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ABSTRACT 

The aim of this project was to determine the potential for alkaline pH sprays to 

be used as a leaf growth regulator.  Triazole growth regulators are applied in 

spring if oilseed rape canopies grow above the optimum leaf area index of 3.5 

because sparser canopies can give greater yield. Alkaline foliar sprays for use as 

growth regulators in oilseed rape could potentially reduce the use of expensive 

Triazoles growth regulators or replace them if prohibited under the impending 

EU legislation. During this project pH-signalling in oilseed rape and the effect of 

alkaline pH on leaf expansion was investigated. 

 

Oilseed rape stem (xylem) sap pH of glasshouse grown plants was found to be 

slightly acidic with an overall mean of pH 6.29. There was a tendency for a 

diurnal rhythm with the xylem sap pH becoming more acidic during the morning 

and more alkaline during the late afternoon. When glasshouse-grown plants 

were subjected to controlled water stress the xylem sap pH significantly 

increased compared to controls, but leaf area growth rate was not affected 

suggesting that the leaf buffered the pH to prevent changes in leaf growth. 

Plants subjected to natural soil drying did not significantly increase xylem sap pH 

but leaf area was reduced. Based on the results it was suggested that during 

water stress oilseed rape controls shoot processes by hydraulic signals rather 

than pH signals. 

 

Feeding detached oilseed rape shoots with alkaline pH reduced leaf area over a 4 

day period. There was an increase in stem xylem sap pH for alkaline fed shoots 

and the leaf buffering capacity was possibly over-ridden by the alkaline pH 

resulting in a reduction in leaf area. This assumption was supported by an 

increase in leaf pH visualised with fluorescence microscopy. The leaf growth 

response to different alkaline buffers applied as foliar sprays was inconsistent 

possibly due to penetration difficulties, as oilseed rape has a thick cuticle. 

Sodium bicarbonate however showed potential for regulating leaf growth. It was 

concluded that alkaline pH could reduce leaf expansion but further research is 

needed to fully exploit the pH signal in oilseed rape. 



4 
 

INTRODUCTION 

Oilseed rape was introduced to English farms in the 1960’s and has become, in 

terms of area, the third most important combinable crop in the United Kingdom 

after wheat and barley (Defra, 2007).  Figure 1 shows the area of oilseed rape 

production in the United Kingdom for the period from 1987 to 2006.  

 

Figure 1 Area (ha x103) of oilseed rape (OSR) production in the UK for the 
period of 1987-2006 (Defra, 2007).  
 

The UK area of oilseed rape has increased during a five year period from about 

300 000 ha to about 600 000 ha. This might be explained by the expanding EU 

biodiesel industry because of new EU directives. In 2003, the EU Council adopted 

new rules allowing, but not mandating, member countries to detax fuels from 

renewable sources with the target to increase the use of biofuels to a minimum 

of 2 % of gasoline and diesel sold for transport by 2005 and to 5.75 % by 2010 

(Biofuels directive, (2003/30/EC). The UK did not reach the 2005 target (Defra, 

2006).  

 

The yield of oilseed rape has, however, not increased over a 20 year period, but 

has stayed at an average of 3 tonnes/ha. This can be compared to the UK wheat 

yields which have increased by about  2 tonnes/ha over a 20 year period (Figure 

2). Before becoming attractive due to the biofuel market oilseed rape was looked 

upon as a break crop with low inputs and management which may be one 
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explanation to the stagnant yields. Another explanation may be that oilseed rape 

is an inefficient seed producer compared with cereals (Bilsborrow and Norton, 

1984) and the yield is not as high as the theoretical maximum of 6.9 t/ha 

calculated by Daniels and Scarisbrick in 1986. The average seed yield in the 

United Kingdom is about 3.8 t/ha lower than the calculated estimate.  Low yields 

are not only a concern on the British Isles; other EU countries have the same 

problem, e.g. Germany produced 4.1 t/ha and France 3.5 t/ha in 2004 

(FAOSTAT, 2005). To compete economically with cereal crops the yield has to 

increase considerably (Diepenbrock, 2000) and it is a challenge for agronomists 

and breeders to recognize the restraints and improve the crop and management 

methods to increase seed yield (Habekotté, 1993). 

 

Figure 2 Yield (tonnes/ha) of oilseed rape (OSR) and wheat over the time 
period of 1987 -2006.  
 

Canopy management to improve seed yields 
Improving canopy management of oilseed rape may be one approach of 

improving seed yields. The aim of canopy management is to improve yields by 

manipulating canopy structure of a crop. Canopy management in oilseed rape 

has been shown to be important and the aim is to establish a Green Area Index 

(GAI- the area of the canopy per unit ground) of 3.5 at the start of seed filling 

(Scott et al., 1995). However, Lunn et al., (2003) states that a GAI of 3 units is 

also important just prior to flowering and also showed that a GAI above or below 

3 did not lead to any yield benefits (Lunn et al., 2001). A GAI with these units 

will intercept about 90-95 % of the incident solar radiation (Lunn et al., 2003). 
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The optimum GAI can be achieved by manipulating seed rate, sowing date, 

nitrogen fertilization and the use of fungicides with growth retardant effect. 

Another parameter not yet commercially employed is the use of apetalous i.e. 

flowerless varieties. One possible method to manage the oilseed rape canopy 

that will be investigated in this project is the effect of alkaline pH on leaf growth. 

