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In plant production, high temperature stress frequently causes physiological disorders and 
yield depression, and information about physiological functions of intact roots is essential. 
However, there have been difficulties in measurement of physiological functions of intact 
roots in the plant production systems. Effects of high solution temperature on water and 
nutrients uptake by roots of tomato plants cultivated in the NFT system were analyzed. 
Dynamic and simultaneous evaluation of water and nutrients uptake by roots was 
developed in the NFT system. Rates of water and nutrients uptake by roots were evaluated 
simultaneously on the basis of time courses analyses of water balance and nutrients balance 
in the systems, and these also enabled estimation of nutrients concentration in root xylem 
sap. Rates of water and nutrients uptake by roots varied depending on solar radiation. The 
short-term effect of high solution temperature activated water and nutrients uptake through 
decrease in water viscosity and affected membranes transport. On the other hand, the 
long-term effects of high solution temperature caused growth depression and browning in 
roots, and these resulted in depressed water and nutrients uptake rates. The long-term 
effects of high solution temperature were considered to relate to the reduced oxygen 
solubility and the increased enzymatic oxidization of phenolic compounds in root 
epidermal and cortex tissues. The long-term effect of high solution temperature decreased 
nutrients concentration in root xylem sap, and the root xylem sap concentrations of N, K 
and Ca became lower than those in the nutrient solution. This indicates that active processes 
involved in root uptake of those nutrients were retarded by the long-term treatment with 
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high solution temperature. The short- and long-term effects of high solution temperature on 
root uptake appeared in different patterns reflecting passive and active processes involved 
in the transport systems in roots. 
 
Key words: high temperature stress, Lycopersicon esculentum Mill.  
 
Introduction 
 

One of the major environmental stress affecting plant growth and 
productivity is high temperature. In plant production, high temperature stress 
frequently causes physiological disorders and yield depression, through some 
physiological and biochemical changes in plant metabolism such as protein 
denaturation and perturbation of membrane integrity (Levitt, 1980). Primary 
functions of root systems are uptake of water and nutrients and the anchorage 
to the ground (Fitter, 1996). Information about physiological functions of 
intact roots is essential to predict the plant production in global warming for 
the future and it is necessary to study root responses to high temperature 
(BassiriRad, 2000). Study of temperature effects on root uptake usually has 
been due to the ecological relevance, which can be separated into two major 
problems, the short-term effect with limited ecological relevance and the 
long-term effect with more ecological significance (Marschner, 1995).  

Tomato plants, as a major crop, exposed to a fluctuating temperature 
regime often suffer no overall loss of yield when compared with those grown in 
a constant regime having the same temperature (Hurd and Graves, 1984). 
Fluctuations in temperature may affect the pattern of crop yield, and 
increasing root temperature up to 12ºC above the ambient of 15 ºC resulted in 
small reductions in yield and quality of early fruit (Hurd and Graves, 1985). 
In tomato plants, rise in temperature of rooting systems from 14 to 26ºC 
increased water uptake by 30% and also increased uptake of some nutrients, 
but fruit quality and yield were reduced (Hurd and Graves, 1985). However, 
much less has been known about the effects of the higher root temperatures 
on water and nutrients uptake by roots (Kramer and Boyer, 1995). 

There have been difficulties in measurement of physiological functions 
of intact roots in the plant production systems and the physiology of roots 
that affected by temperature has received less attention until recently because 
roots are usually underground. Changes in root temperature are more flexible 
in soil-less culture compared with soil culture. Soil-less culture, such as a 
Nutrient Film Technique (NFT), is often used to simulate and model the 
experimental system, because this system can provide homogenous root 
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environment with acceptable accuracy and controllable nutrient 
concentration (Asher, 1983; Graves, 1983).  

