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Research progress on responsive mechanism of
aquaporins to drought stress in plants
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’
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Abstract: As the whole growth process of plants is closely related to water conduction in plants, drought stress is one of
the abiotic stresses severely affecting global crop production, and it is necessary to study drought tolerance mechanism of
plants. Aquaporins ( AQPs) , major intrinsic proteins ( MIPs) present in plasma and intracellular membranes, are ubig-
uitously present in all kingdoms of life, and show their highest diversities in plants. Their roles in facilitating the trans-
port of small neutral molecules across cell membranes in higher plants are now well established. Rich in subfamilies,

AQPs regulate water absorption and transport in plants and count much in maintaining water balance in plants. During
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the recent decade, researchers have focused on the role of AQPs in different physiological processes of plants, especially
in abiotic stress. According to the previous research, AQPs are critical for drought tolerance of plants under drought
stress. The regulation via AQPs is reported as an important way for plants to keep cell water stable and maintain rapid re-
sponse to environmental stresses. Numerous studies have identified AQPs as important targets for improving plant per-
formance under drought stress. However, the regulation mechanism and function of AQPs are quite complicated in the
process of drought tolerance. In addition, the response mechanism and the function of different subfamilies have rarely
been reported. In this review, we provide a brief synopsis of the classification, structure, expression and activity regula-
tion of AQP superfamily across the green plants. Specifically, the expression of AQPs under drought stress is expounded
from the following four aspects: The expression regulation mechanism of response to drought, the temporal and spatial
specificity, the gene expression and protein abundance, and the gene transformation for drought tolerance. Numerous
studies of plant AQPs under osmotic stress conditions have revealed their importance in regulating plant stress
responses. With emphasis placed on the mechanism of AQPs involved in response to drought stress in plants, the author
tentatively proposed a main research direction. Responsive mechanism of AQPs in plants exposing to drought stress

should be further investigated in the coming exploration to provide scientific supports and molecular materials for applica-

tion of AQPs in molecular breeding.

Key words: aquaporin, drought stress, function, water balance, regulation mechanism

5 0 o T EOUE e 5 Al AR W a0 2
— T 5 A A R 0 B 3E 2 AR W K Gy R A
T B0 B8 1 5, PRI I 390 45 3 T Al 40 45 K o3
A BB — ELR BT p ST AR, JKGE T B
(aquaporins, AQPs) , XFR/KFLE 1, FEMNTEE
H ( major intrinsic proteins, MIPs) , A7 F 20 M B
(1) — 2 [ 38 3 2K 4 (26 ~ 34 kDa) , B R W4 5=
A J) 3 7 BE 1, el K AN B/ o (RERR L JR
UH IR ) BRI (CO, =) B, Maurel et
al (1993) ML Fd IF ( Arabidopsis thaliana) 453 25
5 1 MMEY K E & A IR IR R s K o 1 2
g, TEILTTMAR R AR, 7K 433 o 4 A 5T RN 4 A g
AL, WA BIKA 70% ~ 90% Je: it i 20 i
B I B AQPs 3Kk 1% % #) ( Barrowclough et al,
2000) , £ IMPa J& JJ T, AQPs BpFPEEIZ Hii 109 4~
7K43F (Fujiyoshi et al, 2002) ., AQPs REAK #1155
P R T K o3 B B 5, J2 200 0 9 R 48 iR ) K
3z ) E B 7R AR A0 1 T A0 5 R
Py 3 A vh & %5 AR T (Maurel et al, 2008) ,

ABFFE NP2 R IR TR 5 0 PR b
TR RA T LY AQPs Y2 1K YA J5 T £ 240 A £
Y AQPs, AN, b B G MEA 15 AQPs AHCHY
A 52 W 30 17 25 AL A ) e o F 5T E R O 4R T

