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Abstract  Absorbing water from soil by roots in vascular 
plants is an important physiological function and plays an 
essential role on their water balance. The root hydraulic 
conductance (LP) determined by radical water transport in-
side the root is a major influence on the shoot water status, 
plant growth, and development. However, a few studies 
have focused on the effect of different substances on LP of 
roots, and the role of radical water transport was poorly un-
derstood. Based on the pressure–flux approach, this study 
used the roots of Fraxinus mandshurica seedlings with dif-
ferent treatments, i.e., distilled water, NH4NO3 solution, and 
HgCl2 to determine the effect of various substances on LP of 
roots. The objectives are: 1) to evaluate the difference in LP 
occurred between distilled water and NH4NO3 solution with 
various concentrations; and 2) to examine the changes of LP 
under distilled water and NH4NO3 solution with various 
concentrations after HgCl2 treatment. The results showed 
that LP of roots were 18.85×10–8 m/(s·MPa) in distilled wa-
ter, 31.25–34.15×10–8 m/(s·MPa) in four NH4NO3 solutions 
(2, 4, 8 and 16 mmol/L), 14.69×10–8 m/(s·MPa) in distilled 
water after HgCl2-treated, and 9.63–13.57×10–8 m/(s·MPa) 
in four NH4NO3 solutions after HgCl2-treated, respectively. 
Aquaporins play an important role in regulating water up-
take and transport in roots. NH4

+ and NO3
– could stimulate 

activity of aquaporins, and LP of roots in NH4NO3 solution 
was distinctly 77% higher than in distilled water. Neverthe-
less, Hg2+ can inhibit activity of aquaporins, and and LP of 
roots decreased 22% in distilled water and 68% in NH4NO3 
solution after treatment by HgCl2 respectively. These   

evidences suggested that both Hg2+-sensitive aquaporins 
and ion channels existing in the protoplasm and vacuole 
membranes could regulate root water uptake, transport, and 
integral plant water balance. 
 
Keywords  root system, root hydraulic conductance, aq-
uaporins, Fraxinus mandshurica 

1  Introduction 

Fine root system of plants plays crucial roles in the fluxes of 
energy and matter in terrestrial ecosystem. Despite the most 
important organ in vascular plants, it is still unclear how 
water is transported from the soil to the roots (Liang and 
Chen, 1996). Recent studies have revealed that root system 
was a primary factor that limited water uptake in wet soil 
(Steudle, 1994; Sperry et al., 1998; Steudle and Peterson, 
1998), and could contribute up to approximately 50% of the 
overall hydraulic resistance of the plant (Martre et al., 
2001a). Thus, the root hydraulic conductance (LP) based on 
the root surface area, which was determined by radical wa-
ter transport inside the lateral root (Frensch, 1997), has a 
major influence on the shoot water status, plant growth and 
development (Frensch, 1997; Kang et al., 1999). Study on 
LP is an important objective in understanding the mecha-
nism of water transport in root system. 

Casparian band and Suberin lamellae in endodermis and 
exodermis of roots can block water movement through the 
root apoplastic pathway (Steudle, 2000) and affect radical 
water transport significantly (North and Nobel, 1996). Thus, 
water movement through cell-to-cell pathway becomes 
more important. In cell-to-cell pathway, unfortunately, cell 
membrane is another barrier for water movement; however, 
aquaporins in tonoplast and plasma membrane can greatly 
improve the radical water transport (Weig et al., 1997; Agre 
et al., 1998; Kaldenhoff et al., 1998; Schäffner, 1998). Ye 
and Verkman (1989) first found that mercuric chloride 
(HgCl2) has a function, which can limit activity of most aq-
uaporins, then HgCl2 has been extensively used to evaluate 
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the contribution of aquaporins to overall root water trans-
port (Eckert et al., 1999; Javot and Maurel, 2001), and as 
well as to test variation of LP. Previous studies focused on 
LP had used nutrient solution as the substance in experi-
ments, for instance, Populus tremuloides (Wan and Zwiazek, 
1999), Lycopersicon esculentum (Maggio and Joly, 1995), 
and Capsicum anmuum (Carvajal et al., 1999). Nevertheless, 
a few studies used distilled water as the substance solution, 
such as Opuntia acanthocarpa (Martre et al., 2001b) and 
Zea mays (Mu et al., 2003). However, these studies ignored 
the effect of different substances on aquaprins’ activity and 
the rate of water uptake in the same experimental plant be-
cause LP varied with different substance solutions. For ex-
ample, Na+ and long-term nutrient stress decreased LP of 
roots, NH4