We conducted the present experiment by using tomato plants that 
grown in the NFT system to analyze the short-term (diurnal changes) and 
the long-term (several weeks) effects of high solution temperature on root 
uptake of water and nutrients (nitrate (NO3

-), phosphate (PO4
3-), potassium 

(K+) and calcium (Ca2+). 
Materials and methods 
 
Plant materials and experimental conditions 
 

Seeds of tomato plants (Lycopersicon esculentum Mill. cv. Hausu 
Momotarou) were sown in cell trays filled with vermiculite in a growth 
chamber. The seedlings were moved into a greenhouse 10 days after sowing. 
At 45 days after sowing, 25 plants were transplanted to two cultivation beds 
of the NFT system in the greenhouse and were grown using the standard 
nutrient solution with an electrical conductivity (EC) of 1.0dSm-1 at the 
controlled temperature of 22ºC. For the high root temperature stress 
treatment, the solution temperature in one of the two beds was increased 
from 22ºC to 35ºC two weeks after pollination. 

The standard nutrient solution based on prescription A from OTSUKA 
HOUSE (Otsuka Chemical Co. Ltd., Osaka, Japan) with an EC of 1.0 dSm-1 
was used in this experiment. The nutrient solution in the NFT system was 
refreshed every week. Ion concentrations in the standard nutrient solution (in 
mg L-1) were 85.2 N-NO3

-, 42.3 P-PO4
3-, 157.3 K+, 80.6 Ca2+, 67 SO4

2-, 18.4 
Mg2+, 1.0 Fe2+, 0.7 BO3

3-, 0.2 Mn2+, 0.1 Cu2+, 0.03 Zn2+ and 0.02 MoO4
2-. 

 
System for evaluation of root uptake of water and nutrient 
 
 The NFT system was developed for dynamic and simultaneous evaluation 
of rates of water and nutrient uptake by intact roots of plant population in the 
greenhouse (Yasutake et al., 2005). Figure 1 shows a schematic diagram of the 
system. The system was composed of a circulating unit (an NFT bed, a 
reservoir tank, etc.) and a water supply unit (a water supply tank, a solenoid 
valve, a supply line, etc.) for controlling the nutrient solution. A pressure 
transmitter was installed in the reservoir tank to detect decrease in volume of 
the nutrient solution caused by root water uptake. The circulation unit was 
automatically replenished with the fresh nutrient solution from the supply unit 
by on-off action of the solenoid valve, which was manipulated according to a 
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feedback signal from the water level sensor. Rates of water uptake (QW, L d-1) 
and nutrients uptake (QM, g d-1) by roots were evaluated with high the 
respective accuracy of ± 10% and ± 13% on the basis of accurate analysis of 
water and nutrient balance in the NFT system (Yasutake et al., 2005). This 
simultaneous evaluation of rates of water and nutrient uptake by roots enabled 
evaluation of each nutrient concentration in the root xylem sap ([M]xy, g L-1) by 
dividing the nutrient uptake rate by the water uptake rate. The system was 
reliable to study the short- and the long-term analysis of root uptake in response 
to various environmental conditions. 
 
 
Short- and long-term effects 
 

For analyzing the short-term effect of high temperature, the nutrient 
solution in the NFT bed was sampled hourly in the daytime and every three 
hours in the nighttime for evaluating diurnal changes one week after the 
start of high solution temperature. Then, for analyzing the long-term effect 
of high temperature, the nutrient solution in the NFT bed was sampled twice 
a day at 6:00 and 18:00 for four weeks from the start of the high temperature 
treatment. Changes in concentration of each nutrient (NO3

-, PO4
3-, K+ and 

Ca2+) concentrations was measured by using the soil-plant chemical 
analyzer (SPCA-6210, Shimadzu, Kyoto, Japan).  

 
Statistical analysis 
 

Dependence of root uptake on solar radiation and dependence of root 
nutrient uptake on the water uptake were analyzed using statistical software 
(SPSS, version 10.00, Chicago, USA). 
 
