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Research and progress on the biological function of plant aquaporin
Nodulin 26-like Intrinsic Proteins
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(College of Resources and Environment, Huazhong Agricultural University / Microelement Research Center,
Wuhan, Hubei 430070, China)

Abstract: Aquaporins (AQPs) are the main channel for water transport across membranes in plants, and studies
on maintaining water homeostasis by AQPs have been widely reported in recent years. Among the seven
subfamilies of AQPs, Nodulin 26-like intrinsic proteins (NIPs), a plant-specific subfamily, have relatively weak
roles in water transport in plants, but play an important function in metalloid transport. The protein structure of
NIPs is highly conserved with two structural domains: the NPA motif and the ar/R selectivity filter, which are
critical for substrate selectivity. NIPs, as typical metalloid transmembrane channel proteins, can be classified into
three subclasses based on the amino acid composition of the ar/R region, including NIP I, NIP II, and NIP III, and
the different subclasses have specificity and redundancy in substrate transport. The NIP I subfamily mediates the
transport of arsenic and antimony, the NIP II subfamily is involved in the transport of boron, arsenic and

germanium, and the NIP III subfamily transports silicon, selenium, boron, arsenic, antimony and germanium.
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NIPs enhance plant resistance to adversity stress by regulating essential and beneficial metals (boron, silicon and
selenium). NIPs regulate harmful metalloids (arsenic and antimony) to ensure food safety and human health by
reducing their distribution to seeds on the one hand, and to achieve environmental remediation by hyper-
enrichment in plants on the other hand. In addition, as a multifunctional channel protein, NIPs can transport
hydrogen peroxide, glycerol, lactate, urea, and ammonia, which play a role in plant signal transduction and various
physiological and metabolic activities. With global warming and frequent occurrence of extreme weather, plants
will face greater challenges during growth and development. Therefore, NIPs can be considered as target genes for
breeding highly resistant crops based on their multiple substrate selectivity and functional diversity. The
expression of NIPs in plants is organ-, tissue- and cell-specific, and the abundance of their expression and protein
activity are tightly regulated at the transcriptional and protein levels. To further understand the biological
functions of NIPs in plants, it is necessary to clarify their regulatory mechanisms. In summary, based on the
introduction of the structure and classification of NIPs, this paper focuses on their substrate transport and related

biological functions and regulatory mechanisms. It aims to provide key candidate genes for enhancing crop

resistance and improving crop yield and quality through genetic engineering techniques.

Key words: aquaporins; NIPs gene; substrate; metalloid; biological function; regulatory mechanism
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Fig. 1 Schematic diagram of structure of NIPs monomer protein
e A1 B 4r 3R AINIP3;1 (Atlg31885) MY R ESM A =R 5 . B H B =454 i Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/

html/page.cgi?id=idex) M3 HM, It PyMOL 3.0 #1735k

Note: A and B represent the secondary and tertiary structures of the AtNIP3;1 (At1g31885) protein, respectively. The tertiary structure of the protein
is predicted by the Phyre2 website (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) and beautified by PyMOL 3.0 software.
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Table 1 Substrate transport and function of NIPs family genes in plants

