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Abstract: In plants, aquaporins (AQP) occur in multiple isoforms in both plasmalemma and tonoplast
membranes resulting in regulation of water flow in and out of cells, and ultimately, water transfer
through a series of cells in leaves and roots. Consequently, it is not surprising that physiological and
molecular studies have identified AQPs as playing key roles in regulating hydraulic conductance
in roots and leaves. As a result, the activity of AQPs influences a range of physiological processes
including phloem loading, xylem water exit, stomatal aperture and gas exchange. The influence of
AQPs on hydraulic conductance in plants is particularly important in regulating plant transpiration
rate, particularly under conditions of developing soil water-deficit stress and elevated atmospheric
vapor pressure deficit (VPD). In this review, we examine the impact of AQP activity and hydraulic
conductance on crop water use and the identification of genotypes that express soil water conservation
as a result of these traits. An important outcome of this research has been the identification and
commercialization of cultivars of peanut (Arachis hypogaea L.), maize (Zea mays L.), and soybean
(Glycine max (Merr) L.) for dry land production systems.

Keywords: aquaporins (AQPs); water deficit stress; high vapor pressure deficit (VPD);
limited-transpiration (TRy;y,) trait

1. Introduction

Aquaporins (AQPs) play critical roles in controlling water transfer into and out of plant cells,
which is crucial in the transport of water in and around plants, and in maintaining cell viability.
The activity of plant AQPs appears to be intimately linked to expressions of plant tolerance to biotic
and abiotic stresses [1]. Drought, in particular, is often the most limiting abiotic stress causing crop
yield losses because nearly all crops suffer from at least short periods of drought sometime during their
growing cycle [2]. Total annual crop damage from drought in the United States has been estimated at
$6 to $8 billion [3].

The opening and closing of the AQP gates [4] result in the control of water transport across cell
membranes and through a series of cells. AQPs are present both in the plasma membrane of plant cells
and in tonoplast membranes that enclose vacuoles, which often account for the majority of plant cell
volume. Consequently, AQPs play important roles in the overall determination of both plant water
balance, including osmoregulation, single-cell expansion, and long-distance transport [5], and effective
plant water use [6-8].

As a result of AQP sensitivity to variables such as temperature and cell water status, plant overall
hydraulic conductance and water status are responsive to changes in their environment [8] including
drought and varying atmospheric vapor pressure deficit (VPD). For example, Sakuarai-Ishikawa et al. [9]
showed a close coupling between diurnal changes in rice (Oryza sativa L.) transpiration rate and root
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conductance. Their conclusion was that conductance was responsive to transpiration rate. The transpiration
rate demand triggered an increase in gene expression related to AQPs activity.

2. Plant Water Use

Crop growth is intimately linked to transpiration and little can be done to alter this
relationship [10]. The timing in the use of the available water can, however, be critical in determining
the yield outcome in differing approaches to water use [11]. Aggressive water use with maintenance of
open stomata allows immediate sustained growth but requires timely rainfall or irrigation to avoid the
rapid development of severe water-deficit stress. In contrast, conservative approaches in the timing
of water use avoid severe stress, but the crop may suffer from lost productivity during periods of
partial stomatal closure when transpiration rate is restricted. On balance, simulation analyses over
many growing seasons have clearly shown a major yield advantage in most cases resulting from the
conservative approach [12,13]. This outcome was obtained due to the benefit of having adequate water
at the end of the growing season to sustain physiological activity and complete grain production.

Identification of specific plant traits associated with AQP activity needs to be done in the context
of the temporal water use over the entire growing season. For example, traits that might be expected to
improve plant survival of a severe drought period likely do not offer a useful approach for season-long
use of available water by annual crops. This results because survival of annual crops during a period
of low water availability still means economically devastating yields for the grower due to the overall
lack of water to support crop growth. Also, misunderstandings in the seasonal dynamics of water
use extend to attempts to relate AQP expression based on one-time, short duration (hours) studies in
extrapolating AQP activity to the seasonal dynamics of water use by crops in the field. For example,
a change in the level of an AQP in response to an osmotic stress [14] cannot be used to predict the
overall yield response to the temporally dynamic changes in water-deficit in the field.

To ameliorate the impact of drought on crop yields, the critical need is commonly to improve crop
performance in expectation of developing soil water deficits. The traits that appear to be particularly
desirable to improve yield performance under water-deficit conditions generally are associated with
limiting water use by the crop early in the growing season so that water is conserved for use later in
season to sustain plant productivity during reproductive development [15-18]. To achieve soil water
conservation early in the growing season there are two prime mechanisms for water conservation,
both of which appear to be closely related to AQPs activity: (i) transpiration sensitivity to soil drying
and (ii) transpiration sensitivity to high atmospheric vapor pressure deficit (VPD). The functioning
of these mechanisms seems to be directly related to AQPs-regulated hydraulic conductance in plant
tissue. The consequence of both mechanisms invokes decreasing gas exchange and protection of the
hydraulic system of the plant to prevent severe plant dehydration [8].