Results 
 
The short-term effects  
 

The diurnal changes in solar radiation and rate of water uptake by 
roots of tomato plants growing under different root temperatures of 22ºC 
(Control) and 35ºC (High temp) in the NFT system one week after the start 
of the high temperature treatment was seen in fig. 2. Root water uptake 
varied depending on solar radiation, and the high solution temperature 
enhanced root water uptake. This effect of high solution temperature 
appeared larger in the higher water uptake in the daytime.The diurnal 
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changes in nutrients (NO3
-, PO4

3-, K+ and Ca2+) uptake rates by roots of 
tomato plants was seen in Fig. 3. Nutrient uptake rate varied depending on 
water uptake rate, but effects of the high solution temperature were appeared 
in different pattern among the nutrients. In particular, the uptake rates of 
NO3

- and PO4
3- were enhanced as found in water uptake, and the Ca2+ in the 

afternoon depressed under the high solution temperature. 
Relationship between water uptake rate and solar radiation and 

relationship between nutrients (NO3
-, PO4

3-, K+ and Ca2+) uptake rate with 
water uptake rate for daytime analysis in the NFT system was seen in Table 
1. High dependence on solar radiation of water uptake rates under the 
control and the high solution temperature was found. Furthermore, nutrients 
uptake rate were also high dependence on water uptake rate. 
 
 

Fig. 1. Schematic diagram of the NFT system developed for dynamic and simultaneous evaluations of 
water and nutrients uptake rates in roots of plant population. The system is composed of the circulation 
unit (an NFT bed, a reservoir tank, a water pump and a circulation path, etc.) and the supply unit (a 
supply tank, a solenoid valve, a water pump and a supply path, etc.) for controlling the nutrient 
solution: IFMc and IFMs, integrated flow meters on the circulation and supply paths, respectively; [M]s, 
concentration of nutrient M in the supply tank; [M]t , concentration of nutrient M in the circulation unit 
at time t; PT , pressure transmitter for measuring water level in the reservoir tank; Pc, water pump for 
circulating the nutrient solution between the reservoir tank and the NFT bed; Ps, water pump for 
supplying nutrient solution from the supply tank to the reservoir tank; Solid arrows, flow of nutrient 
solution; broken arrows, flow of electric signals. 

 
The diurnal changes in nutrients (NO3

-, PO4
3-, K+ and Ca2+) 

concentration in the root xylem sap and the nutrient solution were seen in 
Fig. 4. Different pattern of each nutrient concentration in root xylem sap 
was found. [NO3

-] in root xylem sap was constant and high solution 
temperature was not affected. [PO4

3-] in root xylem sap was almost constant 
from the daytime, but high solution temperature decreased in the morning. 
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[K+] in root xylem sap decreased during higher water uptake, but high 
solution temperature increased that concentration during higher water 
uptake and lower concentration of [K+] in root xylem sap compare with that 
on control solution temperature was found. [Ca2+] in root xylem sap was 
relatively stable and higher solution temperature decreased [Ca2+] in root 
xylem sap compare with that on control solution temperature.  
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Fig. 2. Diurnal changes in hourly integrated solar radiation (Rs) and water uptake rate (Qw) in roots 
of tomato plants at solution temperatures of 22 ºC and 35 ºC in the NFT system on a fine day.  

 
Table 1. Relationship of water uptake rate with solar radiation and 
relationship of nutrients uptake rate with water uptake rate at solution 
temperatures of 22ºC and 35ºC in diurnal changes on 6th day after the start of 
high temperature treatment in the NFT system. Qw: water uptake rate (mL h-1 
plant-1); Rs: integrated solar radiation (MJ m-2 h-1). QNO3; nitrate uptake rate (g 
h-1 plant-1); QPO4 : phosphate uptake rate (g h-1 plant-1); QK : potassium uptake 
rate (g h-1 plant-1) and QCa: calcium uptake rate (g h-1 plant-1). 
 

  **, significant level of 0.01. 

 Control High temp 
 Qw = f(Rs) 0.004Rs + 22.5 ; R2 = 0.78** 0.007Rs + 24.2; R2 = 0.88** 
QNO3 = f (Qw) 0.11 Qw + 0.19 ; R2 = 0.99** 0.11 Qw + 0.055 ; R2 = 0.99** 
QPO4 = f (Qw) 0.035 Qw + 0.68 ; R2 = 0.96** 0.033 Qw + 0.69 ; R2 = 0.96** 
QK = f (Qw) 0.14 Qw + 1.2 ; R2 = 0.92** 0.14 Qw – 0.062 ; R2 = 0.97** 
QCa = f (Qw) 0.088 Qw + 0.39 ; R2 = 0.98** 0.063 Qw + 0.19 ; R2 = 0.87** 



