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In the recent years, the biophysical properties and presumed physiological role of aquaporins (AQPs) have been expanded to specialized cells where water and solute exchange are crucial traits. Complex but unique processes such as stomatal movement or pollen hydration and germination have been addressed not only by identifying the specific AQP involved but also by studying how these proteins integrate and coordinate cellular activities and functions. In this review, we referred specifically to pollen-specific AQPs and analyzed what has been assumed in terms of transport properties and what has been found in terms of their physiological role. Unlike that in many other cells, the AQP machinery in mature pollen lacks plasma membrane intrinsic proteins, which are extensively studied for their high water capacity exchange. Instead, a variety of TIPs and NIPs are expressed in pollen. These findings have altered the initial understanding of AQPs and water exchange to consider specific and diverse solutes that might be critical to sustaining pollen’s success. The spatial and temporal distribution of the pollen AQPs also reflects a regulatory mechanism that allowing a properly adjusting water and solute exchange.
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INTRODUCTION

Over the last 25 years overwhelming evidence has been gathered indicating that the role of certain members of a complex superfamily of major intrinsic proteins (MIPs) known as aquaporins (AQPs) is to facilitate the permeation of water and small uncharged solutes (including gasses) through biological membranes (Bienert and Chaumont, 2014; Kitchen et al., 2015; Maurel et al., 2015; Pommerrenig et al., 2015). The first water channel -CHIP28, later named AQP1- confirmed not only the appearance of an unequivocally facilitated water path in a cell membrane (Preston et al., 1992) but also the role of the membrane osmotic permeability (Pf), i.e., that the membrane expressing these proteins can increase their capacity to exchange water 10- to 100-fold, reflected in a change in this parameter. The “simple permeability hypothesis” holds that AQPs act as key modulators of the Pf of membranes and sustains that the change in the rate of water transport is the critical trait for certain biological processes (Hill et al., 2004; Hill and Shachar-Hill, 2015).

Unlike ion channels, AQPs are small (∼30 kDa) tetramers in which each monomer is a functional unit. Although assembled primarily as homotetramers, certain groups in both animals and plants can form heterotetramers (Verbavatz et al., 1993; Neely et al., 1999; Fetter et al., 2004; Yaneff et al., 2014). The integral membrane region of each monomer is composed of six transmembrane α-helices, three extracellular loops (A, C, E) and two intracellular ones (B, D). The channel “signature” is two opposing and highly conserved NPA motifs (Asn-Pro-Ala) near the center of the molecule resulting from the dipping of two inverted hemi-helices on loops B and E (Murata et al., 2000; Ho et al., 2009; Tani et al., 2009; Wree et al., 2011). While this constriction zone is associated with the single-file conductance of water, a second constriction -typically composed of aromatic residues and an arginine known as the ar/R zone, is located in the outer channel vestibule and forms a strong selectivity filter that determines the solutes that can permeate through the pore (Fu et al., 2000; Sui et al., 2001; Beitz et al., 2006; Fu and Lu, 2007; Almasalmeh et al., 2014). Recent structural studies of AQPs from a diverse range of organisms have revealed new insights into selectivity and modes of regulation, including gating and trafficking (Kreida and Törnroth-Horsefield, 2015).

Genome and transcriptome sequencing data available from all kingdoms have confirmed a vast number of orthologous channels, challenging the classical outlook to address water/solute transport through biological membranes (Gupta et al., 2011; Alleva et al., 2012; Soto et al., 2012; Pérez Di Giorgio et al., 2014). MIP genes are particularly prevalent in the plant kingdom with 35–60 MIP isoforms in vascular plants compared to 10 in mammals including humans. Moreover, compared to other kingdoms, plants show not only a strong diversification (seven major classes have been distinguished: PIP, HIP, XIP, TIP, NIP, GIP, and SIP; this number is reduced to five or four in higher plants) but also higher gene copy numbers within certain species. Because “orthodox” AQPs were first suggested to facilitate the passive transport of water across cell membranes in response to osmotic gradients, paradigms to explore plant water hydraulics were opened. New research shed light on their impact on plant transpiration (Maurel et al., 2016; Yaaran and Moshelion, 2016), on solute transport including toxic metalloids (Bienert and Jahn, 2010; Pommerrenig et al., 2015) and gas transport (Herrera and Garvin, 2011; Bienert and Chaumont, 2014; Kaldenhoff et al., 2014).

In this context, the study of plant AQPs has been expanded to include specialized and symplastically isolated cells such as guard cells or pollen tubes in which the rate of water and solute exchange is critical to accomplishing their physiological task (volume change strategy: to swell or to grow). In the particular case of pollen tubes, growth is fast and complex, reflected by a spatial and temporal regulation tightly linked to the cellular process. Thus, pollen water status can be addressed as a structural, physiological and molecularly coordinated mechanism. It has been proposed that the identification of potential “water homeostasis control points” might improve our understanding of pollen quality and function upon exposure to environmental stresses (Firon et al., 2012).

Under this scenario, AQPs were considered natural candidates for controlling and fine tuning these control points. Analysis of Arabidopsis gene expression has helped to identify the genes responsible for pollen hydration and growth. Interestingly, pollen exhibits a fewer number and more exclusive types of AQP-expressed genes when compared to other single cell transcriptional profiles (Soto et al., 2008). Unlike many other cells, the AQP machinery in Arabidopsis mature pollen lacks plasma membrane intrinsic proteins and is restricted to a limited variety of members of other MIP subfamilies: tonoplast intrinsic proteins (TIPs) and NOD26-like intrinsic proteins (NIPs) (Honys and Twell, 2004; Pina et al., 2005; Wang et al., 2008; Qin et al., 2009; Loraine et al., 2013).