 

Root- shoot signalling  
That alkaline pH could have an effect on leaf area growth has arisen from the 

discovery that water stressed plants send chemical signals from the root to the 

shoots mediating an abscisic acid induced closure of the stomata (Davies and 

Zhang, 1991) shown to reduce the rate of leaf expansion (e.g. Gowing et al., 

1990). The chemical signal can be an increase in xylem sap pH (Hartung and 

Slovik, 1991), which may increase the pH of the leaf apoplast (the parts of the 

leaf outside the cell membrane). Other conditions such as soil flooding, diurnal 

or annual rhythms and mineral nutrient supply can also change the pH of the 

xylem sap and leaf apoplastic sap. An increase in xylem sap pH during soil 

drying has been observed in some plant species (Hartung and Radin, 1989; 

Wilkinson et al., 1998, e.g. sunflower; Gollan et al., 1992, Phaseolus coccineus; 

Hartung et al., 1998 and Commelina communis; Wilkinson and Davies, 1997) 

which leads to stomatal closure and reduced growth. 

 

INVESTIGATIONS 

Potential for alkaline pH to reduce leaf expansion in oilseed rape  
Oilseed rape canopy management is an important factor in attempting to realise 

the crop’s full yield potential.  Oilseed rape canopies can, after mild winters and 

low pest pressure, exceed the optimum GAI of 3.5. The increased growth may 

be avoided by adjusting seed rate, sowing date and nitrogen application. The 

most common practice is however to apply fungicides with growth regulatory 

effects. As more and more chemicals are banned from the market because of 

their possible hazard, exploring a more benign product, with similar growth 

regulatory effect, is desired. An increase in xylem sap pH has been found in 

many cases where plants have been water stressed and it has been suggested 

that this alkalisation mediates an ABA induced closure of stomata that results in 
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reductions in leaf growth rates. Studies on root-shoot signalling in oilseed rape 

are very limited so the purpose of this research is to extend the knowledge into 

the effect of water stress and the occurrence of root-shoot signalling with 

increased xylem sap pH in this crop. Questions that have arisen from the 

literature review include: 

 

• What is the xylem sap pH in oilseed rape?  

• Does pH signalling occur in oilseed rape?  

• If a xylem sap pH increase exists is it possible to manipulate the signal to 

reduce leaf expansion by the application of alkaline pH to oilseed rape 

leaves?  

• If pH signalling does not occur, can leaf area still be manipulated by 

alkaline pH (as foliar sprays) as suggested by the acid growth theory?   

• What happens in the leaf apoplast when plants are fed alkaline pH?  

 

In this thesis controlled environment and greenhouse experiments will 

investigate these questions.  

The null hypothesis is: pH signalling does not occur in drought stressed oilseed 

rape and alkaline pH does not affect leaf expansion.  

 

The objectives are to: 

• Determine the xylem sap of oilseed rape and its possible diurnal rhythm 

• Investigate the effect of drought on xylem sap pH, leaf expansion, 

stomatal conductance and leaf water potential 

• Determine if alkaline pH can affect leaf expansion by feeding and by foliar 

application 

• Investigate the effect of foliar sprays with an alkaline pH on leaf apoplastic 

pH 

 

The xylem sap pH of oilseed rape var. Mozart and its natural 
variation 
The first objective was to estimate the typical xylem sap pH of glasshouse-grown 

oilseed rape, by calculating the mean value from three sets of plants. The 

purpose of this was to provide a baseline for future experiments and to compare 
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with values for other species. The second objective was to determine whether 

any diurnal variation existed around the typical xylem sap pH by serial 

observations on three sets of plants. Seed of oilseed rape var. Mozart was sown 

in the glasshouse and developed 6-8 leaves before measurements took place. 

The plants in both experiments were placed in a fully randomised design and 

measured at 10 time points (in Universal Time). The measurement method was 

based on that of Bacon et al., (1998). The stem of the plants were cut 50 mm 

above the surface and the cut surface was wiped with an absorbent tissue to 

remove any contamination from cut cells. The pH of the exuded sap was 

measured within 5 min by immersing an Inlab 426 surface pH electrode (Mettler 

Toledo, Leicester, UK) into the droplet.  

 

The pH mean from the first experiment ranged from 6.10 to 6.39 with an overall 

mean of pH 6.29. The lowest and highest pH values recorded were pH 5.88 and 

pH 6.57. In Experiment 2, the pH ranged from 5.57 to 6.73 with an overall mean 

of pH 6.33. The highest pH value recorded was 6.74 and the lowest 5.68 (see 

Figure 3). The difference of the overall mean for the two experiments was 0.06 

suggesting oilseed rape to have a slightly acidic xylem sap pH. Previous research 

has found that the pH of the xylem sap from sunflower to range between pH 

5.8-6.6 (Gollan et al., 1992). Else et al., (2006) reported well-drained tomato 

plants to have a xylem sap pH averaging at 6.2 in the morning and midday to 

increase gradually during the early afternoon.  The possible diurnal changes of 

xylem sap pH were difficult to estimate. Tendencies to a curved response can be 

seen in Figure 3, the xylem sap pH being at the lowest point at about 11 a.m. 

each 24 h. A dose-response analysis showed however a complex pattern where 

no simple polynomial curves could be fitted to the data.  
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Figure 3 Xylem sap pH of Mozart oilseed rape over time from initial 

measurement for Exp. 1 (each point represents the mean value (n= 19) with df 

157, SE 0.053, CV 2%). Exp. 2 (each point represents the mean value (n=14) 

with df 109, SE 0.129, CV 2.6%. Time 0= 8 a.m.  

