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Abstract: In this study, butterhead lettuce (Lactuca sativa L. cv. Baby Butter) plants were grown at three root-zone tem-

peratures (RZTs): 25
o
C, 30

o
C and ambient-RZT (A-RZT) ranging from 26

o
C-42

o
C while their shoots were maintained at 

hot ambient temperature ranging from 26
o
C-42

o
C. Three phosphorus (P) concentrations: -25% P (minus P, 23.25ppm), 

control (31.00ppm) and +25% P (plus P, 38.75ppm) were supplied to the plants at each RZT using Netherlands Standard 

Nutrient Solution. Interactions between RZT and P concentrations on productivity, root morphology, maximum photosyn-

thetic O2 evolution (Pmax), P uptake and its partitioning between shoot and root were studied. Lettuce plants grown with 

the plus P concentration at 25
o
C-RZT had the highest productivity, highest Pmax, highest shoot and root P concentrations. 

However, all the root morphological parameters studied were the greatest in plants grown with the minus P at 25
o
C-RZT. 

Higher P concentration in the solution and 25
o
C-RZT resulted in higher portion of the absorbed P partitioned to the 

shoots. Integrated effects of RZT and P concentration on the productivity, root morphology, photosynthesis and P uptake 

were discussed.  

Key Words: Chlorophyll fluorescence Fv/Fm ratio, photosynthesis, phosphorus, plant growth, root morphology, root-zone tem-
perature. 

INTRODUCTION  

 Temperate and subtropical crops, such as lettuce (L. sa-
tiva) and capsicum (Capsicum annuum), have been success-
fully grown in the tropics by exposing their roots to certain 
cool temperatures (15 to 25

o
C) while their shoots were main-

tained at hot ambient temperature [1-4]. Under such condi-
tions, it was observed that P concentration in nutrient solu-
tion had strong effect on their growth and productivity.  

 The effects of availability of P on the growth and produc-
tivity of plants had been well studied. In the study with bean 
(Phaseolus vulgaris) plant, Mikulska et al. (1998) [5] found 
that after 18 days of P starvation, the accumulations of fresh 
weight (FW), dry weight (DW) and leaf area were only 45 to 
55% and 60%, respectively, compared to control plants sup-
plied with sufficient P. With lettuce plants, Xu et al. (2004) 
[6] revealed that increasing solution-P concentration from 
0.2 to 1.0 mM significantly increased the canopy FW by 12-
25%. Some specific growth factors related to P have been 
identified. For example, P increases stem strength, improves 
flower formation and seed production, improves crop qual-
ity; and increases resistance to diseases [5, 7, 8]. Results of 
Lynch et al. (1991) [9] suggested that decrease in leaf num-
ber and size was one of the earliest and most reliable re-
sponses of bean plants to P deficiency. In lettuce plants, 
Soundy et al. (2001) [10] found that both shoot FW and DW  
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as well as leaf area increased quadratically in response to 
increased P concentrations from 0 to 45 mg/L.  

 In a study of L. sativa cv. Palma under aeroponical con-
ditions, Tan et al. (2002) [4] found that plants grown at op-
timum cool RZT had higher leaf P concentration compared 
to the plants grown at hot A-RZT. With muskmelon (Cucu-
mis melo L. 'Gold Star'), Stoltzfus et al. (1998) [11] obtained 
similar results. These results suggested that uptake of P by 
plants and its accumulation within plants were strongly af-
fected by RZTs.  

 It has been well documented that RZT affects root 
growth and development [4, 12, 13]. In lettuce plants, total 
root length, total root surface area and number of root tips of 
the plants grown at 20

o
C-RZT were much greater compared 

to the plants grown at A-RZT [4]. On the other hand, roots of 
P-deficient plants were typically longer and slender [14, 15] 
and often with abundant root hairs [16], resulting in a large 
root surface for P capture. However, other results indicated 
that root growth was unaffected or even stimulated by P de-
ficiency [6, 14]. There is little research on the interaction 
between different P concentrations in the medium and RZT 
on lettuce plant growth and development. In this study, P 
concentrations in nutrient solution were increased (plus P) or 
decreased (minus P) by 25% in reference to the P concentra-
tion in Netherlands Standard Nutrient Solution (as a control). 
The effects of RZT and nutrient P concentration on plant 
productivity, root morphology, photosynthesis, P uptake and 
transport were determined. The objective was to establish the 
optimal P concentration for the commercial production of 
lettuce plant in the tropics.  
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MATERIALS AND METHODS 

