isoforms as able to localise at both the tonoplast and 

the PM (Gattolin et al., 2011). Therefore, the protein sequences of these isoforms can 

be used in conjunction with sequence alignment analysis to assist with determining 

putative localisation motifs. The technique of Förster Resonance Energy Transfer - 

Fluorescence-Lifetime Imaging Microscopy (FRET-FLIM) has been used to study the 

interactions between the PIP isoforms present in Zea mays and the role the tetramers 

play in the trafficking and localisation to their destination membrane (Zelazny et al., 

2007). Zelazny et al. (2007) used transient expression of fusion proteins in maize 

protoplasts to show that when expressed alone the ZmPIP1 isoform remained in the 

ER, whereas the ZmPIP2 isoform localised, as expected, to the PM (Zelazny et al., 

2007). When the two isoforms were co-expressed, ZmPIP1 was then visualised at the 

PM and not at the ER, implying that, for correct localisation of ZmPIP1, both isoforms 
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are required not only to be present but also must interact with each other and thus form 

heterotetramers (Zelazny et al., 2007). However, the presence of ZmPIP1 monomers 

were not required for PM localisation of the ZmPIP2 (Zelazny et al., 2007).  

 

In light of the research carried out on maize aquaporins and the importance of 

Arabidopsis aquaporins in seed germination and water regulation (Chapter 3) (Footitt 

et al., 2019), I decided to further investigate the motifs found to play a role in TIP and 

PIP localisation in maize and extrapolate to Arabidopsis. As PIPs solely localise to the 

PM and TIPs have been shown to localise not only at the tonoplast but also at the PM 

(Gattolin et al., 2011), comparing the protein sequences for putative motifs was a clear 

area to investigate. Furthermore, research into other tonoplast located proteins have 

identified potential motifs situated in the N-terminus required for the localisation of 

proteins to the tonoplast, thus leading to the hypothesis that the N-terminal region is 

important for localisation (Komarova et al., 2012; Li et al., 2016; Zelazny et al., 2009). 

 

4.1.1 Hypotheses to be tested 

• There are conserved motifs present in the protein sequence of TIPs and PIPs 

required to send a TIP to the tonoplast and a PIP to the PM 

• The N-terminal domain and/or the second and third TMDs play an important 

role in localisation 

• A mutated form of a TIP or PIP can still interact with the wild-type protein 

 

4.1.2 Aims and Objectives 

• To analyse and compare TIP and PIP protein sequences and structure by a 

comprehensive in silico approach 

• To determine specific protein motifs that may be involved in localisation and 

trafficking of Arabidopsis aquaporins  

• To carry out mutational analysis of predicted protein motifs as suggested by 

previous research carried out on maize and Arabidopsis (Zelazny et al., 2009; 

Chevalier et al., 2014; Müdsam et al., 2018)  

• To perform domain swaps between AtTIP1;1 and AtPIP2;1 and test whether 

the resulting mutants have a different subcellular destination when compared 

to the wild-type protein 
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• To determine whether there are protein-protein interactions between wild-type 

TIP and PIP and N-terminal domain swapped proteins. This will test whether 

the proteins not only co-localise but also interact with each other at the 

destination membrane 

• Localisation of all mutated forms of the TIP and PIP exemplars will be studied  

through transient expression of fluorescent tagged fusion proteins in N. 

benthamiana leaves and subsequent confocal microscopy 

 

 

4.2 Protein structure and sequence of Arabidopsis TIP and PIP 

In order to perform a complete a thorough analysis of the differences and any 

similarities between a model AtTIP and a model AtPIP, with a view to identify the 

possible localisation signal or signals required, a combination of available 

bioinformatic tools were used. Specifically, Clustal Omega was used for all 

alignments and phylogenetic data (Larkin et al., 2007; Goujon et al., 2010), iTOL 

(Interactive Tree of Life) (Letunic and Bork, 2019) for creating a phylogenetic tree, 

ChimeraX  and SWISS-MODEL for structure determination (Goddard et al., 2018; 

Biasini et al., 2014), DREME for motif analysis (Bailey, 2011), eFP (electronic 

fluorescent pictograph) browser tool (Waese et al., 2017) for visualising expression 

data and Protter and TOPCONS for TMD predictions (Omasits et al., 2014; Tsirigos 

et al., 2015). Further in-depth electrostatic analysis and membrane dynamics of 

individual TIP and PIP tetramers was carried out using the online tools APBS 

(Adaptive Poisson-Boltzmann Solver) and GROMACS with visualisation through 

Pymol (Abraham et al., 2015; Jurrus et al., 2017) (The PyMOL Molecular Graphics 

System, Version 2.0 Schrödinger, LLC). The systemic processing of protein sequence 

data and structural analysis can be visualised in Figure 4.1. 
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Figure 4.1. Flowchart of bioinformatic approaches. Progression of systematic processes carried out 

for complete protein sequence and structure analysis. 

 

A. thaliana has 10 TIP and 13 PIP isoforms. To visualise how the sequences of these 

two families are related, a phylogenetic tree was created using the online tools Simple 

Phylogeny (EMBL-EBI) (Larkin et al., 2007; Goujon et al., 2010) and iTOL (Letunic 

and Bork, 2019). The phylogenetic tree shows the evolutionary divergence between 

the aquaporin isoforms when comparing protein sequences. When studying both the 

phylogenetic results and protein sequence alignments (Appendix B) it was observed 

that the pollen specific isoform TIP5;1 behaves as an outlier, as it has the most 

divergent sequence from the other TIPs. In analysing the % similarity between TIP 

protein sequences (Appendix C) it was calculated that TIP5;1 only has a 40% 

similarity to all the other TIPs compared with an average sequence similarity of 51 - 

61% when comparing the other TIPs to each other. A transcriptional profiling of pollen 

from Arabidopsis as well as microarray data analysis on both TIP5;1 and TIP1;3 has 

shown both TIPs to be highly expressed in pollen and in the case of TIP5;1, expressed 

in no other Arabidopsis tissue (Becker et al., 2003; Soto et al., 2008). As TIP1;3 is 

also expressed at low levels in the flower tissue of Arabidopsis and has a protein 

sequence similarity to the other TIP isoforms of 57%, whereas TIP5;1 is only 

expressed in pollen with a protein sequence 60% dissimilar to that of the other TIP 

isoforms, TIP5;1 was removed from any further in silico analysis whereas TIP1;3 was 

kept in. Figure 4.2 shows the phylogenetic tree that was subsequently generated for 
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all TIP and PIP protein sequences, also highlighting the location of expression for each 

protein as well as the exemplars used. 

 

 
Figure 4.2. Phylogeny tree of all TIP and PIP protein sequences present in Arabidopsis thaliana. 

Tree produced using the online tools Simple Phylogeny (EMBL-EBI) (Larkin et al., 2007; Goujon et 

al., 2010) and iTOL (Interactive Tree of Life) (Letunic and Bork, 2019). Branch length values are 

displayed depicting the distance from the node, showing mean number of amino acid substitutions per 

site. The exemplars TIP1;1 and PIP2;1 are highlighted in blue. Location of expression of each isoform 

depicted by either a green box for vegetative tissues, a yellow box for pollen or a brown box for seed. 

 

Although localising at different membranes within the plant cell, the exemplars of 

TIP1;1 and PIP2;1 are both expressed in vegetative tissue and are therefore suitable 

comparable proteins to work with. The expression data of TIP1;1 and PIP2;1 was 

visualised using the eFP (electronic fluorescent pictograph) browser tool (Waese et 

al., 2017) (Figure 4.3). The eFP data shown is a high resolution map of the 

developmental transcriptome of Arabidopsis from RNA-seq profiling carried out by 

Klepikova et al. (2016). 
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Figure 4.3. eFP Browser data for TIP1;1 and PIP2;1. Images show the levels of expression in each 

tissue type in Arabidopsis (Klepikova et al., 2016) with colour grading of expression units for depicting 

the levels of expression detected in each tissue type (Waese et al., 2017). Adapted from TAIR 

(arabidopsis.org) (Berardini et al., 2015). 
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TIP1;1

PIP2;1
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Having performed comparisons of the TIP and PIP protein sequences (Figures 4.2, 

4.7, 4.8 and 4.10), I wanted to perform comparisons at the tertiary structure to 

determine whether any structural differences could be ascribed to the differing cellular 

localisation. 

 

3D protein imaging and structural alignments were carried out using the online tools 

SWISS-MODEL (Biasini et al., 2014) and ChimeraX (Goddard et al., 2018) which 

highlight both the similarities and differences between the PIP and TIP quaternary 

protein structures. This comparison was produced based on the closest solved crystal 

structures of a TIP and a PIP. Initially, for a PIP, the closest solved structure was that 

of a Spinacia oleracea PIP2;1 (spinach), thus the initial alignment in Figure 4.4 was 

that of SoPIP2;1 (Protein Data Bank (PDB) ID code 4JC6) and AtTIP2;1 (PDB ID 

code 5I32). 

 

 

 

Figure 4.4. 3D overlay of tetramer formations of A. thaliana TIP2;1 and SoPIP2;1. A. thaliana 

TIP2;1 (PDB 5I32) (yellow) and SoPIP2;1 (PDB 4JC6) (blue) crystal structures overlayed and 

visualised using Chimera (Pettersen et al., 2004) from extracellular/vacuolar side. The arrow indicates 

the longer N terminal domain of SoPIP2;1.  
 

The overlay of the tetramers of AtTIP2;1 and SoPIP2;1 show that although both 

aquaporins form tetramers, with each monomer forming a pore, and there is a 

similarity in the formation of helixes and sheets, there are differences in the final 

structure as the overlays are not complete. The longer N-terminal sequence of 
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SoPIP2;1 is shown by the arrow in Figure 4.4 and appears to stick out into the 

cytoplasm more than the TIP. 

 

More recently an Arabidopsis PIP crystal structure was published (Wang et al., 

2020a), therefore the alignment was repeated with this PIP2;4 structure and the 

AtTIP2;1 as previously. Figures 4.5 and 4.6 show PIP2;4 (PDB ID code 6QIM) and 

TIP2;1 both as tetramers (SWISS-MODEL (Bienert et al., 2017)) and as overlaid 

monomers (ChimeraX (Goddard et al., 2018)).   

 

 
Figure 4.5. SWISS-MODEL images of tetramers of PIP2;4 and TIP2;1. PIP2;4 (PDB ID 6QIM) 
and TIP2;1 (PDB ID 5I32) are currently the closest isoforms available for structural analysis (Arnold 

et al., 2006). Each tetramer consists of four monomers of the same aquaporin isoform, the pore can also 

be seen within each monomer. Labelling of arrows as follows; A N-terminal domain, B Loop between 

TM1 and TM2, C Loop between TM2 and TM3, D Loop between TM4 and TM5. A, C and D in 

monomer 1, B in monomer 2. 

 

 

The structural images obtained using the online SWISS-MODEL tool (Bienert et al., 

2017) show the tetramers of each protein and where the pore is formed within each 

monomer. From an initial observation the proteins appear similar in structure. On 

further examination, the obvious differences are the lengths of N-terminals and soluble 

loops (Figure 4.5). Figure 4.6 shows the overlay of a PIP2;4 and a TIP2;1 monomer. 

The images are from a side, cytoplasmic and vacuolar/extracellular view. The 

differences are highlighted by arrows showing how the loop lengths are affecting the 

overall structure. 

TIP2;1PIP2;4

C

A

B

D

C

A
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Figure 4.6. 3D overlay of monomers of A. thaliana TIP2;1 (yellow) and PIP2;4 (purple). A. thaliana 

TIP2;1 (PDB ID 5I32) (yellow) and PIP2;4 (PDB ID 6QIM) (purple) crystal structures as visualised 

using ChimeraX (UCSF) (Goddard et al., 2018). A Side view of monomers as they would be positioned 

within a membrane. Both N- and C-terminals of TIP2;1 are visible; B Cytoplasmic view showing N- 

and C-terminals of PIP2;4; C Vacuolar/extracellular view of the two overlapping monomers 

highlighting the pore formation. 

 

These images show that again although the layout and structure of the proteins are 

similar, there are differences such as the N-terminal lengths, the loops of the TIP 

extending further into the cytoplasm which could account for the localisation to 

different membranes especially if those regions contain motifs relating to localisation. 

 

The interpretation of these overlay results is still relevant and can be applied to the 

exemplars of Arabidopsis aquaporin isoforms being studied due to the similarity of 

protein sequence between the isoforms. Protein sequence alignments of all TIP and 

PIP isoforms were created using the Clustal Omega tool (Appendix B) (Larkin et al., 

2007; Goujon et al., 2010). When comparing the residues with strongly similar 

properties; acidic, basic, hydrophobic, amine - the protein sequences of TIP1;1 and 

TIP2;1 have 78% homology, and the sequences of PIP2;1 and PIP2;4 have 88% 

homology. This is visualised in sequence alignment data with the presence of either 

an ‘*’ for fully conserved residue between sequences, or a ‘:’ for conservation between 

groups of residues with strongly similar properties, shown below the aligned residues. 

The amino acids are colour coded depicting the chemical properties for each residue 

as shown in Table 4.1.  

 

 

N terminal TIP2;1 
N terminal PIP2;4 

C terminal TIP2;1 

A B C

C terminal PIP2;4 
pore
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Residue Colour Property 

AVFPMILW RED Small (small + hydrophobic) 

DE BLUE Acidic 

RK MAGENTA Basic 

STYHCNGQ GREEN Hydroxyl, sulfhydryl, amine and G 
Table 4.1 Colour coding for each amino acid present in a protein sequence. Adapted from Clustal 

Omega. Colours are determined by the physiochemical properties of the residues. (Goujon et al., 2010). 

 

The alignments of TIP1;1 and TIP1;2, and PIP2;1 and PIP2;4 show how highly similar 

the protein sequences are (Figure 4.7). Therefore, in having this amount of similarity 

it is likely that the final protein structures will also be comparable, thus making the 

3D structural analysis relevant. 

 

 
Figure 4.7. Protein sequence alignments between the aquaporin isoforms used in 3D structure 

analysis. The six transmembrane domains are outlined in black. A TIP1;1 and TIP2;1 alignment; B 

PIP2;1 and PIP2;4 alignment. 

A

B
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The 3D protein overlays carried out on SoPIP2;1 and AtTIP2;1 provide a structurally 

relevant comparison as on alignment of their protein sequences it was determined that 

there was 84% homology of residues when again comparing those of similar chemical 

properties (Figure 4.8).  

 

 
Figure 4.8. Protein sequence alignment of spinach and Arabidopsis PIPs used in the first 3D 

structure alignment. 

 

The alignment similarities are highlighted, as stated previously, and in having this 

much similarity between the protein sequences, the resulting 3D overlays of tertiary 

protein structures remain of relevance as well as depicting the areas of the protein 

structure that may differ between a TIP and a PIP. These areas include the length of 

the N-terminal sequence, the extension of loops within the cytoplasm and are shown 

in Figures 4.5 and 4.6. Combining alignments with structural comparisons have 

highlighted areas of interest to be analysed by mutagenesis. 

 

In order to analyse and compare the predicted topology of the aquaporin exemplars 

TIP1;1, PIP2;1 and the PM located protein, AHA2, I used the online transmembrane 

prediction tool Protter (Omasits et al. 2014) (Figure 4.9). AHA2 is a PM located 

H+ATPase and was used as a non-aquaporin comparison in mutational analysis to 

determine whether it could also be re-localised when part of its protein sequence was 

mutated to that of TIP1;1. AHA2 has a similar structure to aquaporins in that the N- 

and C-terminals extend into the cytoplasm and it has a number of TMDs. However, 

AHA2 is larger protein than either a TIP or a PIP at 948 amino acids compared with 
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251 and 287 respectively and has 10 TMDs with no pore forming motifs (Li et al., 

2016) (Figure 4.9 C). 

 

The online tool, Protter, was used to predict the topology of the TMDs and soluble 

loops. Within the Protter program all amino acids can be colour coded into subsets 

depending on their physiochemical properties as follows; red – small hydrophobic; 

blue – acidic; magenta – basic; green – all remaining types and any post-translational 

modifications are depicted by a green square. These images were then used to visually 

compare the structure and sequence between the proteins. 

 

 
Figure 4.9. Transmembrane domain predictions of model aquaporins, as determined by the 

topology prediction tool Protter. A TIP1;1; B PIP2;1; C AHA2. All amino acids are allocated a colour 

relating to their physiochemical properties; red – small hydrophobic; blue – acidic; magenta – basic; 

green – remaining types. Post-translational modifications depicted by green square. 

 

PIP2;1TIP1;1

A B

AHA2
C
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In comparing the topology of these PM and tonoplast proteins, it was seen that 

although the TIP and PIP both have the same number of TMDs and both N- and C-

terminals are situated in the cytoplasm, there are some differences in the amino acid 

constitutions especially in the loops between the TMDs. The PM protein AHA2 is 

quite different in its structure when compared with an aquaporin. Although the N- and 

C-terminals are also situated in the cytoplasm, AHA2 has 10 predicted TMDs, 4 more 

than either PIP2;1 or TIP1;1. The loops between TMD 2 and 3, and 4 and 5 are also 

much longer than the aquaporins. This is due to the whole AHA2 protein being over 

3 times longer than either TIP1;1 or PIP2;1. However, the fact that this longer protein 

also localises to the PM provides an interesting comparison for analysis. 
 

The seed specific TIP3 proteins have previously been shown to colocalise to both the 

tonoplast and the PM in seeds (Gattolin et al., 2011). Therefore, a more condensed 

alignment comparison using the exemplars TIP1;1 and PIP2;1 along with TIP3 

isoforms (Figure 4.10) was performed, in order to identify any obvious sequence 

features that may be shared by both PIPs and TIPs in order for this dual localisation 

to occur. As mentioned previously, the pollen specific aquaporin isoform, TIP5;1 was 

eliminated from any further sequence comparison analysis as, on analysis of protein 

alignments, it is deemed too dissimilar to the other TIPs and subsequently acts as an 

outlier in bioinformatic screening.  

 

The alignments in Figure 4.10 and the Protter images in Figure 4.9 show that there is 

a noticeably longer N-terminal domain in PIP2;1 when compared with the TIPs. 

Although both N- and C-terminals of all PIPs and TIPs are situated in the cytoplasm, 

it is unclear whether this difference in N-terminal domain length is important for either 

trafficking or localisation to a membrane.  

This comprehensive analysis of the protein sequences of the two aquaporin families, 

and specifically the exemplars being carried forward, leads into the testing of putative 

localisation motifs and/or domains. 
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Figure 4.10. Protein sequence alignments including the PIP and TIP exemplars as well as the seed 

specific TIP3 isoforms. Transmembrane domains as predicted by TOPCONS (Tsirigos et al., 2015) 

are boxed in black; the conserved NPA pore forming motifs are indicated by shaded boxes.  

 

 

4.3 Mutagenesis of proteins motifs 

4.3.1 DREME analysis and identification of motifs 

The sequence analysis results obtained as stated previously in Section 4.2, identified 

regions of interest for mutagenesis in the protein sequences of TIP1;1 and PIP2;1. In 

order to focus further into smaller functional domains within such regions, motif 

analyses were carried out using the web-based program DREME (Bailey, 2011). This 

analysis was performed in order to determine whether there are any discriminatory 

amino acid motifs in either the TIP or the PIP sequences that may be involved in either 

trafficking and/or localisation of these proteins. DREME is a discriminative tool that 

will detect small length motifs that are found in one set of proteins when compared to 

another and therefore was used in order to predict whether there are any distinct motifs 

unique to either TIP or PIP when compared with the other subset of aquaporins.  

 

The DREME program uses Fisher’s Exact Test to determine the significance value (p-

value) of each motif found in one set of sequences when compared to another (Bailey, 

2011). Therefore, for the determination of unique motifs in either the PIP or TIP 

sequences, firstly all protein sequences of the PIPs were tested against the set of 
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control samples, in this case all the TIP sequences, and any unique motifs were 

retrieved (Figure 4.11). This process was subsequently carried out with the PIPs as the 

control and unique motifs searched for with the TIP sequences (Figure 4.12). The 

DREME output data also provides an E-value which is a value for the number of 

expected hits of that motif to occur by chance. It is calculated by the motif p-value 

multiplied by the number of candidate motifs tested. Location is either within a 

transmembrane domain (TMD1-6) or within the interlinking loops between the 

domains. 

 

As DREME is a discriminative tool and can be used to search for motifs unique to one 

set of sequences when compared to another, it was used as opposed to any other motif 

determining tools such as MEME which discovers distinct motifs within a single set 

of sequences (Bailey et al., 2009). Figure 4.11 shows the top 20 motifs obtained 

through DREME as determined by statistical significance of being unique to PIPs. The 

motifs highlighted in bold are those that not only have a significantly smaller E-value 

but were also identified as regions of interest by the sequence alignment analysis 

carried out in Section 4.2 and were therefore selected for mutation. 

 

When DREME was run to find motifs unique to TIPs, the E-value threshold was 

required to be increased to 0.5 in order to obtain more than one motif (Figure 4.12). 

The single motif of MNP was the only one unique to TIPs that was identified as a 

point for mutagenesis within the protein sequence. 
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Motif Location of motif Logo E -value 
AEI TMD4 

 
5.4e-003 

AFGG TMD2 
 

5.3e-003 

AGIS TMD2 into loop 
 

5.2e-003 

APLP TMD5 
 

5.2e-003 

ARD Loop between TMD4 
and TMD5  

5.1e-003 

ATIP TMD5 
 

5.0e-003 

CLGA TMD3 
 

5.0e-003 

FSA TMD4 
 

4.8e-003 

FWV TMD6 
 

4.8e-003 

GGAN Loop between TMD3 
and TMD4  

4.7e-003 

GGHIN Loop between TMD2 
and TMD3  

4.4e-003 

GIN Loop between TMD5 
and TMD6  

4.4e-003 

GTF TMD4 

 

4.4e-003 

IAE TMD1 
 

4.3e-003 

ITGT Loop between TMD5 
and TMD6  

4.2e-003 

LFL TMD1 
 

4.2e-003 

LVYC TMD2 

 

4.1e-003 

MIF TMD2 

 

4.0e-003 

VHL TMD5 

 

4.0e-003 

ARK Loop between TMD2 
and TMD3 

 

4.8e-002 

Figure 4.11. Top 20 motif hits from DREME algorithm; PIPs (input) versus TIPs (control). 

Threshold limit < 0.05.  Motifs shown to be relatively enriched in PIP2;1. E-values threshold is 0.05, 

motifs not discovered if E-value > the threshold. Colour coded by amino acid category. Motifs 

highlighted in bold are the ones selected for mutagenesis as they were also identified by alignments of 

PIP and TIP protein sequences as shown in Figure 4.13. 
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Motif Location of motif Logo E -value 

MNP Loop between TM5 
and TM6  

1.5e-002 

  
Motif Location of motif Logo E -value 

MNP Loop between TM5 
and TM6  

1.5e-002 

AIG TM5 
 

1.9e-001 

ANI TM5 
 

1.9e-001 

FGP Loop between TM5 
and TM6  

1.8e-001 

FVF TM1 
 

1.8e-001 

Figure 4.12. Motif hits from the DREME algorithm comparing TIPs (input) against PIPs 

(control). A The only motif found by the DREME application with TIPs (input) v PIPs (control) and a 

threshold limit < 0.05. B Motifs extrapolated when threshold increased to E value limit < 0.5. Location 

is again either within a transmembrane domain (TMD1-6) or within the interlinking loops between the 

domains. Motif in bold is the one chosen for mutagenesis. 

 
 
 
Figure 4.13 depicts the locations of the specific motifs, within the protein sequences 

of the exemplars, which were initially chosen for mutational analysis. These motifs 

were chosen based on the results obtained from carrying out both DREME analysis 

and sequence alignments, as well as taking into account previous research carried out 

in both Arabidopsis and maize respectively, implicating the importance of a dileucine 

repeat and a motif in the third TMD in the trafficking of aquaporins (Chevalier et al., 

2014; Müdsam et al., 2018). The TIP and PIP sequences were subsequently 

engineered by PCR mutagenesis techniques to mimic that of the respective TIP or PIP.  