3. Hydraulic Conductance

Hydraulic conductance impacts on water flux to and in plant leaves is a critical variable
determining the water supply to support leaf transpiration rate (TR) [19,20]. Stomatal conductance can
adjust to assure that TR matches the water supply so that leaf desiccation is avoided. Under conditions
of limited water supply during drought, partial stomatal closure occurs to balance TR with water flux
into the leaves [21].

Considerable research has been done on changes in plant hydraulic conductance under
water-deficit conditions. Much of this research, however, has been focused on extreme drought
with perennial species. In these cases, embolism formation in xylem vessels occurs when plant water
potential decreases to about —1.0 MPa or less [22,23]. In terms of improving annual crop yields under
water deficit, however, such severe stress levels are not usually relevant.

For annual crop species, decreases in hydraulic conductance in early stages of soil drying
associated with AQP activity, including situations of decrease even before transpiration rate is
decreased, are particularly important [24,25]. These decreases in hydraulic conductance have been
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reported to occur in roots [24,26], leaves [27,28], or both [29] in crop plants. As discussed later, AQP
inhibitors have been used to identify differences among genotypes in crop species to identify lines
with AQP expression linked to desired hydraulic conductance behavior, and potentially increased
drought tolerance.

4. Soil Drying

AQPs are likely to have impacts on crop physiological performance under drought conditions
through their effects on water transport, and ultimately stomatal conductance [8]. A decrease in plant
hydraulic conductance associated with early stages of soil drying allows the possibility of partial
closure of stomata early in the soil drying cycle. The benefit of such behavior for annual row crops is
that soil water conservation is initiated earlier in the soil drying cycle, resulting in decreased rate in
the use of water and allowing for sustained physiological activity as the water deficit and growing
season progresses. In fact, initiation of partial stomatal closure has now been identified in individual
genotypes in nearly all major crop species [10].

One of the more successful efforts in identification of a genotype with the early partial stomatal
closure with soil drying was in peanut (Arachis hypogaea L.) [30]. Nearly all peanut lines, like in most
species, exhibit a decrease in normalized TR in response to soil drying when there is only about 0.3 to
0.4 fraction of transpiration soil water (FISW) remaining in the soil. This threshold for the decrease in
transpiration rate matches the soil water content when hydraulic conductance in the soil decreases
to where it limits water transport to the root [31]. The nearly universal response of TR to soil drying
is illustrated in Figure 1 by ICGV 8699. However, a few peanut lines were found that initiate partial
stomata closure at FTSW > 0.6 as shown by TAG 24 in Figure 1 [32]. The supposition was that the TAG
24 line developed an especially low plant hydraulic conductance and that when coupled with low
soil hydraulic conductance resulted in decreased transpiration rate at higher soil water content than
usually observed.
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Figure 1. Graph of normalized transpiration rate relative to the transpiration rate of well-watered
plants for each genotype plotted against fraction of transpirable soil water for 6 week old peanut plants
grown on mineral soil in 2.4 L pots [32]. These plants were subjected to controlled soil drying over
about 2 weeks. The normalized was done to allow convenient comparison between genotypes ICGV
8699 (a) and TAG 24 (b).
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Within U.S. virginia-type peanut, the breeding line N120060l was found to begin stomatal closure
at a high threshold and was found to be associated with higher yield under drought conditions. This
line is now in the process of commercial release [30].

In rice (Oryza sativa L.), Nada and Abogadallah [33] showed significant difference between indica
and japonica rice cultivars for the threshold for decrease in FTSW with water-deficit stress under a field
condition. Measurements of root and leaf hydraulic conductivity indicated that stomatal conductance
and transpiration rates were more related to root rather than leaf hydraulic conductivity. This study
showed that roots have lower water permeability than leaves under drought. Furthermore, they found
that the differences in AQP expression profiles could account for the significantly higher rates of
transpiration in the indica rice at least at a certain point during the day (i.e., 9:00 and 13:00 in drought
stressed rice, but not at 17:00) compared to japonica cultivars. More importantly, there was a strong
induction of aquaporins by drought in the leaves at 9:00 a.m. in all cultivars that was stronger in indica
rice than japonica rice. The diminished expression of PIP2;1, PIP2;2, andPIP2;4, which have high water
transport activity in roots although they are expressed in leaves to considerably higher levels, would
further intensify the shortage of water supply to leaves at 9:00 (or later during the day) and cause
rapid decline in plant water budget resulting in stomatal depression at midday [33].