The aim of this review is focused on integrating information provided by available data in the field of pollen AQPs not only to highlight their physiological role but also to contribute to the understanding of their intrinsic properties.

POLLEN HYDRATION AND GERMINATION

Pollen grains undergo a sophisticated developmental program that includes internal cell adjustments during the different phases of dehydration and rehydration. These processes allow it not only to achieve fertilization as a final goal but also to cope with hostile environmental conditions. When a compatible pollen grain contacts the suitable stigma surface, it rapidly germinates and turns into an elongating pollen tube that will search for the ovules. Signaling molecules and ion channels act as pacemakers of the growth rate as well as controllers of the direction of the pollen tubes (Guan et al., 2013). Changes during germination and pollen tube growth result in mechanical stress sustained by the coordinated activity of the protoplasm and barriers (membranes and cell wall). Water uptake is thus critical during pollination: i.e., rehydration on the stigma surface and pollen tube growth, not only because they demand water entry but also because pollen tube growth is a very fast process within plant cells. Volume increase is a consequence of water and nutrient uptake. The process is osmoregulated and pollen tube growth is so tightly synchronized to the osmolality of the medium (Benkert et al., 1997) that it can be completely arrested if osmolality is changed (Pierson et al., 1994). Inappropriate pollen hydration inhibits fertilization triggered by premature germination within the anther (Johnson and McCormick, 2001) or landing on an incorrect surface (Lolle et al., 1998). Despite the evidence for water uptake and osmoregulation during this process, data on water transport or on the specific role of AQP-mediated water transport were acknowledged much later than ion and solute transport (Sommer et al., 2008).

POLLEN AQUAPORINS: ONLY FOUR AQP GENES ARE POLLEN-SPECIFIC

The first reports in the literature describing putative pollen water channels were performed in Brassica, Nicotiana, and Lilium (Marin-Olivier et al., 2000; Dixit et al., 2001; Bots et al., 2005a,b; Sommer et al., 2008). Interestingly, these first reports did not conclusively demonstrate that PIPs, the better-described “orthodox” water channels, were highly represented. Two PIPs were found differentially expressed in Nicotiana anther and stigma (Bots et al., 2005a,b). In Brassica pollen, the presence of PIPs was not clear (Marin-Olivier et al., 2000; Dixit et al., 2001). Comparative analysis of pistil transcriptomes revealed the expression of PIP1 and PIP2 in species with dry and semi-dry stigmas (Oryza sativa, Crocus sativus, Arabidopsis thaliana, and S. squalidus), but not with wet stigmas (Nicotiana tabacum) (Allen et al., 2010). Recently, stigmatic papilla cells transcriptome analysis in A. thaliana ecotype Oldenburg (Old-1), which still retains the female SI function, showed that PIP1;4 is up-regulated in compatible pollinations (using wild-type Old-1 pollen), whereas PIP2;1 and PIP2;7 are down-regulated in incompatible pollinations (using transgenic self-incompatible Old-1 pollen) (Matsuda et al., 2015). These studies support the hypothesis of pistil AQPs potentially regulating pollen hydration in dry stigmas but not in wet stigmas, since the presence of the stigmatic exudate obviates the control of water flow to pollen grains.

Analysis performed at four pollen Arabidopsis developmental stages confirmed that only TIPs and NIPs, but not PIPs are preferentially expressed in mature pollen (Honys and Twell, 2004; Bock et al., 2006) and pollen tubes (Wang et al., 2008; Qin et al., 2009). Genome-wide analysis1 of Arabidopsis AQP genes showed that only four (out of 35 loci) are preferentially expressed in mature pollen and/or pollen tubes: TIP5;1, TIP1;3, NIP4;1, and NIP4;2. In addition, AtSIP1;1 and AtSIP1;2 show both high expression levels in pollen as well as in other sporophytic tissues (Ishikawa et al., 2005), and are therefore not considered to be pollen-specific. AtPIP2;7/2;8 is expressed during pollen development but has very low levels at maturity, and in turn, shows higher expression levels in sporophytic tissue. AtTIP1;1 has very low levels of expression in mature pollen, and higher levels in sporophytic tissues. AtNIP2;1 shows low constitutive levels in pollen and sporophytic tissues, but its expression sharply increase under hypoxic conditions (Choi and Roberts, 2007). It has been demonstrated by in situ hybridization and GUS activity assays that AtNIP7;1 is expressed during pollen development and also in other sporophytic tissues (Li et al., 2011). Figure 1 shows a heatmap representation of AQP expression, which highlights the distinctive repertoire of Arabidopsis pollen AQPs.
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FIGURE 1. Heatmap representation of the expression of NIP, PIP, SIP, and TIP genes in gametophytic and sporophytic tissues of Arabidopsis. Microarray data for MS, microspore; BC, bicellular pollen; TC, tricellular pollen; and MP, mature pollen; and for sporophytic organ or tissue, SL, seedlings; WP, whole plants; SH, shoots; LF, leave; GC, guard cell-enriched leaf extracts; PT, petioles; ST, stems; HP, hypocotyls; XL, xylem; CR, cork; RH, root hair zone; RT, roots, was obtained from Bock et al. (2006). Scale: white, 10th percentile, blue, 19th percentile. To identify AQP genes that show specific or preferential expression in pollen, fold change (FC) of the maximum expression from the four pollen grain stages (PG) and the maximum expression from the 12 sporophytic tissues (SP) was calculated as the log2 of the ratio of PG/SP. Microarray data for SIV, pollen tubes grown semi in vivo; and MP, mature pollen grains, was obtained from Qin et al. (2009). To identify AQP genes that are differentially expressed upon pollen germination, FC was calculated as the log2 of the ratio of SIV/MP. FC scale: green = -2.5 (down-regulated genes), black = 0, red = 2.5 (up-regulated genes). FC values for pollen specific AQPs NIP4;1/2, TIP1;3, and TIP5;1 are indicated in white. aNIP4;1 and NIP4;2 are promiscuously detected by the same probe set 249584_s_at. Based on RNA-seq data (Loraine et al., 2013) and qRT-PCR assays (Pérez Di Giorgio et al., 2016), pollen grain expression corresponds to NIP4;1; whereas NIP4;2 is only expressed in pollen tubes. bPIP2;2 and PIP2;3 are promiscuously detected by the same probe set 265444_s_at. Based on RNA-seq data (Loraine et al., 2013) none of them are expressed in mature pollen. cPIP2;7 and PIP2;8 are promiscuously detected by the same probe set 266533_s_ during pollen development at BC stage, but based on RNA-seq data (Loraine et al., 2013), they are not expressed in mature pollen.