T $Ek AQPs HE [ R L SR 045
1 M4 AQPs o %

124 B KB 100 Z F AQPs ( Srivastava et al,
2016) , A4 AQPs Jy 4 [A) 1 | 7. 40 i i v S 2544
FRAE, AT IR 94 2 £ 28 . BB N 76 25 1 PIPs ( plasma
membrane intrinsic proteins) V& ¥ 5 N 7E & H TIPs
( tonoplast intrinsic proteins) .2 NOD26 & PN 7EE H
NIPs( nodulin 26-like intrinsic proteins) N Tk
IR PN AE &5 H SIPs ('small basic intrinsic proteins ) |
2% GlpF N 7E 2 1 GIPs( glycerol facilitator-like in-
trinsic proteins) ( Gustavsson et al, 2005) J&& N 7E
# 1 HIPs (hybrid intrinsic proteins) & X PN 7E £ H
XIPs ( uncategorized X intrinsic proteins) ( Danielson
& Johanson, 2008; Javot, 2002; Siefritz et al,
2002) . HAGER & S/ G, HER YK AQPs
#IC GIPs, HEEFIEHIAFAE GIPs 2 15 5 HE WA
KAEWHR B AT G, n] i — 2L 0P 50, B LRI
) JEAZAE ) S B R AFTE XIPs (B 7E & S A
BARKI HIPs (£ 1), Y AQPs(XIPs HIPs
M GIPs) 1 RGE b Fevh 22k | 5 ik — 20 dl i P
G534 K %€ XTPs (HIPs Hl GIPs DIfg, A RGeHE
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Table 1  Aquaporin diversity across green plants ( Viridiplantae) kingdom

%ﬁ] PIPs  TIPs NIPs  SIPs  XIPs HIPs  GIPs ait s
Species Total Reference
ST 13 10 9 3 0 35 Quigley et al, 2001
Arabidopsis thaliana
B S 13 12 5 3 0 33 Chaumont et al, 2001
Zea mays
IKFE 11 10 10 2 0 33 Sakurai et al, 2005
Oryza sativa
A 7 11 8 2 2 30 Shelden et al, 2009
Vitis vinifera
INEE 20 11 4 2 0 37 Forrest & Bhave, 2008
Triticum aestivum Pandey et al, 2013
B 8 4 5 2 2 1 1 23 Danielson et al, 2008
Physcomitrella patens
[ b 28 23 12 7 1 71 Park et al, 2010
Gossypium hirsutum
s Sk 7] 15 17 11 6 6 55 Gupta & Sankararamakrishnan, 2009
Populus trichocarpa
£ 3 2 8 1 3 2 19 Anderberg et al, 2012
Selaginella moellendorffii
R 2 2 9 0 0 13 Grégoire et al, 2012
Equisetum arvense
[iEaR 14 11 12 4 6 47 Reuscher et al, 2013
Solanum lycopersicum
BYCE: 15 11 10 3 8 47 Venkatesh et al, 2013
Solanum tuberosum
PN 22 23 13 6 2 66 Da et al, 2013
Glycine max
PNEES 21 14 15 6 0 56 Diehn et al, 2015; Tao et al, 2014
Brassica rapa
H=i 16 9 4 1 0 30 Laur & Hacke, 2014
Picea glauca
Fiikics 8 11 9 3 3 34 Martins et al, 2015
Citrus sinensis
B 24 18 15 5 0 62 Diehn et al, 2015
Brassica oleracea
E 35 12 13 10 4 2 41 Ariani & Gepts, 2015
Phaseolus vulgaris
BT 10 9 8 4 6 37 Ariani & Gepts, 2015
Ricinus communis
BB 15 17 9 4 6 51 Zou et al, 2015
Hevea brasiliensis
g 18 17 9 3 0 47 Hu et al, 2015
Musa acuminate
(5L 4 14 13 11 3 0 41 Hu et al, 2015
Sorghum bicolor
KFE 19 11 8 2 0 40 Hove et al, 2015
Hordeum vulgare
JERAUAE 9 9 8 4 2 32 Zhi et al, 2016
Hevea brasiliensis
R 16 17 13 2 3 51 Shivaraj et al, 2017
Linum usitatissimum
FE AQPs B LY ZHEPE S it Al id A SR A R TM6) , HA 5 M¥F(LA-LE) #H3%E g 2 A
(LB .LD) Al 3 A~ Hu/bFR (LA (LC \LE) , 533l f F
2 M4 AQPs 4 4 5 BEROFO (P 1:A) . BKPERR LB I LE 45—