NIPIF % HHAR JEY) o4 S ik
NIP subfamily Protein name Substrate Function Reference
I ANIPL;1 H.AsO,; H,SbO;; Wedbcs i iy A [54, 64,72, 75]
H,0,; Al-Mal Uptake; Response to oxidative stress
I ANIP1;2 Al-Mal; H,AsO, RS2 M [54, 70]
Improve aluminum toxicity tolerance
I ANIP2;1 C.H,0, M F3RAME [87-88]
Mediate lactic acid efflux
I ANIP3;1 H,AsO; Z 5a o i bR [51]
Involve in arsenite uptake and transport to shoot
I ANIP4; 1 H,0; H,0,; H,BO, ; S 58 S AR (19]
CH,N,O; C,H,0,; NH Involve in pollen development and pollination
I AtNIP4;2 H,0; H,0,; C,H,0; Z5IEHE K [19]
Involve in pollen tube growth
I OsNIP1;1 H,AsO;; H,0 A BT [18, 60]
Inhibit xylem loading of arsenite
I OsNIP1;2 Al-Cys - NFRAR AT [73]
Mediate internal detoxification of aluminum
I FaNIP1;1 H,0; H,0,; H,BO; RPN 7 SR IVER AR s [16]
Maintain fruit expansion; Response to oxidative stress
I LjNIP1;5 C,H,0, i v 538 Response to drought stress [85]
I CsNIP5; 1 H,0 PR K 23 [17]
Regulate the water balance of citrus
1l ANIPS;1 H,BO,; H;AsO; H,0; CHN,O 8l T & 5HliFIRZ Wik [10, 52, 78]
Participate in boron and urea absorption under
boron deficiency conditions
i AtNIPG; 1 H,BO,; H,AsO, ; CH\N,0; 5t LR i A i [23,52,79]
C,H;0,; CH;NO Responsible for shoot boron transport and distribute
il ANIP7;1 H,BO,; H,AsO; ; SH5MIMNERT [30, 53, 80]
CH,N,0; C,H,0, Involve in pollen outer wall development
II OsNIP3;1 H.BO,; H,AsO, #3210 Transport and distribute [28, 61]
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2£3 1 Table 1 continued
NIPIIV % HAAR Y e E =B U
NIP subfamily  Protein name Substrate Function Reference
il OsNIP3;2 H,AsO,; H,0, Z: 5 AR [18, 59]
Participate in the absorption of a
rsenite by lateral roots
1 OsNIP3;3 H,AsO,; H,GeO,; H,0 ; H,0, ANHIA PR [18, 60]
Inhibit xylem loading of arsenite
I ZmNIP3;1 H.BO; W RT (311
Regulate inflorescence development
II BnaA3.NIP5;1 H,BO, B TERRARBNR W AR AR 22 K [26-27]
Responsible for root tip uptake boron
to promote root elongation
II BnaA2.NIP5;1 H,BO, Z 50 ) L g2 [27]
Involve in boron uptake and transport to the shoot
1 BnaA2.NIP6;la H,BO, TR ELE (32]
Regulate the development of flower organs
i} CmNIPS;1 H,0 2 5ENIT R R K s [15]
Involve in water transport during the
cracking process of Cucumis melo
il OsNIP2;1 H.Si0,; H,SeO,; H;AsO;; H,SbO; WA AMHE Uptake and efflux [14, 18,29, 34, 47,
H,GeO,; H,0; CH,N,O; MMA; DMA 56,57, 58, 65]
111 OsNIP2;2 H,SiO,; H,AsO, 32 F1 4B Transport and distribute [35, 37, 56]
11 ZmNIP2;1 H,SiO,; CH\N,O WS FI%%i2 Uptake and transport [38, 82]
1l ZmNIP2;2 H.SiO, I [38]
Unloading silicon from the xylem
11 ZmNIP2;4 CHN,O W SCRIF% 32 Uptake and transport [82]
111 HVNIP2;1 H,SiO,; H,BO,; H;AsO; MR RRE M s A AR [18,29, 39]
H,GeO,; H,O Enhance boron toxicity adaptability;
Mediate silicon uptake
11 HVNIP2;2 H,Si0,; H,0 Z 5RO Z [18, 40]
Involve in silicon uptake and transport
it TaNIP2;1 H,SiO,; H;AsO, W USCFIFS iz Uptake and transport [41, 55]
I CsNIP2;1 H,SiO,; CH.N,0 Mz Uptake [42, 81]
111 SINIP2;1 H.,SiO, IS HEW UL Mediate silicon absorption [43]
1l SNIP2;1 H,SiO, WA AR RIE (5> [44]
Response to abiotic stress signals
11 CmNIP2;2 H,0 Z 5T 2R IR iz [15]
Involve in water transport during the
cracking process of Cucumis melo
11 CsNIP2;1 H,SeO; ARSI (48]

Medlate the uptake of selenium in Camellia sinensis

W AT, Os—KFRE; Zm—EK; Hv—KZE; Ta—/NE; Bna—HEANMN,; Fa—%4Ai; Cm—HlJR; Cs—H7 .

SI—3jili; St—HH4A%,; Li—Gntm kiR,

Note: At— Arabidopsis thaliana; Zm—Zea mays; Hv—Hordeum vulgare; Ta—Triticum aestivum; Bna—_Brassica napus; Fa—Fragaria ananassa;

VNP S

Cm—Cucumis melo; Cs—Citrus. Cucumis sativus . Camellia sinensis; Sl—Solanum lycopersicum; St—=Solanum tuberosum; Lj—Lotus japonicus.
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Fig. 2 Pattern diagram of biological functions of NIPs in plants
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