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Research progress on biological functions of plant aquaporins in water-fertilizer-gas
collaborative transportation
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Abstract: [Significance] Plant aquaporins (AQPs) are not only key channels for transmembrane water transport
but also facilitate the transport of urea, NH3, CO,, and other nutrients and gases, serving as crucial molecular nodes
linking water, nutrient, and gas exchange in plants. However, the systemic integration mechanisms of AQPs in coor-
dinated water—nutrient—gas transport have not been comprehensively summarized, limiting an in-depth understanding
of crop resource use efficiency and stress regulatory networks. Therefore, systematically elucidating the multifunc-
tional specialization, tissue localization, and dynamic regulation of AQPs is of great theoretical and applied significance
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for revealing the molecular basis of integrated water—nutrient—gas transport in plants. [Progress] Based on a compara-
tive genomic analysis of 2 134 AQP family members identified from 51 plant genomes, combined with evidence from
Xenopus oocyte and yeast heterologous expression systems and genetic and physiological studies in Arabidopsis, rice,
maize, and other plants, it has been established that AQP family size is driven by both whole-genome polyploidization
and habitat adaptation. In drought-tolerant species, the PIP and TIP subfamilies are significantly expanded; NIPs are
markedly enriched in legumes; and XIPs are completely lost in grasses and certain other lineages. Structurally, the
central hydrophobic pore of the AQP tetramer is the preferential diffusion pathway for CO,, whereas the monomeric
NPA pore is responsible for the transport of water, urea, and other small molecules. Functionally, plasma mem-
brane-localized PIPs coordinate water uptake and photosynthetic CO, supply; tonoplast-localized TIPs participate in
urea storage and H»O, detoxification; and NIPs mediate root uptake of urea, NH3, boron, and silicon. Phosphorylation
acts as a core switch for dynamic coordination: phosphorylation of AtPIP2;1 by AtOST1/AtBAKI can simultaneously
enhance stomatal CO, conductance and water transport efficiency. Under drought stress, ABA signaling closes water
channels while maintaining CO, permeability through the central pore, thereby achieving water conservation while
sustaining carbon assimilation. Overexpression of OsPIP1;3, ZmPIP2,5, and other genes significantly improves plant
water use efficiency, nitrogen uptake, and net photosynthetic rate. Taken together, through subfamily functional spe-
cialization and dynamic regulation such as phosphorylation, plant AQPs constitute molecular hubs of an integrated
water—nutrient—gas transport network. [Prospect] Future studies should further integrate cryo-electron microscopy,
molecular dynamics simulations, and single-cell spatiotemporal omics to dissect AQP substrate selectivity, gating
mechanisms, and their fine regulatory networks at cellular and organ scales. Meanwhile, precision engineering of key
PIP, TIP, and NIP members through gene editing and synthetic biology should be strengthened to create crop
germplasm with coordinated high water—nutrient—gas use efficiency and enhanced stress tolerance, thereby promoting
the translation of AQP functional studies from model plants to breeding applications in major crops.
Keywords: plant aquaporin; water transport; nutrient uptake; gas exchange; molecular mechanism
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Table 1 Classification of aquaporins in different plant species

TP TR b T X4 PIP TIP NIP SIP XIp AQP Z2 R
MAREE Selaginella moellendorffii 3 2 8 1 3 17 [18]
g7 A5 Vicia sativa 4 6 7 4 0 21 [25]
K Hordeum vulgare 11 7 4 0 0 22 [26]
NS TG Physcomitrella patens 4 5 2 2 22 [10]
R F4 Ananas comosus 7 8 7 1 0 23 [22]
K- Zostera marina 8 8 5 0 25 27
BT Phyllostachys edulis 10 6 8 2 0 26 [28]
fiiEa Beta vulgaris 7 8 9 3 1 28 [29]
AR Brachypodium distachyon 10 10 7 1 0 28 [23]
Ey 1IN Carica papaya 10 7 7 2 2 28 [30]
HHE Vitis vinifera 11 8 2 0 29 [31]
Bk Prunus persica 8 9 3 2 29 [30]
AR Elaeis guineensis 10 9 2 0 30 [30]
EH R Cucumis melo 12 8 8 2 1 31 [32]
EoK Zea mays 13 11 4 3 0 31 [33]
JRR R Jatropha curcas 9 9 7 4 3 32 34]
IKFE Oryza sativa 11 10 10 2 0 33 35]
KIEF Capsella grandiflora 13 9 9 3 0 34 36
M Citrus sinensis 8 11 9 3 3 34
ENEaPAS Arabidopsis thaliana 13 10 9 3 0 35
1N Citrullus lanatus 16 8 8 2 1 35
RAFF Capsella rubella 14 11 9 3 0 37
T Eutrema salsugineum 14 11 9 3 0 37
B PR Ricinus communis 10 9 8 4 6 37
TSR Citrus clementine 14 10 9 3 1 37
ZEMH-PLEE I Arabidopsis lyrata 13 12 10 3 0 38
K Cucumis sativus 19 8 9 2 1 39
R =42 Picea abies 18 6 13 2 0 39
LR Fragaria vesca 10 9 14 4 2 39
JE I Cicer arietinum 8 13 15 4 0 40
KE Cajanus cajan 12 13 10 4 1 40 [30]
X Phaseolus vulgaris 12 13 10 4 2 41 [43]
= Sorghum bicolor 14 13 11 3 0 41 [44]
RE Manihot esculenta 14 13 9 2 4 42 [45]
H e Saccharum officinarum 24 13 3 2 0 42 [46]
INK Setaria italica 12 15 12 3 0 42 [23]
HHE Musa acuminata 18 17 9 3 0 47 [47]
] Solanum lycopersicum 14 11 12 4 6 47 [48]
oA Solanum tuberosum 15 11 10 3 8 47 [21]
1 Bt Hevea brasiliensis 15 17 9 4 6 51 [34]
NIA Linum usitatissimum 16 17 13 2 3 51 [49]
By Populus trichocarpa 15 17 11 6 6 55 [50]
Rz Brassica oleracea 24 15 14 4 0 57 [36]
TH Brassica rapa 22 16 13 6 0 57 [51]
LN Gossypium raimondii 26 13 10 6 3 58 [52]
K& Glycine max 22 23 13 6 2 66 [53]
I Panicum virgatum 21 20 23 4 0 68 [23]
[ s Gossypium hirsutum 28 23 12 7 1 71 [54]
JHEE Nicotiana tabacum 29 35 3 5 4 76 [55]
VHURHOS Olea Europaea 28 25 14 6 5 78 [56]
H s A h e Brassica napus 43 35 32 11 0 121 [19]
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Table 2 Physiological roles of aquaporins in different species
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HIFE AtPIP2; ] FFSF 1 umol- L' IAA 4bFE 48 hs FERFRRZEIR AR H I [98]
10 pmol L XA H R TR (PCIB)
LEFE 24 h
[l CpPIP2 TR 4 MORFIRERATAS SRS AL AR BRI B i S [99]
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(SNP) ik I
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FIA RsPIP2; 1 (PRI Fr K34 55
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Subfamily division of labor

2 EYKBEEBREK-B-S—fHEH+
B9 FHLHIREY

PMERF LR Z BT AQP L — s/ b4
BIRE, EEAR HAE K 7 I8 e AT g i A R
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Molecular mechanism model of "water-fertilizer-gas" synergistic transport via APQs
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