SEEKING THEIR PHYSIOLOGICAL ROLE

TIP1;3 and TIP5;1

Arabidopsis TIP1;3 and TIP5;1 are among the most highly expressed genes in mature pollen. TIP1;3 is expressed in vesicles and vacuoles of vegetative cells while TIP5;1 is expressed in vacuoles of sperm cells when expressed under its own promoter (Wudick et al., 2014), or in the mitochondria of vegetative cells when heterologously expressed under the control of the LAT52 promoter (Soto et al., 2010). Single tip1;3 and tip5;1 mutant plants showed no apparent phenotypic defects in pollen development and no significant reduction in fertility (Soto et al., 2010). However, double tip1;3 tip5;1 mutant plants showed an abnormal incidence of sterile pods under water- or nitrogen-deficient conditions and heat stress (Wudick et al., 2014). TIP1;3 and TIP5;1 are bi-functional AQPs with intermediate levels of permeability to water and high permeability to urea when expressed in Xenopus oocytes (Soto et al., 2008). Interestingly, Soto et al. (2010) showed that TIP5;1 water transport activity is significantly inhibited by an acidic external pH, and therfore proposed that His131, located in extracellular loop C in TIP5;1 and not present in other Arabidopsis TIPs, acts as the pH-sensing amino acid. In addition, it was shown that single tip1;3 and tip5;1 and double tip1;3 tip5;1 mutant plants showed shorter pollen tubes only when they were germinated in vitro under nitrogen-deficient conditions (Soto et al., 2010). These results suggested that TIP5;1 and TIP1;3 are involved in the nitrogen metabolic pathway during pollen tube growth (Soto et al., 2008, 2010).

NIP4;1 and NIP4;2

Arabidopsis NIP4;1 and NIP4;2 have two distinct features: both are paralog genes found exclusively in the angiosperm lineage and, although they share 84% amino acid identity, they display different expression patterns. Pérez Di Giorgio et al. (2016) found that NIP4;1 is modestly expressed from the unicellular microspore to the mature pollen stage, and functions in pollen development and germination. In turn, NIP4;2 is highly expressed following pollen germination, and functions exclusively during pollen tube growth. NIP4;1 and NIP4;2 are localized in the plasma membrane and internal vesicles of pollen tubes when expressed under their own promoters. In addition, a dynamic cycling between both sub-cellular compartments was observed for NIP4;1. Single nip4;1 mutant plants showed reduced fertility due to defective pollen development (higher percentages of immature pollen, arrested in uni- or bi-cellular stages, losing viability and collapsing in some cases), pollination and germination; single nip4;2 mutant plants showed defective pollen tube growth. Double knockdown plants displayed an abnormal incidence of sterile and stunted siliques with fewer seeds as a result of reduced fertilization, owing to defective pollen germination and pollen tube growth. Swelling assays in Xenopus oocytes showed that NIP4;1 and NIP4;2 function as water and glycerol channels. In addition, NIP4;1 and NIP4;2 C-termini were found to be phosphorylated by a pollen-specific CPK, modifying their water permeability. Survival assays in yeast indicated that NIP4;1 also transports ammonia, urea, H2O2 and boric acid. One of the primary functions of boron in plants is to serve in the cross-linking of rhamnogalacturonan-II (RG-II), a component of cell wall pectic polysaccharides, and thus is an essential micronutrient required for plant growth and reproduction (Blevins and Lukaszewski, 1998). Indeed, double knockdown nip4;1nip4;2 pollen showed shorter pollen tubes, particularly under boron deficient conditions, suggesting that NIP4;1 and NIP4;2 might be involved in boric acid uptake. Likewise, Arabidopsis NIP7;1, which is selectively expressed at the microspore stage, was also identified as a boric acid channel, and nip7;1 mutant plants showed defects in pollen tube growth in the absence of boric acid (Li et al., 2011). Considering that NIP4;1 and NIP4;2are exclusive to angiosperms (Anderberg et al., 2012; Abascal et al., 2014) and that flowering plants are thought to have evolved under selection for a faster reproductive cycle (Williams, 2008, 2012; Abercrombie et al., 2011), NIP4;1 and NIP4;2might contribute to improved pollen germination and pollen tube growth in angiosperms.