Moreover, Sakurai et al. [9] reported that in rice aquaporins, such as OsPIP2;1 and OsPIP2;2,
which are localized both in leaf blades and in roots, may play a constitutive role in water transport in
both organs, irrespective of the diurnal cycle and stress conditions.

5. High Evaporative Demand [or High Vapor Pressure Deficit (VPD)]

Under high evaporative demand, transcellular AQP-controlled water flow may become a
significant determinant of the leaf water balance and stomatal conductance [34]. In achieving this
balance, it is necessary under high VPD conditions to have partial stomatal closure so that TR is limited
to a rate that matches water flow to the stomata. This response is related to hydraulic conductance
limitations associated with AQPs activity, although no consistent correspondence has been found
between hydraulic conductance and abundance of specific AQPs [19].

The overall sensitivity to VPD has been referred to a limited-transpiration (TR, ) trait. This
response was first fully documented in the soybean (Glycine max (Merr) L.) genotype PI 416937 [35].
The TRy, was found to occur when VPD increased to about 2.1 kPa. Sinclair et al. [25] showed that the
TRy response in PI 416937 was associated with a low hydraulic conductance in the leaves between
the leaf xylem and into the guard cells.

Expression of TRy, has now been documented in selected genotypes of several crop species
including peanut, soybean (Glycine max (L.) Merr.), maize (Zea mays L.), sorghum (Sorghum bicolor L.),
pearl millet (Pennisetum glaucum L.), and chickpea (Cicer arietinum L.) [36]. Recently, the TRy, trait was
identified in cotton (Gossypium hirsutum L.) with expression of a limitation at 1.90 kPa (Shekoofa et al.,
2018 unpublished data). Also, genotypic variation in TR response to different VPD was identified in
breeding, commercial and recombinant inbred lines (RILs) within crop species as illustrated in Figure 2
in the comparison of two peanut cultivars [37].
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Figure 2. Plot of transpiration rate (TR) vs. vapor pressure deficit (VPD) of 5 week old plants of (a)
Tifrunner and (b) NC 3033 [37]. Entire plants were enclosed in individual mini-chambers (21 L) and TR
was measured gravimetric for 1-exposure at each VPD. Regression analysis showed a linear increase in
TR for Tifrunner over the entire range of tested VPD while a two-segment response was found for NC
3033 with a breakpoint (BP) between segments at 2.05 kPa.

Since direct, experimental measurement of the TR response at high VPD is laborious and only a
few genotypes can be characterized at one time, it was useful to develop an initial screen for the TRy;y,
trait under high VPD to narrow the number of lines to be directly tested for the trait. One approach
was to explore the possibility that an AQP inhibitor might relate to the transpiration response to high
VPD. Elemental metals have been used as AQP inhibitors. One of the most potent and commonly used
is mercury [38]. In addition, silver and gold are AQP inhibitors [39]. Transpiration rate has also been
found to be inhibited by zinc treatment [40,41].

One of the first studies with AQP inhibitors was feeding of de-rooted shoots of four soybean
genotypes with mercury and silver [39]. While all four genotypes were sensitive to mercury, P1 416937
proved to be insensitive to exposure to silver in contrast to the other three genotypes. The hypothesis
for the insensitivity of PI 416937 to silver was that the silver-sensitive isoforms of AQPs were not active
in this particular genotype. The lack of activity of an isoform AQP was hypothesized to result in a lower
leaf hydraulic conductance, and hence, the observed decrease in transpiration rate at low VPD [39].
Further, it was found that there was up-regulation of AQP PIP 1,7 in its roots following a silver
treatment [42]. Genotype P1 416937 has been now been used as a parent to develop drought-tolerant,
commercial cultivars [18].

Genotypes expressing TRy, with increasing atmospheric VPD were also found in species other
than soybean to have low hydraulic conductivity in their leaves. In maize, a possible correlation
between the expression of the TRy;, trait and response to silver treatment was explored [43]. The study
was done with DuPont Pioneer’s AQUAmax hybrids (The DuPont Pioneer Innovation Center, Johnston,
IA, USA), which have been previously shown to express the TRy, trait with increasing VPD [44].
The VPD at which TRy, was expressed was found to correlate with the degree of decrease in
transpiration rate when leaves were fed with silver ion (Figure 3, [43]). The mean yield advantage
across a wide range of field environments for AQUAmax hybrids as compared to non-AQUAmax
hybrids under rainfed conditions was 36, 53, and 22 g m 2, respectively [18].
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Figure 3. Twelve maize hybrids that were phenotyped for expressing a TRy;;,, breakpoint in response to
increasing VPD were also measured for decrease in transpiration rate (DTR) when exposed to silver
ions (500 uM) [43]. These results showed a high correlation the breakpoint and DTR reflecting apparent
variation in aquaporins (AQP) sensitivity to silver. *** a significant correlation at P < 0.001.

