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676  |  Xu et�al.

Response of OsPIP1;2 to ambient and elevated [CO2]

We determined the growth of the OE lines and the WT under 
ambient and elevated [CO2] over 4 weeks (Fig.�4). Compared 
with ambient [CO2], the total dry weight of the OE lines and 
the WT were signi�cantly higher in the presence of an ele-
vated [CO2]. Moreover, the total dry weight of the OE lines 
was 13�18% and 15�20% higher than that of the WT under 
ambient and elevated [CO2], respectively (Fig.�4C,�D).

Carbohydrate content and sucrose transport under 
ambient and elevated [CO2]

Phloem sucrose transport and sucrose content were measured 
in the WT and OE lines under ambient and elevated [CO2] 

(Fig.�5). The shoot sucrose content, root sucrose content, ratio 
of root/shoot sucrose, and phloem sucrose transport activity 
in the OE lines were 10�18%, 17�20%, 10�15%, and 18�21% 
higher, respectively, than those of the WT under ambient [CO2]. 
Under elevated [CO2], the shoot sucrose content, root sucrose 
content, and ratio of root/shoot sucrose of the OE lines were 
19�28%, 24�34%, 11�20%, and 13�16%, respectively, higher 
than those of the WT. Phloem sucrose transport activity in the 
OE lines was 13�16% higher than that in the WT (Fig.� 5), 
indicating that the OE lines allocate more carbon from source 
to sink. Therefore, we investigated phloem sucrose transport 
from shoot (source) to panicle (sink). The panicle sucrose con-
tent of the T4-, T5-, and T6-generation OE lines was 41�49%, 
51�66%, and 37�50% higher than that of the WT, respectively 
(Table�2); this may in�uence the rice�yield.

Fig.�3.  Net rate of CO2 assimilation response curves and parameters. Rice plants were grown under ambient [CO2] in growth chambers for 4 weeks. 
(A) The response of the net rate of CO2 assimilation to the substomatal CO2 concentration (Ci) (n=5). (B) Electron transport rate (Jf) (n=5). (C) Stomatal 
density on the adaxial and abaxial surfaces of leaves (n=15). (D) Mesophyll CO2 conductance (gm) of rice plants (n=5). All values are means –SD; different 
letters indicate signi�cant differences (P<0.05). (This �gure is available in color at JXB online.)

Table�1.  Net rate of CO2 assimilation parameters of rice plants under ambient [CO2]

Anet

(�mol CO2 m�2 s�1)
Ci

(�mol 
CO2�mol�1)

Cc

(�mol CO2 mol�1)
Vcmax

(�mol CO2 m�2 s�1)
Jmax

(�mol photons m�2 s�1)

WT 28.05�–�1.3b 305�–�9a 158�–�16b 55.9�–�4.8b 242�–�11a
OE1 33.43�–�1.6a 267�–�18b 198�–�15a 71.8�–�4.6a 251�–�9a
OE2 32.95�–�1.5a 272�–�16b 204�–�8a 74.1�–�5.8a 246�–�17a
OE3 33.19�–�1.1a 265�–�14b 205�–�10a 72.4�–�6.5a 248�–�26a

Rice plants were grown under ambient [CO2] in the chamber for 4 weeks. Values are means –SD (n=5). Different letters indicate signi�cant differences at 
the P<0.05 level in rice plants. Anet, net rate of CO2 assimilation; Cc, chloroplastic CO2 concentration; Ci, substomata CO2 concentration; Jmax, maximum 
electron transport rate; Vcmax, maximum Rubisco activity. 
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Rice aquaporin OsPIP1;2 regulates grain yield  |  677

Alteration of OsPIP1;2 expression affects rice 
grain�yield

To examine the in�uence of OsPIP1;2 on rice grain yield, 
OsPIP1;2 WT and OE lines were cultivated in a �eld (Fig.�6; 
Table�2). The agricultural traits of the T4�T6 generations of 
the OE lines and the WT were investigated at Nanjing City, 
Jiangsu Province and Sanya City, Hainan Province from 2016 
to 2017 (Table� 2). The e�ective tiller number and spikelets 
per panicle of the OE lines were 17�40% and 12�23% higher 
than those of the WT. The grain yield of the OE lines was 
enhanced by 13�25% (T4 generation) at Nanjing, by 18�23% 
(T5 generation) at Sanya, and by 13�36% (T6 generation) at 
Nanjing, relative to the WT (Fig.�6). Therefore, overexpression 
of OsPIP1;2 enhances rice yield in the��eld.

Discussion
We report here that overexpression of OsPIP1;2 enhances the 
net CO2 assimilation rate by improving CO2 di�usion in the 
leaf, which increases the growth and yield of rice plants. Rice 

OsPIP1;2 belongs to the PIP1 family, among which PIP1;2 
had a function in CO2 di�usion in tobacco and Arabidopsis 
(Uehlein et�al., 2003; Heckwolf et�al., 2011; Sade et�al., 2014). We 
reported previously that oocytes transfected with OsPIP1;2 did 
not show water-transport activity (Ding et� al., 2016), suggest-
ing that water transport activity was not enhanced in the OE 
lines. Interestingly, the amino acid sequences of OsPIP1;2 and 
other aquaporins related to CO2 permeability are highly con-
served (Supplementary Fig.�S2). According to Mori et�al. (2014), 
OsPIP1;2 had the same amino acid residue at the C-terminal 
end of the E-loop as barley aquaporin, which was permeable to 
CO2 in the Xenopus laevis oocyte expression system. In addition, 
the relative expression of OsPIP1;2 was signi�cantly increased 
under elevated [CO2] (Fig.� 1). Therefore, OsPIP1;2 may be 
associated with CO2 permeability. In addition, gm related closely 
to the modi�cation of aquaporins in tobacco and Arabidopsis 
(Uehlein et�al., 2003; Heckwolf et�al., 2011; Sade et�al., 2014). In 
our study, OsPIP1;2 expression was signi�cantly up-regulated in 
transgenic plants relative to the WT (Fig.�2). The OsPIP1;2-OE 
transgenic rice lines had higher gm and Anet, and the gm of OE 
lines was 1.5-fold higher than that of the WT (Fig.�3D; Table�1). 

Fig.�4.  Growth of rice plants under ambient and elevated [CO2]. Seedlings were grown under ambient [CO2] (400�ppm) or elevated [CO2] (800�ppm) in 
growth chambers for 4 weeks. (A, B) Growth phenotypes of the OE lines and the WT under ambient [CO2] (400�ppm) or elevated [CO2] (800�ppm) for 4 
weeks. Scale bar: 10�cm. (C, D) Total dry weight of the OE lines and the WT grown under ambient [CO2] or elevated [CO2] for 4 weeks. Values are means 
–SD (n=5); different letters indicate signi�cant differences (P<0.05). (This �gure is available in color at JXB online.)
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