The Working Hypothesis: Relevance of Aquaporins in Plant Fitness

Current evidence from the literature shows that specific AQPs are part of the machinery of pollen physiology. The fact that nip4;1 and nip4;2 mutant phenotypes were evident under normal growth conditions (and not when they are limited) reflects the relevance of these two specific NIPs in reproduction. Although most of the described defects in pollen development, germination and pollen tube elongation are mild at the physiological level, they somehow reveal reduced plant fitness. A model that reflects this hypothesis is proposed in Figure 2: when the four AQPs are following their normal pattern of expression, plant fertility is not affected. In panel A, NIP4;1 is expressed at relatively low levels in mature pollen, while NIP4;2 expression peaks only after pollen germination. Both NIPs transport water and glycerol (in Xenopus oocytes), and in particular NIP4;1 can also transport other solutes such as boric acid, ammonia, H2O2 and urea in yeast assays. Besides, the water transport capacity of both NIPs is regulated by phosphorylation at Ser267. In the absence of both NIP AQPs plant fitness is reduced (less seeds and shorter siliques due to non-fertilized ovules). Single nip4;1 mutant show defects in pollen development, maturation and germination, while nip4;2 mutant only in pollen tube growth. In panel B, when TIP1;3 and TIP5;1 are normally expressed, there is also normal fertilization. TIP1;3 is expressed at medium levels in the vegetative cell, while TIP5;1 is the highest gene expressed in sperm cells, where it is the one of the top 200 expressed genes on pollen sperm transcriptomic analysis (Borges et al., 2008). Both TIPs transport water and urea in Xenopus oocytes, and water transport of TIP5;1 is regulated by pH. In the absence of both TIPs, plant fitness under nitrogen deficiency is reduced (in accordance with their substrate specificity), due to defects in pollen tube growth.
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FIGURE 2. Global models for the roles of pollen specific aquaporins (AQPs) in reproduction. (A) In the presence of NIP4;1 and NIP4;2, plant fertility is normal (left, green pathway). NIP4;1 and NIP4;2 expression peaks differ temporally. In the absence of NIPs AQPs, (right, red pathway) plant fitness is reduced (fewer seeds and shorter siliques due to non-fertilized ovules). The nip4;1nip4;2 knockdown showed defects in pollen development, maturation, germination, and pollen tube growth. (B) In the presence of TIP1;3 and TIP5;1 there is normal fertilization (left, blue pathway). TIP1;3 and TIP5;1 expression patterns are also differentially localized in vegetative and sperm cells, respectively. In the absence of both TIPs (right, red pathway), plant fitness is reduced under nitrogen deficiency (in agreement with their substrate specificity) due to defects in pollen tube growth.



Another important feature described in certain AQPs is the transport of gas molecules, including carbon dioxide and hydrogen peroxide (Herrera and Garvin, 2011; Bienert and Chaumont, 2014; Kaldenhoff et al., 2014). The physiological relevance of AQP-facilitated gas diffusion includes both the exchange capacity and the signaling process. For instance, hydrogen peroxide (H2O2), acts as a signaling molecule at lower concentrations, maintaining normal plant growth and development, but it produces toxic effects at higher levels. Specific AQP isoforms are proposed to be critical in the H2O2 signaling network (Bienert and Chaumont, 2014). Importantly, abiotic stress induces excess accumulation of ROS leading to pollen abortion and programmed cell death of microspores in developing anthers, and consequently resulting in male sterility (Zinta et al., 2016). In this regard, pollen-specific NIP4;1 and other pollen-expressed AQPs, such as TIP1;1, NIP2;1, and NIP7;1 have been shown to transport H2O2 (revised in Pérez Di Giorgio et al., 2014), and therefore potentially play a role in the redox control of pollen development.

In addition, H2O2 was shown to mediate redox signaling in pollen-pistil interactions (Sharma and Bhatla, 2013). Considering AtPIP1;4 was found to be up-regulated in stigmas upon compatible pollination (Matsuda et al., 2015) and has a role in H2O2 transport for signal transduction in immunity pathways (Tian et al., 2016), we could speculate a role of this AQP in ROS signaling during pollination.

UNCERTAIN ISSUES THAT STILL NEED TO BE ADDRESSED

The paradox in the analysis of the pollen specific AQPs is that none is an “orthodox” water AQP. Although they differ substantially, TIP5;1, TIP1;3, NIP4;1, and NIP4;2 are solute and water transporters. These findings are consistent with other NIPs and TIPs described in the literature in other organs and/or tissues (Pérez Di Giorgio et al., 2014). In particular, NIPs are considered AQPs with poor water permeability but capacity to transport glycerol, formamide, urea, ammonia or metalloids (Wallace et al., 2002; Danielson and Johanson, 2010; Mitani-Ueno et al., 2011). In agreement with these observations, it was recently proposed that certain NIP channel proteins should be considered metalloido-porins and not AQPs (Pommerrenig et al., 2015).

Even if the analysis of a complete set of pollen AQPs is broadened to include the non-specific SIP1;1 and SIP2;1, it should be emphasized that these two SIPs are preferentially expressed in the endoplasmic reticulum of stems of Arabidopsis plants (Maeshima and Ishikawa, 2008).

Thus, pollen tube growth employs a tightly regulated and complex machinery to rapidly coordinate water and solute exchange. Pollen tube growth depends on plasma membrane polarization at the tip involving a strong and rapid membrane recycling to the secretory system (Hepler et al., 2001; Helling et al., 2006). Recently, a highly expressed K+ channel (LilKT1) in Lilium pollen was found to include a strong endocytic recycling mechanism (Safiarian et al., 2015). The authors propose that this feature could be a way to adjust the number of inward K+ channels in the pollen plasma membrane in order to sustain the correct water influx (driven by the raising cytosolic K+ concentrations). The fact that the described AQPs move uncharge solutes broadens the discussion of the controlled driving forces that operate in pollen tube growth. Mechano-sensitive channels have also been considered to be potential components in sensing osmotic changes (Zerzour et al., 2009; Kurusu et al., 2013), and these type of channels had already been described in pollen protoplasts (Dutta and Robinson, 2004). A recent study has identified and characterized a pollen-specific membrane tension-gated ion channel, MscS-like 8 (MSL8), which is critical both for pollen survival during the hypoosmotic shock of rehydration and for sustaining full male fertility (Hamilton et al., 2015). There is also new evidence in the literature that certain AQPs are mechanosensitive (human AQP1, described in Ozu et al., 2013). The possibility of analyzing these AQPs as components of an osmosensor system that regulates this machinery might be reasonable but remains speculative (Hill and Shachar-Hill, 2015).