Cultivation of Experimental Plant 

Butterhead lettuce (Lactuca sativa L. cv. Baby Butter) was 
chosen as experimental material. It is hereby simply referred 
to as lettuce. Seeds were obtained from a commercial seed 
producer in Holland. Three days after germination, the seed-
lings were transferred onto polyurethane cubes with a cut at 
the center and socked with water and placed in trays. The 
trays were transferred to a greenhouse for 15 days for hard-
ening. The seedlings were then transplanted to the aeroponic 
system as previously described by Lee (1993) [17]. Aero-
ponics is a modified hydroponic culturing system. Roots of 
the plants were suspended in the air within an enclosed 
chamber (through). Nutrient solution was pumped through a 
series of discharge pipes installed at the base of trough. 
Lower RZTs were obtained by misting roots with cooled 
nutrient solution. The maintaining of lower nutrient solution 
temperature was achieved by a sensor within the trough con-
nected to a microprocessor [17]. 

 Roots were maintained at three temperatures: 25
o
C, 30

o
C 

and A-RZT within a sealed trough while the aerial parts were 
exposed to the fluctuating ambient temperature (26

o
C-42

o
C) 

under 100% of prevailing solar radiation with maximum 
photon flux density (PFD) of 1200 mol s

-2
 s

-1
. Modified full 

strength Netherlands Standard Solution [18] was used as 
control. The standard nutrient solution had the following 
composition: Ca, 180.5ppm; N, 166.4ppm; P, 31.0ppm; K, 
265.3ppm; Mg, 48.7ppm; Fe, 13.0ppm; Mn, 1.0ppm; B, 
0.1ppm; Zn, 0.01ppm; Cu, 0.01ppm; Mo, 0.3ppm. Some 
plants were also grown in nutrient solution with increased 
(plus P, 38.75ppm) or decreased (minus P, 23.25ppm) P 
concentration by 25% while the rest of the elements re-
mained the same.  

 The design of the experiment was shown in Table 1. 
Each treatment had 60 plants with a growth duration of 35 
days. At the end of the experiment, 5 plants, considered as 
replications, were harvested randomly from the aeroponic 
trough for analysis of shoot and root FW and DW, root mor-
phology, photosynthesis, and P concentration.  

Measurement of Shoot and Root FW and DW 

 35 days after transplanting, the whole lettuce plants were 
removed from the aeroponic trough and the polyurethane 
cube was removed carefully from individual root system. 
Roots and shoots were separated from five plants. Both 
shoots and roots were dried carefully with blotting paper and 
weighed separately. After taking the FW, all the tissues were 
wrapped with aluminum foil and dried at 80

o
C for 4 days to 

obtain the DW. 

Analysis of Root Morphology 

 The root morphology was analyzed with WIN MAC 
RHIZO scanner equipped with the WIN MAC RHIZO V 3.9 
program (Regent Instruments INC., Canada) 35 days after 
transplanting. The roots were detached from their shoots on 
another five plants and then placed in a tray (20 cm x 25 cm) 
with water. The water served to separate out the roots and 
keep them moist. The parameters of total root length, num-
ber of root tips, root surface area and root volume were de-
termined by the program.  

Measurement of Maximum Photosynthetic Rate (Pmax)  

 After transplanting for 35d, a 10 cm
2
 leaf disc was cut 

from the leaf and placed in a saturated CO2 condition (1% 
CO2 from a 1 mol/L carbohydrate/bicarbonate buffer, pH9) 
as described by Ball et al. (1987) [19]. Pmax of oxygen evolu-
tion was obtained using an oxygen electrode system (Model 
LD2, Hansatech Ltd, King Lynn, Norfork, England) at 25

o
C 

under photon flux density (PFD) of 1000 μmol m
-2

 s
-1

.  

Determination of P Concentration in the Plant Tissue 
and Calculation of Total P  

 The same plants used for the measurement of shoot and 
root FW and DW were used for this analysis. After measur-
ing shoot and root DW, 0.05 g of dry sample was placed into 
a digestion tube with a Kjeldahl tablet and 5 ml of concen-
trated sulphuric acid. 2.5 ml of digested liquid was trans-
ferred into a 100 ml volumetric flask and deionised water 
was used to top up till 100 ml. P concentration in this solu-
tion was determined colorimetrically (Murphy and Riley, 
1962) [20] using a spectrometer (Beckman DU 650, USA). 
Total P content was calculated as: P  DW. 