 
 
 
 

Journal of Agricultural Technology 2010, Vol. 6(3): 543-558 
 

 549 

The long-term effects 
 

The daily integrated solar radiation and water uptake rates by roots of 
tomato plants growing under different solution temperatures of 22ºC 
(Control) and 35ºC (High temp) in the NFT system was seen in Fig. 5. 
Water uptake rate varied with solar radiation. Just after the start of the high 
solution temperature treatment, water uptake rate was increased, and kept 
higher rate for one week, and then rates of water uptake were similar 
between high and control solution temperature during 9-13 days after high 
solution temperature treatment. However, from 14 days until end of the high 
solution temperature treatment, rate of water uptake was decreased and 
lower than that at control solution temperature.  

The daily integrated nutrients (NO3
-, PO4

3-, K+ and Ca2+) uptake rates 
under different solution temperatures of 22ºC (Control) and 35ºC (High 
temperature) for short and long-term effect under different water uptake rate 
in the NFT system was seen in Fig. 6. Short-term effect of high solution 
temperature increased uptake rates of NO3

-, PO4
3-, K+ and Ca2+, but 

long-term effect of high solution temperature decreased those uptake rates. 
These patterns were similar with water uptake pattern and it can be supposed 
that nutrients uptake rate was highly depending on water uptake rate. 

Statistical analysis in the Table 2 shows relationship between solar 
radiation with water uptake rate and relationship between nutrients (NO3

-, 
PO4

3-, K+ and Ca2+) uptake rates with water uptake rate. Water uptake rate 
was highly depending on solar radiation on both of control and high solution 
temperature under short and long-term effect, however water uptake rate 
under high solution temperature was observed lower dependency than that 
under control solution temperature for long-term effect. Nutrients uptake 
rates were highly dependence on water uptake rate, both under conditions of 
the high and the control solution temperature. But, long-term effect of high 
solution temperature decreased dependency of nutrients uptake rate with 
water uptake rate, and these data might explain the patterns of results that 
mentioned above.  

The daily changes in nutrients (NO3
-, PO4

3-, K+ and Ca2+) concentration 
in the root xylem sap and the nutrient solution under different solution 
temperatures of 22ºC (Control) and 35ºC (High temp) for short and long-term 
effect under different water uptake rate in the NFT system was seen in Fig. 7. 
We found different pattern of nutrient concentration in root xylem sap that 
affected by short- and long term high solution temperature treatment. [NO3

-], 
[PO4

3-] and [K+] in xylem sap were relatively stable, but [Ca2+] in root xylem 
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sap was higher than that in the nutrient solution for short-term effect of high 
solution temperature. The long-term effect of high solution temperature 
decreased [NO3

-], [K+] and [Ca2+] in the root xylem sap, although their 
concentrations in the nutrient solution gradually increased with depressing 
root nutrient uptake. Furthermore, the long-term effect of high solution 
temperature decreased those concentrations in root xylem sap compare than 
those in the nutrient solution. However, [PO4

3-] in the root xylem sap were 
always kept higher compared with that in the nutrient solution. 
 
Table 2. Relationship of water uptake rate with solar radiation and 
relationship of nutrients uptake rate with water uptake rate at solution 
temperatures of 22ºC and 35ºC in the short-term (1-9 days after the start of 
temperature treatment) and the long-term ( 10-28 days after the start of 
temperature treatment) in the NFT system . Qw: water uptake rate (L d-1 
plant-1); Rs: integrated solar radiation (MJ m-2 d-1). QNO3; nitrate uptake rate 
(g d-1 plant-1); QPO4 : phosphate uptake rate (g d-1 plant-1); QK : potassium 
uptake rate (g d-1 plant-1) and QCa: calcium uptake rate (g d-1 plant-1). 
 