AUTHOR CONTRIBUTIONS

GA and JM conceived the idea of this work, JPDG and GA planned and wrote the manuscript, and JM and GS contributed with discussion and critical comments. All authors approved the final version.

ACKNOWLEDGMENTS

Our work was supported by grants PICT2011-1698, PICT2012-0007, and PICT2014-0423 to JM and PICT2014-0744, PIP2012-2014, and UBACyT12014-2017 to GA.

FOOTNOTES

1 https://genevestigator.com/gv/

REFERENCES

Abascal, F., Irisarri, I., and Zardoya, R. (2014). Diversity and evolution of membrane intrinsic proteins. Biochim. Biophys. Acta 1840, 1468–1481. doi: 10.1016/j.bbagen.2013.12.001

Abercrombie, J. M., O’Meara, B. C., Moffatt, A. R., and Williams, J. H. (2011). Developmental evolution of flowering plant pollen tube cell walls: callose synthase (CalS) gene expression patterns. Evodevo 2:14. doi: 10.1186/2041-9139-2-14

Allen, A. M., Lexer, C., and Hiscock, S. J. (2010). Comparative analysis of pistil transcriptomes reveals conserved and novel genes expressed in dry, wet, and semidry stigmas. Plant Physiol. 154, 1347–1360. doi: 10.1104/pp.110.162172

Alleva, K., Chara, O., and Amodeo, G. (2012). Aquaporins: another piece in the osmotic puzzle. FEBS Lett. 586, 2991–2999. doi: 10.1016/j.febslet.2012.06.013

Almasalmeh, A., Krenc, D., Wu, B., and Beitz, E. (2014). Structural determinants of the hydrogen peroxide permeability of aquaporins. FEBS J. 281, 647–656. doi: 10.1111/febs.12653

Anderberg, H. I., Kjellbom, P., and Johanson, U. (2012). Annotation of Selaginella moellendorffii major intrinsic proteins and the evolution of the protein family in terrestrial plants. Front. Plant Sci. 20:33. doi: 10.3389/fpls.2012.00033

Beitz, E., Wu, B., Holm, L. M., Schultz, J. E., and Zeuthen, T. (2006). Point mutations in the aromatic/arginine region in aquaporin 1 allow passage of urea, glycerol, ammonia, and protons. Proc. Natl. Acad. Sci. U.S.A. 103, 269–274. doi: 10.1073/pnas.0507225103

Benkert, R., Obermeyer, G., and Bentrup, F. W. (1997). The turgor pressure of growing lily pollen tubes. Protoplasma. 198, 1–8. doi: 10.1007/BF01282125

Bienert, G. P., and Chaumont, F. (2014). Aquaporin-facilitated transmembrane diffusion of hydrogen peroxide. Biochim. Biophys. Acta 1840, 1596–1604. doi: 10.1016/j.bbagen.2013.09.017

Bienert, G. P., and Jahn, T. P. (2010). Major intrinsic proteins and arsenic transport in plants: new players and their potential role. Adv. Exp. Med. Biol. 679, 111–125. doi: 10.1007/978-1-4419-6315-4_9

Blevins, D. G., and Lukaszewski, K. M. (1998). Boron in plant structure and function. Annu. Rev. Plant Physiol. Plant Mol. Biol. 49, 481–500. doi: 10.1146/annurev.arplant.49.1.481

Bock, K. W., Honys, D., Ward, J. M., Padmanaban, S., Nawrocki, E. P., Hirschi, K. D., et al. (2006). Integrating membrane transport with male gametophyte development and function through transcriptomics. Plant Physiol. 140, 1151–1168. doi: 10.1104/pp.105.074708

Borges, F., Gomes, G., Gardner, R., Moreno, N., McCormick, S., Feijó, J. A., et al. (2008). Comparative transcriptomics of Arabidopsis sperm cells. Plant Physiol. 148, 1168–1181. doi: 10.1104/pp.108.125229

Bots, M., Feron, R., Uehlein, N., Weterings, K., Kaldenhoff, R., and Mariani, T. (2005a). PIP1 and PIP2 aquaporins are differentially expressed during tobacco anther and stigma development. J. Exp. Bot. 56, 113–121.

Bots, M., Vergeldt, F., Wolters-Arts, M., Weterings, K., van As, H., and Mariani, C. (2005b). Aquaporins of the PIP2 class are required for efficient anther dehiscence in tobacco. Plant Physiol. 137, 1049–1056. doi: 10.1104/pp.104.056408.1

Choi, W. G., and Roberts, D. M. (2007). Arabidopsis NIP2;1, a major intrinsic protein transporter of lactic acid induced by anoxic stress. J. Biol. Chem. 282, 24209–24218. doi: 10.1074/jbc.M700982200

Danielson, J. H., and Johanson, U. (2010). “Phylogeny of major intrinsic proteins,” in MIPs and Their Role in the Exchange of Metalloids, Vol. 679, eds T. Jahn and G. Bienert (New York, NY: Springer), 19–31. doi: 10.1007/978-1-4419-6315-4_2

Dixit, R., Rizzo, C., Nasrallah, M., and Nasrallah, J. (2001). The Brassica MIP-MOD gene encodes a functional water channel that is expressed in the stigma epidermis. Plant Mol. Biol. 45, 51–62. doi: 10.1023/A:1006428007826

Dutta, R., and Robinson, K. R. (2004). Identification and characterization of stretch-activated ion channels in pollen protoplasts. Plant Physiol. 135, 1398–1406. doi: 10.1104/pp.104.041483

Fetter, K., Van Wilder, V., Moshelion, M., and Chaumont, F. (2004). Interactions between plasma membrane aquaporins modulate their water channel activity. Plant Cell 16, 215–228. doi: 10.1105/tpc.017194