Statistical Analysis  

 All data obtained in the study were statistically analyzed 
by ANOVA (Microsoft Excel Windows 2000). The compari-
sons were made between control P and +25% P or control P 
and -25% P at each RZT by t-test. Comparisons were also 
conducted among the three RZTs supplied with the same 
level of P. When significant (P < 0.05) differences occurred, 
means were separated by LSD.  

RESULTS AND DISCUSSION 

Plant Productivity  

 In a vegetable farm, plant productivity is expressed as 
FW. At each given RZT, shoot FW of lettuce plants grown 
with the plus P was significantly higher (P < 0.05) than the 
control P plants. Meanwhile, shoot FW of lettuce plants 
grown with the minus P was significantly lower (P < 0.05) 

Table 1. The Outline of Experimental Treatments. Plants were Fed with Three P Concentrations (Minus 25% P = 23.25ppm,  

Control = 31.00ppm, and Plus 25% P = 38.75ppm) and Roots were Exposed to Three Different Temperatures (25
o
C, 

30
o
C, and A-RZT Ranging from 26

o
C to 42

o
C) when Grown Under Each P Treatment 

Minus P Control P  Plus P 

25 oC- 30 oC- A-RZT 25 oC- 30 oC- A-RZT 25 oC- 30 oC- A-RZT 
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than the control P plants. At each given P concentration, 
shoot FW of lettuce plants grown at A-RZT was signifi-
cantly lower than that of plants grown at 25

o
C-RZT (P < 

0.05) and 30
o
C-RZT (P < 0.05). Meanwhile, shoot FW of 

lettuce plants grown at 30
o
C-RZT was significantly lower (P 

< 0.05) than the plants grown at 25
o
C-RZT (Fig. 1A). These 

results suggest that growth of lettuce in the tropics was very 
sensitive to the change in RZTs, but increased nutrient P 
concentration could alleviate the detrimental effect resulted 
from the higher RZT.  

 On the contrary, at each given RZT, lettuce plants grown 
with the minus P concentration had higher root FW (P < 
0.05) while those plants grown with the plus P concentration 
had lower (P < 0.05) root FW as compared to the control 
plants. High A-RZT significantly reduced the root FW, re-
gardless of P concentration. At each given P concentration, 
root FW of A-RZT plants was significantly lower than that 
of 30

o
C (P < 0.05) and 25

o
C-RZT plants (P < 0.05). Mean-

while, root FW of plants grown at 25
o
C-RZT was signifi-

cantly higher (P < 0.05) than that of 30
o
C-RZT plants. At 

25°C-RZT, despite of the lowest root FW was found for the 
plus P among the three P concentrations, root FW was higher 
than that of lettuce plants grown at A-RZT with the minus P 
concentration (Fig. 1B). These results indicate the override 
effect of RZT on P concentration in nutrient solution. The 
results of He and Lee (2001) [21] demonstrated that lettuce 
plants grown at 25

o
C-RZT had much higher shoot and root 

FW and DW compared to that of A-RTZ plants. They attrib-
uted the effect of hot A-RZT on the reduced shoot and root 
FW and DW to the water stress and thus resulted in stomatal 
and non-stomatal limitation of photosynthesis. Similar re-
sults were obtained by Qin et al. (2002) [22] and Tan et al. 
(2002) [4]. Higher productivity of lettuce plants grown with 
higher P concentration in the present study could be related 
to cell expansion, as leaf cell expansion, especially expan-
sion of epidermal cells, was very sensitive to tissue P con-
centration [23]. Lee and Cheong (1996) [24] suggested this 
lower RZT per se could have direct effects on total physiol-
ogy of the plants that resulting growth and development of 
plants, as lower RZT affect nutrient uptake by plants [25, 
26]. On the other hand, root tissues, especially meristems, 
are sites of synthesis of important hormones, such as auxins, 
cytokinins and gibberellins [27-29]. Higher growth of roots 
for the plants grown at 25

0
C-RZT could affect morphogene-

sis of the shoots. 