 

TIPs as samples, PIP as control

TIPs as samples, PIP as control

TIPs as samples, PIP as control

A 

B 
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Figure 4.13. Protein alignment of PIP2;1, TIP1;1 and TIP3 showing the location of residues 

selected for mutagenesis within both TIP and PIP protein sequences. Motifs, as determined by 

DREME analysis, indicated here by numbers 1 - 3. Position of mutations, deletions and insertions 

identified as areas of interest by sequence alignments or previous work on localisation motifs (Chevalier 

et al., 2014; Komarova et al., 2012; Müdsam et al., 2018), indicated by boxed residues (I3,6 and 8, 

LKAAL in TIP1;1 and LYIIA in PIP2;1) or a triangle respectively. Transmembrane domains are 

indicated by a solid black line. 
 

 

4.3.2 Imaging and analysis of mutated proteins as determined by DREME and 

sequence alignment comparisons 

Prior to cloning the mutant forms of TIP1;1; and PIP2;1 into plasmids containing 

fluorescent protein sequences for translational fusions, transient expression of 

constructs containing wild-type TIP1;1, PIP2;1 and AHA2 fused to GFP was carried 

out and the localisation of the protein visualised using confocal microscopy (Figure 

4.14). This was required in order to obtain reference images for the wild-type controls 

for comparisons on mutant expression. The location of the wild-type proteins is as 

predicted with TIP1;1 expressing solely at the tonoplast and PIP2;1 and AHA2 

showing localisation to the PM. 

 

 

 

1

2 3
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Protein structure Localisation  Confocal image  

TIP1;1wt 

 

Tonoplast 

 

 

 

 

 

 
PIP2;1wt 

 

Plasma membrane 

 

 

 

 

 
AHA2wt 

 

 

Plasma membrane 

 
Figure 4.14. Protein structure, localisation and confocal images of exemplars of aquaporins and 

the plasma membrane located protein AHA2. Schematic of protein topology showing 

transmembrane domains and location of N- and C-termini. Confocal images showing transient 

expression of TIP1;1-GFP, PIP2;1-GFP and AHA2-GFP in leaf epidermal cells of N. benthamiana. 
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Following site-directed mutagenesis of the relevant sequence, fluorescent protein 

fusions were created and transiently expressed in N. benthamiana leaves comparing 

mutants against wild-type proteins. Table 4.2 shows the comprehensive list of all 

sequence mutations performed in both TIP1;1 and PIP2;1. 

 

Mutation loci WT sequence Mutated sequence 

TIP1;1 I3G I6G I8G MPIRNIAIGRPDEAT MPGRNGAGGRPDEAT 

TIP1;1 +V insert at 

residue 13 

MPIRNIAIGRPDEAT MPIRNIAIGRPDVEAT 

TIP1;1 L20A K21A 

L24A 

DEATRPDALKAALAEFI DEATRPDAAAAAAAEFI 

TIP1;1 DLKAAL 20-24 DEATRPDALKAALAEFI DEATRPDA-----AEFI 

TIP1;1 DN term MPIRNIAIGRPDEATRPD

ALKAALAE 

 

TIP1;1 G95A G96R 

N97K 

GAFIGGNITLLR GAFIARKITLLR 

TIP1;1 G96R N97K GAFIGGNITLLR GAFIGRKITLLR 

TIP1;1 +ARDSH insert 

at residue 170 

DPKNGSLGTIAPI DPKNGARDSHLGTIAPI 

TIP1;1 M198I SGASMNPAVAFGPA SGASINPAVAFGPA 

PIP2;1 DV5 MAKDVEAVPGEG MAKD-EAVPGEG 

PIP2;1 L127A Y128A LLYIIAQCLGAICG LAAIIAQCLGAICG 

PIP2;1 R118G K119N GLFLARKVSLPR GLFLGNKVSLPR 

PIP2;1 DARDSH 195-

199 

DPKRSARDSHVPV DPKRS-----VPV 

Table 4.2. Location of mutations, insertions and deletions of TIP1;1 and PIP2;1. The amino acid 

position is listed in the first column with the wild-type sequence and corresponding mutated sequence 

in the remaining two columns. Mutated residues are highlighted in red.  

 

The first motif analysed was that of the ‘GIN’ motif in PIP2;1 (residues 226 - 228) 

which was highlighted as a unique motif in PIP when running the DREME application 

with PIP sequences as the input. If this motif was important for localisation of a PIP 

to the PM, the resulting mutation in the TIP sequence should re-localise the TIP to the 

PM not the tonoplast. The mutation performed was a single amino acid change in the 
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PIP2;1 sequence changing the ‘GIN’ motif to ‘GMN’ thus mimicking the sequence of 

TIP1;1 by having a methionine at that position. Subsequently the equivalent TIP1;1 

sequence was mutated from ‘SMN’ (residues 197 – 199) to ‘SIN’ thus mimicking the 

‘GIN’ motif found in PIP2;1. These point mutations of an isoleucine to a methionine 

and vice versa in the TIP1;1 and PIP2;1 sequences, resulted in no change in location 

for either aquaporin protein so they were not pursued any further as potential 

localisation motifs (Figure 4.15). Although expression of the mutant PIP2;1 protein, 

was observed mainly at the PM, there was also localisation visualised in the ER. Figure 

4.23 shows co-localisation with RFP-HDEL a specific ER luminal marker tagged with 

RFP. This occurrence is likely to reflect that the protein has not completely left the ER 

en route to the PM. 
 

 

Protein structure Localisation  Confocal image  

TIP1;1 M198I 

SGASINPAVAFGPA 

 

Tonoplast  

 

PIP2;1 I227M 

TGTGMNPARSFGAA 

 

Plasma membrane 

and ER 

 

 
Figure 4.15. Protein structure, localisation and confocal images of mutations performed based on 

the GIN motif in PIP2;1. Protein topology showing transmembrane domains, location of N- and C-

termini as well as the position of methionine and isoleucine amino acid mutations carried out. 
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Localisation of protein and confocal images showing transient expression in leaf epidermal cells of N. 

benthamiana with C terminal tagged GFP. 

 

 

The next motif to be explored was ‘ARK’ as found in PIP2;1 (residues 117 – 119). 

This motif was again one highlighted as being unique in the PIP sequence after 

carrying out DREME analysis. The unique presence of this motif again implies its 

potential importance for localisation of a PIP to the PM. Therefore, by mutating the 

equivalent TIP sequence to mimic ‘ARK’, the TIP protein should localise at the PM 

and not the tonoplast if indeed this motif does play a role in membrane localisation. 

The equivalent residues in TIP1;1 (based on positional alignments) are ‘GGN’, and 

therefore the PIP2;1 sequence was mutated to ‘AGN’ in order to determine whether a 

change in this motif in a PIP also affects its final destination. The corresponding 

‘GGN’ motif in TIP1;1 (residues 95 – 97), was mutated to both the amino acid 

combinations of ‘ARK’ and ‘GRK’. On transient expression and subsequent confocal 

imaging, there was no change in final localisation for either protein (Figure 4.16). 

Therefore, these motifs, on their own, were also deemed unnecessary for aquaporin 

localisation. 
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Protein structure Localisation  Confocal image  

TIP1;1 G95A G96R N97K 

GAFIARKITLLR 

 

Tonoplast 

 

 

 

TIP1;1 G96R N97K 

GAFIGRKITLLR 

 

Tonoplast  

 
PIP2;1 R118G K119N 

GLFLAGNVSLPR 

 

Plasma membrane  

 

Figure 4.16. Protein structure, localisation and confocal image of mutations performed based on 

the on the ARK motif in PIP2;1. Protein topology showing transmembrane domains, location of N- 

and C-termini as well as the position of mutated amino acids. Localisation of protein and confocal 

images showing transient expression with C-terminal tagged GFP in leaf epidermal cells of N. 

benthamiana.  

 

The final motif to be investigated from the DREME results was ‘ARD’, consisting of 

the amino acids alanine, arginine and aspartic acid, in PIP2;1 (residues 195 – 197). 
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highlighted as an insertion of residues in the PIP sequence when comparing alignments 

of the TIP and PIP sequences (Figure 4.13). Therefore, it was predicted that it could 

play an important role in determining the localisation of a PIP. By carrying out either 

insertion of the ARD motif into TIP1;1 after the glycine at position 169, or deletion of 

it from PIP2;1 it was hypothesised that the TIP would localise to the PM as opposed 

to the tonoplast and that the PIP would not be able to reach its preferred destination 

membrane. However, neither the insertion or deletion of residues affected the 

localisation of either protein (Figure 4.17) and therefore, the motif was dismissed as 

playing any major role in localisation of aquaporins. 

 

 

Protein structure Localisation  Confocal image  

TIP1;1 +ARDSH at position 170 

DPKNGARDSHLGTIAPI 

 

Tonoplast 

 

 

 
PIP2;1 DARDSH 195-199 

DPKRS-----VPV 

 

Plasma membrane 

 

 

 

Figure 4.17. Protein structure, localisation and confocal image of mutations performed based on 

the on the ARD motif in PIP2;1. Protein topology showing transmembrane domains, location of N- 

and C-termini as well as the position of ARD motif either inserted into TIP1;1 or deleted in PIP2;1. 

Localisation of protein and confocal images showing transient expression in leaf epidermal cells of N. 

benthamiana with C-terminal tagged GFP.  
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As mutation of the selected motifs chosen from the DREME analysis did not affect 

the localisation of either protein and previous research implicated the importance of 

the N-terminal domain in PIP localisation (Johansson et al., 2000; Zelazny et al., 

2009), the protein sequence alignments were studied to identify any other outstanding 

motifs of potential interest. In Figure 4.13 three isoleucine residues are highlighted 

that are present in TIP1;1 at positions 3, 6 and 8 but are not present in PIP2;1. It was 

hypothesised that the presence of these isoleucines are important for the localisation 

of a TIP to the tonoplast, therefore by mutating them, TIP1;1 would no longer be 

expressed at the tonoplast. Each residue was subsequently mutated to a glycine either 

individually or as combinations of 1, 2 or all 3. However, none of the mutated 

sequences in TIP1;1 produced any change of localisation from that of the tonoplast, 

therefore these amino acids were also dismissed as having a role in determining 

localisation (Figure 4.18).  
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Protein structure Localisation  Confocal image  
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Figure 4.18. Protein structure, localisation and confocal image of mutations of the isoleucine 

residues situated in the N terminal of TIP1;1. Protein topology depicting transmembrane domains, 

location of N- and C-termini as well as the position of isoleucine to glycine amino acid mutations 

carried out. Localisation of protein and confocal images showing transient expression in leaf epidermal 

cells of N. benthamiana with C-terminal tagged GFP. 
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Although all the motifs identified by the DREME program and/or protein alignment 

analysis differed in sequence between TIP1;1 and PIP2;1, the likelihood that an amino 

acid change alone could cause a complete re-localisation was small. However, 

although it was important to eliminate them as potential localisation motifs before 

moving on to other areas of investigation there remains the possibility that it is in fact 

a motif in combination with another factor that dictates the final localisation for these 

proteins.  

 

4.3.3 Mutagenesis of predicted localisation motifs  

There have been several predictions of conserved localisation motifs in both TIPs and 

PIPs which were of potential interest. For localisation of proteins to the tonoplast a 

LxxxL motif in the N-terminal domain has been identified in an Arabidopsis peptide 

transporter (Komarova et al., 2012), and both an N-terminal diacidic motif and a 

LxxxA motif in the third TMD of ZmPIP2;1 have been proposed to play a role in 

localisation to the PM (Chevalier et al., 2014). Consequently, this led to the prediction 

that introducing mutations into these motifs might affect the localisation of the 

exemplar aquaporins.   

 
Figure 4.19. Topology of N-terminal region of TIP1;1 as using topology prediction tool Protter. 

The LKAAL motif is highlighted in N-terminal sequence, located before the start of transmembrane 

domain 1. All amino acids are allocated a colour relating to their physiochemical properties; red – small 

Cytoplasmic

Vacuolar
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hydrophobic; blue – acidic; magenta – basic; green – remaining types. Post-translational modifications 

depicted by green square. 

 

The TIP1;1 protein contains the sequence LKAAL located just before the first TMD 

(Figure 4.19). This motif is absent in PIP, suggesting that it could play an important 

role in the localisation of TIP1;1 to the tonoplast. Mutations of this motif were 

therefore performed, including partial and complete deletions as well as substituting 

specific amino acids to alanines and thus altering the whole motif to that of five 

alanines. Interestingly, mutating LKAAL in TIP1;1 to AAAAA produced no change 

to the final destination; the protein was still visualised at the tonoplast. However, when 

the motif was completely deleted the protein became unstable and appeared to lose the 

ability to localise to a specific membrane (Figure 4.20) possibly due to it being rapidly 

turned over in the cell likely by ER-associated protein degradation (ERAD).  
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Figure 4.20. Protein structure, localisation and confocal image analysis of mutations of the 

LKAAL motif present in the N-terminal domain of TIP1;1. Topology shown including 
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transmembrane domains, location of N- and C-termini as well as the position of LKAAL motif 

mutations and deletion carried out. Localisation of protein and confocal images showing transient 

expression in leaf epidermal cells of N. benthamiana with C-terminal tagged GFP. 

 

Upon visual analysis of the protein sequence of PIP2;1, the presence of a diacidic 

motif (DVE) in the N terminal domain was detected as well as a LxxxA motif in the 

third transmembrane domain (Figure 4.21). Both of these motifs have been shown to 

play a role in either the export of maize aquaporins from the ER (Chevalier and 

Chaumont, 2015) or the trafficking of Arabidopsis and maize proteins to their 

destination membranes (Müdsam et al., 2018; Zelazny et al., 2009). In order to 

determine whether the presence of either motif was important for localisation to the 

PM in my exemplars, further mutations of both the TIP1;1; and PIP2;1 protein 

sequences were performed.  Initially, with the intention to investigate whether the 

presence a diacidic motif is enough to alter the localisation of a tonoplast protein to 

that of the PM, a valine was inserted between amino acids 12 and 13 of TIP1;1 thus 

mimicking the DVE motif found in the N terminal sequence of PIP2;1 (Figure 4.21).  

 

 

 
Figure 4.21. Locations of further mutations performed on N-terminal regions and third TMD of 

PIP2;1. A The diacidic motif DVE of PIP2;1 is highlighted by the black box at amino acids 4-6; B A 

valine in inserted into the N-terminus of TIP1;1 creating a DVE motif mimicking that of PIP2;1; C The 

LYIIA motif of PIP2;1 is highlighted in the 3rd TMD. 
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Protein structure Localisation  Confocal image  
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Figure 4.22. Protein structure, localisation and confocal image of mutations of predicted 

localisation motifs and subsequent mutations in TIP1;1 and PIP2;1. Position of DVE motif 

insertion (TIP1;1) and deletion (PIP2;1) as well as mutation of LYIIA motif (PIP2;1) shown. 

Localisation of protein and confocal images showing transient expression in leaf epidermal cells of N. 

benthamiana with C-terminal tagged GFP. 
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This resulted in the presence of a sequence mimicking that of the diacidic motif 

predicted to play a role in protein export from the ER. However, on imaging this 

construct, there was no obvious change in localisation from the tonoplast to the PM 

(Figure 4.22). Subsequently, the valine in the DVE motif of PIP2;1was deleted 

producing a protein that on imaging, although seemingly localised to the PM, also 

became unable to be processed fully from the ER (Figure 4.22). Finally, the LxxxA 

motif in PIP2;1 was mutated from LYIIA to AAIIA. This mutated form of PIP2;1 

behaved in a similar way to that of the protein with a deleted valine in the DVE motif 

(Figure 4.22).  

 

This incomplete processing of the mutated PIP2;1 constructs implies that although a 

single motif alone is not sufficient to completely alter the localisation of a protein, 

they may be involved in trafficking out of the ER to the PM in conjunction with other 

motifs or regions of the proteins. In order to confirm that these mutated proteins are 

remaining within the ER, co-infiltration experiments were performed with the specific 

ER marker HDEL tagged with RFP. Figure 4.23 shows co-localisation with RFP-

HDEL of PIP2;1 I227M, PIP2;1 DV5 and PIP2;1 L127A Y128A respectively.  

 

 
Figure 4.23. Confocal image of PIP mutations showing co-localisation with RFP-HDEL. A PIP2;1 

I227M-GFP; B PIP2;1 DV5-GFP; C PIP2;1 L127A Y128A-GFP. Co-localisation of the two proteins 

results in a yellow/orange colour where the red and green expressed proteins overlap. 

 

As the mutations of motifs and single amino acid residues carried out thus far resulted 

in no complete relocation of a TIP or PIP, showing either no change at all or a protein 

that is unable to be properly processed through the ER, analysis of the physiochemical 

properties of the proteins and how they are positioned within their destination 

membranes was performed. 
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4.3.4 Mutagenesis of cytoplasmic residues 

Analysis of how the AtTIP1;1 and AtPIP2;1 transmembrane topology and surface 

charge distribution was performed using online software and visualisation tools: 

Electrostatic surface analysis was carried out using the online APBS software 

(Adaptive Poisson-Boltzman Solver) (Jurrus et al., 2017) and visualised in PyMOL 

(The PyMOL Molecular Graphics System, v2.0). Differences between how the TIP 

and the PIP tetramers are situated in their destination membrane were highlighted and 

specifically, this analysis showed the presence of more acidic residues (red) being 

prevalent on the cytoplasmic side of TIP1;1 when compared with PIP2;1 (Figure 4.24). 

 

When imaged as embedded proteins through a membrane using GROMACS 

(Abraham et al., 2015; Abraham et al., 2019) the simulations of TIP1;1 and PIP2;1 

tetramers show how their residues are distributed and exposed in the cytoplasm 

(Figure 4.25).  

 

 
Figure 4.24. Electrostatic analysis of the tetramers of TIP1;1 and PIP2;1. Using the APBS software 

analysis shows that on the cytoplasmic side of the membrane, acidic residues (red) are more prevalent 

in TIP1;1 whereas in PIP2;1 there is a far greater basic charge distribution (blue).  
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Figure 4.25. Molecular dynamic simulation of TIP1;1 and PIP2;1 using GROMACS software. 

Images show the proteins embedded within their destination membranes and how they would be 

positioned. Acidic residues are depicted in red and basic residues are in blue. 

 

Following on from the electrostatic analysis and the resulting differences observed in 

the cytoplasmic loops of TIP1;1 and PIP2;1, these areas of the proteins were 

investigated further. Using the WebLogo 3 online software (Crooks et al., 2004) the 

protein sequence from the first pore forming motif (NPA) in loop 2 (between TMD2 

and TMD3) to the C-terminal end of both TIP1;1 and PIP2;1 were analysed. Figure 

4.26 shows the WebLogo output for these regions with the colour of the single letter 

notation for each amino acid as determined by charge; red letters are acidic residues, 

blue are basic residues and all other residues are black. The single amino acids targeted 

for mutation are depicted by blue or red stars. 
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Figure 4.26. WebLogo analysis of TIP1;1 and PIP2;1 protein sequence from the first pore forming 

motif (NPA) to the C-terminal end of the protein. TMDs 3 to 6 of both TIP1;1 and PIP2;1 are shown 

by the boxed residues. Acidic residues are coloured red and basic residues are blue, all other 

physiochemical properties are depicted by black lettering. The single amino acids targeted to be mutated 

are highlighted by either a blue or red star. 

 

As the electrostatic analysis of TIP1;1 and PIP2;1 showed a marked difference in the 

number of charged residues on the cytoplasmic side, point mutations of specific acidic 

or basic amino acids were carried out on the wild-type TIP1;1 protein sequence. These 

mutations resulted in changing the TIP1;1 sequence to resemble that of PIP2;1 (Table 

4.3). 

 

Mutation loci WT sequence Mutated sequence 

TIP1;1 +R insert at 

residue 239 

EVFFINTTHEQLPTTDY EVFFRINTTHEQLPTTDY 

TIP1;1 D250A EVFFINTTHEQLPTTDY EVFFINTTHEQLPTTAY 

TIP1;1 + R insert at 

residue 168 + ARDSH at 

171 

DPKNGSLGTIAPI DPKRNGARDSHLGTIAPI 

Table 4.3. Location of point mutations and insertions of TIP1;1 within the protein sequence. The 

amino acid position is listed in the first column with the wild-type sequence and corresponding mutated 

sequence in the remaining two columns. Mutated residues are highlighted in red.  
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TMD4

TMD5

TMD6
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As previously, these mutant forms were fused with fluorescent protein tags and 

transiently expressed in N. benthamiana leaves. The resulting mutations did not, 

however change the localisation of the protein from tonoplast to PM (Figures 4.27 – 

4.29). 

 

 

 
Figure 4.27. Localisation of TIP1;1+R239 mutation. Mutation adds a basic residue to the C-terminal 

of TIP1;1 to resemble the sequence of PIP2;1. A TIP1;1+R239-GFP infiltrated alone; B location of 

mutation; C to E TIP1;1+R239-GFP co-infiltrated with TIP1;1-RFP, individual fluorophore panes and 

co-localisation of proteins shown. 

 

The first mutation, the addition of a basic arginine to the C-terminus of TIP1;1, 

resulted in no change of localisation from the tonoplast. When infiltrated either on its 

own or with TIP1;1-RFP, the mutated form can be seen to fully locate to the tonoplast 

as for wild-type TIP1;1. The next mutation carried out was to change an acidic 

aspartate residue to a hydrophobic alanine in the C terminal of TIP1;1, again to test 

whether changing the type of residues on the cytoplasmic side of the protein affects 

final localisation (Figure 4.28). 
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Figure 4.28. Localisation of TIP1;1 D250A mutation. Mutation is changing an acidic aspartate to a 

hydrophobic alanine at the C-terminal of TIP1;1. A TIP1;1 D250A-GFP infiltrated alone; B location of 

mutation; C to E TIP1;1 D250A-GFP co-infiltrated with TIP1;1-RFP, individual fluorophore panes and 

co-localisation of proteins shown. 

 

Again, the single amino acid change did not result in a localisation change from the 

tonoplast for the mutated form of TIP1;1. This result therefore implies that a single 

amino acid change either removing an acidic residue or adding a basic residue to the 

cytoplasmic tail of a tonoplast protein is not sufficient to drive localisation to a 

different membrane. The final mutation carried out in order to determine whether 

changes to specific acidic or basic residues in the cytoplasmic region of TIP1;1 can 

alter its final destination, was to add an additional arginine to a previously mutated 

construct of TIP1;1. The amino acid motif of ARDSH was added to loop 4 of TIP1;1 

but did not show any change in tonoplast localisation (Figure 4.17). However, when 

comparing TIP1;1 and PIP2;1 protein sequences further (Figure 4.26), there is an 

additional arginine residue situated three residues upstream in PIP2;1. This arginine 

was therefore inserted into the TIP1;1+ARDSH mutation. However, on imaging, the 

resulting localisation was still not affected by the additional basic residue being 

present in the sequence (Figure 4.29). 
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Figure 4.29. Localisation of TIP1;1 +R168+ARDSH171 mutation. A TIP1;1+R168+ARDSH171-

GFP infiltrated alone; B location of mutation; C to E TIP1;1 +R168+ARDSH171-GFP co-infiltrated 

with TIP1;1-RFP, individual fluorophore panes and co-localisation of proteins shown. 

 

Despite the electrostatic analysis of TIP1;1 and PIP2;1 and the determination of 

differing basic and acidic residues in the protein sequence, from the mutations carried 

out it can be concluded that changing the nature of a selection of amino acids either 

alone (Figures 4.27 and 4.28) or in combination with additional residues (Figure 4.29) 

is not in itself enough to change the final destination of a tonoplast protein from that 

of the vacuolar membrane. As mutations of individual residues in the cytoplasmic 

region of TIP1;1 were found not to be sufficient to alter its location and a unique motif 

for either TIP or PIP localisation has not been determined thus far, the next area of 

investigation was that of entire domain swaps between TIP1;1 and PIP2;1. 
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4.4 Domain swaps 

4.4.1 N-terminal domain swaps 

Given the analysis carried out previously in this Chapter along with the presence of a 

LxxxL motif in the N-terminal region of TIP proteins, a motif which has been deemed 

important in targeting proteins to their destination membrane (Komarova et al., 2012; 

Müdsam et al., 2018), N-terminal domain swaps were performed between TIP1;1 and 

PIP2;1 (Figure 4.30). The process of creating N-terminal domain swaps was carried 

out via a PCR fusion method.  

 

 
Figure 4.30. N-terminal domain swaps of C-terminal tagged TIP1;1 and PIP2;1 and N-terminal 

deletion of TIP1;1. A Full length wild-type TIP1;1; B Full length wild-type PIP2;1; C N-terminal 

domain of TIP1;1 fused to PIP2;1; D N-terminal domain of PIP2;1 fused to TIP1;1 sequence; E NTR 

deletion of TIP1;1. NTR – N-terminal region; TMD – transmembrane domain. 