+ and NO3
- are major ions that can be absorbed by 

plants as nitrogen source, but they can not be absorbed until 
they are dissolved in water. However, the functions of NH4

+ 

and NO3
- that increased or decreased LP was poorly under-

stood. The objectives of the present investigation on seed-
ling roots of Fraxinus mandshurica are: 1) to evaluate the 
difference in LP occurred between distilled water and 
NH4NO3 solution with various concentrations; and 2) to 
examine the changes of LP under distilled water and 
NH4NO3 solution with various concentrations after HgCl2 
treatment. Then the relation between nutrient ions and water 
uptake, and the inhibition of HgCl2 for aquaporins in the 
different substances will be revealed from this experiment. 

2  Materials and methods  

2.1  Plant materials and culture 

F. mandshurica seeds pretreated by low temperature treat-
ment were sterilized, and then sowed on a bench in the 
greenhouse of Northeast Forestry University in April 2002. 
Culture medium was a 1:1 mixture of washed quartz sand 
and soil. Temperature of the greenhouse was approximately 
25°C maximum in a day and 18°C minimum at night, and 
average photosynthetic photon flux was approximately 
500–800 µmol photons/(m2·s) during the growing period. 
The seedlings were watered once a day to maintain soil 
moisture. While seedlings had grown about 40 days (the 
average height of seedlings was 20 cm), both seedlings 
roots and culture medium were excavated carefully from a 
bench and immersed immediately in the distilled water, and 
then were rinsed by jets of water. Integrity roots with white 
color were chosen for this experiment. 

2.2  Root LP  

Root hydraulic conductance at the level of whole root sys-
tem was measured by pressure–flux approach as used by 
Martre et al. (2001b). The shoot was rapidly cut under dis-
tilled water with a razor blade, and the cut stem was imme-
diately inserted into a 20 mm long Tygon tubing, the junc-

tion between the tubing and the stele was enwound with 
string and coated with acrylic copolymer. The tubing by in-
serting the tubing through a silicone gasket in a brass com-
pression fitting was affixed to a glass capillary (i.d. 0.5 mm) 
that was half filled with distilled water. If the cuts of roots 
presented, they were sealed by acrylic copolymer. The root 
system was then suspended in the beaker of pressure cham-
ber, which was filled with 200 mL of different solutions. 

Water flow through the root system was induced by ap-
plying a pressure difference. The flow rate (Qv, m3/s) was 
determined by monitoring the movement time (second) of 
the meniscus at a distance in the capillary. Pressure was first 
increased to 0.25 MPa. After the flow rate was stabilized, 
usually within 20 min, and the time of water flow was re-
corded (six replications were done to check for artifacts). 
The pressure was successively increased to 0.35, 0.5, and 
0.75 MPa, and the time of water flow was recorded at each 
pressure. QV and the volumetric flux density (flow rate per 
unit root surface area; JV, m/s) were calculated, and then LP 
was calculated as the slope of the relationship between JV 
and the applied pressure difference. 

The root surface area was calculated from root length 
and mean diameter (Maggio and Joly, 1995). Roots were 
taken out from the pressure chamber. Root system im-
mersed in the solution was cut. All lateral roots were cut 
and put in humid filter paper instantly (to prevent roots 
from shrinking), and length, stem diameter (D1) and tip di-
ameter (D2) of root were determined respectively. Area of 
each root was calculated by using the equation (S = 
πL(D1+D2)/2), and then the summation of area of all roots 
was determined. 

2.3  The effects of HgCl2 on LP 

After LP of six seedling roots was measured in distilled wa-
ter, these roots were then transferred into 50 µmol/L of 
HgCl2 solution in another beaker. The roots were immersed 
in 50 µmol/L HgCl2 solution for 15 min at a pressure of 
0.35 MPa, and then the pressure was decreased, and the 
roots from the 50 µmol/L HgCl2 solution were transferred 
into distilled water again. After LP was measured in this dis-
tilled water, the roots were slightly rinsed in distilled water 
and treated in 10 mmol/L β-mercaptoethanol in a new 
beaker for 15 min at a pressure of 0.35 MPa to measure LP 
again. 