As previously indicated [19,20], plants hydraulic conductance behavior is regulated partially by
AQPs activity, however no consistent correspondence has been found between hydraulic conductance
and abundance of specific AQPs [19]. For example, it has been difficult to show a common response
of root PIP AQP expression and PIP protein abundance under drought conditions [19]. Among the
37 PIP genes studied, 15 were down-regulated, 13 upregulated, and nine unaltered. Even in the same
experiment some PIP genes were down-regulated, others up-regulated, and others unaltered.

Pou et al. [20] indicated that the expression patterns in grapevine (Vitis vinifera L. cv Chardonnay)
reveal that the contribution to flow from AQPs may be relatively complex and highly regulated,
probably involving different isoforms at different stages of water stress and recovery.

6. Molecular Observations

Soybean genotype PI 416937 has previously been found to have low leaf hydraulic conductivity,
which was hypothesized to be the basis for limited transpiration (TRy;y,) rates under high vapor
pressure deficit [39]. Devi et al. [42] measured RNA abundance of eight AQPs for soybean lines
expressing the TRy;,, (P1416937, delayed wilting) and not expressing the TR;,,. After treatment with
the AQP inhibitors, there were observed differences in the abundance of RNA among genotypes [42].
All measured RNA was either unchanged or up-regulated in response to treatment of the intact plants
with silver as compared to untreated plants (Figure 4, [42]). Up-regulation of almost all AQPs was
observed across the four genotypes in roots as quickly as 15 min after initiation of silver treatments,
except for PSEUDOSIP#2 (Figure 4h, [42]). In leaves, there was no or very little change in transcript
abundance, 15 min after initiation of silver treatments.

Different responses of AQPs to water-deficit stress were found in upland (drought-resistant) and
lowland (drought-sensitive) rice [14]. PIP proteins increase markedly in the roots of both types, but
only in upland rice leaves. OsPIP1;2, OsPIP1;3, OsPIP2;1, and OsPIP2;5 mRNA levels in roots and
OsPIP1;2 and OsPIP1;3 mRNA levels in leaves were significantly up-regulated in upland rice, but their
expression was unchanged or down-regulated in lowland rice, indicating that AQPs present in the
same species, but in different cultivars, can respond differently to drought depending on their overall
tolerance to water deficits [14].
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Figure 4. RNA abundance response relative to untreated tissues 15 min and 180 min after treatment
with 200 uM AQPs inhibitor [silver nitrate (AgNO3)] of eight AQPs: (a) PIP 1,7; (b) PIP 2;7; (c) PIP 2;8;
(d) PIP 2;9; (e) GmTIP 2;7; (f) GmTIP 3;1; (g) GmNIP 7;2; and (h) PesudoSIP#2 in soybean roots and
leaves [42]. Bars indicate transcript abundance +S.E. Those noted with * are significantly different at
P < 0.05, NS are non-significant and ND are not detectable.

Nada and Abogadallah [33] concluded that midday reduction in photosynthesis in rice is mainly
due to unbalanced expression of AQPs in leaves and roots resulting in rapid depletion of leaf water
and subsequent inhibition of photosynthesis. Therefore, the more negative water status in rice and
in particular indica cultivars, with greater drop in relative water content could be attributed to the
imbalanced water transport in leaves and roots. These results indicate a strong induction of most
AQPs in leaves but not in roots and hence inadequate water uptake by roots.

In sunflower (Helianthus annuus L.), Nardini and Salleo [48] showed that application of mercury
reduced leaf hydraulic conductance. Thus, indicating that mercury-sensitive water transport proteins
had been inhibited and that, consequently, putative water channels may contribute to modulating
hydraulic conductance. It is also known that up-regulation or new expression of AQPs can decrease
leaf hydraulic resistance of sunflower during the day by about 30%.
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Pou et al. [20] reported the role of AQPs in regulating leaf hydraulic conductance in grapevine
by studying effects of AQP inhibitors and AQP gene expression during drought stress and recovery.
Considering both the degree of inhibition by mercury and the peaks in expression of AQPs, one
set of AQPs may dominate in the leaf during the early onset of water stress (VvPIP2;2, VVvTIP1;1).
The expression patterns reveal that the contribution to flow from AQPs may be relatively complex
and highly regulated, probably involving different isoforms at different stages of water-deficit stress
and recovery.