Firon, N., Nepi, M., and Pacini, E. (2012). Water status and associated processes mark critical stages in pollen development and functioning. Ann. Bot. 109, 1201–1214. doi: 10.1093/aob/mcs070

Fu, D., Libson, A., Miercke, L. J., Weitzman, C., Nollert, P., Krucinski, J., et al. (2000). Structure of a glycerol-conducting channel and the basis for its selectivity. Science 290, 481–486. doi: 10.1126/science.290.5491.481

Fu, D., and Lu, M. (2007). The structural basis of water permeation and proton exclusion in aquaporins (review). Mol. Membr. Biol. 24, 366–374. doi: 10.1080/09687680701446965

Guan, Y., Guo, J., Li, H., and Yang, Z. (2013). Signaling in pollen tube growth: crosstalk, feedback, and missing links. Mol. Plant 6, 1053–1064. doi: 10.1093/mp/sst070

Gupta, A. B., Verma, R. K., Agarwal, V., Vajpai, M., Bansal, V., and Sankararamakrishnan, R. (2011). MIPModDB: a central resource for the superfamily of major intrinsic proteins. Nucleic Acids Res. 40, D362–D369. doi: 10.1093/nar/gkr914

Hamilton, E. S., Jensen, G. S., Maksaev, G., Katims, A., Sherp, A. M., and Haswell, E. S. (2015). Mechanosensitive channel MSL8 regulates osmotic forces during pollen hydration and germination. Science 350, 438–441. doi: 10.1126/science.aac6014

Helling, D., Possart, A., Cottier, S., Klahre, U., and Kost, B. (2006). Pollen tube tip growth depends on plasma membrane polarization mediated by Tobacco PLC3 activity and endocytic membrane recycling. Plant Cell 18, 3519–3534. doi: 10.1105/tpc.106.047373

Hepler, P. K., Vidali, L., and Cheung, A. Y. (2001). Polarized cell growth in higher plants. Annu. Rev. Cell Dev. Biol. 17, 159–187. doi: 10.1146/annurev.cellbio.17.1.159

Herrera, M., and Garvin, J. L. (2011). Aquaporins as gas channels. Pflugers. Arch. 462, 623–630. doi: 10.1007/s00424-011-1002-x

Hill, A. E., Shachar-Hill, B., and Shachar-Hill, Y. (2004). What are aquaporins for? J. Membr. Biol. 197, 1–32. doi: 10.1007/s00232-003-0639-6

Hill, A. E., and Shachar-Hill, Y. (2015). Are aquaporins the missing transmembrane osmosensors? J. Membr. Biol. 248, 753–765. doi: 10.1007/s00232-015-9790-0

Ho, J. D., Yeh, R., Sandstrom, A., Chorny, I., Harries, W. E., Robbins, R. A., et al. (2009). Crystal structure of human aquaporin 4 at 1.8 Å and its mechanism of conductance. Proc. Natl. Acad. Sci. U.S.A. 106, 7437–7442. doi: 10.1073/pnas.0902725106

Honys, D., and Twell, D. (2004). Transcriptome analysis of haploid male gametophyte development in Arabidopsis. Genome Biol. 5:R85. doi: 10.1186/gb-2004-5-11-r85

Ishikawa, F., Suga, S., Uemura, T., Sato, M. H., and Maeshima, M. (2005). Novel type aquaporin SIPs are mainly localized to the ER membrane and show cell-specific expression in Arabidopsis thaliana. FEBS Lett. 579, 5814–5820. doi: 10.1016/j.febslet.2005.09.076

Johnson, S., and McCormick, S. (2001). Pollen germinates precociously in the anthers of raring-to-go, an Arabidopsis gametophytic mutant. Plant Physiol. 126, 685–695. doi: 10.1104/pp.126.2.685

Kaldenhoff, R., Kai, L., and Uehlein, N. (2014). Aquaporins and membrane diffusion of CO2 in living organisms. Biochim. Biophys. Acta 1840, 1592–1595. doi: 10.1016/j.bbagen.2013.09.037

Kitchen, P., Day, R. E., Salman, M. M., Conner, M. T., Bill, R. M., and Conner, A. C. (2015). Beyond water homeostasis: diverse functional roles of mammalian aquaporins. Biochim. Biophys. Acta 1850, 2410–2421. doi: 10.1016/j.bbagen.2015.08.023

Kreida, S., and Törnroth-Horsefield, S. (2015). Structural insights into aquaporin selectivity and regulation. Curr. Opin. Struct. Biol. 33, 126–134. doi: 10.1016/j.sbi.2015.08.004

Kurusu, T., Kuchitsu, K., Nakano, M., Nakayama, Y., and Iida, H. (2013). Plant mechanosensing and Ca2+ transport. Trends Plant Sci. 18, 227–233. doi: 10.1016/j.tplants.2012.12.002

Li, T., Choi, W., Wallace, I. S., Baudry, J., and Roberts, D. M. (2011). AtNIP7;1: an anther-specific boric acid transporter of the AQP superfamily regulated by an unusual Tyrosine in Helix 2 of the transport pore. Biochemistry 50, 6633–6641. doi: 10.1021/bi2004476

Lolle, S. J., Hsu, W., and Pruitt, R. E. (1998). Genetic analysis of organ fusion in Arabidopsis thaliana. Genetics 149, 607–619.