 

The N-terminal domain swaps gave contrasting results. Replacement of the N-terminal 

sequence of TIP1;1 with the N-terminal domain of PIP2;1 (PIPTIP) resulted in a 

protein that still localised to the tonoplast, whereas replacement of the N-terminal 

domain of PIP2;1 with the TIP1;1 N-terminal domain (TIPPIP) resulted in a weakly 

expressed, possibly unstable protein with unclear localisation.  

 

Preliminary results showed that adding the N-terminal domain of TIP1;1 to another 

non-aquaporin PM-localised protein, AHA2 (Li et al., 2016), also created a protein 

that is not very well expressed and does not appear to localise to any membrane, or 

remains in the ER, presumably subject to quality control (Figure 4.33). Similarly, upon 

deleting the entire N-terminal domain of TIP1;1 the protein appears to be unable to be 

expressed and therefore visualising its intracellular location is problematic (Figure 

4.31).  
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Protein structure Localisation  Confocal image  
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Figure 4.31. Localisation of protein and confocal images of N-terminal domain swaps and 

deletions. Panels show transient expression of PIPTIP-GFP, TIPPIP-GFP and DN-term-TIP1;1-GFP in 

leaf epidermal cells of N. benthamiana. The construct PIPTIP still localises to the tonoplast whereas 

the opposing construct of TIPPIP remains located in the Golgi apparatus and is unable to be trafficked 

further. By removing the N-terminal domain of TIP1;1 completely the protein is not expressed well, 

possibly due to quality control in the ER, and it not being processed properly. 
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On imaging of the TIPPIP domain swap, numerous fluorescent puncta were detected. 

In order to verify whether this is the protein expressing in the Golgi, TIPPIP-GFP was 

co-infiltrated with the Golgi marker ST-RFP (Figure 4.32) and it was observed that 

the two proteins do indeed co-localise (panel C). This finding indicates TIPPIP is 

remaining in the Golgi and not being trafficked to either of the destination membranes 

of TIPs or PIPs.  

 

 
Figure 4.32. Confocal images of TIPPIP infiltrated alone and co-infiltrated with a Golgi marker 

(ST-RFP). Transient protein expression shown in leaf epidermal cells of N. benthamiana. A TIPPIP-

GFP infiltrated alone; B ST-RFP infiltrated alone; C TIPPIP-GFP co-infiltrated with ST-RFP, 

individual fluorophore panes and co-localisation of proteins shown. 

 

These results imply that the N-terminal domain of TIP1;1 is essential for the overall 

stability of the protein and its ability to be trafficked from the ER through the secretory 

pathway to the tonoplast, as on deletion the resulting truncated protein is very weakly 

expressed and visualising the protein is problematic. However, the 21 amino acid 

sequence alone is not sufficient to send a protein to the tonoplast, as shown by the 

production of a poorly expressed protein of TIPAHA (Figure 4.33) and the Golgi 

retained protein of TIPPIP (Figure 4.32). Similarly, the N-terminal domain of PIP2;1 

alone is not enough to drive localisation to the PM as the expression of the PIPTIP 

protein is observed at the tonoplast.  

 

4.4.2 AHA2 – can a non-aquaporin PM protein be relocated to the tonoplast? 

The ATPase AHA2 is a PM located protein consisting of 10 TMDs. In Petunia alata, 

its tonoplast equivalent, AHA10, was found to contain an insertion of 10 amino acids 

in the N-terminal region which was not present in AHA2 (Li et al., 2016). Li et al. 

(2016) carried out specific N-terminal domain motif mutations and by adding the 10 

additional residues to the sequence of AHA2, they were able to change the localisation 

TIPPIP-GFPA ST-RFPB TIPPIP-GFP + ST-RFPC
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of AHA2 in tobacco protoplasts from the PM to the tonoplast (Li et al., 2016). In 

addition, they also deleted this motif from AHA10 and in petunia protoplasts were 

able to visualise the mutated protein at the PM. These data reinforced the potential 

importance of the specific N-terminal domain sequences for localisation to either the 

tonoplast or PM.  

 

 

 

Figure 4.33. Confocal images, protein sequence and topology of AHA2 and the mutant TIPAHA. 

Transient expression in leaf epidermal cells of N. benthamiana of A wild-type AHA2-GFP; and B 

TIPAHA-GFP; C Protein sequence of AHA2 with N-terminal domain swap with TIP1;1; D Topology 

of AHA2 with the N-terminal sequence of TIP1;1. 

 

However, preliminary data from swapping the N-terminal domain of AHA2 with that 

of TIP1;1 shows that the resulting fusion protein is not detectable, implying that 
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replacement of the N-terminus likely results in a protein that is not able to be expressed 

at either the plasma membrane or the tonoplast (Figure 4.33). 

 

The N-terminal domain swap experiments, although inconclusive, still showed that in 

the case of TIP1;1 the N-terminus is required for correct transport, if not necessary for 

localisation to the tonoplast. 

 

4.4.3 Transmembrane domain swaps  

A further area of investigation for potential TIP and PIP localisation determinants was 

testing the role of the TMDs.  Following on from the results of the N-terminal domain 

swaps and supporting evidence that a motif in the third TMD of PIP2 in maize is 

important for protein localisation (Chevalier et al., 2014), as well as recent research 

by Wang et al. (2019) showing the importance of TMD2 and TMD3 for PIP 

localisation in eukaryotic cells (Wang et al., 2019) this was an important hypothesis 

to test. Therefore, to address the possibility that these TMDs are of importance in the 

localisation of PIP2;1 and TIP1;1 in plants, domain swaps of TMD2 and TMD3 

between the two proteins were carried out (Figure 4.34). From here on the annotation 

of these mutants is TIP-PIP-TIP for the TIP1;1 protein containing the TMD2 and 

TMD3 of PIP2;1, and PIP-TIP-PIP for the PIP2;1 protein containing the TMD2 and 

TMD3 of TIP1;1. 

 

 
Figure 4.34. Schematic of TMD swaps of TIP1;1 and PIP2;1. The N-terminal region (NTR), each 

TMD and C-terminal GFP tag are shown for each construct. Interconnecting loops were included with 

the TMD swaps. A Full-length wild-type TIP1;1; B Full-length wild-type PIP2;1; C TIP-PIP-TIP; D 

PIP-TIP-PIP. 

 

Interestingly, the results from the TMD swaps show that the TIP with TMD2 and 

TMD3 from the PIP2;1 protein sequence (TIP-PIP-TIP) is more stable than a PIP with 

the corresponding TMDs of TIP1;1 (PIP-TIP-PIP). On its own, TIP-PIP-TIP appears 
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to localise at the PM but with some protein remaining in the ER (Figure 4.35A). 

However, when TIP-PIP-TIP is co-infiltrated with either TIP1;1 or PIP2;1 it appears 

to co-localise with whichever full length protein is present implying that there are 

probably sufficient TIP or PIP exposed protein regions available for the mutant to 

form tetramers with either wild-type aquaporin (Figure 4.35). However, as the images 

show, the protein is still expressed strongly within the ER. Whether this is because it 

is unable to be sorted out of the ER completely or that the sorting process is taking 

longer it is unclear. As for all confocal imaging in this chapter, the images in Figures 

4.35 and 4.36 are from leaf tissue 4 days post infiltration, therefore it is possible that 

a longer time post infiltration might show a different final localisation. In order to 

compare localisation for wild-type and mutant constructs, two different fluorophores 

must be used. In this case, and throughout this chapter, it has been GFP and RFP. 

Unfortunately, the RFP tagged constructs do not produce as clear a confocal image as 

the GFP-tagged equivalents. This in itself can be problematic when analysing results 

especially as on occasion it seems that the process of trafficking of the tagged protein 

to its destination is impaired by the presence of C-terminal RFP; for example TIP1;1-

GFP in Figure 4.14 localised clearly at the tonoplast whereas TIP1;1-RFP in Figure 

4.35 shows an unclear localisation at the tonoplast, with some ER expression still 

detected implying the protein has not been fully processed through the secretory 

pathway to its final destination. If time allowed, an alternative fluorescent tag would 

have been tested; for example, the monomeric mCherry. 
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Figure 4.35. Localisation of TIP-PIP-TIP-GFP. Transient expression in leaf epidermal cells of N. 

benthamiana of A TIP-PIP-TIP-GFP infiltrated alone; B schematic of transmembrane swaps, the blue 

TMD 2 and 3 are from PIP2;1, the green TMDs are TIP1;1 as is the rest of the protein; C to E TIP-PIP-

TIP-GFP co-infiltrated with TIP1;1-RFP, individual fluorophore panes and co-localisation of proteins 

shown; F to H TIP-PIP-TIP-GFP co-infiltrated with PIP2;1-RFP, individual fluorophore panes and co-

localisation of proteins shown. Co-localisation seen by images showing yellow/orange colour. 

 

As mentioned, PIP-TIP-PIP appears to be very weakly expressed when infiltrated 

alone as only low levels of expressed protein are seen. However, again like TIP-PIP-

TIP, it is unclear whether the protein is stuck in the ER and with a longer time post 

infiltration whether this protein will be successfully trafficked to its destination 

membrane.  
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Figure 4.36. Localisation of PIP-TIP-PIP-GFP. Transient expression in leaf epidermal cells of N. 

benthamiana of A PIP-TIP-PIP-GFP infiltrated alone; B schematic of transmembrane swaps, the green 

TMD 2 and 3 are from TIP1;1, the blue TMDs are PIP2;1 as is the rest of the protein; C to E PIP-TIP-

PIP-GFP co-infiltrated with TIP1;1-RFP, individual fluorophore panes and co-localisation of proteins 

shown; F to H PIP-TIP-PIP-GFP co-infiltrated with PIP2;1-RFP, individual fluorophore panes and co-

localisation of proteins shown. Co-localisation seen by images showing yellow/orange colour. 

 

In summary, specific TMDs of TIP1;1 and PIP2;1 are likely to play an important role 

in localisation of the protein. However, in the presence of either wild-type protein, 

TMD mutant forms have been seen to localise at whichever destination membrane is 

specific for the full length protein, implying that it could be the presence of the wild-

type protein driving the final localisation. Again, the results indicate that it is not just 

one area or motif of a TIP or a PIP that is required for localisation of that protein to a 

specific membrane, but more likely a combination of them all. 
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4.5 Using FRET-FLIM to determine mutant protein interactions   

FRET-FLIM (Förster Resonance Energy Transfer – Fluorescence Lifetime Imaging 

Microscopy) is a method used to determine whether two proteins not only co-localise 

at the same cellular structure in living cells, but also whether they are interacting with 

each other. In this case, the cellular structure in question is the tonoplast and the 

proteins are wild-type TIP and the N-terminal domain swap mutated form of it. During 

FRET, the energy from an excited donor molecule (GFP-tagged protein) is transferred 

to an acceptor molecule (mRFP-tagged protein) only if the two proteins are in close 

proximity (between 2 and 10 nm) (Schoberer and Botchway, 2014). In the case of 

FRET-FLIM, the proximity of the proteins in question is determined by a reduction in 

the lifetime of the donor (GFP) fluorescence, with a strong interaction being a resulting 

time of 0.2 – 0.4 ns less than the control reaction of the donor on its own.  

 

FRET-FLIM is deemed to be a more precise method than FRET alone as it provides 

spatially resolved measurements of the lifetime of the donor fluorophore when an 

acceptor is also present. The process of FRET-FLIM requires analysis of fluorophore 

lifetimes of a donor protein when an acceptor is also present, compared to those when 

only the donor fluorophore lifetime is measured. Initially, singular GFP-tagged 

controls were analysed to obtain a lifetime for the GFP signal for that specific protein. 

In these experiments the donor controls were TIP1;1-GFP, PIP2;1-GFP and PIPTIP-

GFP. Biological replicates of least 6 separate images were processed looking at least 

5 different lifetime readings giving an average for each. The co-infiltrations were then 

analysed. Exciting at only the GFP wavelength, the lifetimes were again measured and 

compared with those of the donor protein alone. If the lifetimes were significantly 

reduced, averaging 0.2 – 0.4 ns less than controls, it was deemed that the proteins were 

interacting as the RFP was close enough to absorb the fluorescence emitted by the 

GFP.  

 

These specific FRET-FLIM experiments were carried out in order to determine 

whether the N-terminal domain swap of PIPTIP, which has been shown to localise to 

the tonoplast through confocal microscopy (Figure 4.31), also interacts directly with 

wild-type TIP1;1 and/or PIP2;1. The process of FLIM was first performed on the 

control samples in order to give a reading for the lifetime of fluorescence of the 

protein. The controls, as stated previously, were the fluorescent tagged proteins 
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transiently infiltrated alone designated ‘donor’ (Table 4.3). For these experiments, 

TIP1;1, PIP2;1 and PIPTIP proteins were tagged with either GFP or RFP and then 

infiltrated into N. benthamiana leaves both individually and in combination as stated 

in Table 4.4, thus all FRET-FLIM results were obtained from transiently expressed 

protein in N. benthamiana leaves, 5 d.a.i.  

 

 

Donor Acceptor Localisation Range FLIM 
lifetimes (ns) 

Av. FLIM 
lifetimes (ns) 

(ns) TIP1;1-GFP - Tonoplast 2.75 - 2.9 2.8 

PIP2;1-GFP - Plasma membrane 2.65 - 2.8 2.7 

PIPTIP-GFP - Tonoplast 2.8 - 2.9 2.85 

PIPTIP-GFP TIP1;1-

RFP 

Tonoplast 2.3 - 2.5 2.4  

PIPTIP-GFP PIP2;1-RFP Tonoplast and 

plasma membrane 

2.7 - 2.9  2.8 

TIP1;1-GFP TIP1;1-

RFP 

Tonoplast 2.3 - 2.6 2.45 

PIP2;1-GFP PIP2;1-RFP Plasma membrane 2.2 - 2.4 2.3 

TIP1;1-GFP PIP2;1-RFP Tonoplast and 

plasma membrane 

2.7 - 2.9 2.75 

Table 4.4. The combination of donor and acceptor fluorophore tagged proteins and the 

combinations used to determine interaction between tonoplast and plasma membrane located 

proteins. Green shading indicates strong interaction between donor and acceptor proteins. 

 

Figures 4.37 to 4.39 show the resulting imaging and processing from the FRET-FLIM 

experiment for all controls and co-infiltrations respectively. 
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Figure 4.37. Lifetime maps of control experiments of the donor fluorophore tagged proteins. 

Analysis carried out in order to obtain a lifetime value in order for comparison when an acceptor is also 

present. Panel A contains TIP1;1-GFP with an average lifetime of 2.8ns; B PIP2;1-GFP giving an 

average lifetime of 2.65ns; C PIPTIP-GFP with an average lifetime of 2.85ns. Lifetime maps are 
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A TIP1;1-GFP
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pseudocoloured for consistency during analysis (Osterrieder et al., 2009). The lower panel in each 

image displays decay curves for a single point of analysis, also showing the chi squared value (c2). 

Ideally, this value should be a close to 1 as possible, indicting the best model fit to the experimental 

data. 

 

 

 

 
Figure 4.38. Lifetime maps of mutant construct and wild-type proteins. A PIPTIP-GFP + TIP1;1-

RFP showing average lifetime of 2.4ns and therefore indicating a strong interaction between the 2 

proteins; B PIPTIP-GFP + PIP2;1-RFP showing average lifetime of 2.8ns and thus implying there is no 

interactions. The lower panel in each image displays decay curves for a single point of analysis, also 

showing the chi squared value (c2). Ideally, this value should be a close to 1 as possible, indicting the 

best model fit to the experimental data. 
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Figure 4.39. Lifetime maps of wild-type proteins. A TIP1;1-GFP + TIP1;1-RFP showing average 

lifetime of 2.45ns and therefore indicating interaction between proteins, which is to be expected as it is 

the same protein with a different he fluorescent protein tag; B PIP2;1-GFP + PIP2;1-RFP showing 

average lifetime of 2.3ns, again indicating interaction between proteins, which is to be expected as it is 

the same protein with a different he fluorescent protein tag; C TIP1;1-GFP + PIP2;1-RFP showing 

average lifetime of 2.75ns and no interaction. This is also expected due to the known localisation 
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membranes of each protein. The lower panel in each image displays decay curves for a single point of 

analysis, also showing the chi squared value (c2). Ideally, this value should be a close to 1 as possible, 

indicting the best model fit to the experimental data. 

 

 

A strong interaction between proteins is depicted by a lifetime measurement of at least 

0.2 ns less than the corresponding control of the donor protein alone. This can be seen 

by the resulting fluorescence lifetimes of both donors alone and in combination with 

an acceptor protein (Figure 4.39). 

 

 
Figure 4.40. Resulting fluorescence lifetimes showing all combinations that both interact and 

show no interaction. Error bars show standard error. Interaction cut off value defined by being at least 

0.2ns less than controls. 

 

In summary, this experiment also confirmed that TIP1;1 interacted with TIP1;1 and 

PIP2;1 with PIP2;1 implying that probably all TIPs would interact with other TIPs and 

PIPs with PIPs. However, the results showed that when TIP1;1 and PIP2;1 are co-

infiltrated these proteins do not interact with each other nor did PIPTIP and PIP2;1. 

These results were not unexpected as the proteins also localise to different membranes 

in the plant cell. Of most valued interest was the result that the PIPTIP construct not 

only localises to the tonoplast but also interacts with TIP1;1 protein indicating that the 
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N-terminal domain of a TIP is not required for either localisation to the tonoplast or 

interaction with other TIP proteins. In contrast, the poor expression of the mutant 

TIPPIP protein could imply that the N-terminal domain of a PIP is required for 

efficient sorting and trafficking from the ER through the rest of the secretory pathway. 

 

 

4.6 Discussion 

The concept that a plant aquaporin has a specific motif within its protein sequence to 

determine the final destination of that protein is one that has been hypothesised and, 

to some extent, demonstrated by research carried out in both maize and Arabidopsis 

(Zelazny et al., 2009; Chevalier et al., 2014; Chevalier and Chaumont, 2015; Müdsam 

et al., 2018). To explore these possibilities in two families of Arabidopsis aquaporins, 

specifically in the exemplars of TIP1;1 and PIP2;1 a comprehensive and thorough 

investigation of potential motifs was carried out as well as an analysis of the roles of 

entire domains within the proteins. Figure 4.41 shows the location of all mutations, 

insertions and deletions performed in both TIP1;1 and PIP2;1, along with the 

positioning of the transmembrane domains for all proteins. 

 

 
Figure 4.41. Protein alignment of PIP2;1, TIP1;1 and TIP3 showing the location of residues 

selected for mutagenesis within both TIP and PIP protein sequences. Motifs, as determined by 

DREME analysis, indicated here by letters A - C. Position of mutations, deletions and insertions 

identified as areas of interest by sequence alignments or previous work on localisation motifs (Chevalier 
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et al., 2014; Komarova et al., 2012; Müdsam et al., 2018), indicated by boxed residues (I3,6 and 8, 

LKAAL in TIP1;1 and LYIIA in PIP2;1) or a triangle respectively. Transmembrane domains are 

indicated by a solid black line. Transmembrane domains as predicted by TOPCONS (Tsirigos et al., 

2015) are boxed in black; the conserved NPA pore forming motifs are indicated by shaded boxes. 
 

To date, the result of a TIP with a PIP N-terminal domain locating to the tonoplast is 

of most interest as the counter construct of TIPPIP shows no such localisation. It 

would therefore be of interest to explore this line of investigation further in order to 

determine whether the mutant TIPPIP is unable to be processed properly out of the ER 

at all with this altered protein sequence, or whether over time it would localise fully 

to the PM. Within the N-terminal domain of PIP is a diacidic motif thought to be 

required for export from the ER, therefore by removing the N-terminal domain, the 

motif has also been removed therefore a factor in the lack of localisation of the protein 

could be due to this. 

 

Following a comprehensive, systematic approach in analysing the role of motifs, 

protein domains and single amino acids within both TIP1;1 and PIP2;1 in order to gain 

an insight into what may determine the final localisation of a tonoplast protein, it is 

still a process that remains unclear. What can be concluded is that it is more than likely 

to be more than one distinct motif involved for localisation of a tonoplast protein. The 

results from the N-terminal domain swap experiments have shown that the N- terminal 

region of TIP1;1 is not necessarily required for localisation to the tonoplast as shown 

by the PIPTIP results and the FRET-FLIM results showing not only localisation but 

also interaction with wild-type TIP1;1 at the vacuolar membrane. A summary of all 

the mutations performed and subsequent localisation results is shown in Table 4.5. 
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Mutation loci Localisation Implication 

TIP1;1 I3G I6G I8G Unchanged - 

tonoplast 

Residues not important in 

localisation 

TIP1;1 +V insert at residue 

13 

Unchanged - 

tonoplast 

Additional valine not important in 

localisation 

TIP1;1 L20A K21A L24A Unchanged - 

tonoplast 

Residues not important in 

localisation 

TIP1;1 DLKAAL 20-24 Unclear Motif may play a role in stability 

of TIP1;1 or required for protein 

to be trafficked out of the ER and 

expressed at a membrane 

TIP1;1 DN term Unclear Presence of a N-terminal region is 

important for complete processing 

and exit from ER and subsequent 

localisation to tonoplast 

TIP1;1 G95A G96R N97K Unchanged - 

tonoplast 

Residues not important in 

localisation 

TIP1;1 G96R N97K Unchanged - 

tonoplast 

Residues not important in 

localisation 

TIP1;1 +ARDSH insert at 

residue 170 

Unchanged - 

tonoplast 

Insertion of residues does not 

affect final membrane localisation 

TIP1;1 M198I Unchanged - 

tonoplast 

Residues not important in 

localisation 

PIP2;1 I227M PM and ER Residues not important in 

localisation, but the change may 

delay trafficking out of the ER to 

the PM 

PIP2;1 DV5 PM and ER Deletion not important in 

localisation, but the change may 

delay trafficking out of the ER to 

the PM 

PIP2;1 L127A Y128A PM and ER Residues not important in 

localisation, but the change may 
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delay trafficking out of the ER to 

the PM 

PIP2;1 R118G K119N Unchanged - PM Residues not important in 

localisation 

PIP2;1 DARDSH 195-199 Unchanged - PM Deleted residues do not play a 

role in localisation 

TIPPIP Unclear TIP N-terminal region is not 

sufficient to drive the remaining 

TMDs and C-terminus of PIP2;1 

to either the PM or tonoplast 

PIPTIP Tonoplast The presence of a complete N-

terminal region despite it not 

being TIP specific is enough to 

ensure complete localisation of 

remaining TIP TMDs and C-

terminus to the tonoplast. 

TIP-PIP-TIP PM and ER TMD2 & 3 of PIP2;1are 

important for localisation to the 

PM. There may be motifs 

contained within the N-and C-

terminals and remaining TMD 

vital for efficient exit from the 

ER. 

PIP-TIP-PIP Unclear The disruption to the protein 

sequence appears to be inhibitory 

to the effective exit from the ER 

and localisation to either 

membrane. 
Table 4.5. Summary of all mutations performed and resulting localisation. All point mutations, 

insertions and deletions are summarised.  
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Chapter 5: Sorting machinery and the role in TIP and PIP 
trafficking and localisation
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5.1 Introduction 

In addition to the evidence for specific motifs or domains being required for 

aquaporins to efficiently exit the ER and correctly localise to their destination 

membrane (Chevalier et al., 2014; Müdsam et al., 2018), the involvement of further 

sorting factors including adaptor proteins and tethering complexes has also been 

investigated (Ebine et al., 2008; Chevalier and Chaumont, 2015; Fuji et al., 2015; Di 

Sansebastiano et al., 2017; Takemoto et al., 2018). One group of proteins that are 

known to be involved in endomembrane trafficking are SNAREs (soluble N-

ethylmaleimide-sensitive factor protein attachment protein receptors). These are the 

key devices for membrane fusion and there are thought to be around 65 of these in 

Arabidopsis (Brandizzi and Kim, 2012). These proteins can be categorised into two 

main types, v-SNAREs and t-SNAREs which are found on vesicles and target 

membranes respectively. Further classification of SNAREs has grouped them into Qa-

, Qb-, Qc-SNAREs or R-SNARES depending on the core amino acids (glutamine or 

arginine) in the zero layer of the SNARE domain (Fasshauer et al., 1998) and it is the 

combination of a component from each of these four groups that constitutes a SNARE 

complex (Ebine et al., 2008). SNAREs have been shown to be involved in the 

trafficking of PIPs to the plasma membrane (PM) in both maize and Arabidopsis 

(Besserer et al., 2012; Hachez et al., 2014). FRET-FLIM was used in maize to show 

that ZmPIP2;5 interacts with the SNARE SYP121 during post-Golgi trafficking 

(Besserer et al., 2012) and SYP121 and SYP61 have also been shown to be involved 

in the trafficking of AtPIP2;7 (Hachez et al., 2014). In addition to SNAREs, there are 

specific tethering complexes involved in membrane trafficking in plant cells which 

have shown to interact with SNAREs; HOPS (homotypic fusion and protein sorting) 

and CORVET (class C core vacuole/endosome tethering) complexes which interact 

with the plant specific R-SNARE VAMP713 and R-SNARE VAMP727 respectively  

(Takemoto et al., 2018). Both the HOPS and CORVET complexes consist of six VPS 

subunits (vacuolar protein sorting-associated protein) (Figure 5.1). 
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Figure 5.1. Schematic structures of both HOPS and CORVET and their VPS subunits. A HOPS 

and B CORVET showing the four shared subunits, VPS11, VPS18, VPS33 and VPS16 and the two 

specific subunits for each complex, VPS 39, VSP41, VPS3 and VPS8 (Plemel et al., 2011; Balderhaar 

and Ungermann, 2013). 