The discrepancy between the above data from different research might arise from the different
species studied, or from the different methods used to measure leaf hydraulic conductance, or/and
different techniques using AQP inhibitors.

7. Conclusions

Despite the extensive research on AQP function in animals, in crop plants a direct linkage between
AQP activity and hydraulic conductance levels that impact crop transpiration has not been resolved.
Nevertheless, empirical evidence indicates that AQPs have a major role in inducing two major plant
traits (i.e., transpiration sensitivity to soil drying, and transpiration sensitivity to high atmospheric
vapor pressure deficit (VPD)) that allow plants to conserve soil water for sustaining plant physiological
activity with developing soil water deficit. Limiting hydraulic conductance for water transport in
plants as a result of AQP regulation has been associated with crop water conservation in response to
early stages of soil drying and to elevated atmospheric VPD. The identification of each of these traits
in the germplasm of major crop species has led to breeding efforts that have generated commercial
cultivars for dryland conditions. A greater understanding of the expression of the AQP population
in crop germplasm will allow for improved screening for the water conservation traits and better
targeting of adapted cultivars for the range of water-deficit conditions experienced by crops.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, J.; Ban, L.; Wen, H.; Wang, Z.; Dzyubenko, N.; Chapurin, V.; Gao, H.; Wang, X. An aquaporin protein is
associated with drought stress tolerance. Biochem. Biophys. Res. Commun. 2015, 459, 208-213. [CrossRef]
[PubMed]

2. Cooper, M.; Gho, C.; Leafgren, R.; Tang, T.; Messina, C.D. Breeding drought-tolerant maize hybrids for the
US corn-belt: Discovery to product. J. Exp. Bot. 2014, 65, 6191-6204. [CrossRef] [PubMed]

3.  Federal Emergency Management Agency. National Mitigation Strateqy—Partnerships for Building Safer
Communities; Mitigation Directorate; FEMA: Washington, DC, USA, 1995.

4. Zhao, C.X,; Shao, H.B.; Chu, L.Y. Aquaporin structure-function relationships: Water flow through plant
living cells. Colloid Surf. B Biointerfaces 2008, 62, 163-172. [CrossRef] [PubMed]

5. Steudle, E.; Schulze, E. The regulation of plant water at the cell, tissue, and organ level: Role of active
processes and of compartmentation. In Flux Control in Biological Systems: From Enzymes to Populations and
Ecosystems; Schultze, E.D., Ed.; Academic Press: San Diego, CA, USA, 1994; pp. 237-299.

6.  Siefritz, E; Tyree, M.T.; Lovisolo, C.; Schubert, A.; Kaldenhoff, R. PIP1 plasma membrane aquaporins in
tobacco: From cellular effects to function in plants. Plant Cell 2002, 4, 869-876. [CrossRef]

7. Aharon, A.; Shahak, Y.; Wininger, S.; Bendov, R.; Kapulnik, Y.; Galili, G. Overexpression of a plasma
membrane aquaporin in transgenic tobacco improves plant vigor under favorable growth conditions but not
under drought or salt stress. Plant Cell 2003, 15, 439-447. [CrossRef] [PubMed]

8. Moshelion, M.; Halperin, F.; Wallach, R.; Oren, R.; Way, D.A. Role of aquaporins in determining transpiration
and photosynthesis in water-stressed plants: Crop water-use efficiency, growth and yield. Plant Cell Environ.
2015, 38, 1785-1793. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bbrc.2015.02.052
http://www.ncbi.nlm.nih.gov/pubmed/25701792
http://dx.doi.org/10.1093/jxb/eru064
http://www.ncbi.nlm.nih.gov/pubmed/24596174
http://dx.doi.org/10.1016/j.colsurfb.2007.10.015
http://www.ncbi.nlm.nih.gov/pubmed/18063350
http://dx.doi.org/10.1105/tpc.000901
http://dx.doi.org/10.1105/tpc.009225
http://www.ncbi.nlm.nih.gov/pubmed/12566583
http://dx.doi.org/10.1111/pce.12410
http://www.ncbi.nlm.nih.gov/pubmed/25039365

Cells 2018, 7,123 9 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Sakuarai-Ishikawa, J.; Mursi-Hatano, M.; Hayashi, H.; Ahamed, A.; Fukushi, K.; Matsumoto, T.; Kitagawa, Y.
Transpiration from shoots triggers diurnal changes in root aquaporin expression. Plant Cell Environ. 2011, 34,
1150-1163. [CrossRef] [PubMed]

Sinclair, T.R. Challenges in breeding for yield increase for drought. Trends Plant Sci. 2011, 16, 289-293.
[CrossRef] [PubMed]

Sinclair, T.R. Water-Conservation Traits to Increase Crop Yields in Water-Deficit Environments: Case Studies;
Springer Briefs in Environmental Science; Springer: Cham, Switzerland, 2017.