 

 

The effect of water stress on xylem sap pH, stomatal conductance, 
leaf water potential and leaf expansion in oilseed rape  
The second objective was to investigate the effect of drought on xylem sap pH, 

leaf expansion, stomatal conductance and leaf water potential. Three 

greenhouse experiments were carried out (Exp. 3-5) with plants transferred to 

pots with a previously determined soil water content of different levels 

(increasing in soil water potential). ABA is believed to be involved in the root-

shoot signalling process. An increased production of the hormone has been 

shown to occur when soil water potentials fall to -0.2 - -0.3MPa (Davies & 

Zhang, 1991) but ABA cannot always be explained as the sole cause to close 

stomata and reduce leaf expansion in drying plants (Munns and King, 1988). If 

pH changes are involved in the root-shoot signalling process in oilseed rape, 

they might start to develop at similar soil water potentials as when increased 

ABA production has been found to occur. The pH signals might also start during 

very mild stress so treatments were set at -0.03 MPa, -0.1 MPa, -0.3 MPa, -0.6 

MPa and 0.9 MPa (the two last treatments were only included in the last 

experiment). The plants were left in the new pots for 72 hours before 



10 
 

measurements started which took place over 6 days.  Another two glasshouse 

experiments (Exp. 6-7) were carried out with natural soil drying, the experiment 

consisting of a control treatment where plants were watered with drip irrigation 

for two minutes twice daily with an automated watering system. A second 

treatment consisted of plants where the pots were withheld from watering from 

the start until the end of the experiment which was for 5 days and 3 days. Leaf 

area, soil water content and stomatal conductance were measured daily. 

Destructive measurements were taken at the last day of the experimental period 

and were xylem sap pH and leaf water potential. The null hypothesis to be 

tested was: Water stress does not affect xylem sap pH, stomatal conductance, 

leaf area expansion or leaf water potential in oilseed rape.  

 

Water stress had a significant effect on xylem sap pH for Exp. 5, the -0.6 MPa 

treatment had a significantly higher pH than the two other treatments (P, 0.001, 

data not shown). The indication from all the experiments was that the xylem sap 

pH increased with decreased soil water content. The response of xylem sap pH 

to water stress is probably not consistent in all species (Dodd, personal 

communications, 2008) and studies have been carried out where no significant 

changes in sap pH took place (Liu et al., 2003; Jia and Davies, 2007).  Bahrun et 

al., (2002) found for example field grown maize to increase xylem sap pH from 

4.9 to 5.1 after 1 day of withholding irrigation but no correlations could be made 

between increased xylem sap pH and increasing soil moisture deficit. The xylem 

sap pH in the oilseed rape plants  increased with decreasing soil water content 

by about 1-2 units, but no more than in the range of the “normal” xylem sap pH 

of oilseed rape. The pH signal may not be strong enough to affect physiological 

processes of the leaf. In the natural soil drying experiments there was no 

significant change in xylem sap pH for the drought treatments. The severe water 

stress may have resulted in hydraulic signals taking over and pH signalling 

stopped. As stated previously there is evidence for early pH signals as soil dries, 

before shoot water status is affected by changes at the roots (Schurr et al., 

1992; Stoll et al., 2000; Dodd et al., 2003).  It is not known for how long pH 

signals occur but sometimes a pH signal is not apparent until after a change in 

stomatal conductance has been induced by the stress (Liu et al., 2003).  
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There were no differences in the stomatal conductance between treatments at 

any time (P 0.856). It has been reported that oilseed rape is a good root 

forager; root growth is allocated towards patches of wetness at the expense of 

root growth in drier parts of the pot (Wang et al., 2005) and the roots can 

rapidly take up the water available (Dry et al., 2000). As the pots in Exp. 3-5 

were at times re-watered to maintain the soil water content of the treatments it 

is possible that the oilseed rape plants subjected to drought could find patches of 

wetness and therefore not send any stress signals to the leaves. It may be that 

due to the root foraging that the stomatal conductance showed no differences 

between the treatments. These results are however in contradiction to a 

majority of the literature which states that drying parts of the roots results in 

partial stomatal closure (Croker et al., 1998; Sauter et al., 2001).  As can be 

seen in Figure 4a-b the stomatal conductance is reduced after a few days of 

rapid soil drying compared to watered plants.  It seems as in those conditions 

stomata are open to the extent required for uptake of CO2 to allow 

photosynthesis to occur but it is declining over time to avoid excessive water 

loss as a response to the declining leaf water potential.  

 

The results from Exp. 3-5 showed that the soil drying treatments had no effect 

on leaf area growth except in Exp. 4 where a mild stress of -0.03 MPa resulted in 

an increase in leaf area growth (P 0.013; Figure 5). Sobeih et al., (2004) could 

not correlate a decline in leaf elongation rate with a xylem sap pH increase in 

tomato (Lycopersicon esculentum). Ludlow et al., (1989) states that stomatal 

conductance is generally less sensitive to drought than leaf and stem extension. 

However, leaf expansion rates are commonly observed to decline in line with 

transpiration (Bacon, 1999). Leaf area only decreased compared to control 

plants in the natural soil drying experiments (Figure 6a-b). It seems as if severe 

soil drying and a low shoot water status is needed for leaf area to be reduced.  

As previously stated, it has been accepted that some plants will regulate 

stomatal conductance and leaf growth independently of hydraulic signals 

(Wilkinson, 2004) but it seems as oilseed rape is not one of these plant species. 
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Figure 4 The effect of natural soil drying on stomatal conductance. a) Exp. 6. b) 
Exp 7.  
 

Another possibility explaining the lack of decrease in leaf area in Exp. 3-5 is that 

the treatments down to 20% of volume soil water content offered a mild water 

stress which was not severe enough to affect leaf expansion. There was a 

tendency for plants to increase leaf area with increased water stress. The 20% 

treatment had a higher leaf area increase than the other treatments for Exp. 5.  

It may be that the 20% treatment is for oilseed rape close to optimum condition 

for growth in the John Innes No. 2 compost used in the experiment. 
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Figure 5 The effect of water stress on leaf area expansion over 6 days for Exp. 4, 
P 0.013, df 17, SE 0.512, CV 25.9%.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Leaf area expansion/day for the natural soil drying experiments. a) 
Exp. 6, P<0.001, SE 0.590. b) Exp 7, P<0.001, SE 0.458. 
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Generally leaf water potential declines with increased soil water deficit (e.g. 

