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Guard cell wall properties are important in stomatal movement. Previous research focused on the structure and anatomy of guard 
cell walls, but little is known about the physical changes that take place within the walls during stomatal opening and closure. In 
this work, we investigate the volumetric elastic modulus (ε) of the guard cell wall at different pH values during stomatal opening 
in Vicia faba epidermal strips using a cell pressure probe. The volumetric elastic modulus of the guard cell wall decreased from 
7.098 to 5.690 MPa when the pH of the cell wall decreased from 8.60 to 6.50. It is easier for guard cells to change their volume at 
a lower volumetric elastic modulus during stomatal movement. The results are suggestive of a putative role for pH in the regula-
tion of stomatal movement. 
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It is well known that stomata are important to land plants. 
Opening and closing of stomatal pores serve a vital physio-
logical function, which in turn affect photosynthesis, tran-
spiration and respiration. Stomata are bounded by a pair of 
guard cells, which are kidney-shaped in most land plants [1]. 
The stomata open and close because of changes in guard 
cell pressure [2]. Increased turgor pressure within the guard 
cells leads to greater stretching of the walls in the longitu-
dinal direction than in the tangential [3–6]. This anisotropic 
cell wall stretching causes the guard cells to bend away 
from each other and creates the stomatal pore. During sto-
matal movement, the guard cell wall must be exceptionally 
strong and show reversible deformation. Previous research 
focused on the structure, anatomy and molecular basis of 
guard cell wall functions [3–9], but little is known about the 
changes of physical properties in the guard cell wall during 
stomatal opening and closure. The volumetric elastic mod-
ulus (ε) is an indicator of physical properties of the cell wall 

[10] and its value reflects cell wall elasticity. A low ε value 
implies a high elasticity of the cell wall and a larger change 
in cell volume in response to a given pressure compared 
with a high ε value. Consequently, regulation of the volu-
metric elastic modulus of the guard cell wall is possibly 
unique and is important in the control of stomatal move-
ment. 

The cell pressure probe is a very useful tool in studies of 
stomatal function [11] and is used widely to study water 
relations of plant cells [12–14]. The probe can directly and 
continuously measure cell turgor pressure (P), volumetric 
elastic modulus (ε) of the cell wall, and hydraulic conduc-
tivity (Lp) of cell membranes in single cells of higher plants. 
Therefore, use of the cell pressure probe to measure the 
volumetric elastic modulus of the guard cell wall can help 
us to understand the regulation of stomatal movement. 

pH is a key regulatory component in stomatal movement. 
Elevated pH can induce stomatal closure [15,16], and ab-
scisic acid (ABA) treatment can increase cytoplasmic pH 
[17]. However, the influence of pH on the physical proper-
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ties of guard cell walls is poorly understood.  
In this paper we use a previously described cell pressure 

probe technique [11–14] to explore the volumetric elastic 
modulus of guard cell walls during stomatal movement in 
Vicia faba epidermal strips. The results show that reduction 
in pH can decrease the volumetric elastic modulus of the 
guard cell wall. 

1  Materials and methods 

1.1  Plant material 

Plants of Vicia faba L. were grown in an environmentally 
controlled greenhouse at 40%–60% relative humidity, and 
under a 14 h light (23°C, 06:00–20:00)/10 h dark (16°C, 
20:00–06:00) photoperiod at 80–100 µmol m−2 s−1 at plant 
height provided by metal halid lamps. 

1.2  Incubation of epidermal strips and measurement of 
stomatal apertures  

The first fully expanded leaf on the main axis of 3- to 
4-week-old plants was excised. Epidermal strips were 
peeled from the excised leaves and immersed in low pH 
buffer (10 mmol L−1 Mes/Tris, pH 6.50) or high pH buffer 
(10 mmol L−1 Hepes/Tris, pH 8.60) for 30 min in the light, 
with occasional shaking to remove air bubbles. After 30 min, 
the epidermal strips were mounted, cuticle upwards, on a 
culture dish with sticky tape and the culture dish was filled 
with pH buffer. The stomatal apertures were measured un-
der a microscope fitted with an ocular micrometer. 