Loraine, A. E., McCormick, S., Estrada, A., Patel, K., and Qin, P. (2013). P. RNA-Seq of Arabidopsis pollen uncovers novel transcription and alternative splicing. Plant Physiol. 162, 1092–1109. doi: 10.1104/pp.112.211441

Maeshima, M., and Ishikawa, F. (2008). ER membrane aquaporins in plants. Pflugers Arch. Eur. J. Physiol. 456, 709–716. doi: 10.1007/s00424-007-0363-7

Marin-Olivier, M., Chevalier, T., Fobis-Loisy, I., Dumas, C., and Gaude, T. (2000). Aquaporin PIP genes are not expressed in the stigma papillae in Brassica oleracea. Plant J. 2, 231–240. doi: 10.1046/j.1365-313x.2000.00874.x

Matsuda, T., Matsushima, M., Nabemoto, M., Osaka, M., Sakazono, S., Masuko-Suzuki, H., et al. (2015). Transcriptional characteristics and differences in Arabidopsis stigmatic papilla cells pre- And post-pollination. Plant Cell Physiol. 56, 663–673. doi: 10.1093/pcp/pcu209

Maurel, C., Boursiac, Y., Luu, D. T., Santoni, V., Shahzad, Z., and Verdoucq, L. (2015). Aquaporins in plants. Physiol. Rev. 95, 1321–1358. doi: 10.1152/physrev.00008.2015

Maurel, C., Verdoucq, L., and Rodrigues, O. (2016). Aquaporins and plant transpiration. Plant Cell Environ. 39, 2580–2587. doi: 10.1111/pce.12814

Mitani-Ueno, N., Yamaji, N., Zhao, F. J., and Ma, J. F. (2011). The aromatic/arginine selectivity filter of NIP aquaporins plays a critical role in substrate selectivity for silicon, boron, and arsenic. J. Exp. Bot. 62, 4391–4398. doi: 10.1093/jxb/err158

Murata, K., Mitsuoka, K., Hirai, T., Walz, T., et al. (2000). Structural determinants of water permeation through aquaporin-1. Nature 407, 599–605.

Neely, J. D., Christensen, B. M., Nielsen, S., and Agre, P. (1999). Heterotetrameric composition of aquaporin-4 water channels. Biochemistry 38, 11156–11163. doi: 10.1021/bi990941s

Ozu, M., Dorr, R. A., Gutiérrez, F., Politi, M. T., and Toriano, R. (2013). Human AQP1 is a constitutively open channel that closes by a membrane-tension-mediated mechanism. Biophys. J. 104, 85–95. doi: 10.1016/j.bpj.2012.11.3818

Pérez Di Giorgio, J., Bienert, G. P., Ayub, N., Yaneff, A., Barberini, M. L., Mecchia, M. A., et al. (2016). Pollen-specific aquaporins NIP4;1 and NIP4;2 are required for pollen development and pollination in Arabidopsis thaliana. Plant Cell 28, 1053–1077. doi: 10.1105/tpc.15.00776

Pérez Di Giorgio, J., Soto, G., Alleva, K., Jozefkowicz, C., Amodeo, G., Muschietti, J. P., et al. (2014). Prediction of aquaporin function by integrating evolutionary and functional analyses. J. Membr. Biol. 247, 107–125. doi: 10.1007/s00232-013-9618-8

Pierson, E. S., Miller, D. D., Callaham, D. A., Shipley, A. M., Rivers, B. A., Cresti, M., et al. (1994). Pollen tube growth is coupled to the extracellular calcium ion flux and the intracellular calcium gradient: effect of BAPTA-type buffers and hypertonic media. Plant Cell 6, 1815–1828. doi: 10.2307/3869910

Pina, C., Pinto, F., Feijo, J. A., and Becker, J. D. (2005). Gene family analysis of the Arabidopsis pollen transcriptome reveals biological implications for cell growth, division control, and gene expression regulation. Plant Physiol. 138, 744–756. doi: 10.1104/pp.104.057935

Pommerrenig, B., Diehn, T. A., and Bienert, G. P. (2015). Metalloido-porins: essentiality of Nodulin 26-like intrinsic proteins in metalloid transport. (2015). Plant Sci. 238, 212–227. doi: 10.1016/j.plantsci.2015.06.002

Preston, G. M., Carroll, T. P., Guggino, W. B., and Agre, P. (1992). Appearance of water channels in Xenopus oocytes expressing red cell CHIP28 protein. Science 256, 385–387. doi: 10.1126/science.256.5055.385

Qin, Y., Leydon, A. R., Manziello, A., Pandey, R., Mount, D., Denic, S., et al. (2009). Penetration of the stigma and style elicits a novel transcriptome in pollen tubes, pointing to genes critical for growth in a pistil. PLoS Genet. 5:e1000621. doi: 10.1371/journal.pgen.1000621

Safiarian, M. J., Pertl-Obermeyer, H., Lughofer, P., Hude, R., Bertl, A., and Obermeyer, G. (2015). Lost in traffic? The K+ channel of lily pollen, LilKT1, is detected at the endomembranes inside yeast cells, tobacco leaves, and lily pollen. Plant Traffic Transp. 10:47. doi: 10.3389/fpls.2015.00047

Sharma, B., and Bhatla, S. C. (2013). Accumulation and scavenging of reactive oxygen species and nitric oxide correlate with stigma maturation and pollen–stigma interaction in sunflower. Acta Physiol. Plant. 35, 2777–2787. doi: 10.1007/s11738-013-1310-1

Sommer, A., Geist, B., Da Ines, O., Gehwolf, R., Schäffner, A. R., and Obermeyer, G. (2008). Ectopic expression of Arabidopsis thaliana plasma membrane intrinsic protein 2 aquaporins in lily pollen increases the plasma membrane water permeability of grain but not of tube protoplasts. New Phytol. 180, 787–797. doi: 10.1111/j.1469-8137.2008.02607.x

Soto, G., Alleva, K., Amodeo, G., Muschietti, J., and Ayub, N. D. (2012). New insight into the evolution of aquaporins from flowering plants and vertebrates: orthologous identification and functional transfer is possible. Gene 503, 165–176. doi: 10.1016/j.gene.2012.04.021