Boyer, 1976; Schonfeld et al., 1989) and this was shown to occur in the natural 

soil drying experiments (Figure 7). In Exp.3-5 no differences in leaf water 

potential could be found except for the -0.9 MPa treatment that were 

significantly lower than for the rest of the treatments in Exp.5 (Figure 8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Leaf water potential for the natural soil drying experiments. a) Exp 6, 
P<0.001, SE 0.208. b) Exp 7, P<0.001, SE 0.132.  
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Figure 8 The effect of water stress on leaf water potentials for Exp. 5, P < 
0.001, df 35, SE 0.129, CV 14.9%.  
 

The effect of artificial xylem sap (AXS) pH on leaf expansion in 
oilseed rape 
In the last section it was concluded that pH-signalling under mild water stress in 

oilseed rape seems to be weak and under greenhouse conditions not to affect 

leaf area (except under natural soil drying conditions). The xylem sap pH signal 

may be neutralised in the leaf apoplast due to a high buffering capacity. A 

continuous supply of alkaline pH to the leaf apoplast may disable the buffering 

capacity and possibly affect leaf area.  

 

In this study, a detached shoot expansion assay was developed, based on 

Munns’ (1992) shoot leaf elongation assay. Detached shoots of oilseed rape were 

fed with AXS of different pH’s in three experiments. By removing the plant roots, 

it is possible to investigate the effect of pH on leaf expansion without the stress 

signalling that may be produced by the roots. Thus, the more direct effect of 

different pH’s can be studied. Xylem sap pH in stems of fed shoots was also 

measured in one experiment to determine whether there was a pH change in the 

xylem sap due to the feeding. The aim of this study was to determine whether 

changing the xylem sap pH could have an effect on leaf expansion. The null 
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hypothesis to be tested was: Artificial xylem sap pH does not affect leaf 

expansion in oilseed rape.  

 

Seeds were sown in a controlled environment cabinet (SANYO, Japan) and 

watered every other day with water and with Hoagland nutrient solution after 

germination. For the leaf expansion assay plants were taken out from the 

controlled environment cabinets and were cut under distilled water before being 

put in 50 ml of AXS in Sarstedt tubes’ the AXS containing 1.0 mM KH2PO4,1.0 

mM K2HPO4, 1.0 mM CaCl2, 0.1 mM MgSO4, 3.0 mM KNO3, 0.1 mM MnSO4 

(Wilkinson & Davies, 1997). The pH was adjusted with 1 M HCl or KOH according 

to Bacon et al., (1998) and sealed with parafilm to prevent evaporation. The pH 

treatments were for both experiments, pH 4, pH 5, pH 6, pH 7, pH 8, pH 9, pH 

10 and pH 11 with 15 replicates for each treatment. Controls consisted of shoots 

with their roots intact placed in Sarsted tubes with vermiculite. The controls 

were watered with Hoagland nutrient solution at the start and at the second day 

of the experimental period. All the tubes were randomized and moved back to 

the growth cabinet in a block design. The area of the third leaf was measured 

over 4 days with a LiCor (Li 3000A, LiCor Biosciences, Nebraska, USA) portable 

leaf area meter. Stem xylem sap pH was also measured in one experiment.  

 

The experiments carried out show a somewhat consistent response in leaf area 

expansion to pH (Figure 9) in that the pH 8 treated shoots showed a significantly 

reduced leaf area growth compared to the control shoots (66% and 25% 

reduction compared to controls in Exp.8 and Exp. 9 respectively). Bacon et al., 

(1998) carried out leaf elongation assays with barley (Hordeum vulgare L.) and 

found the leaf elongation rate to decrease by 50% when shoots were fed with 

AXS with neutral pH or above compared to a pH of 6. The experimental period 

was about 14 hours and the effect appeared after 2 to 4 hour of feeding and 

became more pronounced over time. The buffering capacity of oilseed rape has 

been reported to be high (Hoier-Nielsen, 2001) but it seems as the continuous 

feeding of alkaline pH may have reduced the ability of the apoplast to buffer for 

the increase in pH.  
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Figure 9 The effect of artificial xylem sap on leaf area expansion rate of oilseed 
rape var. Mozart. a) Exp 8. P 0.002, df 96, SE 0.107, CV 87.7%, b) Exp. 9. P 
0.015, df 111, SE 0.037, CV 83.2%. 
 

A non-linear relationship between the decrease in leaf area expansion rate and 

increase in expressed stem xylem sap pH was found (Figure 10). An increase in 

xylem sap pH from 6 to 6.2 led to a 0.8 cm2/day decrease in leaf area 

expansion. As similar growth responses have been shown in water stressed 

barley plants it may be that the oilseed rape plants react to an increase in the 

pH by reducing leaf area.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 Non-linear relationship between xylem sap expressed from cv Mozart 
stems and the leaf expansion/day of the fifth leaf in Exp. 3, P 0.002. Each point 
is the mean of 10 determinations.  
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The effect of artificial xylem sap pH on apoplastic leaf pH in 
oilseed rape 
Previous controlled environment experiments with a detached shoot assay 

showed that leaf expansion could be reduced when shoots were fed with artificial 

xylem sap with alkaline pH (see last section). The pH 8 and 9 treatment had the 

largest effect and it was only possible to speculate what mechanism controlled 

the reduction in leaf expansion. The aims of these experiments were by confocal 

laser scanning microscopy (CLSM ) to investigate the possibility of the leaf 

apoplast changing pH as a consequence of alkaline buffer solution feeding and  

the effect of alkaline buffer infiltration on the apoplastic leaf pH. Three pilot 

studies were carried out to optimize the methods and the technique before the 

experiments were carried out.  