Sinclair, T.R.; Messina, C.D.; Beatty, A.; Samples, A. Assessment across the United States of the benefits of
altered soybean drought traits. Agron. . 2010, 102, 475-482. [CrossRef]

Messina, C.D.; Sinclair, T.R.; Hammer, G.L.; Curan, D.; Thompson, J.; Oler, Z.; Gho, C.; Cooper, C.
Limited-Transpiration Trait May Increase Maize Drought Tolerance in the US Corn Belt. Agron. J. 2015, 107,
1978-1986. [CrossRef]

Lian, H.L;; Yu, X,; Lane, D.; Sun, W.N.; Tang, Z.C.; Su, W.A. Upland rice and lowland rice exhibited different
PIP expression under water deficit and ABA treatment. Cell Res. 2006, 16, 651-660. [CrossRef] [PubMed]
Zaman-Allah, M,; Jenkinson, D.M.; Vadez, V. Chickpea genotypes contrasting for seed yield under terminal
drought stress in the field differ for traits related to the control of water use. Funct. Plant Biol. 2011, 38,
270-281. [CrossRef]

Shekoofa, A.; Rosas-Anderson, P; Sinclair, T.R.; Balota, M.; Isleib, T.G. Measurement of limited-transpiration
trait under high vapor pressure deficit for peanut in chambers and in field. Agron. . 2015, 107, 1019-1024.
[CrossRef]

Shekoofa, A.; Sinclair, T.R.; Messina, C.D.; Cooper, M. Variation among maize hybrids in response to high
vapor pressure deficit at high temperatures. Crop Sci. 2016, 55, 392-396. [CrossRef]

Sinclair, T.R.; Devi, J.; Shekoofa, A.; Choudhary, S.; Sadok, W.; Vadez, V., Riar, M.; Rufty, T.
Limited-transpiration response to high vapor pressure deficit in crop species. Plant Sci. 2017, 260, 109-118.
[CrossRef] [PubMed]

Aroca, R.; Porcel, R.; Ruiz-Lozano, ].M. Regulation of root water uptake under abiotic stress conditions.
J. Exp. Bot. 2012, 63, 43-57. [CrossRef] [PubMed]

Pou, A.; Medrano, H.; Flexas, J.; Tyerman, S.D. A putative role for TIP and PIP aquaporins in dynamics of leaf
hydraulic and stomatal conductances in grapevine under water stress and re-watering. Plant Cell Environ.
2013, 36, 828-843. [CrossRef] [PubMed]

Bunce, J.A. How do leaf hydraulics limit stomatal conductance at high water vapour pressure deficits?
Plant Cell Environ. 2006, 29, 1644-1650. [CrossRef] [PubMed]

Li, Y.; Sperry, ].S.; Shao, M. Hydraulic conductance and vulnerability to cavitation in corn (Zea mays L.)
hybrids of differing drought resistance. Environ. Exp. Bot. 2009, 66, 341-346. [CrossRef]

Pangle, R.E.; Limousin, ].M.; Plaut, J.A.; Yepez, E.A.; Hudson, PJ.; Boutz, A.L; Gehres, N.; Pockman, W.T.;
McDowell, N.G. Prolonged experimental drought reduces plant hydraulic conductance and transpiration
and increases mortality in a pinon-juniper woodland. Ecol. Evol. 2015, 5, 1618-1638. [CrossRef] [PubMed]
Trillo, N.; Fernandez, R.J. Wheat plant hydraulic properties under prolonged experimental drought: Stronger
decline to root system conductivity than in leaf area. Plant Soil 2005, 277, 277-284. [CrossRef]

Sinclair, T.R.; Zwieniecki, M. A.; Holbrook, N.M. Low leaf hydraulic conductance associated with drought
tolerance in soybean. Phys. Plant 2008, 132, 446-451. [CrossRef] [PubMed]

Schoppach, R.; Wauthelet, D.; Jeanguenin, L.; Sadok, W. Conservative water use under high evaporative
demand associated with smaller root metaxylem and limited transmembrane water transport in wheat.
Funct. Plant Biol. 2014, 41, 257-269. [CrossRef]