    **, significant level of 0.01 and *, significant level of 0.05. 

 Control High temp 
 Qw = f(Rs) 
  Short-term 
  Long-term 

 
0.046 Rs + 0.072 (R2 = 0.78*) 
0.04 Rs + 0.112 (R2 = 0.85**) 

 
0.06 Rs + 0.093 (R2 = 0.89*) 

0.015 Rs + 0.24 (R2 = 0.55**) 
QNO3 = f (Qw) 
  Short-term 
  Long-term 

 
0.11 Qw - 0.012 (R2 = 0.91**) 

0.096 Qw - 0.006 (R2 = 0.88**) 

 
0.112 Qw - 0.0124 (R2 = 0.74**) 
0.064 Qw - 0.0004 (R2 = 0.47**) 

QPO4 = f (Qw) 
  Short-term 
  Long-term 

 
0.01 Qw + 0.026 (R2 = 0.56*) 
0.05 Qw - 0.001 (R2 = 0.92**) 

 
0.022 Qw + 0.024 (R2 = 0.53*) 

  0.054 Qw - 0.004 (R2 = 0.84**) 
QK = f (Qw) 
  Short-term 
  Long-term 

 
0.09 Qw + 0.006 (R2 = 0.77**) 
0.13 Qw + 0.019 (R2 = 0.93**) 

 
0.15 Qw + 0.026 (R2 = 0.86**) 

  0.138 Qw + 0.003 (R2 = 0.65**) 
QCa = f (Qw) 
  Short-term 
  Long-term 

 
0.098 Qw + 0.001 (R2 = 0.63**) 
  0.035 Qw - 0.002 (R2 = 0.48*) 

 
0.085 Qw - 0.0008 (R2 = 0.71**) 

  0.003 Qw - 0.0013 (R2 = 0.31*) 
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Fig. 3. Diurnal changes in uptake rates of NO3

-, PO4
3-, K+ and Ca2+ in roots of tomato plants at solution 

temperatures of 22 ºC and 35 ºC in the NFT system on a fine day. Open symbols indicate data at solution 
temperature of 22 ºC and closed symbols indicate data at solution temperature of 35 ºC : QNO3, nitrate 
uptake rate; QPO4, phosphate uptake rate; QK, potassium uptake rate; QCa, calcium uptake rate. 
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Fig. 4. Diurnal changes in concentrations of root xylem sap of NO3
-, PO4

3-, K+ and Ca2+ in 
roots of tomato plants at solution temperatures of 22 ºC and 35 ºC in the NFT system on a 
fine day. Open symbols indicate data at solution temperature of 22 ºC and closed symbols 
indicate data at solution temperature of 35 ºC; [NO3

-], nitrate concentration; [PO4
3-], 

phosphate concentration; [K+], potassium concentration ;[Ca2+], calcium concentration; xs 
and s indicate xylem sap and nutrient solution, respectively. 
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Fig. 5. Time courses of daily integrated solar radiation (Rs) and water uptake rate (Qw) 
in roots of tomato plants for four weeks at solution temperatures of 22 ºC and 35 ºC in 
the NFT system. Arrows indicate refreshment of the nutrient solution in beds of the 
NFT system. 
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Fig. 6. Relationship between uptake rates of NO3

-, PO4
3-, K+ and Ca2+ and water uptake 

rate in roots of tomato plants at the solution temperatures of 22ºC and 35oC for 
short-term (A-D, 1-9 days after the start of the temperature treatment) and long-term 
(E-F,10-28 days after the start of the temperature treatment) in the NFT system. Qw, 
water uptake rate; QNO3, nitrate uptake rate; QPO4, phosphate uptake rate; QK, potassium 
uptake rate; QCa, calcium uptake rate.  
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Discussion 
 

The study showed water uptake rate varied and highly dependence on 
solar radiation for the short-term effect (Fig. 2 and Table.1). According to 
Kramer and Boyer (1995) and Nobel (1991), high intensity of solar 
radiation during the daytime can increase rate of water uptake that was 
driven by transpiration stream. The short-term effect of the high solution 
temperature increased rate of water uptake through decreasing viscosity of 
water in the nutrients solution. Kramer and Boyer (1995) concluded that the 
high temperature enhanced water uptake through decrease in viscosity of 
water, which brought the lower hydraulic resistances and accelerated water 
transport in roots 1.4 times. The viscosity of a fluid indicates a resistance to 
flow; decrease in the viscosity of water as the temperature rises reflects 
breaking of hydrogen bonds and also lessening the attractive forces 
accompanying the greater thermal motion of molecules (Nobel, 1991).  