 

Plants were grown in the glasshouse and were five weeks old when experiments 

took place on the fourth still- expanding leaf.  The imaging was performed by a 

laser scanning confocal microscope system (Olympus, Fluoview) which was used 

for measurement of pH by ratio imaging (Grynkiewich et al., 1985). The 

excitation wavelengths were set to 488 nm for the FITC channel and 543 nm for 

the TRITC channel with power intensities of 7.8% and 49% respectively. The 

emission window was set to 510-530 nm for the FITC channel and 585-660 nm 

for the TRITC channel. Ratio fluorescence (488/543 nm) was determined by the 

intensity from the 488 nm and the 543 nm channels. A flat tipped syringe 

containing the buffer was pressed against the lower side of the leaf surface and 

the probe entered via open stomata. Leaves were left 24 hours for the probe to 

spread evenly in the apoplast.  

 

The In vitro calibration was made with potassium buffer with the 2 µM of the 

TRITC-FITC mix with the different pH values (4.5, 5.0, 5.5, 6.0, 6.5, and 7.0). 

The mix was put on a microscopy slide with wells of Teflon with a volume of 3 µl. 

Each pH was pipetted in to an individual well. Each well was then imaged.   

 

The leaf assay for imaging the leaf apoplast plants fed different pH’s was carried 

out as described for Exp. 8 and Exp. 9. The pH treatments were pH 6, pH 7, pH 

8, pH 9 and pH 10 with 6 replicates for each treatment. Controls consisted of 

shoots with their roots intact still in trays of vermiculite. The shoots were left to 
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transpire for 4 and 18 hours. A leaf piece was cut from the third leaf and 

mounted on a microscopy slide in a similar way as for the calibration. For 

alkaline buffer infiltration plants were taken out from the controlled environment 

cabinets and the third leaf was infiltrated with either  0.02 M K2HPO4 pH 8, 

0.02M Na2HPO4 pH 8, 0.02 M Na2CO3 pH 11.2 or 0.02 M Na bicarbonate (Na2CO3 

/NaHCO3) pH 9.5. The infiltration was made as described for the loading of the 

fluorescent dye. A piece of the leaf was cut and put under the microscope for 

imaging just after infiltration (approximately 2 min) and another piece of the 

same leaf was cut and imaged 40 min after infiltration.  

 

The image analysis was carried out with Image Pro Plus version 6.3(Media 

Cybernetics, Bethesda, MD, USA). The In vitro calibration curve for the two dyes 

can be seen in Figure 11. The relationship between increased fluorescence and 

increased pH was linear.  

 

 

 

 

 

 

 

 

 

 

 

Figure 11 The In vitro calibration curve for the FITC and TRITC dye.  

 

Figure 12 shows the changes in apoplastic pH after feeding AXS to the leaf via 

the stem for 4 and 18 hours. The control pH was measured to be 5.96 which lies 

within the pH range reported for other plant species. The general shape of the 4 

and 18 hour curves in Figure 14 is similar and suggests that the variations are 

not random but instead represent a real biological phenomenon. An explanation 

to the occurrence based on the buffering capacity of oilseed rape (Høier- 

Nielsen, 2001) can be as follows: When the leaves were fed AXS pH in the range 

of 5-7 the apoplast seem to over buffer for the pH change with the result that 
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the leaf apoplast fed pH 5 became more alkaline than the control pH while the 

pH 6 and pH 7 fed leaves became more acidic than the control pH. Over the time 

period between the initial response at 4 hours and that at 18 hours, the 

apoplastic buffering has corrected for some of the pH change moving closer to 

the control (and presumably ideal) pH. When fed pH 8 the apoplast over-

buffered for the pH change at 4 hours after start of feeding. After 18 hours the 

buffering capacity was overridden and the apoplast could no longer buffer and 

the pH increased compared to the last measurements at 4 hours. At feeding 

values of pH 9 and 10 the buffering capacity was greatly exceeded so that by 4 

and 18 hours the apoplast pH was at least 0.2 pH units above the control pH. 

The pH 10 treatment values seem to decrease slightly but are still consistent 

with the suggested explanation.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 The effect of feeding AXS on apoplastic leaf pH at 4 hours and 18 
hours after start of feeding. The black line is the measured control pH. Four 
hours feeding P <0.001, SE 0.11, df 30, CV 4.6%. Eighteen hours P 0.046, SE 
0.11, df 25, CV 4.4%.  
 

When infiltrating buffers into the leaf apoplast they all significantly increased 

apoplastic leaf pH compared to the control apoplast pH of 5.9 both at the first 

measurement and at 18 hours after infiltration (Figure 13). In 2001 Høier-

Nielsen performed an experiment with infiltrating buffers  of pH 8 and pH 5 into 

leaf discs from which the apoplast solution was extracted by centrifugation at 5, 

10,15, 20 and 30 min after infiltration. In the experiment the apoplast pH 

increased when infiltrated with pH 8 (to pH 6.7) and decreased when infiltrated 
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with pH 5 (to pH 5.9) but reached a steady state after 30 min around pH 6.2 (a 

control pH never stated). Raven and Farquhar (1989) found a similar response in 

Phaseolus vulgaris . 

 

Figure 13 The effect of alkaline buffer infiltration on leaf apoplastic pH. Start of 
experiment, P <0.001, SE 0.26, df 14, CV 8.3%. After 40 min, P <0.001, SE 
0.28, df 17, CV 9.5%. 
 

Experiment 9 and Exp 10 should be repeated and the replicate number increased 

to fully verify the results but this experiment indicate that feeding AXS with 

alkaline pH will affect the apoplastic leaf pH. Therefore it can be suggested that 

the reduction in leaf area reported from the feeding experiments in Chapter 5 

may be due to an increase in apoplastic leaf pH which will slow down cell wall 

expansion processes.  