 The shoot/root ratio of FW for plants grown with the plus 
P was 2.17-fold higher than that of the control P plants. The 
shoot/root ratio of FW for the control P plants was 1.33-folds 
higher than that of the minus P plants (Fig. 1C). Similar re-
sults were found for 30

o
C-RZT and A-RZT plants. Changes 

of shoot and root DW as well as shoot/root ratio of DW in 
responses to different P concentrations and RZTs were simi-
lar to those of the FWs (data not shown). These results indi-
cate that both RZTs and P concentrations in nutrient solution 
had strong effects on the accumulation of biomass in both 
shoot and root. With the increase of P concentration, there 
would be a sharp increase in partitioning of biomass to the 
shoot. The results of the present study were supported by the 
findings of Soundy et al. (2001) [10] who demonstrated that 
shoot FW and DW as well as leaf area of lettuce plants in-
creased quadratically when P concentrations increased from  
 

0 to 45 mg/L. However, in eggplant (Solanum melongena), 
Víllora et al. (2002) [30] reported that both the leaf blade 
and fruit FW as well as DW decreased significantly when P 
concentrations increased from 1 mM to 4 mM. Our results 
also imply that the effect of hot A-RZT on shoot and root 
productivity were more severe compared to P deficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Mean FW of shoots (A) and roots (B), and shoot/root ra-

tios (C) of L. sativa plants grown at three P (minus P = 23.25ppm, 

control = 31.00ppm, and plus P = 38.75ppm) at three RZTs: 25
o
C, 

30
o
C and A-RZT, respectively. Vertical bars represent standard 

errors. * indicates significant difference by comparing to the control 

P (P < 0.05) by t-test at the same RZT. Means within each P treat-

ment followed by different letters are significantly different (P < 
0.05) based on Fisher’s LSD test, n = 5.  
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Root Morphology 

 Root morphology analysis revealed that at each given 
RZT, total root length (Fig. 2A), total root surface area (Fig. 
2B), total root volume (Fig. 2C) and total number of root tips 
(Fig. 2D) of lettuce plants grown with the minus P concen-
tration were significantly greater than those of the control 
plants (P < 0.05). Meanwhile, all these root morphological 
parameters of lettuce plants grown with the plus P concentra-
tion were significantly lower than those of the control plants 
(P < 0.05). At each given P concentration, all parameters 
were much greater in 25

o
C-RZT plants than in A-RZT 

plants. Plants grown with the minus P concentration at 25
o
C-

RZT had the largest total root length, largest total root sur-
face area, largest total root volume and largest number of 
root tips among the different treatments. On the other hand, 
the results imply that RZT had greater effect on the devel-
opment of root morphology than that of P concentration in 
the solution. At 25

o
C-RZT, for example, total root length of 

the minus P plants was 1.65-folds higher than that of the plus 
P plants (Fig. 2A). However, with the minus P concentration, 
total root length of lettuce plants grown at 25

o
C-RZT was 

9.08-folds higher than that of A-RZT plants. For total root 
surface, total root volume and total root tips,similar results 
were obtained (Fig. 2B, 2C, 2D). With southern magnolia 
(Magnolia grandiflora Hort. `St. Mary`), Martin and Ingram 
(1991) [31] found that total root length and root DW re-
sponded negatively to the increased RZT. Results of Tan et 
al. (2002) [4] showed that lettuce plants grown at 20

o
C-RZT 

had longer total root length with more root tips and total root 
surface area. Also with lettuce, Qin et al. (2002) [22] ob-
tained similar results. In their study, Tan et al. (2002) [4] 
found that hot A-RZT stunted the shoot growth as more pho-
tosynthates were partitioned to the roots for respiration and 
root cell thickening than root elongation. With Inex cronata 
“Rotundifolia”, Foster et al. (1991) [32] reported that root 
respiration increased with increasing RZT.  

 A few more studies revealed that root growth was unaf-
fected or even stimulated by moderate P deficiency [6, 14, 
33]. Studies carried out by Anghigoni and Barber (1980) 
[15] with maize (Zea mays) plants revealed that roots of P-
deficient plants were longer and slender compared to the 
plants grown at P-sufficient medium. Anuradha and Naraya-
nan (1991) [34] found that P-deficiency enhanced primary 
and secondary root elongation rate for horsegram (Macrty-
loma unflorum) plants. These results could be caused by in-
creased translocation of assimilated carbon from shoot to 
root [35]. In the present study, although the shoot productiv-
ity decreased for lettuce plants grown with the minus P con-
centrations, plants did not show any symptoms of P-
deficiency. On the other hand, the results in Fig. (2) demon-
strated that the stimulating effect of lower P concentration in 
the solution on roots was dramatically diminished by hot A-
RZT. The integration of lower P concentration and hot RZT 
caused further decrease in shoot production.  