 

In addition to SNAREs and tethering complexes, there are also adaptor proteins (AP); 

protein complexes involved in the sorting of proteins within the endomembrane 

system (Feng et al., 2017). In plants, all five AP complex types have been shown to 

be involved in post-Golgi sorting of proteins with the AP4 complex playing a specific 

role in the sorting of vacuolar proteins from the trans-Golgi network (TGN) (Fuji et 

al., 2015). The AP4 complex is made up of a combination of two large adaptins, one 

medium and one small forming a heterotetramer from the possible 10 large adaptins 

g, a, d, e, z and b1-5, five medium µ1-5 and 4 small s1-4 (Müdsam et al., 2018). 

Figure 5.2 shows the predicted structure of the AP4 complex with the location of the 

different adaptins. 
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Figure 5.2. A schematic of the AP4 complex. The four subunit combination consisting of any two of 

the large adaptins a, b, d, e, g, or z, one medium adaptin µ and one small adaptin s. Adapted from 

Mattera et al., 2017. 

 

This adaptor complex has also been shown to interact with a dileucine repeat and be 

involved in sorting of vacuolar proteins to the tonoplast (Müdsam et al., 2018). 

Following on from the analysis of motifs and domains involved in trafficking of TIPs 

and PIPs (Chapter 4), I was interested to determine whether the complexes of HOPS, 

CORVET or AP4 also played a role in trafficking of TIP to the tonoplast.  

 

Furthermore, it was also of interest to try and determine whether a TIP or a PIP can 

traffic to their destination membrane without interacting with endogenous aquaporins, 

thus in using the previously created tip3;1tip3;2 line, my aim was to address this.  

 

5.1.1 Hypotheses to be tested 

• In the absence of endogenous TIP or PIP, the ability of XFP-tagged TIP1;1 

and PIP2;1 to reach their destination membranes is not affected 

• In the absence of fully functioning, specific tethering complexes, TIP1;1 is 

unable to reach the tonoplast 

• In the absence of a complete and functioning adaptor protein complex, TIP1;1 

is unable to reach the tonoplast 
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5.1.2 Aims and Objectives 

• To create stable plant lines of tip3;1tip3;2 containing wild-type TIP1;1 and 

PIP2;1 tagged with a fluorescent protein 

• To determine localisation of TIP1;1 and PIP2;1 in embryos from mature seed 

of tip3;1tip3;2::TIP1;1-GFP and tip3;1tip3;2::PIP2;1-GFP  

• To create stable knockout plant lines for HOPS or CORVET containing wild-

type TIP1;1 and PIP2;1 tagged to fluorescent protein  

• To determine localisation of TIP1;1 and PIP2;1 in walking stick stage embryos 

from green seed of T-DNA insertion lines of HOPS, CORVET and AP4. 

• All localisation will be studied via confocal microscopy of embryos containing 

fluorescent tagged protein  

 

Unfortunately, when we entered the first Covid-19 lockdown in March 2020, the stable 

mutant lines of Arabidopsis I was growing for the trafficking machinery experiments 

were just reaching the optimal point for imaging of both the seed and siliques. I had 

ensured there were over 10 individual plants for each of the mutant lines and had 

planned to spend the next two months imaging seeds and siliques at multiple stages of 

maturity from a variety of different plants. However, with the University being closed 

the plants could not be used and when lockdown was lifted I was unable to dedicate 

the same amount of time to growing, and subsequently imaging, a similar quantity of 

plants. Therefore, the results in this chapter are from a much smaller subset of mutant 

lines for HOPS, CORVET and AP4 than I had originally planned. 

 

 

5.2 Localisation of TIP and PIP in absence of endogenous aquaporins 

In order to first establish whether the model TIPs and PIPs I have studied in previous 

chapters are only able to localise to their final destination membrane in the presence 

of other TIPs or PIPs, the tip3;1tip3;2 line I had previously created was transformed 

with either TIP1;1-GFP or PIP2;1-GFP. Once homozygous lines were verified, mature 

embryos were extracted from imbibed seed and imaged on the confocal microscope. 

Using mature seeds for imaging ensures that there are no other TIP or PIP present as 

only TIP3 are expressed at this stage of development (Gattolin et al., 2011). Figure 
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5.3 shows that in the tip3;1tip3;2 line the expression of TIP1;1-GFP is still observed 

at the tonoplast (panel A) and PIP2;1 is still able to locate to the PM (panel B). 

 

 

Figure 5.3. Confocal image analysis of GFP tagged wild-type TIP1;1 and PIP2;1 in tip3;1tip3;2 

line. TIP1;1 (A) and PIP2;1 (B) localised to the tonoplast and plasma membrane respectively in 

tip3;1tip3;2 line. Images are of the cotyledon and radicle of mature embryos from stable lines. PSV 

luminal autofluorescence is observed when imaging GFP expression with a 488 nm laser. 

 

The confocal images show that even when there are no TIPs or PIPs present, a TIP 

will still localise to the tonoplast and a PIP to the PM. Therefore, the formation of 

tetramers and trafficking of these proteins to their destination membrane is not 

dependent on the presence of other endogenous aquaporins. This observation is not 

unexpected in itself, therefore I had planned to test the AtTIP1;1 and AtPIP2;1 

mutations deemed significant from Chapter 4 in the tip3;1tip3;2 line. By imaging the 

embryos of these transformed lines, I aimed to observe whether localisation was 

altered at all in the mutant forms whilst eliminating any interference from the presence 

of N. benthamiana endogenous aquaporins which would occur in transient expression. 

 

 

5.3 HOPS and CORVET sorting machinery 

Recent studies have shown that the tethering complexes HOPS and CORVET along 

with vacuolar SNAREs play a role in the trafficking of the vacuolar protein syntaxin-

22 (SYP22) which is itself a Qa-SNARE (Uemura and Ueda, 2014; Takemoto et al., 

20 µm 20 µm

tip3;1tip3;2::TIP1;1-GFP tip3;1tip3;2::PIP2;1-GFPA B

tonoplast plasma membrane
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2018). In order to determine whether the HOPS and CORVET complexes are also 

involved in trafficking of TIP1;1 to the tonoplast, T-DNA insertion mutants for either 

VPS (vacuolar protein sorting-associated protein) 3 or VPS39 were used (see Chapter 

2, Table 2.1). VPS3 and VPS39 are specific subunits of CORVET and HOPS 

respectively, therefore by removing them the function of HOPS or CORVET is 

disrupted. As both of these complexes are required for  the complete development of 

plant embryos, the mutant lines used were heterozygous for either vps3 or vps39 as 

the homozygous lines were embryo lethal, thus meaning the seeds could not reach 

mature embryo stage (Takemoto et al., 2018).  

 

Imaging was performed on green seed with embryos at a walking stick to bent 

cotyledon stage as depicted in Figure 5.4.  

 

 

 

Figure 5.4. Developmental stages of Arabidopsis embryos. Walking stick (A and B) to bent 

cotyledon (C and D). Adapted from Feeney et al. 2018.  

 

Before imaging TIP and PIP localisation in individual embryos, the complete siliques 

were opened and the developing seed contained within viewed (Figures 5.5 and 5.8). 

Wild-type embryos are expected to be present due to the heterozygosity of the plant 

line. These can be seen as the darker green immature seeds due to the embryos 

developing properly within. Paler seeds are therefore likely to contain the mutant form 

of CORVET or HOPS and will be aborted as the embryos are unable to develop fully 

(Takemoto et al., 2018). 

 

A B C D
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Figure 5.5. Siliques from heterozygous plant lines. A vps39::TIP1;1-GFP; B vps3::TIP1;1-GFP. 

Siliques split open lengthways show wild-type embryos (indicated by a green arrow) appearing as a 

darker green, whereas the paler immature seed (indicated by a yellow arrow) are likely to contain the 

mutant form of HOPS or CORVET and are therefore embryo lethal, thus becoming aborted as the 

silique continues to mature. 

 

All plant lines were also genotyped for the presence of the T-DNA insertion of interest 

(Figure 5.6), as well as being selected for resistance to glufosinate ammonium which 

confirms the presence of either the TIP1;1-GFP or PIP2;1-GFP construct. Following 

genotyping, all lines used were confirmed as heterozygous for the T-DNA insertion.  

 

 

Figure 5.6 Genotyping of T-DNA insertion lines following transformation with either wild-type 

TIP1;1 or wild-type PIP2;1. The presence of a PCR product in a lane marked with a yellow asterisk 

depicts a positive result for the plant line containing the gene of interest; in this case either VPS39 or 

VPS3. The presence of a band in a lane marked with a blue asterisk band confirms the presence of the 

T-DNA insertion. Heterozygous lines will result in bands for both the gene of interest and the T-DNA 

insertion whereas homozygous lines for the insert would only produce a product with primers for the 
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specific T-DNA insertion. Wild-type Col-0 plants should only give a result for the gene of interest and 

therefore act as negative controls for the T-DNA insertion specific primers. The first Col-0 lane is 

positive for VPS39 and the second lane is the positive control for VPS3. 

 

In embryos from the heterozygous lines of both vps3 and vps39 transformed with 

TIP1;1-GFP, the tonoplast is visualised by confocal microscopy and the expression of 

GFP (Figure 5.7) implying trafficking of TIP1;1 to the tonoplast has not been affected. 

If the embryos were wild-type this would be expected as TIP1;1 would be trafficked 

to the tonoplast as normal. However, if the embryos contain mutant forms of either of 

the subunits for CORVET or HOPS (VPS3 or VPS39 respectively), this would imply 

that neither the HOPS nor the CORVET complexes are required for TIP1;1 

localisation to the tonoplast. 

 

 

Figure 5.7. Confocal images of embryos from heterozygous plant lines. A vps39::TIP1;1-GFP; B 

vps3::TIP1;1-GFP. GFP labelling of the tonoplast can be seen in all embryos imaged. 

 

Subsequent imaging was carried out for vps3 and vps39 lines transformed with wild-

type PIP2;1 tagged with GFP (Figures 5.8 and 5.9). On imaging whole siliques of the 

vps3::PIP2;1-GFP line, there were some seed that appeared underdeveloped or aborted 

(fourth silique of Panel B) and therefore were likely to contain the mutant HOPS or 

CORVET construct which is embryo lethal. The siliques from these plants were at a 

more mature stage than those imaged for vps39::TIP1;1-GFP and vps3::TIP1;1-GFP 

(Figure 5.5) which could explain the more abnormal appearance of the seed.  
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Figure 5.8. Siliques from heterozygous plant lines containing developing seed. A vps39::PIP2;1-

GFP; B vps3::PIP2;1-GFP. Examples of underdeveloped or aborted seed are indicted in the siliques by 

a yellow arrow. The green arrows point to normal seeds with complete, developing embryos visualised 

within. 

 

Embryos of the vps39::PIP2;1-GFP line were extracted and imaged as for the TIP1;1 

constructs. Figure 5.9 shows GFP expression at the PM in a heterozygous line of 

vps39::PIP2;1-GFP. Wild-type seed would be expected to display normal PM 

localisation. However, whether an embryo from a knockout line of either HOPS or 

CORVET would also show this expression if post-Golgi tethering complexes were not 

involved in trafficking to the PM remains to be answered.  

 

 

Figure 5.9. Confocal imaging of an embryo from heterozygous plant line of vps39::PIP2;1-GFP. 

A plasma membrane labelling; B higher magnification of highlighted area. 
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5.4 Adaptor complex AP4 and its role in sorting vacuolar proteins  

The adaptor complex AP4 has been shown to be involved in sorting vacuolar proteins 

at the TGN (Fuji et al., 2015).  Therefore, T-DNA insertion lines of the medium 

adaptin µ, were transformed with TIP1;1-GFP and PIP2;1-GFP. Generations of plants 

were selected with a view to create homozygous lines. Unlike the HOPS and CORVET 

knockout lines, ap4 mutants are not embryo lethal. However, due to the time 

limitations, only heterozygous generations were able to be obtained for imaging. 

Figure 5.10 shows the genotyping results for the ap4µ lines transformed with either 

TIP1;1 or PIP2;1.  

 

 
Figure 5.10. Genotyping of adaptin T-DNA insertion lines transformed with either wild-type 

TIP1;1 or wild-type PIP2;1. The presence of a PCR product in a lane marked with a yellow asterisk 

shows a positive result for the plant line containing the gene of interest; in this case AP4µ. The presence 

of a band in a lane marked with a blue asterisk band confirms the presence of the T-DNA insertion. 

Heterozygous lines will result in bands for both the gene of interest and the T-DNA insertion whereas 

homozygous lines for the mutants would only produce a product with primers for the T-DNA insertion. 

Wild-type Col-0 plants should only give a result for the gene of interest, AP4µ and therefore also act as 

negative controls for the T-DNA insertion specific primers. 

 

Developing embryos were imaged in order to determine whether the wild-type 

proteins can still localise to their destination membrane in the absence of a fully 

functioning AP4 complex. For the medium adaptin ap4µ lines there is protein 

expression at the tonoplast or the PM for the TIP1;1 and PIP2;1 constructs respectively 

indicating that, in the heterozygous lines at least, the trafficking of either aquaporin to 
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its destination membrane is unaffected by the lack of a fully formed adaptor protein 

complex (Figure 5.11).  

 

 

Figure 5.11. Confocal images of embryos from heterozygous plant lines. A ap4µ::TIP1;1-GFP with 

tonoplast expression seen in embryo; B ap4µ::PIP2;1-GFP showing plasma membrane localisation. 

 

 

5.5 Discussion 

In summary, due to the embryo lethality of the T-DNA insertion lines of the HOPS 

and CORVET subunits, and the impossibility of extracting embryos from abortive 

homozygous seeds, it is still unclear whether the tonoplast localisation observed was 

in wild-type embryos or mutants. Therefore, it is also not possible to definitively 

conclude whether trafficking to the tonoplast is via a post-Golgi tethering complex 

route. Similarly, due to the heterozygosity of the lines for the AP4 adaptins, the results 

for the AP4 T-DNA insertion lines are also inconclusive and unfortunately it is not 

possible to determine whether this adaptor complex may play a role in trafficking of 

membrane proteins.  

Finally, the evidence that a TIP and a PIP can localise to their specific target membrane 

in mutant tip3;1tip3;2 seeds, indicate that they are not solely dependent on the 

presence of both endogenous TIP3 aquaporins for the formation of tetramers and 

trafficking to either the tonoplast or PM. Ideally, if time had permitted, this area of 

interest would have been investigated further with the mutated constructs created in 

Chapter 4 transformed into the tip3;1tip3;2 line and the localisation of the mutants 

observed in seed embryos. 

10 µm

ap4µ::TIP1;1-GFPA

10 µm

ap4µ::PIP2;1-GFPB



 115 

Chapter 6: General discussion and perspectives
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6.1 TIPs play an important role in seed germination.  
It has previously been proposed that in plants tonoplast intrinsic proteins (TIPs) are 

not only involved in the control of water uptake in vegetative tissue, but also in the 

regulation of water uptake during germination (Gattolin et al., 2011). From our 

collaborative work (Appendix E) we have shown that TIPs do in fact participate in the 

control of germination of seed in Arabidopsis (Footitt et al., 2019). By creating a 

tip3;1tip3;2 knockout line and studying it in both salt and drought stress experiments, 

the results presented in Chapter 3 of this thesis show that the regulation of germination 

in unfavourable environments is negatively affected when TIPs are absent and/or 

downregulated in Arabidopsis seed. By studying the germination rates of T-DNA 

insertion knockout lines of tip3;1, tip3;2 and tip4;1 alongside the tip3;1tip3;2 line and 

related complemented lines, it was noted that in the absence of TIPs the ability of 

seeds to delay germination in conditions of low water potential was removed. This 

observation was also replicated in the salt stress results and therefore implicates TIPs 

in the control of germination during abiotic stresses. There is scope to further 

investigate the response of TIP4;1 in high salt conditions, by not only testing a more 

expansive concentration gradient of NaCl within a germination experiment but also to 

determine whether established seedlings of mutant TIP lines have a phenotypic 

response to salt. However, the presence of endogenous vegetative TIPs post-

germination would have to be taken into consideration. 

 

During the germination experiments carried out at low water potentials, thus 

mimicking drought stress, we also showed that TIP4;1 has a role in the regulation of 

germination in these conditions. This is a novel result as TIP4;1 is an aquaporin not 

previously studied in germination. In addition, its expression is only seen immediately 

after germination has occurred and the levels of expression of TIP3 have reduced. 

From the experiments with the tip4;1 mutant line, seeds were observed to germinate 

in extremely low water potentials. We also showed that during drought conditions, 

TIP4;1 expression can be detected in radicle cells before testa rupture and radicle 

emergence; a phenomenon that is not observed in Arabidopsis during optimal water 

conditions (Footitt et al., 2019). These results indicate that TIP4;1 is also involved, to 

some extent, in the control of germination in a drought stress environment.  

As previous research has shown the levels of TIP and PIP expression are altered during 

periods of salt and water stresses (Boursiac, 2005; Ding et al., 2019), and along with 
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the results shown in Chapter 3 confirming the role of TIPs in germination, there are 

possible implications for producing drought resistant crops by manipulating TIP 

expression in seeds.  

 

In a world where climate change is predicted to affect crop production due to changes 

in both temperature and rainfall and the likelihood of more extreme droughts, the need 

for stress tolerant crops is ever more paramount (Shanker et al., 2014). However, 

extrapolating the data obtained in Chapter 3 to seed crops can have the potential to be 

both beneficial and detrimental in producing sustainable crops. The manipulation of 

TIP expression in seeds may well produce seeds that are able to germinate in 

suboptimal water conditions, therefore producing drought resistant crops. However, 

crop species are not model plants and therefore will not necessarily behave in the same 

way as the model plant Arabidopsis thaliana and its seed as studied in this project. 

Also, the process of initiating seed germination in a drought environment is only the 

first step in producing drought tolerant plants; how the developing seedling manages 

with the lack of water for subsequent development of vegetative tissue has not been 

studied in this project. However, this is clearly a critical area of research to be 

investigated if these results are to be exploited in seed crops. 

 

 

6.2 The trafficking of TIPs to the tonoplast is likely to depend on multiple 
sorting determinants. 
As TIP3;1 and TIP3;2 are the only two aquaporins expressed in mature and 

germinating seed during normal germination conditions (Gattolin et al., 2011), and 

following on from the results showing the importance of TIPs in regulating 

germination and water uptake in seeds (Footitt et al., 2019), questions still remained 

on TIP trafficking and localisation; How could a TIP be trafficked to both the vacuolar 

and the plasma membrane (PM), thus playing the role of both TIP and PIP in a cell, 

and which specific protein motifs or domains are responsible for localisation? Despite 

my comprehensive analysis and study of potential localisation motifs and domains, a 

complete understanding of what drives TIPs to localise to the tonoplast as opposed to 

the PM, or how TIP3 can locate to both membranes still remains to be achieved.  
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Localisation experiments carried out as discussed in Chapter 4 concentrated on the 

point mutations, insertions or deletions of amino acids and/or motifs I had identified 

as being unique to either TIP1;1 or PIP2;1. Although these regions were highlighted 

as being of potential interest to investigate as some of the motifs had also been reported 

as being involved in ER export and/or sorting to the tonoplast or PM (Pedrazzini et 

al., 2013; Chevalier et al., 2014), there was either no change in localisation observed, 

or the protein remained within the ER or it was very poorly expressed. However, the 

domain swap experiments provided evidence to support the hypothesis that it is in fact 

a combination of multiple sorting factors that are required for correct membrane 

protein localisation.   

 

Within the N-terminus of a PIP is a diacidic ER exit motif (Chevalier and Chaumont, 

2015), and without this motif it seems that PIP2;1 is unable to be fully processed from 

the ER. Therefore, it would be of interest to explore whether the mutant TIPPIP is 

unable to localise to any post-ER membrane because it lacks its exit motif. The fact 

that there appears to be no such diacidic equivalent motif in TIPs but they are still 

exported from the ER implies there may be an alternative ER exit motif within the TIP 

protein sequence.  

 

The importance of an ER exit motif for PM localised proteins was verified by 

experiments carried out replacing the N-terminal domain of AHA2 with that of 

TIP1;1. It was observed that this mutated form of AHA2 was also unable to be 

exported from the ER. AHA2, like PIP2;1, has a diacidic motif in its N-terminal region 

which is absent in the TIPAHA mutant protein. Whether the change of amino acids 

within the TIPPIP protein is solely responsible for a lack of protein stability and 

export, or whether over time it would localise fully to the PM is still an area to study.  

 

Within the third TMD of PIP2;1 is located an LxxxA motif which has been shown to 

play a role in localisation of PIP to the PM in maize (Chevalier et al., 2014). By 

carrying out TMD swaps between AtTIP1;1 and AtPIP2;1 I observed that a tonoplast 

protein with TMD2 and 3 from a PM protein is unable to localise to the tonoplast and 

remains within the ER unless a wild-type TIP or PIP protein is present. Also, a PIP 

with the 2nd and 3rd TMD from a TIP is appears to be unable to be processed fully from 

the ER. These results indicate that 1) there is not one specific area or motif that is 
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responsible for either TIP or PIP localisation and it is most likely that the combination 

of protein motifs and structure is required, and 2) the tolerance to sequence 

manipulations for aquaporins is seemingly low, with several mutants being retained in 

the ER, presumably by quality control mechanisms. This is likely to result from the 

inability of these mutants to assemble into tetramers, although this hypothesis still 

requires testing. As mutating individual motifs alone did not produce a change of 

localisation of PIP2;1 and it has been proposed that the LxxxA and DxE motifs work 

together to ensure correct localisation (Müdsam et al., 2018), future work could 

therefore be concentrated on producing a PIP or a TIP with multiple motifs mutated 

to those of the other aquaporin in order to see whether localisation is altered at all from 

either the tonoplast or PM.  

 

Proteomic studies on eukaryotic membrane proteins including those specific to both 

the tonoplast and the PM have been previously carried out (Sadowski et al., 2008) 

(Deshmukh et al., 2016), but what specific amino acid residues within these proteins 

are responsible in determining their localisation is still unclear. Therefore, following 

on from the analysis in Chapter 4.3.4 on the difference in the quantity of acidic and 

basic residues in the cytoplasmic loops of TIP1;1 and PIP2;1, it would be of interest 

to investigate further what happens to the localisation of aquaporins when there are 

multiple charged residue substitutions in these regions.  

 

Figure 6.1 highlights the extreme difference observed in the overall charge of the 

cytoplasmic loops and terminal tails for TIP1;1 and PIP2;1 tetramers; TIP1;1 has more 

acidic residues (red) whereas the cytoplasmic region of PIP2;1 is almost entirely basic 

(blue). Swaps between these loops and termini would therefore be the next areas of 

interest to study to determine whether they play a role in localisation of TIP1;1 to the 

tonoplast or PIP2;1 to the plasma membrane. 
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Figure 6.1. Electrostatic analysis images of the cytoplasmic side of TIP1;1 and PIP2;1 tetramers 
and predicted topology schematics. Using APBS software (Jurrus et al., 2017), it was shown that 

there is a greater overall basic (blue) charge in PIP2;1 compared to the more acidic (red) cytoplasmic 

regions of TIP1;1. The shaded green boxes highlight the cytoplasmic situated loops and termini. 