 

Foliar application studies with ionic buffers on oilseed rape 
In previous experiments artificial buffers adjusted to a pH found in water 

stressed plants was supplied to the xylem stream. These experiments showed in 

a controlled environment experiment that alkaline pH fed to detached shoots 

could reduce leaf expansion in oilseed rape. The process or mechanism that 

resulted in the reduction in leaf area was only hypothesised but one possibility is 

that the fed alkaline pH was transported in the xylem stream and into the leaf 

apoplast where the pH increase affected the distribution and accumulation of 
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ABA and lead to a reduced stomatal conductance which in turn slowed down leaf 

expansion. Another possibility is that an increased apoplastic leaf pH would slow 

down or inhibit cell wall loosening protein processes. The next step in the 

investigation of the possibility to reduce leaf expansion in oilseed rape in 

practicality is to explore if alkaline buffers can reduce leaf expansion by foliar 

application. This method would be the simplest in applying a growth regulator to 

a field crop. The applied alkaline buffer would penetrate the leaf cuticle and 

when it reaches the leaf apoplast increase the pH and decrease cell wall 

expansion.  

 

There is not much published literature on the effects salts can have acting as 

plant growth regulators or how pH affects spray solutions. Wilkinson and Davies 

(2008) have however recently published results where potassium phosphate 

buffers were used as foliar sprays in order to reduce leaf growth in intact plants 

of forsythia. The most alkaline buffer had a pH of 6.7 which was the pH 

measured in xylem of water stressed or temperature, light and humidity 

stressed forsythia and tomato plants. The authors argue that the apoplastic pH 

was manipulated by the buffers but did not however perform any studies that 

proved that statement. Kosegarten et al., (2001) did however demonstrate that 

sunflower leaves sprayed with diluted citric and sulfuric acid changed apoplastic 

pH measured by fluorescent microscopy. From Kosegarten´s study it can be 

assumed that buffers with alkaline or very acidic pH will change the pH of the 

leaf apoplast. It is uncertain how long the effect of the high/low pH can last, this 

is probably dependent on the buffering capacity of the plant species in question.  

 

This section consists of three experiments that follow on each other. The 

experiments evolve to having more and more foliar applications included in an 

attempt to affect the leaf area expansion. In Exp. 11 a-b one buffer solution, 

sodium phosphate was used with an adjuvant. Sodium phosphate buffer 

(Na2HPO4/NaH2PO4) of 0.02 M was prepared the day before experiment start and 

2 %v/v of the adjuvant Agral was added to the buffer solution of the pH values; 

6.2, 7.2, 8.2 and 11.2. Plants were grown in a controlled environment and the 

buffer was applied once over a three day experimental period. In Exp 12 a-b 

several different buffers were applied (see Table 1) to plants first grown in the 

greenhouse and then placed in a controlled environment. The buffers were 
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applied with adjuvant and for some treatments applied two times over a seven 

day experimental period. In Exp 13 a-b buffers with adjuvant were applied daily 

over a five day experimental period (see Table 2) with a handheld sprayer. All 

experiments were repeated once (e.g. Exp. 12a and Exp. 12 b). Three leaves 

had developed before start of treatment (Growth Stage 1.3; Sylvester- Bradley 

and Makepeace, 1984). Treatment application for Experiment 11-12 took place 

in a Precision Pot Sprayer to establish a uniform spraying and to resemble the 

volume of solution which would reach the leaf surface in field conditions. The pot 

sprayer was based on 200 L/ha rate at 2 bar pressure having two 110o flat fan 

nozzles situated 65 cm above the leaves. Each plant was sprayed with 

appropriate buffer concentration and pH and placed in a randomized block 

design in the controlled environment cabinet. The 3rd leaf was measured with a 

LiCor portable leaf area meter (LiCor Biosciences, Nebraska, USA).  

Table 1 Buffer treatments for Exp. 12a. 

0.02 M K2HPO4/ KH2PO4 pH 8 sprayed day 1 
0.02 M K2HPO4 / KH2PO4 pH 8 sprayed day 4 
0.02 M K2HPO4/ KH2PO4 pH 8 sprayed day 1 and day 4 
0.02 M Na2CO3 pH 11.2 sprayed day 1 
0.02 M Na2CO3 pH 11.2 sprayed day 1 and day 4 
0.002M/0.004 M Na bicarbonate (Na2CO3 /NaHCO3) pH 9.5 sprayed day 1 
0.002M/0.004 M Na bicarbonate (Na2CO3 /NaHCO3) pH 9.5 sprayed day 4 
0.002M/0.004 M Na bicarbonate (Na2CO3 /NaHCO3) pH 9.5 sprayed day 1 and 
day 4 
Control, Tween 20 + isopropyl alcohol sprayed day 1 
Untreated  
Treatments Exp. 12b which were not identical to Exp. 12a 
0.02 M Na2CO3 pH 11.2 sprayed day 4 
0.02 M Na bicarbonate (Na2CO3/NaHCO3) pH 9.5 sprayed day 1 
0.02 M Na bicarbonate (Na2CO3/NaHCO3) pH 9.5 sprayed day 4 
0.02 M Na bicarbonate (Na2CO3/NaHCO3) pH 9.5 sprayed day 1 & day 4 
 

Table  2  Alkaline buffer treatments for Exp 13a and Exp. 13b. All treatments 
except the untreated treatment had an inclusion of Tween 20 1% v/v. 
0.02 M K2HPO4 pH 8  
0.02M Na2HPO4 pH 8 
0.02 M Na2CO3 pH 11.2  
0.02 M Na Na2CO3 /NaHCO3 pH 9.5  
Control, Tween 20 1%v/v 
Untreated  
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Table 3 The number of treatment applications for Exp. 13a and Exp. 13b. 
No. of spray 
applications  

Day 

1 1 
1 2 
2 3 
2 4 
2 5 
1 6 
0 7 

 

Oilseed rape leaf expansion showed an inconsistent response to foliar applied 

alkaline buffers.  Sometimes a treatment showed to be significant in one 

experiment but then not in the repeated experiment or vice versa. In Exp 11a-b 

there were no significant differences between sodium phosphate pH treatments 

and the control but numerically the pH 8 treatment reduced leaf area by 25% in 

Exp. 11a but in Exp. 11b the same treatment had a higher leaf expansion than 

the control treatment. The plants in the pH 6 treatment also had a reduced leaf 

area compared to control and untreated treatments which should not be the 

case if the apoplastic pH in the leaf is ca 5.9-6.2. It is difficult to speculate on 

why this response occurred.  