Maximum Photosynthetic Rate (Pmax) 

 As shown in Table 2, at each given RZT, Pmax of lettuce 
plants grown with the plus P concentration in the solution 
was significantly higher (P < 0.05) than those of the control 
P plants (P < 0.05). Meanwhile, Pmax of the plants grown 
with the minus P concentration was significantly lower than 

that of the control P plants (P < 0.05). It was also shown that 
lettuce plants grown at 25

o
C-RZT had significantly higher 

Pmax compared to those of the plants grown at 30
o
C-RZT  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. (2). Mean total root length (A), root surface area (B), root vol-

ume (C) and number of root tips (D) of L. sativa plants grown with 

three P concentrations (minus P = 23.25ppm, control = 31.00ppm, 

and plus P = 38.75ppm) at three RZTs: 25
o
C, 30

o
C and A-RZT, 

respectively. Vertical bars represent standard errors (S.E.). * indi-

cates significant difference by comparing to the control P (P < 0.05) 

by t-test at the same RZT. Means within each P treatment followed 

by different letters are significantly different (P < 0.05) based on 
Fisher’s LSD test. n = 5. 
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Table 2. Mean Pmax ( mol O2 s
-2

 s
-1

) of L. sativa Plants Grown 

at Three P Concentrations and RZTs for 35 Days 

RZT -25% P Control P +25% P 

25oC-RZT 11.77 ± 0.77*a 14.65 ± 1.21a 18.18 ± 0.29*a 

30oC-RZT 8.78 ±0.26*b 10.64 ±1.02b 14.21 ± 0.65*b 

A-RZT 7.06 ±1.02*c 8.83 ±0.90c 11.74 ± 0.87*c 

* Indicates significant difference by comparing to the control P (P < 0.05) by t-test at 
the same RZT. Means within each P treatment followed by different letters are signifi-
cantly different (P < 0.05) based on Fisher’s LSD test, n = 5. 

 
(P < 0.05) and A-RZT (P < 0.05). Results indicate that 
among all the treatments, lettuce plants grown with the plus 
P concentration at 25

o
C-RZT had the highest Pmax, suggest-

ing that both higher P concentrations in the medium and cool 
RZT were needed by lettuce plants to maintain high photo-
synthetic rate when grown in the tropics. However, when 
grown at either A-RZT or 30

o
C-RZT, the effects of plus P on 

Pmax was masked by higher RZT. Among all the treatments, 
lettuce plants grown at the minus P concentration at A-RZT 
had the lowest Pmax. In their study with maize (Z. mays) 
plants, Usuda and Shimogawara (1991) [36] indicated that 
for the plants grown with 0.001 (low P) and 0.5 mM (con-
trol) P in the medium, low P treatment resulted in photosyn-
thetic rate decreased by 68% compared to the control plants. 
In bean (P. vulgaris) plants, Mikulska et al. (1998) [5] found 
that 18-days’ P starvation resulted in photosynthetic rate 
declined to 50% of the control. P participates in plant photo-

synthesis in the form of ATP, which supplies energy for the 
CO2 fixation [37].  

 Under P-deficient condition, ATP produced during pho-
tophosphorylation may be insufficient to support CO2 fixa-
tion by the Calvin cycle [38]. In okra (Abelmoschus esculen-
tus) plant grown at P-deficiency, Sen and Mujkherji (2004) 
[39] found that both the ATP content and ATPase activity 
decreased significantly. In the present study, when lettuce 
plants were grown at 25

o
C-RZT, Pmax of the plus P at 25

o
C-

RZT plants was 2.6- and 1.55-folds higher than that of the 
plants gown with the minus P concentration at 25

o
C-RZT 

and A-RZT, respectively. These results suggest that the pro-
moting effect of higher P concentration on photosynthesis 
was debilitated by hot RZT. Studies with lettuce conducted 
by He and Lee (1998b) [2] reported that the values of Pmax 
were much lower in A-RZT plants than in 25

o
C-RZT plants. 

Similar results were obtained by He and Lee (2001) [21] in 
another study conducted with Chinese broccoli (B. albo-
glabra).  