BEE BE R SF I & K B2 )7 91 Asn-Pro-Ala, Bl NPA
AQPs F—REH T 6 1> o BSILIRAE(TMI- &, S 5 I8 MK i E K i, 2 Y AQPs 1Y
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HEFHNRE , E SRR BE 80U g A 3 AQP
T RE, [ B IR E 3R 45 T8 B2 A 5 5 02 i
(HB HE) =5 AQPs i P45, H 2 302 2k M
o AQP MR ja] iz i 7K 43 FFLIE /2 H 2 1> NPA
BF 5 6 A B BR Y B, ol an S GG W/
¥5 2 MR (aromatic/Arg, ar/R) DU 4K 2% ¥ £ 1€ T
NPA &4MU 0.8 nm &b, 535l LE F A9 2 4> 2 2
FRFEFEA HB HE 45 1 N FRIR I, A 1
A~ AEF ( Ala-Glu-Phe) 5% AEFXXT 7£ N it 25 £4 45
(Sui et al, 2001) , —£& AQPs ) N 3% /7 7E“ DXE”
FEF R FL NP 5T R A2 (45 5 T C i A7 7E B 5
AQPs WAL PRSFBERR AL A7 A5 (I AS 45 2012)
AQPs YL M 32 2ok IR T HEFH AL N, i NPA JF
H ar/R 458 S5AHEAEH 3 MR EPLE (De et al,
2003; Fujiyoshi et al, 2002; Robinson et al,
1996) . &4~ AQP LA FR W] JE B 57 Y 7K 3 iE
( Fetter et al, 2004 ) , AQPs Y DU {KZEHy | XFTIE
L AQPs YRR 45 #4 0 I 1 1) ) 1 ¢ 35 e AR
(K 1:B,C) . HEARLHWAS 2T FE5ON
[ 19 A= W AR X 24 5% 38 N PE 22 5. Berny et al
(2016) TA R AH LT 40 i B 2 35 PIP2s, 4N AT B
SRR TR B FOK R A AR - L3RR ZmPIP1
M ZmPIP2s B B3 HAE , T3040 M T /K S35 m
DKLt AN ] AL 47 7K G G 28 1B 1Y) 4 FD 45 IR
GRERAEES, SEEMEY AQPs HA i 4:
IRE

3 M4 AQPs R 5 E AT

Y AQPs W5 J7 2 o3 g i S K e ¢ 0
KT, St B rp, AQPs T M52 AQPs &l
HREE T X A 7 O RO Y O XSz
WHEKHNRE W, Gk REEEEQE
AQPs T 1R 1Y 1145 LI F0 2 1 g 1 B i, 5 T
AQPs [J#E17 A 45 W5 1R 1k ( Tornroth-Horsefield et
al, 2005) . = WifR 1k ( Yaaran & Moshelion, 2016) .
PSR AL  pH  Ca™ TEPER (ROS) FHE, H
HIOXAEH) AQPs R I8 I8 45 5 16 P I 7 /Y WF 58 22 4
e PIPs [, ¥ PIPs 15 5% 1k 3= 5 £ Bl AE
B st Z BRI R (T 555 ) AN RS S (B

TR IR A ) LA RSG5 J5 7K - 32 B P36 J5 TR G i 7K1
TR0, PIPs BPE 5 B6E 4% 48 7K 74 45
VIR M PRI A T (AR RN AR ) | A R R A
ARG, PIPs | 147K P60 46 M BT FR 1k | Ca" |
WPEE (ROS) |, Fe &8 17 B 5 7K K ( Zargar et al,
2017) .

4 F R Ml T AQPs B &

TE2T YA, HE COo, 5 AL, Ok
B FBES , B AL T B R A AR ) co, mT
P ( Groszmann et al, 2016) , K4 AQPs FEH ik
R AQPs T HERRAR  AH M bt B 1 &, AT
RUEY AR o & a e EY KRR, +
FL AR A S5 R 2 2 A0 G K i AQPs, il
S8R JT 41 R R B AR [ 119 7K 73 38 48 oF i 3 7K 43 oy 388
(Secchi et al, 2017) , AQPs fEAIHIAR 25 i
IR, — AR b ek i i m, BN 5E R 0%
AR E R R BB T, BABEK
B 11y AQPs Z 4 b F PIPs Ml TIPs, 7 41 i /K
-, PIPs B 5E K 43 W 5 A1 HE, TIPs 67 B¢ I8 5
., A5 200 1t 5 440 1) 5€ 1 15 DL 2 +F ( Fotiadis et al,
2001) . 1510 IR 4f i 32 3% 7 5 B5F, PIPs 1 TIPs
PR R FKEEMZERE H A, PIP1 FI PIP2 A
1o BE ek AR R FEAR R ) 4EAE 2L, HL PIP2
WK WA F e PIPL 38 i /K 43 B9 30 R &
( Surbanovski et al, 2013) , ] PIP2 5% 1F i
KT Z B R EARZM L PIPT HEK
4.1 4 AQPs Mg i F 2 RiXFAEHH