 

When alkaline buffers were applied sometimes two times over an experimental 

period, the sodium carbonate and the sodium bicarbonate showed to 

significantly reduce leaf expansion and leaf growth rates, but there was not a 

consistent response over Exp. 12a and Exp. 12b (Figure 14). The effect of the 

sodium carbonate buffer may be due to the highly alkaline pH of the solution 

and/or a higher penetration rate compared to the other treatments.  

 

In Exp 13a-b where buffers were applied to leaves multiple times a day the leaf 

area is reduced to the largest extent with the sodium bicarbonate treatment 

which showed significance in Exp. 13b, but not in Exp. 13a (Figure 15). The 

sodium phosphate had in the last experiment also a reduction in leaf area of 

23%, similar to the reduction when the buffer was applied a single time as in the 

first experiment. It appears as if spraying multiple times reduced leaf area more 

than a single spray in the case of sodium bicarbonate.  
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Figure 14 The effect of alkaline buffers applied as foliar spray on mean leaf 
expansion/ day (cm2) in oilseed rape var. Mozart. The buffers had pH 8, pH 11.2 
and pH 9.5 for potassium phosphate, sodium carbonate and bicarbonate 
respectively. The control plants were treated with 1% v/v of Tween 20 and 
5%v/v isopropyl alcohol. a) Exp. 12a, P  0.017, df  99, SE 0.10, CV 26.2%.b) 
Exp. 12b,  P <0.001, df 119, SE 0.10, CV 35%. 
 
Overall, sodium carbonate with pH 11.2 and sodium bicarbonate with pH 9.5 had 

the largest effect on leaf area expansion and these were the only treatments 

showing significant differences compared to the control plants.  
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In the study where Wilkinson and Davies (2008) applied potassium phosphate to 

unstressed forsythia and tomato plants, the pH of the buffer ranged between pH 

6.4 and 6.7 which were the pH values found in stressed plants. The slightly 

acidic buffer of pH 6.7 reduced the elongation rate of forsythia leaves after 5 

days of daily spraying and the elongation rate was reduced until the end of 

spraying (the experimental period was 8 days) compared with control plants 

sprayed with water. It seems as forsythia may have a low buffering capacity 

and/ or a thin easily permeable leaf cuticle to allow for foliar uptake. The plant 

response to foliar uptake of alkaline buffer may also be species dependent 

(Dodd, personal communications). Høier-Nielsen (2001) reported oilseed rape to 

have a good buffering capacity (see Chapter 6) which may to some extent 

explain why there was a low reduction in leaf area and why there seems to be a 

better effect if buffers are applied multiple times especially in the buffers with a 

more alkaline pH (pH 9.5, pH 11.2), though it cannot explain the inconsistency 

in the results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



27 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 The effect of alkaline buffers applied as foliar spray on mean leaf 
expansion per day (cm2) in oilseed rape var. Mozart. The buffers had pH 8, pH 
11.2 and pH 9.5 for the phosphates, sodium carbonate and sodium bicarbonate 
respectively. The control plants were treated with 1% v/v of Tween 20 a) Exp. 
13a, P 0.323, df 64, SE 0.140, CV 61.5%.b) Exp. 13b, P 0.134, df 65, SE 0.123, 
CV 44.8%. 
 

DISCUSSION 

The main aims of this project were to determine if drought induced pH signalling 

in oilseed rape would lead to reduced leaf area expansion and if alkaline foliar 
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sprays could be used to reduce leaf area. It was first necessary to determine the 

unstressed xylem sap pH to gain understanding in the natural variation in xylem 

sap pH. From greenhouse experiments it could be concluded that the xylem sap 

pH in oilseed rape is slightly acidic with an average pH of 6.29 with a tendency 

for a diurnal rhythm ranging from pH 5.9 to 6.3 the sap becoming more acidic 

during the day and more alkaline at sunset. These findings are in line with other 

reports which also have found xylem sap pH generally to be slightly acidic and 

xylem sap pH changes can occur over the day/night period as found in Ricinus 

communis where the xylem sap rose from pH 6 at the end of a dark period to pH 

6.6 at the end of the day (Schurr and Schulze, 1995).  

 

When oilseed rape was subjected to mild water stress the xylem sap pH 

increased with decreased soil water content. The pH increased by about 0. 2 

units which is a minor increase and it could be questioned if that change in sap 

pH is large enough to alkalise leaf apoplastic pH and affect leaf area growth. 

Generally a pH change of about 0.4 units or larger has been observed. The 

xylem sap pH of droughted Commelina communis increased from 6.1 to 6.7 and 

Hordeum vulgare plants from 5.9 to 6.9 as soil dried (Wilkinson, 1999; Bacon et 

al., 1998) and pressure-dehydrated detached cotton leaves increased their 

apoplastic sap pH from 6.3 to 7 (Green et al., 1971; Hartung et al., 1988). Some 

plant species do not show an alkalisation of xylem sap pH as soil dries and this 

may be because of different effects of soil drying on ion transport processes of 

the cells in the root and in the xylem (Wilkinson and Davies, 2001).  Oilseed 

rape may be one of the species that falls in between the species with signalling 

and species with no signalling. 