2.4  LP in NH4NO3 solution of different concentrations 

Twelve seedlings were chosen for this experiment. First, the 
integrity roots of three seedlings were treated for 15 min in 
the 2 mmol/L NH4NO3 solution at a pressure of 0.35 MPa, 
and LP of roots was determined under this solution. Then the 
roots were transferred into 50 µmol/L HgCl2 solution for 15 
min at a pressure of 0.35 MPa. After this treatment, the 
roots were transported into 2 mmol/L NH4NO3 solution to 
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measure LP. The remaining nine seedlings were separated 
into three groups, and LP of roots in these three groups was 
measured in the NH4NO3 solution with three concentrations 
(4, 8, and 16 mmol/L), and transferred into other beakers for 
treatment by HgCl2 (50 µmol/L), and repeatedly treated in 
the same but new NH4NO3 solution with three concentra-
tions (4, 8, and 16 mmol/L) again, finally to measure new 
values of LP. 

3  Results 

3.1  Effects of HgCl2 on LP of roots 

At the same condition, by contrast with roots in distilled 
water, JV and LP of roots that were treated by 50 µmol/L 
HgCl2 solution and by 10 mmol/L β-mercaptoethanol solu-
tion changed greatly (Fig. 1). LP of roots was the highest in 
distilled water (18.85×10-8 m/(s·MPa), Fig. 1a); after treat-
ment by HgCl2, LP of roots decreased 22% (from 
18.85×10–8 to 14.69×10–8 m/(s·MPa), Fig. 1b). This result 
showed that HgCl2 inhibited the activity of aquaporins. Af-
ter the roots were treated by 10 mmol/L β-mercaptoethanol 
solution again, LP of roots slightly increased by 6% (from 
14.69×10–8 to 15.768×10–8 m/(s·MPa), Fig. 1c). Both 
treatments suggested that HgCl2 had obviously inhibited 
aquaporins, while β-mercaptoethanol had a slight reversal 
reaction to aquaporins in root tissue. Although reverse by 
β-mercaptoethanol treatment was only a small portion, LP 
decreased or increased during treatments indicated that aq-
uaporins played an important role in control water uptake in 
F. mandshurica seedling roots. 

3.2  Difference of LP in the NH4NO3 solution with differ-
ent concentrations 

In the NH4NO3 solution with various concentrations (2, 4, 8, 
and 16 mmol/L), LP of roots had some differences (Fig. 2). 
LP increased (33.81−34.11×10–8 m/(s·MPa)) progressively 
with increasing concentration (2–16 mmol/L) of NH4NO3 
and the maximum of LP was at 8 mmol/L NH4NO3 solution 
(34.149×10-8 m/(s·MPa), Fig. 2c). Comparing both LP in 
distilled water and NH4NO3 solution, the average of LP in 
NH4NO3 solution (33.33×10–8 m/(s·MPa)) was 77% higher 
than that in distilled water (18.85×10–8 m/(s·MPa)). These 
results suggest that NH4

+ and NO3
– can enhance activity of 

aquaporins, and higher concentration of nitrogen can im-
prove water uptake and transport in roots. 

After HgCl2 treatment, LP still increased which was as-
sociated with NH4NO3 concentrations in solution (Fig. 3). 
But the maximum of LP was at 4 mmol/L NH4NO3 solution 
(13.57×10-8 m/(s·MPa), Fig. 3b). In contrast to LP (33.33× 
10–8 m/(s·MPa), Fig. 2) of roots in NH4NO3 solution un-
treated by HgCl2, the average of LP (10.78×10–8 m/(s·MPa), 
Fig. 3) of roots treated by HgCl2 significantly reduced by 

 
Fig. 1 LP of F. mandshurica seedling roots under different treatments. a: 
distilled water; b: 50 µmol/L HgCl2 treatment; c: 50 µmol/L HgCl2 and 
then 10 mmol/L β-mercaptoethanol treatment. 

68% (p<0.001). On the other hand, LP in distilled water 
treatment was 43% higher than the average in NH4NO3 so-
lution after HgCl2 treatment, but LP in HgCl2 treatment 
(14.69×10–8 m/(s·MPa), Fig. 1b) increased by 27%. None-
theless, the inhibition of HgCl2 on aquaporins had signifi-
cant difference in distilled water and in NH4NO3 solution, 
and could be enhanced by NH4NO3 solution from this ex-
periment. 

4  Discussions 

4.1  effects of NH4
+ and NO3

– on LP of roots 

LP of plant roots can be affected by many environment fac-
tors. Earlier studies have suggested that if plant transpira-
tion, soil water potential, and air temperature did not change,    
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Fig. 2  LP of seedling roots under NH4NO3 solution with different concentrations. a: 2 mmol/L; b: 4 mmol/L; c: 8 mmol/L; d: 16 mmol/L. 