Our findings in the long-term effects of high solution temperature 
showed the daily water uptake rate varied and highly dependence on solar 
radiation, although at the high solution temperature lower dependence of 
water uptake rate on solar radiation was found compare than that at control 
solution temperature (Fig.5 and Table.2). This lower dependence of water 
uptake rate on solar radiation in the long-term treatment of high solution 
temperature can be supposed through the growth depression of root. Root 
growth was affected as a function of temperature (McMichael and Burke, 
1996) and roots formed at high temperatures are thinner than those produced 
at optimum temperature for growth (Nielsen, 1974). 

Decrease in water uptake rate under the long-term effect of high 
solution temperature can also be caused through decrease in root hydraulic 
conductance. From the high temperature pre-conditioning in tomato that 
grown in soil (Morales et al, 2003), root hydraulic conductance in tomato 
plants under the long-term treatment with the high  temperature is expected 
to be lower than that at the control temperature. Root hydraulic conductance 
for the long-term treatment with high root temperature in woody plants 
(Graves et al., 1991) and pepper (Dodd et al., 2002) were also decreased. 
Other scientists also found decreased water uptake rate under the high 
temperature caused by various reasons, such as increased suberization or the 
deposition of secondary cell wall materials behind the zone of elongation 
(Boyer, 1985), decreasing xylem vessel diameter increases the axial 
resistance to water uptake (Oosterhuis, 1983) and increased un-saturation in 
membrane fatty acid associated with increased resistance to root water 
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uptake (Markhart et al., 1980).    
Pattern of nutrient uptake rate in the NFT system were increased just 

after the start of high solution temperature, and decreased several days after 
treatment with high solution temperature (Figs. 3 and 6). The observed high 
dependence of nutrient uptake on water uptake can be considered brought 
through the apoplastic mass flow, because the apoplastic transport of ion is 
driven by the mass flow with water (Kramer and Boyer, 1995), although ion 
transport in roots involves apoplastic, symplastic and membrane transports 
( Nissen, 1996; Maathuis and Sanders, 1999). We supposed that short and 
long-term effect of the high solution temperature also affected membrane 
transport, because composition and integrity of membranes are affected by 
environmental factors (light intensity, temperature, water deficit, air 
pollutant, and also deficiency of nutrients), and high temperature can lead 
cells to reorganize membrane fluidity, bi-layer stability and permeability 
(Levitt, 1980; Marschner, 1995; Leone et al., 2003) and also changing 
fluidity of the fatty acids in plasmalemma affect nutrient uptake capacity 
(Clarkson et al., 1988). 

Furthermore, growth depression and browning in roots occurred 
several weeks after the high solution temperature treatment can also be 
considered to cause lower uptake of nutrient. The high solution temperature 
can reduce oxygen solubility of the nutrient solution and then increasing 
enzymatic oxidization of phenolic compounds that produces brown 
substance in root epidermal and cortex tissues (Hurd, 1978 ; Fukuoka and 
Enomoto, 2001; Wells and Eissenstat, 2003). 

The major difficulty in sampling xylem sap directly is the negative 
pressure in the xylem of transpiring plant in the field, and it has proved 
impossible to determine nutrient concentration in the xylem under condition 
of negative pressure (Schurr, 1998). One of the   approximations to 
calculate the nutrient concentrations in the xylem sap is the mass flux to the 
xylem. The mass flux to the xylem is equivalent with rate of transpiration, 
where water uptake rate during the daytime depend on the transpiration 
stream and xylem concentrations of nutrient are low because the incoming 
water dilutes the xylem solution during the daytime (Kramer and Boyer, 
1995; Herdel et al., 2001). Our experiment used similar approximation to 
calculate nutrient concentrations in the root xylem sap, where nutrient 
concentration in the root xylem sap can be estimate by dividing the 
respective nutrient uptake rates by the water uptake rate.  