 

Even though the pH-signalling in oilseed rape under water stress conditions was 

weak and did not affect shoot morphology, feeding alkaline pH to detached 

shoots did reduce leaf area. The pH-signal may be seen as harmful for the plant 

as many biological processes are optimised to a certain pH so the plant will 

probably try and buffer for the change in pH and adjust cell expansion rates to 

the pH in the apoplast, regardless of whether the pH signal originates from the 

plant per se or if it is an artificial signal like feeding.  In the feeding experiments 

also the stem xylem sap pH increased with increased feeding pH and a 

correlation was found between a decrease in leaf area expansion and an increase 
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in stem xylem sap pH. These results strengthen the proposition that the alkaline 

pH is transported via the transpiration stream to the leaf apoplast resulting in a 

decline in leaf area expansion rate.  Supplying detached leaves with neutral or 

alkaline buffers (pH 7) via the transpiration stream can restrict transpiration and 

growth in wild-type Lycopersicon esculentum (Jia and Davies, 2007; Wilkinson et 

al., 1998). Bacon et al., (1998) also found leaf elongation rates in Hordeum 

vulgare to decline when plants with a sub-crown internode were fed alkaline 

AXS.  

 

The assumption that the leaf apoplastic pH increased due to the feeding solution 

was supported by the fluorescence microscopy experiments. The leaf apoplast 

pH became more alkaline when detached shoots had been fed alkaline AXS for 

several hours. There seem to be a buffering effect for the acidic treatments and 

for the pH 7 treatment. The plant seemed unable to buffer for the most alkaline 

treatments of pH 9 and 10 as the pH was ca 0.4 units higher than the control pH 

already after 4 hours and had not changed after 18 hours. Jia and Davies (2007) 

performed an extensive study of leaf apoplastic pH in different plant species and 

how the pH was affected in response to soil water status, nutrient supply and 

evaporative demand. The data shows that apoplastic leaf pH can be influenced 

by different environmental variables such as soil drying and ammonium (rather 

than nitrate feeding). A slow transpiration also resulted in an increase in pH. Jia 

and Davies (2007) also show how the xylem sap, from where it leaves the roots 

and moves through the shoot, becomes more alkaline. In oilseed rape the xylem 

sap seemed to be slightly more alkaline than the control leaf apoplastic pH. This 

would however depend on when during the day the xylem sap pH was 

measured. If measured early in the morning the xylem sap pH is probably close 

to the apoplastic pH of 5.9. The experiments carried out in this thesis can 

support the proposition that alkaline pH reduces leaf area expansion due to an 

alkalisation of the apoplastic leaf pH. 

 

To reconstruct the process of alkalising the leaf apoplastic pH from the “outside” 

by the application of alkaline buffer sprays proved more difficult. The results 

obtained paint a somewhat complicated picture where alkaline buffers show a 

significant result in reducing leaf area compared to the control in one experiment 

but fail to do so in a repetition of the same experiment. This occurred for 
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example for the sodium carbonate and sodium bicarbonate treatments. To the 

author’s knowledge only one report has been published whilst preparing this 

thesis concerning foliar applied buffer sprays which can reduce leaf growth in 

intact plants without subjected to environmental stress, namely Wilkinson and 

Davies (2008). They daily sprayed potassium phosphate buffers of 0.01 M on to 

leaves of forsythia. The spray solution had a pH of  6.4-6.7 which was found to 

be the stressed xylem sap pH of forsythia and the spray reduced leaf elongation 

in the leaves compared to plants sprayed with water (of unknown pH) and more 

acidic pH (5 and 5.8) sprays. The authors assume that the reduction in leaf 

elongation is due to a pH-mediated ABA accumulation around stomatal guard 

cells closing stomata leading to reduced leaf elongation. Theoretically the same 

should be possible for oilseed rape. Oilseed rape has however a thick waxy 

cuticle which may be one of the major reasons why the results were so variable. 

Cuticles of forsythia may have a different chemical composition and wax 

crystallinity. Forsythia has been used in some experiments involving cuticular 

uptake (Schreiber, 2001; Schreiber et al., 2001) possibly because the cuticle is 

relatively permeable and that may be why foliar sprays are more effective on 

that species. As the experiments with alkaline buffers applied as foliar sprays 

showed inconsistent results, studies on cuticular uptake of ionic salts could be 

beneficial as inefficient cuticular penetration probably is one of the causes of the 

lack of effect on leaf area expansion. . It is also important to note that an effect 

on shoot development from alkaline foliar sprays can be species dependent and 

does not always work on many species (Dodd, personal communications) 

 

The experiments where foliar applied buffers were applied multiple times daily 

seemed to cause the largest effect and Wilkinson and Davies (2008) also 

sprayed their plants daily. In practical terms it would not be viable to spray a 

field crop that often; not economically, ecologically or in regards to the time it 

would take to perform. If an appropriate adjuvant or similar could significantly 

increase uptake, perhaps a reduction in spray applications could be achieved. 

Surfactant composition and concentration have been reported to be of key 

importance influencing leaf penetration of agrochemicals (Stock and Holloway, 

1993). Agral, Tween 20 and isopropyl alcohol were used as adjuvants. The 

alcohol caused leaf damage to sprayed plants; a lower concentration could 

possibly be used without leaf damage to occur. Phytotoxicity and alteration of 
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the epicuticular wax structure associated with surfactant solution applications 

has been described (Tamura et al., 2001). Agral and Tween 20 are non-ionic 

sprays which should not affect the pH in a solution. The use of Agral and Tween 

both noticeably reduced the surface tension of the spray on the leaf compared to 

a spray without an adjuvant but whether they increased uptake through the leaf 

cuticle is uncertain.  

 

CONCLUSION 

This project has made a contribution of new knowledge in root-shoot signalling 

in that it has been shown that drought stress in oilseed rape may be controlled 

by hydraulic signals rather than chemical. It has also been shown that 

manipulating xylem sap pH leaf area can be reduced in oilseed rape even though 

the full mechanism to why this occurs was not fully investigated. Alkaline buffer 

sprays have never previously been tested on a field crop and though the results 

were inconsistent it could lead to similar research in other field crops with the 

need of leaf growth regulating.  