 

In order to test the role of the cytoplasmic loops (boxed in green, Figure 6.1) in correct 

localisation of TIP1;1 or PIP2;1, constructs could be created with entire loop 

substitutions between the two aquaporins. Although the resulting localisation of N-

terminal swaps has been tested (Chapter 4.4.1), N- and C-terminal swaps in 

combination with one or two cytoplasmic loops has not and could prove interesting in 

elucidating the areas of the aquaporin structure that control specific membrane 

localisation if in carrying out these loop substitutions the final destination of either 

TIP1;1 or PIP2;1 is changed. 

 

 
 

TIP1;1

PIP2;1

PIP2;1

Protter - visualize proteoforms   Omasits et al., Bioinformatics. 2013 Nov 21.

TIP1;1

Protter - visualize proteoforms   Omasits et al., Bioinformatics. 2013 Nov 21.
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The FRET-FLIM work carried out and detailed in Section 4.5, showed that the mutant 

protein PIPTIP not only localised to the tonoplast but also interacted with the wild-

type TIP protein. This result implies that this mutant form was behaving as a TIP and 

more importantly that the full TMD region of a TIP appears to be the important 

structure for tetramer formation. By using this knowledge, future investigations into 

the tetramer formation of TIPs and PIPs could be studied to determine what precisely 

drives their assembly. It would also be of interest to see whether the TIP-PIP-TIP and 

PIP-TIP-PIP mutants interact directly with either wild-type TIP or PIP at their 

respective membranes, and this was an area I had planned to investigate further but 

was unable to due to the time impact of Covid on my research. 

 

 

6.3  Sorting machinery  

The role of adaptor proteins and tethering complexes in the trafficking of membrane 

proteins has been documented (Chevalier and Chaumont, 2015). Along with the 

evidence of interactions between adaptor proteins and dileucine motifs in the sorting 

of vacuolar proteins, the natural extrapolation of these data is that TIPs are trafficked 

to the tonoplast with assistance from these other proteins.  

A conclusive result on the role of adaptor proteins and/or tethering complexes in 

trafficking of TIPs is required before any further work can be carried out. Plant 

knockout lines for large adaptin subunits knocked out are available and therefore could 

be used to further analyse the role of adaptins in TIP localisation. It would also be of 

interest to determine whether mutant forms of TIP and PIP are still able to localise to 

their respective membrane in the HOPS/CORVET or AP mutant lines or whether the 

trafficking is affected by changes in the protein sequence. 

 

Data not shown – tip3;1tip3;2 lines transformed with TIP1;1 and PIP2;1 were created 

with a view to carry out co-immunoprecipitation experiments (co-IP). However, 

following extraction of protein from seed and western blot analysis using both GFP 

and TIP3 antibodies, it was not possible to detect sufficient GFP-tagged protein for 

co-IP despite comprehensive Basta screening for the plasmid yielding positive results.  

By using the previously created tip3;1tip3;2 line and transforming it with either full 

length or mutated forms of TIP and PIP tagged with GFP, it would be of great value 
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to obtain a comprehensive list of proteins that are detected from the results of co-

immunoprecipitation experiments.  

 

 

6.4 Concluding remarks 
How and by what mechanism the trafficking of TIP changes within a cell during 

drought and salt stress remains inconclusive and an area of investigation. However, as 

TIPs have been shown to play a role in the control of germination in Arabidopsis, 

future work could be concentrated on developing crop plants with an increased ability 

to germinate and thrive in adverse conditions by manipulating the organisation, type 

and number of their aquaporins.  

 

There are still unanswered questions regarding the trafficking of TIPs to the tonoplast. 

It does not appear to be due to one individual region or the structure of the protein, but 

potentially a combination of motifs, topology and even additional protein complexes 

to enable a TIP to be processed, trafficked and localised correctly to the tonoplast. It 

is clear however, that further research is required to completely elucidate the sorting 

of these important proteins. 
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Appendix A Primers 
 

ID Name Orientat
ion 

Purpose  sequence 5'-3' 

attB1  Forward Cloning ACAAGTTTGTACAAAAAAGCAGGCTTC 

attB2  Reverse Cloning ACCACTTTGTACAAGAAAGCTGGGTC 

RC13 TIP1;1 cDNA Forward Cloning ATGCCGATCAGAAACATCGCC 

RC14 TIP1;1 cDNA+stop Reverse Cloning TCAGTAGTCTGTGGTTGGGAG 

RC16 PIP2;1 cDNA Forward Cloning ATGGCAAAGGATGTGGAAGCCG 

RC17 PIP2;1 cDNA+stop Reverse Cloning TTAGACGTTGGCAGCACTTCTG 

RC19 g284c_g286c_c291a_TI
P1;1 

Forward SDM ACTTTCGGTGCTTTCATTGCTCGTAAAATCACTCTCCTCCGT
GGTA 

RC20 g284c_g286c_c291a_TI
P1;1 

Reverse SDM TACCACGGAGGAGAGTGATTTTACGAGCAATGAAAGCACC
GAAAGT 

RC21 g286c_c291a_TIP1;1 Forward SDM CGGTGCTTTCATTGGTCGTAAAATCACTCTCCTCCGTG 

RC22 g286c_c291a_TIP1;1 Reverse SDM CACGGAGGAGAGTGATTTTACGACCAATGAAAGCACCG 

RC23 insert_ARD_TIP1;1 Forward SDM CATTGACCCCAAAAACGGGGCTAGAGACAGTCTTGGAACA
ATTGCTC 

RC24 insert_ARD_TIP1;1 Reverse SDM GAGCAATTGTTCCAAGACTGTCTCTAGCCCCGTTTTTGGGGT
CAATG 

RC25 insert_H_TIP1;1 Forward SDM CGGGGCTAGAGACAGTCACCTTGGAACAATTGCTC 

RC26 insert_H_TIP1;1 Reverse SDM GAGCAATTGTTCCAAGGTGACTGTCTCTAGCCCCG 

RC27 g594t_TIP1;1 Forward SDM CTGGAGCCTCCATTAATCCCGCCGTGG 

RC28 g594t_TIP1;1 Reverse SDM CCACGGCGGGATTAATGGAGGCTCCAG 

RC53 c352g_a357t_PIP2;1 Forward SDM TGGGCTATTCTTGGCAGGTAATGTGTCGTTACCTAGGG 

RC54 c352g_a357t_PIP2;1 Reverse SDM CCCTAGGTAACGACACATTACCTGCCAAGAATAGCCCA 

RC55 delete_ARDSH_PIP2;1 Forward SDM GACCCCAAACGTAGTGTTCCGGTGTTGGCG 

RC56 delete_ARDSH_PIP2;1 Reverse SDM CGCCAACACCGGAACACTACGTTTGGGGTC 

RC57 t681g_PIP2;1 Forward SDM CCCATTACCGGAACCGGAATGAACCCGGCAAG 

RC58 t681g_PIP2;1 Reverse SDM CTTGCCGGGTTCATTCCGGTTCCGGTAATGGG 

RC59 t380a_g381c_PIP2;1 Forward SDM TCGTTACCTAGGGCCCTATACTACATAATCGCTCAGTGTT 
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RC60 t380a_g381c_PIP2;1 Reverse SDM AACACTGAGCGATTATGTAGTATAGGGCCCTAGGTAACGA 

RC61 1/2GW TIP3;1 attB1 Forward cloning AAAAAAGCAGGCTTCATGGCAACATCAGCTCGTAGAG 

RC62 1/2GW TIP3;1 attB2 Reverse Cloning AGAAAGCTGGGTCGTAATCTTCAGGGGCCAAGGG 

RC63 1/2GW TIP3;1+STOP 
attB2 

Reverse Cloning AGAAAGCTGGGTCCTAGTAATCTTCAGGGGCCAAGGG 

RC64 1/2GW TIP3;2 attB1 Forward Cloning AAAAAAGCAGGCTTCATGGCTACATCTGCTAGAAGAGC 

RC65 1/2GW TIP3;2 attB2 Reverse Cloning AGAAAGCTGGGTCGTAATCTTCCGGAGCCAATGGTTG 

RC66 1/2GW TIP3;2+STOP 
attB2 

Reverse Cloning AGAAAGCTGGGTCCTAGTAATCTTCCGGAGCCAATGGTTG 

RC67 1/2GW PIP2;1 attB1 Forward Cloning AAAAAAGCAGGCTTCATGGCAAAGGATGTGGAAGCCG 
RC68 1/2GW PIP2;1 attB2 Reverse Cloning AGAAAGCTGGGTCGACGTTGGCAGCACTTCTGAATG 
RC69 1/2GW PIP2;1+STOP 

attB2 
Reverse Cloning AGAAAGCTGGGTCCTAGACGTTGGCAGCACTTCTG 

RC70 TIP4;1 RT-PCR primer 
2 

Forward Expression 
analysis 

TTAGGGCACCATAGCGAAGC 

RC71 TIP4;1 RT-PCR primer 
2 

Reverse Expression 
analysis 

ACATCAGCGTATTCCGTGCA 

RC72 TIP4;1 RT-PCR primer 
3 

Forward Expression 
analysis 

CACCGGAGGAATGGGAACTC 

RC73 TIP4;1 RT-PCR primer 
3 

Reverse Expression 
analysis 

TTTTGGTCCCGCTTTGGTCT 

RC74 TIP4;1 RT-PCR primer 
4 

Forward Expression 
analysis 

GGGAACTCCGGTTCACACAT 

RC75 TIP4;1 RT-PCR primer 
4 

Reverse Expression 
analysis 

ATTGACCGTCCACATGTCCC 

RC76 PIP2;1 N term Rev Reverse NTR swap GTAGAAAGACCACTTCTTTAGCTCCGC 

RC77 PIP2;1 no N term attB1 Forward Cloning AAAAAAGCAGGCTTCAGAGCAGTTATCGCAGAGTTC 

RC78 PIP2;1 from TM1 Forward Cloning AGAGCAGTTATCGCAGAGTTC 

RC79 N term TIP - PIP from 
TM1  

Reverse Cloning GCGATAACTGCTCTCTTTAAGGCATCGGGACGGGTGG 

RC80 TIP1;1 N term Rev Reverse Cloning CTTTAAGGCATCGGGACGGGTGG 
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RC81 TIP1;1 no N term attB1 Forward Cloning AAAAAAGCAGGCTTCGCGGCGTTGGCTGAGTTCATTTC 

RC82 TIP1;1 from TM1 Forward NTR swap GCGGCGTTGGCTGAGTTCATTTC 

RC83 N term PIP - TIP from 
TM1  

Reverse NTR swap CCAACGCCGCGTAGAAAGACCACTTCTTTAGCTCCGC 

RC85 TIP1;1 -stop+att Reverse Cloning AGAAAGCTGGGTCGTAGTCTGTGGTTGGGAGCTG 

RC86 TIP1;1 +att Forward Cloning  AAAAAAGCAGGCTTCATGCCGATCAGAAACATCGCC 

RC87 N term PIP - TIP from 
TM1  

Forward NTR swap GCGGAGCTAAAGAAGTGGTCTTTCTACGCGGCGTTGG 

RC88 N term TIP - PIP from 
TM1  

Forward NTR swap CCACCCGTCCCGATGCCTTAAAGAGAGCAGTTATCGC 

RC91 SALK_014326 LP Forward T-DNA 
insertion 
confirmation 

CGTTTTATTGCTACAGACCGG 

RC92 SALK_014326 RP Reverse T-DNA 
insertion 
confirmation 

CTTCATTTGAATGGTGCCATC 

RC93 SALK_042865 LP Forward T-DNA 
insertion 
confirmation 

CCAGTGAGGGAGGGAATAGAC 

RC94 SALK_042865 RP Reverse T-DNA 
insertion 
confirmation 

ATGCCCTGTTAACCCTGATTC 

RC95 SALK_092095 LP Forward T-DNA 
insertion 
confirmation 

CTTTGTTGAAGCGTCTTCCAC 

RC96 SALK_092095 RP Reverse T-DNA 
insertion 
confirmation 

CGCTTGTTACTTGCGCTACTC 

RC10
5 

LBb1.3 Forward T-DNA 
insertion 
confirmation 

ATTTTGCCGATTTCGGAAC 
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RC11
5 

TIP1;1 N term AHA 
TM1 

Forward NTR swap CGTCCCGATGCCTTAAAGTTTATGTGGAATCCCTTGTC 

RC11
6 

TIP1;1 N term AHA 
TM1 

Reverse NTR swap GACAAGGGATTCCACATAAACTTTAAGGCATCGGGACG 

RC11
7 

I to G aa3,6 and 8 Forward SDM GGCTTCATGCCGGGCAGAAACGGCGCCGGTGGCCGTCC 

RC11
8 

I to G aa3,6 and 8 Reverse SDM GGACGGCCACCGGCGCCGTTTCTGCCCGGCATGAAGCC 

RC11
9 

I to G aa3  Forward SDM GGCTTCATGCCGGGCAGAAACATCGCCATTGGCCGTCC 

RC12
0 

I to G aa3  Reverse SDM GGACGGCCAATGGCGATGTTTCTGCCCGGCATGAAGCC 

RC12
1 

I to G aa 3 and 6 Forward SDM GGCTTCATGCCGGGCAGAAACGGCGCCATTGGCCGTCC 

RC12
2 

I to G aa 3 and 6 Reverse SDM GGACGGCCAATGGCGCCGTTTCTGCCCGGCATGAAGCC 

RC13
1 

LKAAL to AAAAA 
TIP1;1 

Forward SDM GTTGAAATGAACTCAGCCGCCGCCGCCGCTGCGGCATCGGG
ACGGGTGGC 

RC13
2 

LKAAL to AAAAA 
TIP1;1 

Reverse SDM GCCACCCGTCCCGATGCCGCAGCGGCGGCGGCGGCTGAGTT
CATTTCAAC 

RC13
3 

delete_LKAAL_TIP1;1 Forward SDM CACCCGTCCCGATGCCGCTGAGTTCATTTCAAC 

RC13
4 

delete_LKAAL_TIP1;1 Reverse SDM GTTGAAATGAACTCAGCGGCATCGGGACGGGTG 

RC13
5 

insert V TIP1;1 Forward SDM TGGCCGTCCAGATGTGGAAGCCACCCGTC 

RC13
6 

insert V TIP1;1 Reverse SDM GACGGGTGGCTTCCACATCTGGACGGCCA 

RC13
7 

LYIIA to AAIIA 
PIP2;1 

Forward SDM GTGTCGTTACCTAGGGCCCTAGCGGCCATAATCGCTCAGTG
TTTGGG 

RC13
8 

LYIIA to AAIIA 
PIP2;1 

Reverse SDM CCCAAACACTGAGCGATTATGGCCGCTAGGGCCCTAGGTAA
CGACAC 
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RC13
9 

delete V PIP2;1 Forward SDM CTCCGGGAACGGCTTCATCCTTTGCCATGAAG 

RC14
0 

delete V PIP2;1 Reverse SDM CTTCATGGCAAAGGATGAAGCCGTTCCCGGAG 

RC14
1 

adding LKAAL to 
TIPPIP 

Forward mutations CGTCCCGATGCCTTAAAGGCAGCACTTATCGCAGAGTTCGT
A 

RC14
2 

adding LKAAL to 
TIPPIP 

Reverse mutations TACGAACTCTGCGATAAGTGCTGCCTTTAAGGCATCGGGAC
G 

RC14
3 

N term TIP with 
LKAAL 

Reverse mutations CAACGCCGCCTTTAAGGCATCGGGACGGGTGG 

RC14
4 

AHA2 + attB1 1/2GW Forward cloning AAAAAAGCAGGCTTCATGTCGAGTCTCG 

RC14
5 

remove stop from 
AHA2 + attB2 

Reverse SDM AGAAAGCTGGGTCCACAGTGTAGTGACTG 

RC14
6 

seq primer AHA2 Forward sequencing TGATTGAGATCATCGTCATGTATCCG 

RC14
7 

seq primer AHA2 Reverse sequencing CAAATTCCCATATCAAAGCAATAAGC 

RC14
8 

N term TIP + TM1 
AHA2 

Reverse NTR swap GTGGATTCCACATAAAAAGTGCTGCCTTTAAG 

RC14
9 

TM1 AHA2 Forward NTR swap TTTATGTGGAATCCACTTTCATGGGTCATG 

RC15
0 

TIP1;1 N term&TM1 + 
bit PIP2;1 TM2 

Reverse TMD swap GAGGATTCCAGGAGTGGTGGCTC 

RC15
1 

PIP2;1 TM2TM3 + bit 
TIP1;1 

Forward TMD swap CACTCCTGGAATCCTCGGTATCGC 

RC15
2 

PIP2:1 TM2TM3 + bit 
TIP1;1 

Reverse TMD swap CCGGTGAAGGCTTTGACAAAACC 

RC15
3 

TIP1;1 TM4TM5TM6 
to end + PIPTM3  

Forward TMD swap CAAAGCCTTCACCGGTGGCTTGGCTG 

RC15
4 

PIP2;1 N term&TM1 + 
bit TIP1;1 TM2 

Reverse TMD swap CCAGAAGGAACTCCGCCGCAATC 
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RC15
5 

TIP1;1 TM2TM3 + bit 
PIP2;1  

Forward TMD swap CGGAGTTCCTTCTGGTCTCGTAGCT 

RC15
6 

TIP1;1 TM2TM3 + bit 
PIP2;1 

Reverse TMD swap GCTTTGGGCGAATTTAAGGATGAGGC 

RC15
7 

PIP2;1 TM4TM5TM6 
to end +TIP1;1TM3 

Forward TMD swap TTCGCCCAAAGCTCTTACTACACCC 

RC15
8 

insert R TIP1;1 before + 
ARDSH 

Forward SDM CATTGACCCCAAACGTAACGGGGCTAGAGAC 

RC15
9 

insert R TIP1;1 before + 
ARDSH 

Reverse SDM GTCTCTAGCCCCGTTACGTTTGGGGTCAATG 

RC16
0 

+ R (FRI) C term 
TIP1;1 

Forward SDM CGAAGTTTTCTTCAGAATCAACACCACA 

RC16
1 

+ R (FRI) C term 
TIP1;1 

Reverse SDM TGTGGTGTTGATTCTGAAGAAAACTTCG 

RC16
2 

+K+E to L C term 
TIP1;1 

Forward SDM ATCAACACCACAAAGCACCTGCAGCTCCCAAC 

RC16
3 

+K+E to L C term 
TIP1;1 

Reverse SDM GTTGGGAGCTGCAGGTGCTTTGTGGTGTTGAT 

RC16
4 

D to A C term TIP1;1 Forward SDM CCAACCACAGCCTACGACCCAGCTTTC 

RC16
5 

D to A C term TIP1;1 Reverse SDM GAAAGCTGGGTCGTAGGCTGTGGTTGG 

Table A1. Details of all primers used. Unique identification number, description and sequence. 
 



 B-1 

Appendix B Multiple sequence alignments 
 
CLUSTAL O(1.2.4) multiple sequence alignment 
 
 
PIP1;5      MEGKEEDVNVGANKFPERQPIGTAAQTESKDYKEPPPAPFFEP-GELKSWSFYRAGIAEF 59 
PIP1;1      MEGKEEDVRVGANKFPERQPIGTSAQ-SDKDYKEPPPAPFFEP-GELSSWSFWRAGIAEF 58 
PIP1;2      MEGKEEDVRVGANKFPERQPIGTSAQ-SDKDYKEPPPAPLFEP-GELASWSFWRAGIAEF 58 
PIP1;3      MEGKEEDVRVGANKFPERQPIGTSAQ-TDKDYKEPPPAPFFEP-GELSSWSFYRAGIAEF 58 
PIP1;4      MEGKEEDVRVGANKFPERQPIGTSAQSTDKDYKEPPPAPLFEP-GELSSWSFYRAGIAEF 59 
PIP2;4      --------------MAKDLDVNESGPPAARDYKDPPPAPFFDM-EELRKWPLYRAVIAEF 45 
PIP2;1      --------------MAKDVEAVPGEGFQTRDYQDPPPAPFIDG-AELKKWSFYRAVIAEF 45 
PIP2;2      --------------MAKDVE--GPEGFQTRDYEDPPPTPFFDA-DELTKWSLYRAVIAEF 43 
PIP2;3      --------------MAKDVE--GPDGFQTRDYEDPPPTPFFDA-EELTKWSLYRAVIAEF 43 
PIP2;7      --------------MSKEV-SEEGKTHHGKDYVDPPPAPLLDM-GELKSWSFYRALIAEF 44 
PIP2;8      --------------MSKEV-SEEG--RHGKDYVDPPPAPLLDM-AELKLWSFYRAIIAEF 42 
PIP2;5      --------------MTKEV-VGDKRSFSGKDYQDPPPEPLFDA-TELGKWSFYRALIAEF 44 
PIP2;6      --------------MTKDE-LTEEESLSGKDYLDPPPVKTFEV-RELKKWSFYRAVIAEF 44 
TIP5;1      ----------------MRR---------------MIPTSFSSKFQGVLSMNALRCYVSEF 29 
TIP4;1      ----------------------------------MKKIELGHH-SEAAKPDCIKALIVEF 25 
TIP3;1      --------------MATSA---------------RRAYGFGRA-DEATHPDSIRATLAEF 30 
TIP3;2      --------------MATSA---------------RRAYGFGRA-DEATHPDSIRATLAEF 30 
TIP2;1      ----------------------------------MAGVAFGSF-DDSFSLASLRAYLAEF 25 
TIP2;2      ----------------------------------MVKIEIGSV-GDSFSVASLKAYLSEF 25 
TIP2;3      ----------------------------------MVKIEVGSV-GDSFSVSSLKAYLSEF 25 
TIP1;3      -----------------MP---------------INRIAIGTP-GEASRPDAIRAAFAEF 27 
TIP1;1      -----------------MP---------------IRNIAIGRP-DEATRPDALKAALAEF 27 
TIP1;2      -----------------MP---------------TRNIAIGGVQEEVYHPNALRAALAEF 28 
                                                                 :. . ** 
 
PIP1;5      IATFLFLYVTVLTVMGVKRAP-------NMCASVGIQGIAWAFGGMIFALVYCTAGISGG 112 
PIP1;1      IATFLFLYITVLTVMGVKRSP-------NMCASVGIQGIAWAFGGMIFALVYCTAGISGG 111 
PIP1;2      IATFLFLYITVLTVMGVKRSP-------NMCASVGIQGIAWAFGGMIFALVYCTAGISGG 111 
PIP1;3      IATFLFLYITVLTVMGVKRAP-------NMCASVGIQGIAWAFGGMIFALVYCTAGISGG 111 
PIP1;4      IATFLFLYITVLTVMGVKRAP-------NMCASVGIQGIAWAFGGMIFALVYCTAGISGG 112 
PIP2;4      VATLLFLYVSILTVIGYKAQTD-ATAGGVDCGGVGILGIAWAFGGMIFVLVYCTAGISGG 104 
PIP2;1      VATLLFLYITVLTVIGYKIQSD-TDAGGVDCGGVGILGIAWAFGGMIFILVYCTAGISGG 104 
PIP2;2      VATLLFLYITVLTVIGYKIQSD-TKAGGVDCGGVGILGIAWAFGGMIFILVYCTAGISGG 102 
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PIP2;3      VATLLFLYVTVLTVIGYKIQSD-TKAGGVDCGGVGILGIAWAFGGMIFILVYCTAGISGG 102 
PIP2;7      IATLLFLYVTVATVIGHKKQT-------GPCDGVGLLGIAWAFGGMIFVLVYCTAGISGG 97 
PIP2;8      IATLLFLYVTVATVIGHKNQT-------GPCGGVGLLGIAWAFGGMIFVLVYCTAGISGG 95 
PIP2;5      IATLLFLYVTIMTVIGYKSQTD-PALNPDQCTGVGVLGIAWAFGGMIFILVYCTAGISGG 103 
PIP2;6      IATLLFLYVTVLTVIGFKSQTD-INAGGGACASVGLLGISWAFGGMIFILVYCTAGISGG 103 
TIP5;1      ISTFFFVLAAVGSVMSSRKLMA-----GDVSGPFGVLIPAIANALALSSSVYISWNVSGG 84 
TIP4;1      ITTFLFVFAGVGSAMATDSLVG--------NTLVGLFAVAVAHAFVVAVMISA-GHISGG 76 
TIP3;1      LSTFVFVFAAEGSILSLDKLYWEHAAHAGTNTPGGLILVALAHAFALFAAVSAAINVSGG 90 
TIP3;2      LSTFVFVFAGEGSILALDKLYWDTAAHTGTNTPGGLVLVALAHALALFAAVSAAINVSGG 90 
TIP2;1      ISTLLFVFAGVGSAIAYAKLTS-----DAALDTPGLVAIAVCHGFALFVAVAIGANISGG 80 
TIP2;2      IATLLFVFAGVGSALAFAKLTS-----DAALDPAGLVAVAVAHAFALFVGVSIAANISGG 80 
TIP2;3      IATLLFVFAGVGSAVAFAKLTS-----DGALDPAGLVAIAIAHAFALFVGVSIAANISGG 80 
TIP1;3      FSMVIFVFAGQGSGMAYGKLTG-----DGPATPAGLVAASLSHAFALFVAVSVGANVSGG 82 
TIP1;1      ISTLIFVVAGSGSGMAFNKLTE-----NGATTPSGLVAAAVAHAFGLFVAVSVGANISGG 82 
TIP1;2      ISTLIFVFAGSGSGIAFNKITD-----NGATTPSGLVAAALAHAFGLFVAVSVGANISGG 83 
            .: ..*:     : :.                  *:   : . .  :   :     :*** 
 