Cochard, H.; Venisse, ].S.; Barigah, T.S.; Brunel, N.; Herbette, S.; Guilliot, A.; Tyree, M.T.; Sakr, S. Putative
role of aquaporins in variable hydraulic conductance of leaves in response to light. Plant Physiol. 2007, 143,
122-133. [CrossRef] [PubMed]

Locke, A.M.; Ort, D.R. Diurnal depression in leaf hydraulic conductance at ambient and elevated [CO,]
reveals anisohydric water management in field-grown soybean and possible involvement of aquaporins.
Environ. Exp. Bot. 2015, 116, 39-46. [CrossRef]

Choudhary, S.; Sinclair, T.R.; Messina, C.D. Hydraulic conductance of maize hybrids differing in transpiration
response to vapor pressure deficit. Crop Sci. 2014, 54, 1147-1152.


http://dx.doi.org/10.1111/j.1365-3040.2011.02313.x
http://www.ncbi.nlm.nih.gov/pubmed/21414014
http://dx.doi.org/10.1016/j.tplants.2011.02.008
http://www.ncbi.nlm.nih.gov/pubmed/21419688
http://dx.doi.org/10.2134/agronj2009.0195
http://dx.doi.org/10.2134/agronj15.0016
http://dx.doi.org/10.1038/sj.cr.7310068
http://www.ncbi.nlm.nih.gov/pubmed/16773042
http://dx.doi.org/10.1071/FP10244
http://dx.doi.org/10.2134/agronj14.0570
http://dx.doi.org/10.2135/cropsci2015.02.0134
http://dx.doi.org/10.1016/j.plantsci.2017.04.007
http://www.ncbi.nlm.nih.gov/pubmed/28554468
http://dx.doi.org/10.1093/jxb/err266
http://www.ncbi.nlm.nih.gov/pubmed/21914658
http://dx.doi.org/10.1111/pce.12019
http://www.ncbi.nlm.nih.gov/pubmed/23046275
http://dx.doi.org/10.1111/j.1365-3040.2006.01541.x
http://www.ncbi.nlm.nih.gov/pubmed/16898024
http://dx.doi.org/10.1016/j.envexpbot.2009.02.001
http://dx.doi.org/10.1002/ece3.1422
http://www.ncbi.nlm.nih.gov/pubmed/25937906
http://dx.doi.org/10.1007/s11104-005-7493-5
http://dx.doi.org/10.1111/j.1399-3054.2007.01028.x
http://www.ncbi.nlm.nih.gov/pubmed/18333998
http://dx.doi.org/10.1071/FP13211
http://dx.doi.org/10.1104/pp.106.090092
http://www.ncbi.nlm.nih.gov/pubmed/17114274
http://dx.doi.org/10.1016/j.envexpbot.2015.03.006

Cells 2018, 7,123 10 of 10

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Sinclair, T.R.; Shekoofa, A.; Isleib, T.G.; Balota, M.; Hou, Z. Identification of virginia-type peanut genotypes
for water-deficit conditions based on early stomatal closure with soil drying. Crop Sci. 2019. in review.
Sinclair, T.R. Theoretical analysis of soil and plant traits influencing daily plant water flux on drying soils.
Agron. ]. 2005, 97, 1148-1152. [CrossRef]

Devi, J.; Sinclair, T.R.; Vadez, V.; Krishnamurthy, L. Peanut genotypic variation in transpiration efficiency
and decreased transpiration during progressive soil drying. Field Crops Res. 2009, 114, 280-285. [CrossRef]
Nada, R.M.; Abogadallah, G.M. Aquaporins are major determinants of water use efficiency of rice plants in
the field. Plant Sci. 2014, 227, 165-180. [CrossRef] [PubMed]

Kaldenhoff, R.; Ribas-Carbo, M.; Flexas Sans, J.; Lovisolo, C.; Heckwolf, M.; Uehlein, N. Aquaporins and
plant water balance. Plant Cell Environ. 2008, 31, 658-666. [CrossRef] [PubMed]

Fletcher, A.L.; Sinclair, T.R.; Allen, L.H., Jr. Transpiration responses to vapor pressure deficit in well-watered
“slow-wilting” and commercial soybean. Environ. Exp. Bot. 2007, 61, 145-151. [CrossRef]

Shekoofa, A.; Choudhary, S. Maize. In Water-Conservation Traits to Increase Crop Yields in Water-Deficit
Environments: Case Studies; Sinclair, T.R., Ed.; Springer: Cham, Switzerland, 2017.