164 R 1k, A Py i S o B b O 4 B AT 5T B
HIZ R —25 AQPs J2 PIPs, T 5T, PIPs %%
2 A ¥E PIPs F 3k A M, DT U 20 A8 4 7K 43 T 2R
M E YK, T5255F W V% B2 (abscisic acid,
ABA) E# ol (R4 7 2 51 PIPs i 14, {H ABA X}
PIPs WA # A G+, A W4 1 ABA figfii PIPs
Foik B A AR N ABA 2] PIPs /Y
Fik, AWFSE ABA Hl HeCL WAL B, J5 5 7 p
AuxRE Fl ABRE JC{ ] GBS 15 5 % i i+ AQPs
FiHEB EERZE (Liu et al, 2016), ABA 43
S it H W PR R4S (Hachez et al, 2014) 148 H
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Fig. 1 Primary structure of AQP (A) (Zargar et al, 2017) , opened conformation of AQP (B)
and closed conformation of AQP (C ) (Maurel, 2007).
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HLUE PIPs ik, ABA [A B REH T Ca™ M J5E pH
B, WM 5 S e s AR R AEH T PIPs
5% iz P4 ( Prado & Maurel, 2013) (& 2), Vin-
nakota et al (2016) fifF 5% & B K A i 52 -5 A i 5
R A0 06 PIP1 RN PIP2 KE D 2635 — %, W M
AT 52 & Al B AL AR T 40 35 05 T A A T g 22
5o ALGR T4 M A B ER L, Y ABA 51E S
LG 19 /K i 38 W % (Assmann & Jegla,
2016) . HE7 AT DAAS [m) Bt 52 ot b <L AR T 40 i
PIPs SEHF5E AQPs A 5 T3 HLH
4.2 AQPs RIEM B =R

T AQPs 1) 3R IE AL S5 HE Y W FP 247 ¢, ik
ST 2 R F B L IR R A G, ET R
JRE T A ST KRS I AQPs e s 4 A
B, REZHEAQPs MFRIBA TR (HA L)
¥, PARGIF AtPIP2;1 F AtPIP2 ;2 6T S ha T
iR T (Jin, 2015) ,{HLA AtPIP1;3 AtPIP1;4
/DB AtPIPs 3 3k 1 B8 N ( Alexandersson et al,
2010, 2005) , 8 RZEEAN IR IT AQPs Fik4s
BWIRE B A T KCE (RS = D RerE PIP W &2
1RG5 (Secchi & Zwieniecki, 2014) ., AQPs £ ] T
T3 N+ IR EE Rl e e A T R R MR
IR ABATS AN A L2 AARAE L, AQPs J2 7K g K
SRR R 20k @ & (Nada & Abogadallah,
2014) , Grondin et al (2016) XM TEMHA T 6 4
JKAE SRR o PIP2; 1, PIP1; 3, PIP2;2, PIP1; 1,
PIP1;2,PIP2;8 Fik W W%, Li et al (2008)
H 15% PEG-6000 4k B /K #, & Bl OsTIP1; 1,
OsTIP1;2 Fl OsTIP4 ;2 M350 w1 4h L4, i e
10 h BHTEA T8 OsTIP2 32, OsTIP4 ;1 ¥1H48 T, 2
JE T, OsTIPA 2 WAeTHEKE . 7T ULKAS TIPs 1A
TR PIPs T 2% 550 T 5T K FG AQPs ik
i, AT RE S T RPIHIR AR A iR i ABA, ABA fig
PETT Ca® MST pH {E, WM, W 5] 3 N sk
P GAE T PIPs Bf% iz 4% WITTAR 58 -4
W Z K5y
4.3 AQPs WRIZFMELQFE

T AQPs Ik HHEH FEX T 7 a2
FEHEN TR B R 2%, Jang et al (2017) A L FE 5T
AQPs F= B2 I P8 #5061 B 45 1 WK RE I I A