PIP1;5      HINPAVTFGLFLARKLSLTRALFYIVMQCLGAICGAGVVKGFQPGLYQTNGGGANVVAHG 172 
PIP1;1      HINPAVTFGLFLARKLSLTRALYYIVMQCLGAICGAGVVKGFQPKQYQALGGGANTVAHG 171 
PIP1;2      HINPAVTFGLFLARKLSLTRAVYYIVMQCLGAICGAGVVKGFQPKQYQALGGGANTIAHG 171 
PIP1;3      HINPAVTFGLFLARKLSLTRAVFYIVMQCLGAICGAGVVKGFQPNPYQTLGGGANTVAHG 171 
PIP1;4      HINPAVTFGLFLARKLSLTRAVFYMIMQCLGAICGAGVVKGFQPTPYQTLGGGANTVAHG 172 
PIP2;4      HINPAVTVGLFLARKVSLVRTVLYIVAQCLGAICGCGFVKAFQSSYYTRYGGGANELADG 164 
PIP2;1      HINPAVTFGLFLARKVSLPRALLYIIAQCLGAICGVGFVKAFQSSYYTRYGGGANSLADG 164 
PIP2;2      HINPAVTFGLFLARKVSLIRAVLYMVAQCLGAICGVGFVKAFQSSYYDRYGGGANSLADG 162 
PIP2;3      HINPAVTFGLFLARKVSLIRAVLYMVAQCLGAICGVGFVKAFQSSHYVNYGGGANFLADG 162 
PIP2;7      HINPAVTFGLFLARKVSLVRALGYMIAQCLGAICGVGFVKAFMKTPYNTLGGGANTVADG 157 
PIP2;8      HINPAVTFGLFLARKVSLPRAVAYMVAQCLGAICGVGLVKAFMMTPYKRLGGGANTVADG 155 
PIP2;5      HINPAVTFGLLLARKVTLVRAVMYMVAQCLGAICGVALVKAFQSAYFTRYGGGANGLSDG 163 
PIP2;6      HINPAVTFGLFLASKVSLVRAVSYMVAQCLGATCGVGLVKVFQSTYYNRYGGGANMLSDG 163 
TIP5;1      HVNPAVTFAMAVAGRISVPTAMFYWTSQMIASVMACLVLKVTVMEQ----HVPIYKIAGE 140 
TIP4;1      HLNPAVTLGLLLGGHISVFRAFLYWIDQLLASSAACFLLSYLTGGM----GTPVHTLASG 132 
TIP3;1      HVNPAVTFGALVGGRVTAIRAIYYWIAQLLGAILACLLLRLTTNGM----RPVGFRLASG 146 
TIP3;2      HVNPAVTFAALIGGRISVIRAIYYWVAQLIGAILACLLLRLATNGL----RPVGFHVASG 146 
TIP2;1      HVNPAVTFGLAVGGQITVITGVFYWIAQLLGSTAACFLLKYVTGGL----AVPTHSVAAG 136 
TIP2;2      HLNPAVTLGLAVGGNITVITGFFYWIAQCLGSIVACLLLVFVTNGE----SVPTHGVAAG 136 
TIP2;3      HLNPAVTLGLAIGGNITLITGFFYWIAQCLGSIVACLLLVFVTNGK----SVPTHGVSAG 136 
TIP1;3      HVNPAVTFGAFIGGNITLLRAILYWIAQLLGAVVACLLLKVSTGGM----ETAAFSLSYG 138 
TIP1;1      HVNPAVTFGAFIGGNITLLRGILYWIAQLLGSVVACLILKFATGGL----AVPAFGLSAG 138 
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TIP1;2      HVNPAVTFGVLLGGNITLLRGILYWIAQLLGSVAACFLLSFATGGE----PIPAFGLSAG 139 
            *:*****..  :. .::    . *   * :.:  .  .:                 ::   
 
PIP1;5      YTKGSGLGAEIVGTFVLVYTVFS-ATDAKRSARDSHVPILAPLPIGFAVFLVHLATIPIT 231 
PIP1;1      YTKGSGLGAEIIGTFVLVYTVFS-ATDAKRNARDSHVPILAPLPIGFAVFLVHLATIPIT 230 
PIP1;2      YTKGSGLGAEIIGTFVLVYTVFS-ATDAKRNARDSHVPILAPLPIGFAVFLVHLATIPIT 230 
PIP1;3      YTKGSGLGAEIIGTFVLVYTVFS-ATDAKRSARDSHVPILAPLPIGFAVFLVHLATIPIT 230 
PIP1;4      YTKGSGLGAEIIGTFVLVYTVFS-ATDAKRSARDSHVPILAPLPIGFAVFLVHLATIPIT 231 
PIP2;4      YNKGTGLGAEIIGTFVLVYTVFS-ATDPKRNARDSHVPVLAPLPIGFAVFMVHLATIPIT 223 
PIP2;1      YSTGTGLAAEIIGTFVLVYTVFS-ATDPKRSARDSHVPVLAPLPIGFAVFMVHLATIPIT 223 
PIP2;2      YNTGTGLAAEIIGTFVLVYTVFS-ATDPKRNARDSHVPVLAPLPIGFAVFMVHLATIPIT 221 
PIP2;3      YNTGTGLAAEIIGTFVLVYTVFS-ATDPKRNARDSHVPVLAPLPIGFAVFMVHLATIPIT 221 
PIP2;7      YSKGTALGAEIIGTFVLVYTVFS-ATDPKRSARDSHIPVLAPLPIGFAVFMVHLATIPIT 216 
PIP2;8      YSTGTALGAEIIGTFVLVYTVFS-ATDPKRSARDSHVPVLAPLPIGFAVFMVHLATIPIT 214 
PIP2;5      YSIGTGVAAEIIGTFVLVYTVFS-ATDPKRSARDSHVPVLAPLPIGFAVFIVHLATIPIT 222 
PIP2;6      YNVGVGVGAEIIGTFVLVYTVFS-ATDPKRNARDSHIPVLAPLPIGFSVFMVHLATIPIT 222 
TIP5;1      MTGFGASVLEGVLAFVLVYTVFT-ASDPRRGL----PLAVGPIFIGFVAGANVLAAGPFS 195 
TIP4;1      VSYTQGIIWEIILTFSLLFTVYATIVDPKKGS----LDGFGPLLTGFVVGANILAGGAFS 188 
TIP3;1      VGAVNGLVLEIILTFGLVYVVYSTLIDPKRGS----LGIIAPLAIGLIVGANILVGGPFS 202 
TIP3;2      VSELHGLLMEIILTFALVYVVYSTAIDPKRGS----IGIIAPLAIGLIVGANILVGGPFD 202 
TIP2;1      LGSIEGVVMEIIITFALVYTVYATAADPKKGS----LGTIAPLAIGLIVGANILAAGPFS 192 
TIP2;2      LGAIEGVVMEIVVTFALVYTVYATAADPKKGS----LGTIAPIAIGFIVGANILAAGPFS 192 
TIP2;3      LGAVEGVVMEIVVTFALVYTVYATAADPKKGS----LGTIAPIAIGFIVGANILAAGPFS 192 
TIP1;3      VTPWNAVVFEIVMTFGLVYTVYATAVDPKKGD----IGIIAPLAIGLIVGANILVGGAFD 194 
TIP1;1      VGVLNAFVFEIVMTFGLVYTVYATAIDPKNGS----LGTIAPIAIGFIVGANILAGGAFS 194 
TIP1;2      VGSLNALVFEIVMTFGLVYTVYATAVDPKNGS----LGTIAPIAIGFIVGANILAGGAFS 195 
                 .   * : :* *::.*::   * :..        ..*:  *: .    *.   :  
 
PIP1;5      GTGINPARSLGAAIIYNKDHAWDDHWIFWVGPFIGAALAALYHQIVIRAIPFKSKT---- 287 
PIP1;1      GTGINPARSLGAAIIYNKDHSWDDHWVFWVGPFIGAALAALYHVVVIRAIPFKSRS---- 286 
PIP1;2      GTGINPARSLGAAIIFNKDNAWDDHWVFWVGPFIGAALAALYHVIVIRAIPFKSRS---- 286 
PIP1;3      GTGINPARSLGAAIIYNKDHAWDDHWIFWVGPFIGAALAALYHQLVIRAIPFKSRS---- 286 
PIP1;4      GTGINPARSLGAAIIYNKDHSWDDHWIFWVGPFIGAALAALYHQIVIRAIPFKSKS---- 287 
PIP2;4      GTGINPARSFGAAVIYNNEKAWDDQWIFWVGPMIGAAAAAFYHQFILRAAAIKALGSFGS 283 
PIP2;1      GTGINPARSFGAAVIYNKSKPWDDHWIFWVGPFIGAAIAAFYHQFVLRASGSKSLGSFRS 283 
PIP2;2      GTGINPARSFGAAVIYNKSKPWDDHWIFWVGPFIGAAIAAFYHQFVLRASGSKSLGSFRS 281 
PIP2;3      GTGINPARSFGAAVIFNKSKPWDDHWIFWVGPFIGATIAAFYHQFVLRASGSKSLGSFRS 281 
PIP2;7      GTGINPARSFGAAVIYNNEKAWDDQWIFWVGPFLGALAAAAYHQYILRASAIKALGSFRS 276 
PIP2;8      GTGINPARSFGAAVIYNNEKAWDDHWIFWVGPFVGALAAAAYHQYILRAAAIKALASFRS 274 
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PIP2;5      GTGINPARSLGAAIIYNKDKAWDHHWIFWVGPFAGAAIAAFYHQFVLRAGAIKALGSFRS 282 
PIP2;6      GTGINPARSFGAAVIYNNQKAWDDQWIFWVGPFVGAAIAAFYHQFVLRAGAMKAYGSVRS 282 
TIP5;1      GGSMNPACAFGSAMVYG---SFKNQAVYWVGPLLGGATAALVYDNVVVPVEDDRGSSTGD 252 
TIP4;1      GASMNPARSFGPALVSG---NWTDHWVYWVGPLIGGGLAGFIYENVLIDRPHVPVAD--D 243 
TIP3;1      GASMNPARAFGPALVGW---RWHDHWIYWVGPFIGSALAALIYEYMVIPTEPPTHHAHGV 259 
TIP3;2      GASMNPARAFGPALVGW---RWSNHWIYWVGPFIGGALAALIYEYMIIPSVNEPP-HHST 258 
TIP2;1      GGSMNPARSFGPAVAAG---DFSGHWVYWVGPLIGGGLAGLIYGNVFMGSSE-------- 241 
TIP2;2      GGSMNPARSFGPAVVSG---DFSQIWIYWVGPLVGGALAGLIYGDVFIGSYA-------- 241 
TIP2;3      GGSMNPARSFGPAVVSG---DLSQIWIYWVGPLVGGALAGLIYGDVFIGSYE-------- 241 
TIP1;3      GASMNPAVSFGPAVVSW---IWTNHWVYWVGPFIGAAIAAIVYDTIFIGSNG-------- 243 
TIP1;1      GASMNPAVAFGPAVVSW---TWTNHWVYWAGPLVGGGIAGLIYEVFFIN-TT-------- 242 
TIP1;2      GASMNPAVAFGPAVVSW---TWTNHWVYWAGPLIGGGLAGIIYDFVFIDENA-------- 244 
            * .:*** ::* *:            ::*.**: *.  *.  :  ..              
 
PIP1;5      --------- 287 
PIP1;1      --------- 286 
PIP1;2      --------- 286 
PIP1;3      --------- 286 
PIP1;4      --------- 287 
PIP2;4      FGSFRSFA- 291 
PIP2;1      AANV----- 287 
PIP2;2      AANV----- 285 
PIP2;3      AANV----- 285 
PIP2;7      NATN----- 280 
PIP2;8      NPTN----- 278 
PIP2;5      QPHV----- 286 
PIP2;6      QLHELHA-- 289 
TIP5;1      AIGV----- 256 
TIP4;1      EQPLLN--- 249 
TIP3;1      HQPLAPEDY 268 
TIP3;2      HQPLAPEDY 267 
TIP2;1      HVPLASADF 250 
TIP2;2      PAPTTESYP 250 
TIP2;3      AVETREIRV 250 
TIP1;3      HEPLPSNDF 252 
TIP1;1      HEQLPTTDY 251 
TIP1;2      HEQLPTTDY 253 
                      
Figure B1. Protein sequence alignment of all AtTIPs and AtPIPs. 
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Figure B2. Protein sequence alignment of all AtTIPs and AtPIPs with amino acids coloured by type. 
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Appendix C Percent Identity Matrix 
 

 
 
Figure C1. AtTIP and AtPIP protein sequence percent identity results. 
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Appendix D Chapter 3 additional data  

 

 

 
 

 

 
Figure D1. Percentage germination graphs for all tested water potentials and all seed lines over 

13 days. A Col-0 (wild-type); B tip3;1; C tip3;2; D tip3;1tip3;2; E complemented line 

tip3;1tip3;2::TIP3;2-YFP-TIP3;2; F tip4;1; G complemented line tip4;1::TIP4;1-YFP 
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Figure D2. Percentage germination graphs for all tested NaCl concentrations and all seed lines 

over 7 days. A Col-0 (wild-type); B tip3;1; C tip3;2; D tip3;1tip3;2; E complemented line 

tip3;1tip3;2::TIP3;2-YFP-TIP3;2; F tip4;1; G complemented line tip4;1::TIP4;1-YFP 
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Figure D3. T-test calculations for germination data of all seed types tested in all water 

potentials. 

 

 

 
Figure D4. T-test calculations for germination data of all seed types tested in all [NaCl]. 
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Abstract

Aquaporins influence water flow in plants, yet little is known of their involvement in

the water‐driven process of seed germination. We therefore investigated their role in

seeds in the laboratory and under field and global warming conditions. We mapped

the expression of tonoplast intrinsic proteins (TIPs) during dormancy cycling and

during germination under normal and water stress conditions. We found that the

two key tonoplast aquaporins, TIP3;1 and TIP3;2, which have previously been impli-

cated in water or solute transport, respectively, act antagonistically to modulate the

response to abscisic acid, withTIP3;1 being a positive and TIP3;2 a negative regulator.

A third isoform, TIP4;1, which is normally expressed upon completion of germination,

was found to play an earlier role during water stress. Seed TIPs also contribute to the

regulation of depth of primary dormancy and differences in the induction of second-

ary dormancy during dormancy cycling. Protein and gene expression during annual

cycling under field conditions and a global warming scenario further illustrate this

role. We propose that the different responses of the seed TIP contribute to mecha-

nisms that influence dormancy status and the timing of germination under variable

soil conditions.

KEYWORDS

abscisic acid, aquaporin, dormancy, germination, global warming, tonoplast intrinsic protein, water

stress

1 | INTRODUCTION

Water content in seeds changes dramatically during imbibition to drive

radicle extension through its emergence from the seed coat to com-

plete germination. This radicle growth during germination does not

require cell division but is driven by gibberellic acid (GA)‐mediated

expansion of cells in the hypocotyl (Stamm et al., 2017). Timing of

germination completion is controlled by dormancy. During dormancy,

cell expansion is blocked, and in nondormant seeds, this effect can

be replicated by exogenous abscisic acid (ABA; Graham, & Graham,

2006; Penfield, Li, Gilday). Consequently, water uptake in seeds is

influenced by the balance in sensitivity between ABA and GA. This

ABA/GA balance regulates dormancy induction and relief resulting

in shifting water potential thresholds for radicle emergence

(Finch‐Savage & Leubner‐Metzger, 2006; Ni & Bradford, 1992). These

thresholds change with dormancy status (Bradford, 2002).
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The primary dormancy of seeds when dispersed from the parent

plant is progressively lost in response to environmental signals, and

seeds become sensitive to other signals (e.g., light) that allow germina-

tion to proceed. In the absence of these correct signals, seed dor-

mancy is reinduced and seeds enter a state of secondary dormancy.

In the field, water potential thresholds for radicle emergence change

and follow the annual cycle of secondary dormancy driven by seasonal

changes in the environment (Footitt, Douterelo‐Soler, Clay, &

Finch‐Savage, 2011). During this cycle, as dormancy is reduced and

seeds enter a shallow dormancy phase, water potential thresholds

become more negative and seeds are sensitive to the environmental

signals that remove the final layers of dormancy, enabling germination

completion. In the absence of appropriate signals, seeds cycle back

into the deep dormancy phase (water potential thresholds become less

negative) of the dormancy continuum (Finch‐Savage & Footitt, 2017).

There has been speculation on a role for aquaporins in this process

for a long time. For example, when aquaporin function is inhibited, the

completion of seed germination is delayed (Vander Willigen, Postaire,

Tournaire‐Roux, Boursiac, & Maurel, 2006). Regulation of water flow

is also a regulatory component contributing to dormancy status that

affects the progress of germination and its response to the environ-

ment, as well as its completion. The aquaporins present in seeds have

been identified (Gattolin, Sorieul, & Frigerio, 2011; Vander Willigen

et al., 2006), yet little is known about their function in the regulation

of germination.

The three major higher plant aquaporin subfamilies are categorized

based on localization and function; plasma membrane intrinsic proteins

(PIPs), tonoplast intrinsic proteins (TIPs), and the nodulin 26‐like intrinsic

proteins (NIPs; Maurel et al., 2015). TIPs consist of five subgroups that

are present throughout higher plants, indicating they diverged early in

higher plant evolution (Maurel et al., 2015). In Arabidopsis, these

subgroups consist of 10 TIP isoforms that are developmentally and

temporally expressed: three TIP1 (γ‐TIP), three TIP2 (δ‐TIP), the

seed‐specific TIP3;1 and TIP3;2 (α‐ and β‐TIP, respectively), one TIP4

(TIP4;1, ε‐TIP), and oneTIP5 (TIP5;1, ζ‐TIP; Johanson et al., 2001).

TIP3;1 and TIP3;2 (henceforth collectively referred to as TIP3) are

highly expressed during seed maturation and early during germination.

TIP3 are located on the tonoplast of seed protein storage vacuoles

(PSV; Feeney, Kittelmann, Hawes, & Frigerio, 2018; Gattolin et al.,

2011; Hunter, Craddock, Di Benedetto, Roberts, & Frigerio, 2007)

and at the plasma membrane (Gattolin et al., 2011). In embryos from

mature seeds, the protein expression patterns of TIP3;1 and TIP3;2

overlap (Gattolin et al., 2011). In contrast to TIP3, other aquaporins

(including PIPs, TIPs, and NIPS) are expressed at low levels in dry

seeds: Their levels are low at the end of seed maturation, with

expression only increasing coincident with radicle emergence from

the seed coat (Vander Willigen et al., 2006). It is therefore reasonable

to hypothesize that in maturing and germinating seeds TIP3 may also

be performing the role of PIPs by being present at the plasma

membrane. It is not currently known how the dual localization of

TIP3 occurs.

TIP3 knockout/knockdown mutants have no obvious germination

and growth phenotypes but do have a role in the maintenance of seed

longevity (Mao & Sun, 2015). Whereas Arabidopsis embryos only

appear to express the two TIP3 isoforms, another isoform, TIP4;1, is

the first vegetative TIP expressed in the roots of germinated seedlings

(Gattolin, Sorieul, & Frigerio, 2010; Gattolin, Sorieul, Hunter, Khonsari,

& Frigerio, 2009). Transcriptionally, TIP3 gene expression ceases

before the completion of germination (i.e., radicle emergence from

the seed coat), whereas TIP4;1 expression begins post germination

(Data S1; Dekkers et al., 2013).

ABA is intimately linked to the water relations of seeds with both

ABA‐dependent and ‐independent signalling pathways reported

during osmotic stress (Ni & Bradford, 1992). Regulation of these path-

ways involves phosphorylation/dephosphorylation cascades orches-

trated by the SNF1‐related kinase 2 (SNRK2) family and protein

phosphatase 2C (PP2C) family members that include ABA INSENSI-

TIVE1 & 2 (ABI1 & 2; as reviewed in Yoshida, Mogami, &

Yamaguchi‐Shinozaki, 2014; Hubbard, Nishimura, Hitomi, Getzoff, &

Schroeder, 2010). Members of the SNRK2 family are differentially

activated by phosphorylation in response to ABA, and osmotic and salt

stress. Evidence for the involvement SNRK2s and phosphorylation in

increasing water transport via aquaporins was seen in guard cells

when PIP2;1 was phosphorylated by SnRK2.6, a component of ABA

signalling (Grondin et al., 2015), and on phosphorylation of TIP3;1 in

oocytes (Maurel, Kado, Guern, & Chrispeels, 1995). Although TIP3;1

was shown to facilitate water transport (Maurel et al., 1995), TIP3;2

was found to facilitate transport of the osmolyte glycerol rather than

water (Li et al., 2008).

Dormancy has evolved to regulate germination under variable

environmental conditions, and this process cannot be fully understood

by experiments in controlled conditions alone. Therefore, in controlled

laboratory experiments, we first explored the roles of TIP3;1, TIP3;2,

and TIP4;1 by comparing sensitivity to ABA, base water potential for

germination (i.e., the minimum water potential at which germination

completion can occur), primary dormancy, and the induction of

secondary dormancy in different knockout/knockdown and

complemented lines. We then investigated their role in natural vari-

able environments by extending our analysis to look at TIP3 gene

expression and protein accumulation during dormancy cycling under

field conditions and under a global warming scenario in a

thermogradient tunnel. We discuss the roles of these aquaporins as

seed dormancy changes and seeds germinate in response to the

environment.

2 | MATERIALS AND METHODS

2.1 | Mutants, recombinant DNA, and transgenic
plants

The T‐DNA lines tip3;1 (SALK_053807.26.20), tip3;2

(SALK_125353C), and tip4;1 (SALK_050663) were obtained from the

Nottingham Arabidopsis Stock Centre. The tip3:1tip3:2 double mutant

was produced by crossing homozygous single knockouts. Mutants

were verified by PCR (see Table S1 for primer sequences).
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Complemented lines were produced by transforming tip3;1tip3;2 with

YFP‐TIP3;2 (Gattolin et al., 2011) and tip4;1 with YFP‐TIP4;1 (Gattolin

et al., 2009). Transgenic plants were selected on kanamycin plates.

2.2 | Recombinant DNA

The construction of TIP3;2‐mCherry and TIP4;1‐YFP has been

reported previously (Gattolin et al., 2009; Hunter et al., 2007). All con-

structs were introduced into Arabidopsis thaliana ecotype Col‐0

(N1092) by the floral dip method (Clough & Bent, 1998). Transgenic

plants were either selected on kanamycin or directly identified by

YFP fluorescence of seeds under a stereomicroscope.

2.3 | Seed production of wild types, mutants, and
complemented lines

The Arabidopsis mutants and transgenic lines used were in the Col‐0

(N1092) genetic background. All mutant and transgenic lines and the

parental wild type (Col‐0) were produced at the same time. Seeds

were sown directly onto growth medium (Levingtons F1 compost:sil-

ver sand:vermiculite 6:1:1) in P24 cellular trays (24 cells, each

5 × 5 × 5 cm). Trays sown with the lines and wild type were placed

at 5°C in the dark for 3 days to reduce primary dormancy to the point

at which dormancy can be completely removed by exposure to light.