1.3  P and ε measurements 

The cell turgor pressure (P) and the volumetric elastic mod-
ulus (ε) measurements were performed using the cell pres-
sure probe as described previously [11,12]. To estimate ε 
according to the equation /V P V    [18], the guard cell 
volume (V) was taken as a constant over the small pressure 
impulse (0.03–0.05 MPa), and V was approximated by the 
guard cell volume at full turgor pressure. The value of ε was 
determined in small pressure impulses by measurement of 
changes in turgor pressure (∆P) in response to small chang-
es in cell volume (∆V) with the aid of the pressure probe. V 
was measured using a microscope fitted with an ocular mi-
crometer, and small guard cell volume (∆V) changes were 
measured from the changes of the meniscus position in the 
microcapillary tip of the cell pressure probe.   

2  Results 

2.1  Volumetric elastic modulus of the guard cell wall at 
pH 8.60 

After pretreatment of the epidermal strips with solutions of 

pH 8.60 in the light, the stomatal aperture (Table 1) and 
guard cell volume (V) were measured and calculated under 
a microscope (Figure 1(a)). When the guard cell was punc-
tured with the microcapillary tip of the cell pressure probe, 
the guard cell turgor pressure compressed the silicone oil in 
the measuring system so that a meniscus is formed in the tip 
of the microcapillary tube between the cell sap and silicone 
oil (Figure 1(b)). The position (position 1; Figure 1(c)) of 
the meniscus was kept constant with the aid of the probe so 
that the cell turgor pressure (P) (Table 1) could be measured. 
When turgor was steady, the meniscus rapidly shifted to a 
different position (position 2; Figure 1(d)), which caused a 
decrease in turgor pressure (∆P). The corresponding volume 
change (∆V) was also measured so that the elastic modulus 
(ε) (Table 1) could be calculated. 

2.2  Volumetric elastic modulus of the guard cell wall at 
pH 6.50 

After pretreatment of the epidermal strips with solutions of 
pH 6.50 in the light, the stomatal aperture (Table 1) and 
guard cell volume (V) were measured and calculated under 
a microscope (Figure 2(a)). When puncturing the guard cell 
with microcapillary of the cell pressure probe, the guard cell 
turgor pressure compressed the silicone oil in the measuring 
system so that a meniscus is formed in the tip of the micro-
capillary between cell sap and silicone oil (Figure 2(b)). The 
position (position 1) (Figure 2(c)) of the meniscus was kept 
constant with the aid of the probe so that the cell turgor 
pressure (P) (Table 1) can be measured. When turgor was 
steady, the meniscus was rapidly shifted to a different posi-
tion (position 2) (Figure 2(d)) which caused a decrease in 
turgor pressure (ΔP). The corresponding volume change 
(ΔV) was also measured so that the elastic modulus (ε) (Ta-
ble 1) can be calculated. 

3  Discussion 

The cell pressure probe is used widely in studies of stomatal 
function and plant cell water relations. Using the cell pres-
sure probe, a previous study found that the volumetric elas-
tic modulus can change from 2 to 40 MPa and increased 
monotonically with cell turgor pressure [19]. Our results 
show that ε decreased with pH from 8.60 to 6.50 when the 
cell turgor pressure and stomatal aperture were similar. A 
lower ε value can help the guard cells to moving easier. This 
information is important for the development of mechanistic  

Table 1  The  of the guard cell wall in epidermal strips after incubation 
for 30 min in light at pH 8.60 and 6.50 

pH Stomatal apertures (µm) P (MPa) ε (MPa) 

8.60 8.34 0.228 7.098 

6.50 9.76 0.244 5.690 
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Figure 1  Measurement of the volumetric elastic modulus of the guard cell wall at pH 8.60. (a) The stomatal aperture and guard cell volume measurement; 
(b) meniscus acquisition; (c) and (d) positions 1 and 2 of the meniscus for measurement of volumetric elastic modulus. 

 

Figure 2  Measurement of volumetric elastic modulus of the guard cell wall at pH 6.50. (a) Stomatal aperture and guard cell volume measurement; (b) 
meniscus acquisition; (c) and (d) positions 1 and 2 of the meniscus for measurement of volumetric elastic modulus.  

models of stomatal movement. 
pH is a well-known cell signal [1] and can induce sto-

matal opening [20]. A lower pH value can stimulate expan-
sin activity [21]. Expansin unlocks the network of wall pol-
ysaccharides and increases cell wall elasticity. Therefore, 
expansin may play a role in stomatal movement through 
regulation of the volumetric elastic modulus of the guard 
cell wall.  
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