LP of roots should be influenced mostly by plant nutrient 
status (Clarkson et al., 2000; Steudel, 2000). For example, 
stress of nitrogen and phosphorus could decrease LP of roots 
at the level of individual root and whole roots system. In 
contrast to Z. mays seedlings with sufficient nutrients, LP of 
roots associated with nitrogen deficiency stress decreased 
by 80% (Hoarau et al., 1996), by 47% (Mu et al., 2003), and 
by 63% (Li et al., 2002), respectively, LP of roots as well as 
reduced about 28% in phosphorus deficiency stress (Mu et 
al., 2003). Nevertheless, these results were derived from the 
evidences of long-term nutrient stress, and little information 
about the effects of ions on LP in short time had been sup-
plied. Our study found that LP of F. mandshurica roots un-
der NH4NO3 solution of four concentrations (2, 4, 8, and 16 
mmol/L) increased by 77% averagely in contrast with dis-
tilled water, suggesting that higher differences of LP not 
only depended on long-term nutrient status, but also de-
pended on nutrient ions concentration in the solution simul-
taneity. However, both the previous reports (Hoarau et al., 
1996; Li et al., 2002; Mu et al., 2003) and our result had 
different mechanisms on LP. The major difference was that 
varieties of LP of roots responded to different nutrient status 
in the same substance solution. From plant physiological 
perspective, phosphorus stress can affect activity or quantity 
of aquaporins in plasma membrane per unit area by 
post-transcriptional modification of phosphorylation and 
dephosphorylation (Radin and Matthews, 1989; Hoarau et 
al., 1996), while nitrogen stress might only influence the 
quantity of aquaporins in plasma membrane per unit area  

(Radin and Matthews, 1989; Hoarau et al., 1996). In our 
experiments (i.e., the same nutrient concentration condition), 
however, the differences of LP of roots were derived from 
various substances, such as distilled water or NH4NO3 solu-
tion, which might probably be relative to stimulation to ac-
tivity of aquaporins by ions or exiting ion channels in 
plasma membrane (Isabel et al., 2002). In addition, Wang et 
al. (2001) observed that the majority of aquaporins genes 
could be up-regulated by nitrate in Lycopersicon esculentum 
roots, the expression of genes associated with nitrate uptake, 
and assimilation decreased after root tissues were treated for 
48 h in the nitrate solution, and water uptake by roots would 
be consistent with stimulation in response to an increase of 
symplasmic solute concentrations due to the nitrate uptake. 

4.2  Effect of HgCl2 on LP under different substances 

Currently, HgCl2 is an effective compound that is used to test 
the relation between aquaporins and water uptake/or trans-
port in plant root system (Eckert et al., 1999; Javot and 
Maurel, 2001). The mechanism is that reagents between 
mercurial ions and Cys residue of aquaporins block water 
channel and limited water transport in root system (Murata 
et al., 2000). But the mercurial ions also could react with 
other proteins that Cys residue exposed in root tissues. 
Therefore, HgCl2 is an unspecific compound, and the inhi-
bition of this compound resulted in toxicity and un-reversed 
reaction in metabolism, such as the experiment by Zhang 
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Fig. 3  LP of seedling roots under NH4NO3 solution with different concentrations after HgCl2 treatment. a: 2 mmol/L; b: 4 mmol/L; c: 8 mmol/L; d: 
16 mmol/L. 

and Tyerman (1999) in Triticum aestivum roots. On the 
other hand, reducing agents, i.e., dithiothreitol or 
β-mercaptoethanol, could counteract inhibition of mercurial 
ions. Previous studies have reported that dithiothreitol or 
β-mercaptoethanol (2−50 mmol/L) could reverse the reduc-
tion of LP in roots by mercurial ions either totally in      
P. tremuloides (Wan and Zwiazek, 1999), O. acanthocarpa 
(Martre et al., 2001b), T. aestivum (Carvajal et al., 1996),  
C. anmuum (Barrowclough et al., 2000) or partially in     
T. aestivum (Zhang and Tyerman, 1999), Brassica napus,  
Petunia hybrida Hook. (Morillon and Lassalles, 1999). The 
dithiothreitol or β-mercaptoethanol might be an effective 
indicator to detect the inhibition by mercurial ions in exam-
ining the process of water uptake and transport in root sys-
tem. 