Trays were then transferred to a single growth cabinet at 22°/18°C,

16 hr L/8 hr D. As each plant bolted, the inflorescence was covered

with a baguette bread bag. Seeds were harvested at maturity by hand

threshing and cleaned seeds equilibrated for 5 days over a saturated

Ca (NO3)2 solution that maintains a relative humidity of 55% RH at

20°C to produce an equilibrium moisture content of 6–10% on a dry

weight basis. Seeds were then stored at −80°C until required.

Seeds of the Arabidopsis Cape Verde Island (Cvi) ecotype were

produced in a heated glasshouse with supplemental lighting in 2007

and were harvested, processed, and then stored at −80°C as described

elsewhere (Footitt et al., 2011).

2.4 | Seed germination assays

Seeds were surface sterilized in 2.5% dilution of domestic bleach for

5 min and washed three times in water. Seeds were then placed

(3 × 50 seeds) into boxes (124 × 88 × 22 mm; Stewart Plastics Ltd,

UK) containing two sheets of Whatman 3MM chromatography paper

(Camlab, UK) and 8 ml of water. Strips of nylon mesh (125‐μm mesh

size, 45% open mesh; Plastok, UK) were then laid on the paper, and

each replicate of seeds was placed on one of those individual strips.

Boxes were then sealed inside freezer bags to minimize evaporation

and wrapped in two layers of aluminium foil to exclude light and incu-

bated at 5°C for 3 days to reduce primary dormancy to the point at

which dormancy can be completely removed by exposure to light.

The nylon strips holding the seeds were transferred to new boxes con-

taining 25 ml of solution set at a range of water potentials (0 and −0.6

to −1.3 MPa) using PEG 8000. This PEG solution volume represents a

solution volume/paper weight ratio greater than 3.55 and so mini-

mizes the concentrating effect of filter paper on the solution

(Hardegree & Emmerich, 1990). This liquid reservoir was accommo-

dated beneath the seeds as follows. In the base of each box was

placed a piece of glass‐drying mat (Nisbits Ltd, UK). The drying mat

was an open lattice 3 mm deep to create space for the PEG solution.

On top of this was placed nylon mesh (1‐mm mesh size; Plastok, UK)

to support a single sheet of Whatman 3MM chromatography paper

(Camlab, UK) that is then placed on top. The nylon strips bearing seeds

were then laid on this paper. Boxes were then sealed inside freezer

bags to minimize evaporation and incubated in the light at 15°C for

up to 28 days to record germination. Radicle emergence was recorded

as protrusion of the radicle through the seed coat and micropylar

endosperm.

2.5 | Confocal microscopy

Seeds were placed to germinate as above on water, −1.2‐MPa PEG,

buffer (see ABA sensitivity experiments below), 175‐ or 250‐nM

ABA in buffer in a growth cabinet set at 15°C and constant light.

For observation, embryos were dissected from imbibed seeds before

germination and at the completion of germination (once radicles had

emerged from the seed coat). These embryos were mounted on a

microscope slide in water and imaged with a Zeiss LSM 880 confocal

microscope, using a 25× objective lens. YFP was excited at 514 nm

and detected in the 525‐ to 585‐nm range. mCherry was excited at

561 nm and detected in the 565‐ to 640‐nm range. Simultaneous

detection of YFP and mCherry was performed by combining these

settings in the sequential scanning facility of the microscope, accord-

ing to the manufacturer's instructions. Image processing and 3D

reconstructions of z‐stacks, and tiles were performed with the Zeiss

Zen (Blue edition).

2.6 | Determining the base water potential for
germination in TIP3 and TIP4;1 mutant and transgenic
lines

The germination sensitivity of seeds to a range of water potentials at

15°C was determined as described above. The resulting data were

used to determine the base water potential for germination comple-

tion for each line using hydrotime analysis (Bradford, 1990). Briefly,

radicle emergence percentages were transformed to probits and plot-

ted against the base or minimum water potential (Ψb) permitting radi-

cle emergence of percentage g (Ψb(g)), where Ψb(g) = Ψ − (θH/tg)

enabling an estimate of Ψb(g) for the time to each percentage (tg) and

by using different values of θH (hydrotime constant, MPa hr−1) to find

the best fit. Radicle emergence percentage is based on viable seeds.

From the resulting linear regression, the mean Ψb can be calculated

(at probit [50% radicle emergence] = 0) and σΨb, the standard devia-

tion of Ψb, from the inverse of the slope (refer to Bradford, 1990,

for full details).
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2.7 | ABA sensitivity experiments

Seeds were surface sterilized, and 3 × 40 seeds were placed on to

nylon mesh strips in boxes containing water and two sheets of chro-

matography paper as above. They were then incubated at 5°C/dark

for 3 days to reduce primary dormancy to the point at which dor-

mancy can be completely removed by exposure to light. Nylon strips

bearing seeds were then transferred to boxes containing 8 ml of 75‐

nM (±) ABA (Sigma, UK) in 1.7‐mM citrate acid/3.3‐mM K2HPO4

buffer (pH 5.0) and incubated in the light at 25°C. This ABA concen-

tration was selected as most effective in preliminary experiments

using a range from 10 to 250 nM. ABA was dissolved in 100‐μ l

0.1M KOH before preparing the stock solution in the buffer above.

Germination was recorded as above for 7 days.

2.8 | Thermodormancy and secondary dormancy
induction in TIP gene mutants and transgenic lines

The Col‐0 wild type exhibits primary high temperature

thermodormancy. To see if the mutants and complemented lines

exhibited altered thermodormancy, seeds of all lines were surface

sterilized, and 3 × 40 seeds were placed in boxes containing two

sheets of chromatography paper and 8 ml of water as above and incu-

bated at 15°C, 20°C, and 25°C in the light. Final germination was

recorded as above after 14 days. Once primary dormancy has been

removed (i.e., by cold treatment in these experiments), then secondary

dormancy can be induced under conditions that inhibit germination

completion. The role of the proteins encoded by the TIP3;1, TIP3;2,

and TIP4;1 genes in this secondary dormancy induction was also

investigated. This used the laboratory dormancy induction protocol

developed to facilitate the genetic dissection of dormancy induction

and cycling in Arabidopsis (Footitt, Olcer‐Footitt, Hambidge, &

Finch‐Savage, 2017) outlined below.

Induction of secondary dormancy in the wild type, Col‐0, the

mutant and transgenic lines were tested as follows. Seeds were sur-

face sterilized in the dark under a green safe light, and 3 × 40 seeds

were placed on to nylon strips in boxes set up as used for investigating

base water potential above and then cold conditioned at

5°C/−1.0 MPa/dark for 28 days to reduce primary dormancy to the

point at which dormancy can be completely removed by exposure to

light. Seeds were then transferred under a green safe light to fresh

PEG‐8000 solution at −1.0 MPA and incubated at 25°C/dark for up

to 14 days. At 0, 4, 7, 10, and 14 days at 25°C/dark, dormancy level

was tested by recording germination following transfer of seeds to

water at 25°C/light for up to 14 days. Dark germination was recorded

at each transfer point. Full protocol details are given in Footitt et al.

(2017). The time to induction of secondary dormancy in 50% (ID50)

of the population was determined by plotting Log time (days) versus

probit germination completion (%). The intercept of the regression line

at 0 probit represents the ID50. Significant differences in ID50

between the Col‐0 wild type and each line were determined by anal-

ysis of variance.

2.9 | TIP3;1 and TIP3;2 gene and protein expression
analysis in the Cvi ecotype during dormancy cycling in
the field

As seed dormancy cycling displays an annual rhythm in response to

seasonal soil temperature patterns, we determined the transcriptional

profile of the TIP3;1 and TIP3;2 genes and the level of TIP3 protein in

seeds recovered over 12 months from field soil. Experiments using Cvi

in the field were performed in 2007/2008 using the randomized block

designs described previously (Footitt et al., 2011). Seeds were recov-

ered from the soil in the morning of the day of harvest.

An additional experiment performed in 2012/13 used a

thermogradient tunnel to investigate the impact of increased temper-

ature during global warming on dormancy cycling. The use of this

polyethylene tunnel (32 m long × 9 m wide) structure is described

elsewhere (Footitt et al., 2017; Huang, Footitt, Tang, & Finch‐Savage,

2018; Wurr, Fellows, & Phelps, 1996). The basic operation involves

monitoring the temperature outside the tunnel reacting to which an

electronic climate control system operates fans generating opposing

warmed and ambient air flows to establish and maintain an air temper-

ature gradient from ambient at one end of the tunnel to c. ambient

+4°C at the other end (Wurr et al., 1996). This represents a projected

median emissions scenario for the local experimental area used in this

work (West Midlands, UK) that indicates an increase in the summer

mean temperature of 3.7°C by 2080 (UK Climate Change Projections,

2014). Air and soil temperatures were monitored continuously along

the tunnel. Realistic seasonal and diurnal air and soil temperature

fluctuations were therefore maintained within the tunnel but with

varying degrees of simulated climate warming depending on the

position along the tunnel.

Three independent biological replicates of Cvi seeds (50 mg each)

from the same seed lot were used. These were placed in 5 × 5 cm

nylon mesh bags and dispersed in 12‐g Ballotini balls (100‐ to

250‐μm diameter; Potters Ballotini Ltd, UK) as described in Footitt

et al. (2011) and buried in October 2012 at 5‐cm depth in field soil

in 17.5‐cm diameter square rigid black pots (Fargro, BHGS horticul-

tural, UK). Eleven pots were placed at both the ambient end of the

tunnel and the warm end, ambient +4°C. Seed samples were recov-

ered from the pots and processed over a 12‐month period. Pots were

watered at least once a week (more frequently in summer) to maintain

soil moisture. Soil temperature was recorded at seed depth. For

sample recovery, an individual pot from each end of the tunnel was

transferred to a dark room and seeds recovered as described

elsewhere (Footitt & Finch‐Savage, 2011). Samples were retained for

protein analysis and stored at −80°C. Other samples from the same

pots were used for dormancy testing at 5°C/light ±10 mM KNO3

(Footitt et al., 2011).

2.10 | RNA Extraction and QPCR

QPCR of TIP3;1 and TIP3;2 gene expression was performed using the

touchdown PCR thermal cycle: one cycle at 95°C for 10 min followed
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by 50 cycles at 95°C for 30s, 70°C (decreasing by 0.2°C/cycle to a tar-

get temperature of 67°C) for 30 s, and 72°C for 30 s. All other details

regarding RNA extraction, QPCR, and analysis were described previ-

ously (Footitt, Muller, Kermode, & Finch‐Savage, 2015). Primer

sequences for TIP3 and reference genes are given in Table S2.

2.11 | Western blot analysis of TIP3 expression in
seeds during dormancy cycling

Total protein was extracted from frozen seeds (20 mg) in 300‐μ l

homogenization buffer (1‐mM EDTA, 0.2‐M NaCl, 0.1‐M TRIS‐HCl

[pH 7.8], 2% v/v ß ‐Mercapto ethanol, 0.2% v/v Triton X‐100, and a

protease inhibitor tablet [Roche]) at 4°C. The homogenate was centri-

fuged at 15,000 g/10 min/4°C and the supernatant collected. Total

protein was quantified using the Bradford Ultra (detergent compatible)

protein assay kit (Expedeon, UK). SDS‐PAGE gels were run using

10‐μ g total protein per lane with triplicate lanes for each sample. Pro-

tein was transferred to PVDF transfer membrane (Invitrogen) and

probed with a custom TIP3 polyclonal antibody (GenScript, USA)

based on the epitope CHQPLAPEDY as described (Jauh, Phillips, &

Rogers, 1999). Positive bands were detected using ECL western blot-

ting substrate (Promega) and quantified using an ImageQuant chemilu-

minescence detection system (GE Healthcare Life Sciences). Band

intensity was normalized to the intensity of TIP3 detected in seeds

prior to burial (time zero control sample).

2.12 | Data analysis

One‐way analysis of variance was used to detect the differences

between variates in response to ABA and thermodormancy. Time to

50% induction of dormancy was determined by regression analysis

of probit transformed data followed one‐way analysis of variance.

Linear regression analysis was used to identify correlations. Hydrotime

analysis is described above and used probit transformed data with

additional statistical analysis using paired t tests assuming unequal

variance.

3 | RESULTS

3.1 | Effect of water stress and ABA on the timing of
TIP3;2 and TIP4;1 protein accumulation

To investigate the precise timing of TIP3;2 and TIP4;1 accumulation

(after relieving seed dormancy by cold treatment), we germinated

seeds of a transgenic line coexpressing TIP3;2‐mCherry and TIP4;1‐

YFP under their native promoters on water at 20°C and constant light.

Embryos or seedlings were imaged at different times before and after

radicle emergence (Figure 1). Whereas TIP3;2‐mCherry accumulates

throughout the embryo and labels PSV as they remodel to become

lytic vacuoles during this time frame (Zheng & Staehelin, 2011;

Figure 1a,d,g,j), TIP4;1‐YFP is not detectable in pre‐testa rupture

embryos dissected from the seed coat (Figure 1b,c), but it appears in

the epidermis and cortex of the root elongation zone soon after the

radicle has emerged (Figures 1k,l and S1). When seeds were subjected

to −1.2‐MPa PEG‐induced water stress (Figure 1d–f) or treated with

175‐ or 250‐nM ABA (Figure 1g–i), TIP4;1‐YFP became detectable

in radicle cells in the root elongation zone of embryos dissected from

seed coats before testa rupture and radicle emergence. The TIP4;1‐

YFP signal was lower in seeds subjected to ABA. This demonstrates

that TIP4;1 can be induced pre‐testa rupture by water stress or ABA

treatment.

Given the unanticipated induction of TIP4;1 and its overlap with

TIP3 prior to radicle emergence, we investigated the roles of all these

FIGURE 1 In the presence of osmotic stress and exogenous ABA,
TIP4;1‐YFP accumulation is observed in radicle cells before
germination. Seeds from a line coexpressing TIP3;2‐mCherry (red) and
TIP4;1‐YFP (green) under their native promoters were imaged by
confocal microscopy, after seed coat removal, both before (a–i) and
after testa rupture allowing radicle emergence to complete
germination (j–l). On water treatment, TIP4;1‐YFP was not observed
before radicle emergence (a–c), but the signal appeared in the root
elongation zone after its emergence (j–l). On −1.2‐MPa PEG (d–f) and
175‐nM ABA (g–i) treatments, theTIP4;1‐YFP signal was detectable in
radicle cells before radicle emergence (arrowheads). TIP3;2‐mCherry is
expressed throughout the embryo, but signal begins to decline after
radicle emergence (a, d, g, j). Scale bar = 100 μm
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isoforms in the germination response to water stress and ABA. We

used a panel of T‐DNA insertion lines: tip3;1, tip3;2, tip3;1tip3;2,

tip4;1. With the exception of tip3;1, where both gene and protein

expression are down‐regulated by about 70% (Figure S2), all other

lines were knockouts.

3.2 | Contribution of TIP3 and TIP4;1 to germination
under water stress

To avoid the confounding influence of dormancy in these experiments,

dormancy was first reduced by cold treatment so that exposure to

light would remove the final layer of dormancy. The mutant lines were

then imbibed in the light at water potentials (Ψ) ranging from 0 to

−1.3 MPa. Germination completion (radicle emergence) of all lines

declined with decreasing Ψ, but the decline was less marked in

tip3;1, resulting in greater percentage radicle emergence at Ψs below

−1.0 MPa (Figure 2a). When the tip3;1 tip3;2 mutant was transformed

with YFP‐TIP3;2 under its native promoter (labelled YFP‐TIP3;2), the

response was similar to the control (Col‐0) and the tip3;2 mutant. In

the case of tip4;1, radicle emergence declined less than in Col‐0 as

Ψ decreased (Figure 2b). The complemented line YFP‐TIP4;1

(tip4;1 + YFP‐TIP4;1) responded the same as Col‐0.

To quantify the germination response of these nondormant

mutant lines to Ψ, the data in Figure 2 were subjected to hydrotime

analysis (Bradford, 1990) to determine the mean base water potential

(Ψb). This parameter summarizes the impact of reduced Ψ as the

mean Ψ below, which germination is prevented in the population.

The mean Ψb of Col‐0 (wild‐type control) was −1.272 MPa

(Table 1). In tip3;1, consistent with its lower sensitivity to Ψ, its Ψb

was lower (more negative) at −1.312 MPa, even though it is not a

complete knockout, with some contribution from the residual TIP3;1

expression expected. The Ψb of tip3;2 was similar to Col‐0 whereas

that of tip3;1tip3;2 was higher and significantly different (P < .05)

from Col‐0 and tip3;1 (no other significant differences were found).

For the tip3;1 tip3;2 double mutant complemented with YFP‐TIP3;2

(YFP‐TIP3;2), Ψb was similar to Col‐0. Overall, in comparison with

Col‐0, Ψb was reduced in tip3;1 and increased in lines carrying

tip3;2. Other lines had similar Ψb to the Col‐0. This indicates that

the phenotype of the double mutant is nonadditive. Therefore, we

conclude that rather than acting redundantly, both TIP3 isoforms

are required for normal osmotic regulation in seeds. In the case of

TIP4;1, the mutant line tip4;1 had a Ψb of −1.326 MPa, therefore like

tip3;1 was more resistant to low water potential, indicating a role for

TIP4;1 in the seeds' response to their osmotic environment.

However, this difference was not significant (P < .05).

3.3 | Response of TIP3 and TIP4;1 to ABA

The results above point to nonredundant functions for TIP3;1 and

TIP3;2 and a role for TIP4;1 during germination under water stress.

As ABA is integral to the response to osmotic stress, we tested the

germination response of nondormant TIP mutants to ABA (Figure 3).

Therefore, dormancy was first reduced by cold treatment as above,

making seeds light‐sensitive only. Seeds in buffer controls germinated

to greater than 95% by 48 hr on transfer to 25°C in the light. The

germination responses to ABA of Col‐0, tip3;1, and tip3;2 were not

significantly different (P < .05). However, the reduced germination of

tip3;2 indicated it was ABA hypersensitive. The tip3;1tip3;2 line was

ABA hypersensitive and significantly different from tip3;1 (P < .05;

Figure 3a). This indicates that in the absence of TIP3;2, the plant is

more sensitive to ABA, indicating TIP3;1, as the sole TIP3, is a positive

regulator of ABA responses. In contrast, the tip3;1tip3;2 line

complemented with YFP‐TIP3;2 was significantly (P < .05) ABA

hyposensitive in comparison with Col‐0 and other TIP3 lines. This indi-

cates that the isoform balance is shifted towards TIP3;2 leading to

ABA hyposensitivity and TIP3;2 acting as a negative regulator of

ABA responses. Here, TIP3;1 and TIP3;2 therefore act antagonistically

in the response to ABA.

FIGURE 2 Response of TIP3 and TIP4;1 mutants and complemented
lines to decreasing water potential. Seeds were incubated for 3 days at
5°C/dark on water to remove primary dormancy. Then seeds were
placed to germinate for up to 28 days at 15°C/light on water
potentials ranging from 0 to −1.3 MPa. (a) Response of tip3 mutant
lines and the complemented line YFP‐TIP3;2. (b) Response of the
tip4;1 mutant and the complemented line YFP‐TIP4;1. Each panel
contains the Col‐0 wild‐type control. Data are mean ± SE (n = 3).
Absence of error bars indicates SE is smaller than the symbol
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The tip4;1mutant had increased radicle emergence in the presence

of ABA (but not significantly, P < .05), indicating ABA hyposensitivity

(Figure 3b). As TIP4;1 is induced pregermination by ABA (Figure 1), it

appears to play a role in stress regulation prior to germination

completion.

3.4 | Genes coexpressed with TIP3 isoforms in the
endosperm and radicle of germinating Arabidopsis
seeds

To evaluate how gene expression of TIP3;1 and TIP3;2 is coordinated

in the seed, we interrogated publicly available microarray data. Both

genes are expressed in the endosperm and radicle with expression

strongly correlated (R > .932) with a number of other genes

(Table 2). More genes correlate with TIP3;2 than TIP3;1, with a small

number correlating with these isoforms in both tissues. When these

coexpressed genes are characterized regarding response to

dormancy/germination and ABA/GA, the majority are up‐regulated

during dormancy and/or in response to ABA (Table 3). In contrast

TIP4;1 is only expressed in the radicle and is coexpressed with only

59 genes; none of which are up‐regulated during dormancy or by

ABA. Identities of the TIP3 and TIP4 coexpressed genes are given in

Data S2.

3.4.1 | Contribution of TIP3 and TIP4;1 to primary
dormancy

In the experiments above, primary dormancy (i.e., dormancy present

at seed shedding) was removed to avoid its confounding effect on

germination completion. As the tip3 and tip4;1 mutants show

differing ABA responses to wild type and complemented lines in

nondormant (cold treated) seeds (Figure 3), we tested the primary

thermodormancy (temperature‐related dormancy level) in untreated

seeds. At 15°C and 20°C, all lines germinated in excess of 96%,

except for tip3;2 whose germination declined significantly (P < .05)

to 86% at 20°C (Figure 4). This shows thermo‐dormancy was present

at a lower temperature in this mutant. At 25°C, the mutant lines (sin-

gle and double) all exhibited the same level of thermodormancy,

which was significantly (P < .05) deeper than in the complemented

lines and Col‐0 (Figure 4). The complemented line YFP‐TIP4;1 was

not significantly different from Col‐0, whereas in the complemented

line YFP‐TIP3;2, radicle emergence was significantly higher (P < .05)

than in Col‐0. This indicates that all three TIPs tested have roles

in primary dormancy, because their removal or down‐regulation

enhanced dormancy.

FIGURE 3 Cumulative radicle emergence of the TIP3 and TIP4;1
mutants and complemented lines in the presence of 75‐nM ABA.
Seeds were incubated for 3 days at 5°C/dark on water to remove
primary dormancy then transferred to 75‐nM ABA in buffer at pH 5.0
and cumulative radicle emergence recorded during incubation at
25°C/light over 11 days. (a) Response of the TIP3 single and double
mutants and the complemented line YFP‐TIP3;2. (b) Response of the
tip4;1 mutant and the complemented line YFP‐TIP4;1. In both cases,
the wild type is Col‐0. Data are mean ± SE (n = 3). Absence of error
bars indicates SE is smaller than the symbol

TABLE 1 Hydrotime analysis of the germination response to
osmotic stress of mutant and complemented TIP3 and TIP4;1 lines

Knockout/down and
complemented lines

Mean base water
potential (Ψb; MPa)

Standard
deviation (σΨb)

Col‐0 (wild type) −1.272* 0.222

tıp3;1 −1.312** 0.199

tıp3;2 −1.254 0.262

tıp3;1 tıp3;2 −1.175*, ** 0.200

YFP‐TIP3;2 −1.260 0.171

tıp4;1 −1.326 0.228

YFP‐TIP4;1 −1.253 0.205

Note. Table shows the mean base water potential (Ψb) of the wild type
(Col‐0) and all mutant and complemented lines. Ψb is the minimum water
potential at which germination completion can occur. As Col‐0 is the
parental line of all mutants and complemented lines, the Col‐0 hydrotime
constant (θH) 34.352 MPa hr−1 was used as a standard for all lines in the
analysis. Values followed by the same * or ** are significantly different
(P < .05) from one another determined by comparisons between tip3 lines
and Col‐0, and tip4 lines and Col‐0 using paired t tests assuming unequal
variance.
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3.4.2 | Contribution of TIP3 and TIP4;1 to secondary
dormancy

The response of aquaporin mutants and complemented lines was fur-

ther investigated during the induction of secondary dormancy. For

these experiments, primary dormancy was first reduced by incubating

seeds at 5°C/−1 MPa/dark for 28 days. At the end of this cold condi-

tioning phase, there was no radicle emergence in the dark. However,

radicle emergence was greater than 93% upon transfer to water at

25°C/light, showing dormancy was fully removed on exposure to light.

At the end of cold conditioning, seeds were transferred (in the dark

under a green safe light) to a fresh PEG‐8000 solution at −1 MPa to

maintain the same water potential and incubated for up to a further

14 days at 25°C/dark. Under these conditions (−1 MPa/25°C/dark)

germination on transfer to the light progressively declines as second-

ary dormancy is induced (Figure 5). The mutant tip3;2 was the most

sensitive to secondary dormancy induction and the complemented

YFP‐TIP3;2 line the most resistant. The other lines responded similarly

to Col‐0. To summarize these results, the rate of induction (time to

50% induction of secondary dormancy [ID50]) was calculated

(Table 4). ID50 of YFP‐TIP3;2 was significantly slower (P < .01) than

all other lines, whereas tip3;2 was significantly faster than all other

lines (P < .01). In the case of TIP4;1, tip4;1 was more sensitive to sec-

ondary dormancy induction than Col‐0 but not significantly (P < .05).