W sem, — Bk Ul A T R4~ , PIP2 £
2 MR, [FEE PIP1 SR H PIP I FJE
HWKRe AW BIE R, SR, NeTIP1 78 1 %
W IR B 5 0 R BT R R A O, H R
o 7E T AR R B R A 7 T A
W EE(ESE RS, 2013), fETR&MHT,
LR SR S Bl R B NeTIP 30 ] A o
B, 2 W A A K G R A S T AR
NeTIP1 TETH 52 5 A b 68 45 & 4l 9t 2 1%, nl Ak 2
PR A HL G 3k 0] 3 3 90 2 398 5k, DA T R 2 400
SR K A 38 i, AR AN R, Bk
K LR F R R EZ N TSR F
HISENR , FEAS AT 52 S A e AQPs XF 1 5 k38 Y
Wi 07 5 2 5, 5 s 12 3k DR ) 2 it ol 9 TR 7 B B
TR AR S SR T BEAEEANTR] A R E
— 05T, MR R AQPs 4 i 5 &b B i
AQPs I A TR H =F B L9 T 7K R (Devi et
al, 2016) , A UL AQPs JER RIAME A FE 5
Be SAF T (R 7K 43R 00 8] 19 P 7R 3K 2R v S B
4.4 AQPs EE R 2L

W AQPs FER R BB AE Y 5 R IR I,
WL B I3 AQPs 3 335 1 45 = AF 40 1 it 2 1k
{H HASN AEAS TR A ) RIS [R] AQPs 36 [H I A — 5,
TR A BT, NePIP1 ;1 F NePIP2 31 7545 ( Nicoti-
ana tabacum) 1 FEIR T P, A0 FL AR H B 0% KR
TRE, MAEARSNRIE T, 45 [ B3R K 1 K GE JE
TP B S ARG T A 3k A K S P, R Vi
PIP1;1 F1 NePIP2 51 LA S U8 DY 2R 44 19 JE 5 4l ik
18 iB ( Mahdieh et al, 2008) . B AT B 5 Y5 /K i E
FEASEH AR Y At R 5E B 7R Y N BE HE
PAE A AT BE R M [ B P 8 30 A L
Lian et al (2006) & 50w 5 k0 19 )2 sl 7 36 ik
82 37 B K 43 W 38 5 5 1L M B SR AE PO Os-
PIP1 ;3 JE P — e 5% AL AR Mo A Bt 52 K A 5 A, 7T B
B SRR R, R T R0, A R #h
B[] 4 90 & Bl AQPs 3 IR Y 26 35 1T RE A ],
Zhuang et al (2015) WF5¢ & FaPIP2;1 TE4URI T
Tk gk, TR R 55 5L DR Y b AR LR R T
Ay R AR S K R AR R B A R R
it o B 3% o, LT R B2 R . Martins et al
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(2017) BF5E K MG CsTIP2 ;1 A8 M5 vh it 365k
FEIEN A YITE T 5 T W8 B9 bt S A6 AE N A B8
R fE AR L H Li et al (2015) BF 58 & 3
AcPIP2 TE40L B % ik & 3k, B o T L 0 52 4k
Lee et al (2009) fff 55 & B+ 5 ol 36 175 5 L K 48
BT RmalH, R4 € 12 3R & 20 E3, 02 R
W AQPs KK, THF KA AQPs it Fikfe
WEE 3 $2 A P i S, T RE T AQPs $E AR R
KAriaH A ER ., WL AQPs JE I (1 Tiif
AL AL L AR B B R 2

5 KZ

AR, AQPs b FRIE L H 5+ SR B 1) 56
RIEH RN Z BRI E S, AQPs T2
N ERLEIAESY , 7T BB LA T LS . (1) &5 X% FF
FE T AQPs B I Z B sk HE b iR A
PAEE TR AL B R 6 A % LI PR S e T
F2 0 VE AL TA P, 3 A 23 B i) B 3 26 AL
PR A BT 0E— 20 AQPs, i, AQPs B 5
PR AR AL O, AT AL 5 i F AL AR .48
AQPs KBTI AE, (2) &5 TREMT,
AQPs B 5% = 4 1E PIPs I TIPs, Hi g IV AU 3k
T REAF o2 L /0 | Lo R 7E & 8 RS A T AE AR 1Y
GIPs 5HLFEHLHI A TLC KR, (3) 8 F 0 58 5 A
T, AQPs HLRE J By V- 1l A5 4 240 MK 43, an SR R 4
AQPs LR T F2 550 598 1% 8 15 W) ot (H 88 0 B
O-B MRV M ) 45 A LR WF 5T, T RE S 4 MR W 3
WmE TR T2 BB TR R M
PEAEBT R PR, (4) BF5EE 35 R
A F o s AR PR R A R 0 4 R
BRI ZE AL, (5) BEEMFHE AR K
Ji&  TESED A | S A RN 1 B ALK OF B AR
P Sy e 5 TR R R 1% B U0 R B AR B AR A X
TR RS HIE AQPs 1EL Y T F 8 Y
AR IRe SR FALH A R L,

SE .
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