Plant nutrition could regulate the inhibition of mercurial 
ions, and LP of roots hardly decreased in nutrient deficiency, 
such as the study of T. aestivum by Carvajal et al. (1996), 
which probably was involved with nutrient deficiency de-
creasing activity and density of aquaporins on plasma 
membrane (Zhang and Tyerman, 1999; Mu et al., 2003). 
Our result showed that LP of F. mandshurica roots de-
creased by 68% averagely in NH4NO3 solution of different 
concentration after treatment by HgCl2, which was similar 
to other reports whose experimental substances were nutri-
ent solutions after treatment by HgCl2 (Table 1). For instance, 
the range of LP decreased from 47-80% in P. tremuloides 
(Wan and Zwiazek, 1999), L. esculentum (Maggio and Joly, 
1995), C. anmuum (Carvajal et al., 1999), Cucumis melo 

(Carvajal et al., 2000), and Beta vulgaris (Amodeo et al., 
1999). On the other hand, LP of F. mandshurica roots only 
reduced by 22% in distilled water after treatment by HgCl2 
(Table 1), which was much lower than that in O. acantho-
carpa (32%) (Martre et al., 2001b) and Z. mays (53%) (Mu 
et al., 2003) roots. This difference might be derived from 
various conducting tissues in woody plants and crops roots. 

More recent experiments found that β-mercaptoethanol 
could reverse the reduction of LP by mercurial ions entirely 
in some plants, such as P. tremuloides (Wan and Zwiazek, 
1999), O. acanthocarpa (Martre et al., 2001b), and C. an-
muum (Barrowclough et al., 2000), but LP in T. aestivum 
and Beta vulgaris roots only reversed partly (Zhang and 
Tyerman, 1999; Morillon and Lassalles, 1999), which might 
result from short time treatment and/or low concentration of 
reducing agents. This was because the concentration of 
β-mercaptoethanol (5 mmol/L) used in experiments was 
lower in the studies of T. aestivum (Zhang and Tyerman, 1999) 
and B. vulgaris (Morillon and Lassalles, 1999). If higher con-
centration or long-time treatment by β-mercaptoethanol, the 
compound of β-mercaptoethanol would absorb more 
mercurial ions and enhance counteraction of reducing 
agents. In addition, LP of F. mandshurica roots treated by 
HgCl2 recovered only by 6% after 10 mmol/L 
β-mercaptoethanol solution treatment again in our experi-
ment, and 16% of LP was not reversed. Perhaps the concen-
tration (10 mmol/L) of β-mercaptoethanol solution was 
lower for F. mandshurica roots. In contrast with other ex-
periments (Wan and Zwiazek, 1999), concentration of 
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HgCl2 (50 µmol/L) in this study was also lower, the toxicity 
of mercurial ions to root metabolism should be ignored in 
detecting relationship between aquaporins and water trans-
port in root system.  

 

Table 1  Reductive percent of LP in different species under distilled 
water and nutrition solutions after treatment by HgCl2 

Plant species Substance solution Reduction of 
LP 

References 

Populus  
tremuloides 

One and a half 
strength Hoagland 
solution 

47% Wan and 
Zwiazek, 
1999 

Lycopersicon  
esculentum 

Half-strength 
hoagland solution 

57% Maggio and 
Joly, 1995 

Capsicum 
anmuum 

Complete modified 
Hoagland’s nutrient 
solution 

66% Carvajal  
et al., 1999 

Cucumis melo Half-strength 
modified 
Hoagland’s nutrient 
solution 

80% Carvajal  
et al., 2000 

Beta vulgaris Root sap solution 80% Amodeo  
et al., 1999 

Fraxinus  
mandshurica 

NH4NO3 solution 68% This study 

Zea mays Distilled water 53% Mu et al., 
2003 

Opuntia  
acantho-

carpa 

Distilled water 32% Martre  
et al.，2001b

Fraxinus  
mandshurica 

Distilled water 22% This study 

 
In conclusion, LP of roots in different substance solutions 

varied obviously despite the effects of inhibition of mercu-
rial ions or reverse of β-mercaptoethanol on it. Our experi-
ment of F. mandshurica seedling revealed that NH4

+ and 
NO3

– could stimulate activity of aquaporins, and LP of roots 
in NH4NO3 solution was distinctly (77%) higher than in 
distilled water. Nevertheless, LP of roots in NH4NO3 solu-
tion after treatment by HgCl2 decreased remarkably (68%), 
suggesting that there might be Hg2+-sensitive aquaporins or 
ion channels (Isabel et al., 2002) in the protoplasm and 
vacuole membranes of the roots. However, these require to 
be tested by experiments in the future. 
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