However, it was significantly different from YFP‐TIP4;1 (P < .01;

Figure 5 and Table 4).

In summary, TIP3;1 and TIP3;2 contributed antagonistically to the

induction of secondary dormancy, arguably resulting from their oppos-

ing responses to ABA, which drives secondary dormancy induction. As

in primary dormancy, TIP3;2 has a large negative effect on dormancy

induction, consistent with a reduced response to increasing ABA

(Figures 3 and 5), whereas TIP3;1 promotes secondary dormancy

induction. The TIP4;1 mutant increased dormancy induction but not

significantly. These results reveal a role for aquaporins in induction

and relief of dormancy.

3.4.3 | TIP3 gene expression under natural variable
soil conditions during dormancy cycling

As laboratory‐based tests showed a role for TIP3 isoforms in dor-

mancy regulation, we examined their response in microarray data

where dormancy was set at different levels in the laboratory (Cadman,

Toorop, Hilhorst, & Finch‐Savage, 2006; Finch‐Savage, Cadman,

Toorop, Lynn, & Hilhorst, 2007). These data showed that of the aqua-

porins, only TIP3;1 and TIP3;2 had consistently high transcript levels as

dormancy levels changed (Data S3). We therefore looked at changes in

TIP3 transcript profiles during seasonal dormancy cycling in the soil.

TABLE 3 Classification of genes coexpressed with TIP3 isoforms in
the endosperm and radicle of germinating Arabidopsis seeds in Table 2

Classification

TIP3;1 TIP3;2

Endosperm Radicle Endosperm Radicle

Dormant up 116 131 219 260

Germination up 8 3 6 5

ABA down 2 2 3 13

ABA up 111 77 145 86

GA down 25 34 34 49

GA up 0 1 1 0

Note. Data represent genes coexpressing with TIP3;1 or TIP3;2 if their cor-
relation of expression is greater than .932. Data were extracted from
endnet (http://netvis.ico2s.org/dev/endonet/#/) and radnet (http://
netvis.ico2s.org/dev/radnet/#/) accessed from http://ssbvseed01.notting-
ham.ac.uk/efp_browser/efpWeb.cgi (Dekkers et al., 2013). See Data S2 for
details of coexpressed genes.

FIGURE 4 Thermodormancy in the TIP3 and TIP4;1 mutants and
complemented lines. Seeds of all lines and the Col‐0 wild‐type
control were incubated on water at 15°C, 20°C, and 25°C in the light.
Final numbers of seeds with radicle emergence were recorded after
14 days. Data are mean ± SE (n = 3)

TABLE 2 Genes coexpressed with TIP3 isoforms in the endosperm
and radicle of germinating Arabidopsis seeds

Gene Endosperm only Radicle only Endosperm and radicle

TIP3;1 296 275 66

TIP3;2 347 550 145

Note. Data represent the number of genes coexpressing with TIP3;1 or
TIP3;2 if their correlation of expression is greater than .932. Data show
the number of genes coexpressing with TIP3 isoforms only in the endo-
sperm and radicle respectively and those coexpressed with them in both
tissues. Data were extracted from endnet (http://netvis.ico2s.org/dev/
endonet/#/) and radnet (http://netvis.ico2s.org/dev/radnet/#/) accessed
from http://ssbvseed01.nottingham.ac.uk/efp_browser/efpWeb.cgi
(Dekkers et al., 2013).

2332 FOOTITT ET AL.

http://netvis.ico2s.org/dev/endonet/#/
http://netvis.ico2s.org/dev/radnet/#/
http://netvis.ico2s.org/dev/radnet/#/
http://ssbvseed01.nottingham.ac.uk/efp_browser/efpWeb.cgi
http://ssbvseed01.nottingham.ac.uk/efp_browser/efpWeb.cgi
http://netvis.ico2s.org/dev/endonet/#/
http://netvis.ico2s.org/dev/endonet/#/
http://netvis.ico2s.org/dev/radnet/#/
http://ssbvseed01.nottingham.ac.uk/efp_browser/efpWeb.cgi


Soil temperature and moisture content was recorded at seed depth in

the field (Figure 6a). We measured TIP3 gene and protein expression

patterns in buried seeds of the deeply dormant Arabidopsis ecotype

Cvi. On adjacent plots, soil was disturbed regularly to expose seeds

to light and seedling emergence recorded. In seeds recovered from

undisturbed plots, TIP3;1 and TIP3;2 had similar transcript profiles

over the annual cycle (Figure 6). TIP3;1 expression was greater than

TIP3;2 except when seedling emergence was observed in disturbed

plots (Figure 6b, shaded area; Footitt et al., 2011). Using an antibody

that recognizes both TIP3 isoforms (Jauh et al., 1999), we found that

the level of TIP3 protein followed a similar profile (Figure 6C); both

gene expression and protein accumulation were high when soil tem-

perature was low and dormancy levels were high (Figure 6). Then

expression of both decreased when dormancy decreased with rising

soil temperature before increasing with dormancy as soil temperature

decreased late in the year. Expression of the TIP3 genes and protein

correlated negatively and significantly with soil temperature (P < .01

or greater; Table S3), but onlyTIP3;1 gene expression and TIP3 protein

had positive and significant correlations with dormancy levels (AR50;

P < .001 and P < .01) and each other (P < .01). The pattern of gene

and protein expression was also consistent with ABA level trends

(Figure 6b,c). Both isoform transcripts responded to soil moisture,

but only protein levels had a significant positive correlation (P < .001;

Table S3). These results indicate that under “natural” variable condi-

tions in the soil, TIP3 respond to environmental signals known to mod-

ulate dormancy via alteration of both ABA levels and sensitivity

(Finch‐Savage & Footitt, 2017).

3.4.4 | TIP3 protein accumulation during dormancy
cycling at different temperatures in a global warming
scenario

In the field, TIP3 gene and protein expression levels in seeds

responded predominantly to temperature but also to soil moisture

(Figure 6). As temperature is the primary environmental signal driving

dormancy cycling, we looked at how TIP3 protein levels are affected

by temperature changes in a global warming scenario. Experiments

using Cvi seeds were performed in a thermogradient tunnel under a

scenario representing projected increases in air temperature between

the present day (ambient) and year 2080 (ambient +4°C). This scenario

produced a mean difference in annual soil temperature at seed depth

along the tunnel of 2.5 ± 0.1°C (Figure 7a). Plots were irrigated to

remove the influence of variable soil water content. Accumulation of

TIP3 protein under ambient soil conditions followed a cycling pattern

that significantly negatively correlated (P < .05) to the annual temper-

ature cycle, to produce the lowest protein level in August (Figure 7b).

This is similar to theTIP3;1 and TIP3;2 transcript and TIP3 protein pro-

files seen in the field experiment (Figure 6). In contrast, at the warm

end of the tunnel representing predicted 2080 temperatures (soil tem-

perature is ambient +2.5°C), TIP3 levels increased to a peak in August.

This is reflected in the differences in peak radicle emergence seen in

FIGURE 5 Induction of secondary dormancy in the TIP mutants,
complemented lines, and the Col‐0 wild‐type control. Following 5°C/
dark at −1.0 MPa for 28 days, seeds were transferred to −1.0 MPa and
incubated in the dark at 25°C for 14 days. At increasing intervals,
dormancy status was determined by transferring seeds to water at
25°C/light and recording radicle emergence for 14 days. (a) TIP3
mutants and the complemented lineYFP‐TIP3;2. (b) TIP4;1 mutant and
complemented line YFP‐TIP4;1. Seed data are mean ± SE (n = 3).
Absence of error bars indicates SE is smaller than the symbol

TABLE 4 Time to 50% induction of secondary dormancy (ID50) in
the mutant and complemented TIP3 and TIP4;1 lines

Knockout/down and
complemented lines

Mean time to 50% induction of
secondary dormancy (ID50; day)

Col‐0 (wild type) 7.948 ± 0.380 a,c

tip3;1 8.521 ± 0.371 a

tip3;2 4.977 ± 0.051

tip3;1 tip3;2 7.200 ± 0.445 c

YFP‐TIP3;2 11.668 ± 0.035

tip4;1 6.825 ± 0.197 c

YFP‐TIP4;1 8.709 ± 0.351 a

Note. Table shows the mean ID50 in response to water stress (−1 MPa) at
25°C in the dark of the wild type (Col‐0) and all mutant and complemented
lines. Data are the mean ± standard error (n = 3). All values are significantly
different at P < .05, except when followed by the same letters.
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recovered seeds placed to germinate at 5°C with and without nitrate

(Figure 7c). Nitrate is an environmental signal that reduces dormancy

and enhances the ability of light to remove the final layer of dormancy

(Finch‐Savage & Footitt, 2017). Under ambient conditions, seeds had

low sensitivity to nitrate and low radicle emergence, whereas ambient

+2.5°C soil temperatures had a dramatic impact resulting in higher

sensitivity to nitrate and consequently a greater increase in radicle

emergence (Figure 7c). The predicted increase in soil temperature

FIGURE 6 Seasonal patterns of TIP3;1 and TIP3;2 gene expression
in seeds of the Arabidopsis ecotype Cvi buried in field soils. (a) Soil
temperature and moisture content at seed depth. (b) Transcription
profiles of TIP3;1 and TIP3;2 relative to the control, and ABA content
of seeds prior to burial and at 5 points during the annual dormancy
cycle in the field. There was regular soil disturbance to expose seeds
to light, and the grey‐shaded area represents the period when this
stimulated seedling emergence in the field. (c) TIP3 protein expression
relative to that at burial and depth of dormancy ([AR50] days of dry
after‐ripening [20°C/dark] to give 50% germination at 20°C in the
light) in recovered Cvi seeds. Data in (a), and ABA levels and depth of
dormancy are from Footitt et al. (2011). Seed data are mean ± SE
(n = 3 biologically independent replicates). Absence of error bars
indicates SE is smaller than the symbol [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 7 Impact of global warming on the seasonal patterns of
TIP3 protein expression and dormancy in buried seeds of the
Arabidopsis ecotype Cvi. Seeds were buried in pots at opposite ends
of a thermogradient tunnel so they experienced ambient temperature
conditions or ambient +2.5°C the projected temperature for 2080. (a)
Soil temperatures at seed depth. (b) TIP3 protein profiles in seeds
undergoing dormancy cycling under both temperature regimes. (c)
Percentage radicle emergence from recovered seeds on water or 10‐
mM KNO3 at 5°C in the light. Seed data are mean ± SE (n = 3).
Absence of error bars indicates SE is smaller than the symbol
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significantly reduced dormancy (P < .01; germination on water at 5°C

in the light) and significantly increased sensitivity to the environmental

signal nitrate (P < .01). This change in dormancy was reflected in a sig-

nificant (P < .01) change inTIP3 protein levels at this point (July 31). As

other environmental variables did not differ, changes in TIP3 protein

levels were driven by temperature.

4 | DISCUSSION

Here, we investigated the physiological roles of TIP3;1, TIP3;2, and

TIP4;1 aquaporins in seeds exposed, in controlled conditions, to envi-

ronmental signals and stresses (water and temperature) they would

experience in their natural environment. We then observed TIP3 gene

expression and protein levels during annual dormancy cycles as seeds

respond to the variable soil environment in the open field, and in the

different temperature scenarios of a simulated global warming exper-

iment. Our key findings are (a) under control conditions, TIP3;1 and

TIP3;2 are the only aquaporins present in the embryo prior to germi-

nation completion and are then followed by expression of TIP4;1; (b)

TIP3 act antagonistically to modulate the response to ABA; TIP3;1 is

a positive responder, and TIP3;2 is a negative responder; (c) this sen-

sitivity is reflected under water stress by tip3;1 tending to have

greater resistance and the most negative base water potential; (d)

the depth of primary dormancy and differences in the induction of

secondary dormancy of the tip3 mutants are consistent with those

seen on exposure to ABA; (e) in the absence of water stress, TIP4;1

accumulation is only seen post germination but, under water stress

and in the presence of exogenous ABA, TIP4;1 is observed prior to

testa rupture and germination completion. This explains why the

tip4;1 mutation has a dormancy and germination phenotype when

subjected to water and temperature stress and to ABA; (f) under water

stress, TIP4;1 plays a role in stress regulation prior to germination

completion but acts differently from TIP3;1 to similarly affect resis-

tance to reduced Ψ.

Thus, widespread expression of TIP3 during germination was

observed, yet knockouts of the TIP3;1 and TIP3;2 genes were viable

and indeed had little impact on germination under control nonstressed

conditions. This indicates that the principal function of these seed‐

specific proteins is most likely manifesting during maturation,

dehydration, and subsequent rehydration, when seeds are subject to

significant changes to water status and stress. Nevertheless, a range

of significant phenotypes is summarized above when seeds are sub-

jected to stresses that can occur following shedding in the soil. Below,

we discuss how these TIPs may exert influence on germination timing

via differing contributions to the sensitivity of dormancy induction and

relief in response to environmental stress.

4.1 | TIP3 isoforms exhibit contrasting responses
when exposed to ABA and osmotic stress

The TIP3 isoforms are only transcriptionally expressed in the embryo

and endosperm prior to the completion of germination, although the

protein persists for several days post germination (Dekkers et al.,

2013; Gattolin et al., 2011). As such, it is possible they play important

roles in the water relations of seeds upon entry into the soil environ-

ment. Increased ABA levels and sensitivity to ABA are integral to dor-

mancy, germination completion, and overall plant responses to

osmotic stress (Ni & Bradford, 1992; Schopfer & Plachy, 1984;

Yoshida et al., 2015). However, in seeds, ABA has an independent syn-

ergistic effect with reduced Ψ (Finch‐Savage & Leubner‐Metzger,

2006; Ni & Bradford, 1992). Thus, ABA dependent changes in dor-

mancy and germination result from shifting water potential thresholds

for radicle emergence (Ni & Bradford, 1992). Additionally, seed sensi-

tivity to ABA has been shown to increase with temperature (Gonai

et al., 2004). Here, when primary dormant seeds were incubated at

increasing temperatures, thermodormancy increased more at 25°C in

the mutant lines than in the wild type. When primary dormancy was

relieved, the resulting “nondormant” seeds showed differing sensitivi-

ties to exogenous ABA between lines when incubated at 25°C, consis-

tent with an increasing sensitivity to ABA at this temperature. In the

control (minus ABA), germination is complete in all lines, but in the

presence of ABA, tip3;2 and tip3;1 tip3;2 (i.e., only TIP3;1 is present)

were ABA hypersensitive. This demonstrates that TIP3;1 responds

positively to increasing sensitivity to ABA thereby reducing germina-

tion. Even the residual levels of TIP3;1 from the leaky tip3;1 line in

tip3;1 tip3;2 (about 30% of wild type, Mao & Sun, 2015; Figure S1)

are sufficient to repress germination to the levels seen in tip3;2. In

contrast, ABA hyposensitivity was seen when tip3;1 tip3;2 was

complemented with YFP‐TIP3;2. This indicates that TIP3;2 acts in

either a neutral or negative fashion to the seeds increased sensitivity

to ABA. Therefore, theTIP3 isoforms have an antagonistic relationship

during changing sensitivity to ABA. As activation of TIP3;1 and TIP3;2

expression is ABI3 (ABA INSENSITIVE3) dependent in the presence of

ABA (Mao & Sun, 2015), this provides an efficient mechanism for reg-

ulating water transport in response to environmentally driven changes

in sensitivity to ABA.

4.2 | TIP4;1 response to ABA, osmotic stress, and
dormancy induction

Previously, the TIP4;1 transcript was shown to be expressed in the

radicle post germination (Dekkers et al., 2013) and was found to be

expressed in the epidermal and cortical cells at the base of the elonga-

tion zone in roots from 8‐day‐old seedlings (Gattolin et al., 2009). We

confirm here that, in the absence of stress, TIP4;1‐YFP is only detect-

able after radicle emergence. However, in the presence of ABA or

osmotic stress, TIP4;1‐YFP was seen prior to radicle emergence

(Figure 1). This response may result from an osmotic priming effect,

which can advance aspects of germination when radicle emergence

and germination completion is prevented. However, in this case, it is

interesting that an event not normally occurring until the

postgermination phase has been advanced to have some influence

on the germination process. Germination of tip4;1 was hyposensitive

to ABA and osmotic stress, with the complemented line exhibiting
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wild‐type behaviour. Although induction of secondary dormancy in

tip4;1 is more rapid than in the wild type or complemented line the

difference is not significant, suggesting it is secondary to the impact

of TIP3. This is supported by the basal level of TIP4;1 transcripts seen

in microarrays of dormancy cycling (Data S3; Cadman et al., 2006;

Finch‐Savage et al., 2007).

4.3 | The role of TIP3 in dormancy regulation

Changing dormancy levels in seeds are predominantly induced by tem-

perature but are also influenced by water stress. Response to these

environmental signals is orchestrated by the balance between the

ABA and GA signalling pathways.(Finch‐Savage & Footitt, 2017;

Finch‐Savage & Leubner‐Metzger, 2006; Footitt et al., 2017; Footitt

& Finch‐Savage, 2011). Publicly available microarray data show that

based on coexpression with other genes, the TIP3 isoforms sit on

the ABA side of the ABA/GA balance. We show the TIP3 isoforms

are involved in the seed's responses to ABA and water stress and have

an impact on thermodormancy in primary dormant seeds and in partic-

ular the induction of secondary dormancy.

The results presented here indicate a role for aquaporins in regula-

tion of the dormancy continuum. For example, these findings suggest

the regulation of TIP3 expression and function is responsive respec-

tively to ABA and sensitivity to ABA (ABA signalling); both of which

increase in the deep dormancy phase and decline in the shallow dor-

mancy phase of the dormancy cycle (Finch‐Savage & Footitt, 2017).

This is supported by the ABA‐induced expression of the Oryza sativa

TIP3 genes and the repression of OsTIP3;1 by ABI4 (Han et al.,

2018). During dormancy cycling in the field ABI4 expression peaks in

the summer months (shallow dormancy phase; Footitt et al., 2011)

and is significantly negatively correlated with the TIP3 genes and pro-

tein (P < .01 for TIP3;1 and P < .001 for the TIP3 protein; Table S3).

ABI4 also represses lipid mobilization in the embryo and is induced

via the ABA‐mediated sugar signalling pathway, which involves

DOG1 (Penfield et al., 2006; Teng, Rognoni, Bentsink, & Smeekens,

2008). Additionally, in germinating Hordeum vulgare seeds, ABA‐

induced HvTIP3;1 expression delays fusion of the PSVs during the vac-

uolation process in aleurone cells (Lee et al., 2015). As vacuoles are

essential in the generation of turgor to drive radicle emergence

(Obroucheva, Sinkevich, Lityagina, & Novikova, 2017), TIP3;1 can be

seen as a negative controller in the initiation of the germination pro-

cess until dormancy is removed. This illustrates the highly sophisti-

cated integration of dormancy regulation with the environment seen

in the dormancy cycling experiments reported here.

4.4 | TIPs and the timing of dormancy and seed
germination in response to the environment

Our knowledge of the precise functioning of TIPs is currently limited.

Li et al. (2008) investigated the permeability to water and glycerol of a

riceTIP representative from each of five different groups (TIP1–5) in a

Xenopus oocyte system. They found OsTIP3;2 had glycerol transport

activity only, whereas OsTIP4;1 had dual functions in both glycerol

and water transport. In another oocyte study, OsTIP3;1 water trans-

port activity was found to be no different from the negative control

and so did not transport water (Hayashi, Ishikawa‐Sakurai, Murai‐

Hatano, Ahamed, & Uemura, 2015). In contrast, Maurel et al. (1995)

showed that AtTIP3;1 (αTIP) did facilitate water transport. It is possi-

ble that both can occur as Utsugi, Shibasaka, Maekawa, and Katsuhara

(2015) showed in oocyctes that HvTIP3;1 singly was found not to

have water transport activity but did when coexpressed with

HvTIP1;2 (Utsugi et al., 2015). Thus, TIPS can coregulate water and

solute transport, but the precise function of individual TIPs may differ

and be influenced by the presence of other TIPS.

On the basis of current understanding, we propose that TIP3 iso-

forms can act in concert to alter solute and solvent movement in

response to ABA signalling during dormancy cycling and up to the

point of radicle emergence. Both TIP3 are induced by ABA but then

respond differently to changing sensitivity to ABA with TIP3;1

responding positively in a dose dependent fashion to amplify the

ABA response. TIP3;1 enables water transport (potentially restricting

it when ABA sensitivity is high) but critically has potential to block

fusion of the PSV preventing vacuolation (Lee et al., 2015) and there-

fore generation of turgor resulting in the lack of cell expansion

observed in dormant seeds. This is consistent with our field observa-

tions that TIP3;1 expression exceeded that of TIP3;2 over winter dur-

ing deep dormancy when ABA level was high. As dormancy declined

to the shallow phase in early summer this difference was lost. At this

point, ABA sensitivity decreases and seeds are increasingly sensitive

to environmental signals that remove the final layer of dormancy. On

receipt of such a signal (e.g., light), TIP3;2 may act in a dose dependent

manner to reduce the impact of TIP3;1 enabling vacuolation to com-

mence. As ABA sensitivity decreases TIP3;2 would likely increase sol-

ute uptake in tandem with increasing TIP3;1 activity to generate the

turgor pressure required to drive germination. TIP4;1 may play a bet

hedging role in response to the environment to modulate sensitivity.

If dormancy is not alleviated, the balance between the TIP3 isoforms

is reversed and dormancy increases.

In conclusion, we show that the TIP3 isoforms, rather than having

redundant functions, have distinct and opposing roles in environmen-

tal sensing in seeds. We reveal the previously hidden role of TIP3 and

TIP4;1 in regulating dormancy and germination in seeds exposed to

temperature and water stress experienced by seeds dispersed under

field conditions where they undergo dormancy cycling. The role

extends through the continuum of the dormancy cycle that controls

the timing of the completion of seed germination in the natural

environment. This annual cycle is crucial in habitat selection, and

success in competitive plant communities and so contributes to

species fitness.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

Figure S1. Seeds from a line co‐expressing TIP3;2‐mCherry (red) and

TIP4;1‐YFP (green) under their native promoters were imaged by con-

focal microscopy, after seed coat removal, after testa rupture, allowing

radicle emergence to complete germination. While TIP3;2 mCherry

labels the vacuolar system, which is undergoing extensive remodelling

upon germination, TIP4;1 is just becoming detectable and still labels

the endoplasmic reticulum network as well as the tonoplast. Scale

bar, 10 μm.

Figure S2. Characterisation of seed from mutant plant lines. A, map of

the T‐DNA insertions in the indicated gene sequences. B, RT‐PCR

analysis of relative TIP4;1 and tubulin (housekeeping gene) expression

in the tip4;1 mutant and Col‐0 wild‐type. After 40 PCR cycles tip4;1

shows significantly reduced (but some residual) expression of the

target gene. C, RT‐PCR analysis of relative TIP3 and ASAR1 (house-

keeping gene) expression in the tip3 single and double mutants as well

as Col‐0 wild‐type. After 28 cycles tip3;1 shows reduced expression of

the target gene whereas tip3;2 is completely knocked out. D, Western

blot analysis of GFP and TIP3 protein expression in Col‐0 wildtype,

TIP3;2‐TIP3;2‐YFP (under native TIP3;2 promoter), tip3;1tip3;2 and

its complemented line (tip3;1tip3;2::TIP3;2‐TIP3;2‐YFP). Western blot

analysis of TIP3 protein expression in Col‐0 wild‐type and tip3 mutant

lines showing significantly decreased expression of TIP3 in tip3;2 and

tip3;1tip3;2. Lower panels: Coomassie Brilliant Blue staining to visual-

ise protein loading. In the right hand panel, protein from tip3;1 tip3;2

was loaded at twice the concentration of the other samples.

Table S1. SALK line primers for checking homozygosity

Table S2. Primers used for QPCR of field samples.

Table S3. Correlations of the annual expression patterns of TIP3.1 and

TIP3.2 genes and TIP3 protein levels with environmental signals and

the expression patterns of a range of dormancy and germination

related genes.
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Data S1. Heat maps of aquaporin expression during Arabidopsis

germination

Data S2. Identities of genes co‐expressed with the TIP3 isoforms and

TIP4;1 in the endosperm and radicle

Data S3. Heat maps of aquaporin expression during dormancy cycling.
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