Soto, G., Alleva, K., Mazzella, M. A., Amodeo, G., and Muschietti, J. P. (2008). AtTIP1;3 and AtTIP5;1, the only highly expressed Arabidopsis pollen-specific aquaporins, transport water and urea. FEBS Lett. 582, 4077–4082. doi: 10.1016/j.febslet.2008.11.002

Soto, G., Fox, R., Ayub, N., Alleva, K., Guaimas, F., Erijman, E. J., et al. (2010). TIP5;1 is an aquaporin specifically targeted to pollen mitochondria and is probably involved in nitrogen remobilization in Arabidopsis thaliana. Plant J. 64, 1038–1047. doi: 10.1111/j.1365-313X.2010.04395.x

Sui, H., Han, B. G., Lee, J. K., Walian, P., and Jap, B. K. (2001). Structural basis of water-specific transport through the AQP1 water channel. Nature 414, 872–878. doi: 10.1038/414872a

Tani, K., Mitsuma, T., Hiraoki, Y., Kamegawa, A., Nishikawa, K., Tanimura, Y., et al. (2009). Mechanism of aquaporin-4’s fast and highly selective water conduction and proton exclusion. J. Mol. Biol. 389, 694–706. doi: 10.1016/j.jmb.2009.04.049

Tian, S., Wang, X., Li, P., Wang, H., Ji, H., Xie, J., et al. (2016). Plant aquaporin AtPIP1;4 links apoplastic H2O2 induction to disease immunity pathways. Plant Physiol. 17, 1635–1650. doi: 10.1104/pp.15.01237

Verbavatz, J. M., Brown, D., Sabolič, I., Valenti, G., Ausiello, D. A., Van Hoek, A. N., et al. (1993). Tetrameric assembly of CHIP28 water channels in liposomes and cell membranes: a freeze fracture study. J. Cell Biol. 123, 605–618. doi: 10.1083/jcb.123.3.605

Wallace, I. S., Wills, D. M., Guenther, J. F., and Roberts, D. M. (2002). Functional selectivity for glycerol of the nodulin 26 subfamily of plant membrane intrinsic proteins. FEBS Lett. 523, 109–112. doi: 10.1016/S0014-5793(02)02955-1

Wang, Y., Zhang, W. Z., Song, L. F., Zou, J. J., Su, Z., and Wu, W. H. (2008). Transcriptome analyses show changes in gene expression to accompany pollen germination and tube growth in Arabidopsis. Plant Physiol. 148, 1201–1211. doi: 10.1104/pp.108.126375

Williams, J. H. (2008). Novelties of the flowering plant pollen tube underlie diversification of a key life history stage. Proc. Natl. Acad. Sci. U.S.A. 105, 11259–11263. doi: 10.1073/pnas.0800036105

Williams, J. H. (2012). The evolution of pollen germination timing in flowering plants: Austrobailey ascandens (Austrobaileyaceae). AoB Plants 2012, ls010. doi: 10.1093/aobpla/pls010

Wree, D., Wu, B., Zeuthen, T., and Beitz, E. (2011). Requirement for asparagine in the aquaporin NPA sequence signature motifs for cation exclusion. FEBS J. 278, 740–748. doi: 10.1111/j.1742-4658.2010.07993.x

Wudick, M. M., Luu, D.-T., Tournaire-Roux, C., Sakamoto, W., and Maurel, C. (2014). Vegetative and sperm cell-specific aquaporins of Arabidopsis thaliana highlight the vacuolar equipment of pollen and contribute to plant reproduction. Plant Physiol. 164, 1697–1706. doi: 10.1104/pp.113.228700

Yaaran, A., and Moshelion, M. (2016). Role of aquaporins in a composite model of water transport in the leaf. Int. J. Mol. Sci. 17:E1045. doi: 10.3390/ijms17071045

Yaneff, A., Sigaut, L., Marquez, M., Alleva, K., Pietrasanta, L. I., and Amodeo, G. (2014). Heteromerization of PIP aquaporins affects their intrinsic permeability. Proc. Natl. Acad. Sci. U.S.A. 111, 231–236. doi: 10.1073/pnas.1316537111

Zerzour, R., Kroeger, J., and Geitmann, A. (2009). Polar growth in pollen tubes is associated with spatially confined dynamic changes in cell mechanical properties. Dev. Biol. 334, 437–446. doi: 10.1016/j.ydbio.2009.07.044

Zinta, G., Khan, A., AbdElgawad, H., Verma, V., and Srivastava, A. K. (2016). Unveiling the redox control of plant reproductive development during abiotic stress. Front. Plant. Sci. 7:700. doi: 10.3389/fpls.2016.00700

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Pérez Di Giorgio, Soto, Muschietti and Amodeo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
in Plant Science






OPS/images/fpls-07-01659-g002.jpg
a Avabidopsis halana
NIP pollen aquaporins

7

aiferentl
nip4;1 nip4;2
Sty Knockdoun
e |
{ | dolcisinpoten
water, boric acid . dovelopmentand growth

& other solute transport |,

.

norma siique development

NN 0 SSRHT GOm0 SR

abicopsis thalana
TIP pollen aquaporins

colls
tip5:1 tip1;3.
vegetative knockout
i |
B JO
grain and tube growth under itrogen
¢ deficiency
...,,.mm anspon l
m} ans
normal uuu. development reduced fortiity





OPS/images/fpls-07-01659-g001.jpg
GENE | MS BC | TC | MP [ i F ‘ d l I ! FCraisp | FCsivivp

Log2-ratio

25 -2.0 0.0 K d g 4 25

Down-regulated Up-regulated





OPS/images/cross.jpg
3,

i





OPS/images/logo.jpg
’ frontiers
in Plant Science