Sinclair, T.R.; Pradhan, D.; Shekoofa, A. Update on Inheritance of Limited-Transpiration Trait in Peanut.
J. Crop Improv. 2018, 32, 281-286. [CrossRef]

Javot, H.; Maurel, C. The role of aquaporins in root water uptake. Ann. Bot. (Lond.) 2002, 90, 301-313.
[CrossRef]

Sadok, W.; Sinclair, T.R. Transpiration response of ‘slow-wilting” and commercial soybean (Glycine max (L.)
Merr.) genotypes to three aquaporin inhibitors. J. Exp. Bot. 2010, 61, 821-829. [CrossRef] [PubMed]
Kastori, R.; Petrovic, M.; Petrovic, N. Effect of excess lead, cadmium, copper, and zinc on water relations in
sunflower. J. Plant Nutr. 1992, 15, 2427-2439. [CrossRef]

Sagardoy, R.; Morales, F; Lopez-Millan, A.E.; Abadia, A.; Abadia, ]J. Effects of zinc toxicity on sugar beet
(Beta vulgaris L.) plants grown in hydroponics. Plant Biol. 2009, 11, 339-350. [CrossRef] [PubMed]

Devi, J.; Sinclair, T.R.; Tliercio, E. Silver and zinc inhibitors influence transpiration rate and aquaporin
transcript abundance in intact soybean plants. Environ. Exp. Bot. 2016, 122, 168-175. [CrossRef]
Choudhary, S.; Sinclair, T.R.; Messina, C.D.; Cai, W.; Warner, D.; Cooper, M. Inhibitor screen for
limited-transpiration trait among maize hybrids. Environ. Exp. Bot. 2015, 109, 161-167. [CrossRef]
Gholipoor, M.; Choudhary, S.; Sinclair, T.R.; Messina, C.D.; Cooper, M. Transpiration response of maize
hybrids to atmospheric vapor pressure deficit. |. Agron. Crop Sci. 2013, 199, 155-160. [CrossRef]

Shekoofa, A.; Devi, M.].; Sinclair, T.R.; Isleib, T.G. Divergence in drought-resistance traits among parents of
recombinant peanut inbred lines. Crop Sci. 2013, 53, 2569-2576. [CrossRef]

Choudhary, S; Sinclair, T.R.; Prasad, P.V. Hydraulic conductance of intact plants of two contrasting sorghum
lines, SC15 and SC1205. Funct. Plant Biol. 2013, 40, 730-738. [CrossRef]

Shekoofa, A.; Sinclair, T.R.; Aninbon, C.; Holbrook, C.C.; Isleib, T.G.; Ozias-Akins, P.; Chu, Y. Expression
of the limited transpiration trait under high vapor pressure deficit in peanut RIL populations: Runner and
Virginia type. J. Agron. Crop Sci. 2017, 203, 295-300. [CrossRef]

Nardini, A.; Salleo, S. Water stress-induced modifications of leaf hydraulic architecture in sunflower:
Co-ordination with gas exchange. Environ. Exp. Bot. 2005, 422, 3093-3101. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.2134/agronj2004.0286
http://dx.doi.org/10.1016/j.fcr.2009.08.012
http://dx.doi.org/10.1016/j.plantsci.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25219318
http://dx.doi.org/10.1111/j.1365-3040.2008.01792.x
http://www.ncbi.nlm.nih.gov/pubmed/18266903
http://dx.doi.org/10.1016/j.envexpbot.2007.05.004
http://dx.doi.org/10.1080/15427528.2017.1420000
http://dx.doi.org/10.1093/aob/mcf199
http://dx.doi.org/10.1093/jxb/erp350
http://www.ncbi.nlm.nih.gov/pubmed/19969533
http://dx.doi.org/10.1080/01904169209364485
http://dx.doi.org/10.1111/j.1438-8677.2008.00153.x
http://www.ncbi.nlm.nih.gov/pubmed/19470105
http://dx.doi.org/10.1016/j.envexpbot.2015.10.006
http://dx.doi.org/10.1016/j.envexpbot.2014.07.015
http://dx.doi.org/10.1111/jac.12010
http://dx.doi.org/10.2135/cropsci2013.03.0153
http://dx.doi.org/10.1071/FP12338
http://dx.doi.org/10.1111/jac.12204
http://dx.doi.org/10.1093/jxb/eri306
http://www.ncbi.nlm.nih.gov/pubmed/16246857
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Plant Water Use 
	Hydraulic Conductance 
	Soil Drying 
	High Evaporative Demand [or High Vapor Pressure Deficit (VPD)] 
	Molecular Observations 
	Conclusions 
	References