 [NO3
-], [PO4

3-], [K+] and [Ca2+] in root xylem sap were higher than 
those in the nutrient solution during diurnal analysis at high solution 
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temperature, while lower [K+] and [Ca2+] at high solution temperature were 
also observed in root xylem sap (Fig. 4). This indicates that at lower 
nutrients concentration in the NFT system, the active processes in those 
nutrients transport play an important role (Chrispeels et al., 1999; White, 
2001; Glass et al. 2002; Shaul, 2002). And, the long-term effect of high 
solution temperature decreased [NO3

-], [K+] and [Ca2+] in root xylem sap , 
although those concentrations in the nutrient solution were gradually 
increased with the depressed nutrient uptake rate (Fig. 7). Nutrient 
concentrations in root xylem sap became remarkably lower than those in the 
nutrient solution at the long-term treatment of high solution temperature, 
and this result indicate that the active processes involved in the transport of 
NO3

-, K+ and Ca2+ in roots are significantly retarded by the long-term 
treatment with high solution temperature. On the other hand, affect of high 
solution temperature on [PO4

3-] in the root xylem sap was not found, 
because [PO4

3-] in root xylem sap kept higher as compared with that in the 
nutrient solution.  

We conclude that the short-term effects of the high solution 
temperature enhanced water and nutrient uptake and it brought through the 
physical processes such as the apoplastic mass flow in roots that it 
accelerated by decrease in viscosity with temperature rise and affected 
membrane transport. On the other hand, the long-term effects of the high 
solution temperature depressed water and nutrient uptake and they were 
brought through the physiological processes such as the root browning and 
the active transport in membranes which are affected by the lower oxygen 
availability under the higher solution temperature. The long-term effect of 
the high solution temperature decreased nutrient concentration in root xylem 
sap, and the root xylem sap concentrations of N, K and Ca became lower 
than those in the nutrient solution. This indicates that active processes 
involved in root uptake of those nutrients were retarded by the long-term 
treatment with the high solution temperature.  

These results showed that unfavorable effect of the high solution 
temperature influenced water and nutrient transport in roots and be 
considered to result in the deterioration of root physiological functions. The 
effects of the high solution temperature on root uptakes of water and 
nutrient appeared in different patterns reflecting the passive and active 
processes involved in the respective transport systems in roots. 

 



 
 
 
 

Journal of Agricultural Technology 2010, Vol. 6(3): 543-558 
 

 556 

0

0.1

0.2

0.3

0.4

0.5
22oC. Short-term

[N
O

3- ]  
(g

 L
-1

) A
Nutrient solution
35oC. Short-term

0

0.1

0.2

0.3

0.4

0.5

35oC. Long-term

[N
O

3- ]  
(g

 L
-1

)Nutrient solution

E 22oC. Long-term

0

0.05

0.1

0.15

0.2

[P
O

43-
]  

(g
 L

-1
) B

0

0.05

0.1

0.15

0.2

[P
O

43-
]  

(g
 L

-1
)

F

0

0.1

0.2

0.3

[K
+ ]  

(g
 L

-1
) C

0

0.1

0.2

0.3

[K
+ ]  

(g
 L

-1
)

G

0

0.05

0.1

0.15

0.2

0 0.2 0.4 0.6 0.8 1 1.2 1.4

[C
a2+

]  
(g

 L
-1

)

Q
w

 ( L d-1 plant-1)

D

0

0.05

0.1

0.15

0.2

0 0.2 0.4 0.6 0.8 1 1.2 1.4
[C

a2+
]  

(g
 L

-1
)

Q
w

 ( L d-1 plant-1)

H

 
Fig. 7. Relationship between nutrients concentrations of NO3

-, PO4
3-, K+ and Ca2+ and 

water uptake rate in root xylem sap of tomato plants at different solution temperatures 
of 22ºC and 35oC for short-term (A-D, 1-9 days after the start of the temperature 
treatment) and long-term (E-F, 10-28 days after the start of the temperature treatment) 
in the NFT system. Qw, water uptake rate; [NO3

-] nitrate concentration; [PO4
3-] 

phosphate concentration; [K+] potassium concentration and [Ca2+] calcium 
concentration. Arrows indicated ion concentration in the nutrient solution just after 
refreshment. 
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