 Nevertheless, the results showed that the integration of 
25

o
C-RZT and higher P concentration in the solution addi-

tively enhanced photosynthetic rate compared to a single 
factor, that is, either cool-RZT or high P. Meanwhile, inte-
gration of low P and A-RZT additively depressed the photo-
synthetic rate than any of the single factor.  

P Uptake and Partitioning Between Shoots and Roots 

 P concentrations of shoot and root as well as its partition-
ing between shoot and root are summarized in Table 3. At 

Table 3. Mean P Concentrations (mg/g DW), Total P Content of Shoot and Root and P Shoot/Root Ratio of L. sativa Plants Grown 

at Different P Concentrations in Nutrient Solution and Different RZTs for 35 Days 

Treatment 

  Tissue -25% P Control P +25% P 

Shoot 5.81 ± 0.46*a 6. 62 ± 0.58a 7.86 ± 0.48*a 
25oC-RZT 

Root 5.07 ± 0.36*d 5.67 ± 0.40d 7.07 ± 0.53*d 

Shoot 4.8 ± 0.37*b 5.76 ± 0.46b 7.01 ± 0.49*b 
30oC-RZT 

Root 4.73 ± 0.22*e 5.95 ± 0.28e 6.83 ± 0.41*e 

Shoot 4.06 ± 0.37*c 4.79 ± 0.36c 5.84 ± 0.49*c 

P concentration  

(mg/g DW) 

A-RZT 
Root 4.42 ± 0.27*f 5.31 ± 0.23f 5.95 ±0.35*f 

Shoot 20.06 ± 2.06*a 29.17 ± 2.61a 45.86 ± 3.34*a 
25oC-RZT 

Root 3.36 ± 0.32*d 4.22 ± 0.18d 5.94 ± 0.37*d 

Shoot 11.31 ± 1.14*b 19.43 ± 0.88b 31.04 ±1.47*b 
30oC-RZT 

Root 2.74 ± 0.23*e 3.94 ± 0.28b 5.12 ± 0.35*e 

Shoot 5.06 ± 0.41*c 9.04 ± 0.66 c 16.56 ± 1.07*c 
A-RZT 

Root 1.83 ± 0.08*f 2.57 ± 0.32f 4.39 ± 0.24*f 

25oC-RZT shoot/root ratio 5.97 ± 0.32a 6.44 ± 0.58a 7.72 ± 0.38*a 

30oC-RZT shoot/root ratio 4.13 ± 0.29*b 4.69 ± 0.4b 6.06 ± 0.48*b 

Total P content  

(mg) 

A-RZT shoot/root ratio 2.76 ± 0.23*c 3.52 ± 0.17c 4.92 ± 0.28*c 

* Indicates significant difference by comparing to the control P (P < 0.05) by t-test at the same RZT. Means within each P treatment followed by different letters are significantly 
different (P < 0.05) based on Fisher’s LSD test, n = 5. 
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each given RZT, P concentration of shoot and root were sig-
nificantly higher in the plus P plants than in the control 
plants (P < 0.05). Meanwhile, P concentrations of shoot and 
root were significantly lower in the minus P plants compared 
to those of the control plants (P < 0.05). On the other hand, P 
concentrations of shoot and root were significantly reduced 
when lettuce plants were grown at hot A-RZT. At each given 
P concentration in nutrient solution, P concentrations of 
shoot and root were significantly higher in 25

o
C-RZT plants 

than in hot A-RZT plants (P < 0.05). Both shoot and root had 
the highest P concentration when lettuce plants were grown 
with the plus P concentration at 25

o
C-RZT. With the minus P 

concentration and A-RZT, both shoot and root tissues had 
the lowest P concentrations. These findings suggest that 
there was a decrease in P concentrations of shoot and root 
when lettuce plants were grown with lower P concentration 
in the medium at hot A-RZT. Lettuce plants grown with plus 
P concentration at 25

o
C-RZT had significantly higher shoot 

and root P concentrations compared to those plants grown 
with the plus P concentration at A-RZT (P < 0.05). These 
results suggest that P concentrations in both the shoots and 
root were affected by RZT and P concentration in nutrient 
solution. The effect of RZT on the accumulation of shoot 
and root P masked the effect of P concentrations in nutrient 
solution.  

 Our results were in agreement with those reported by 
Klock et al. (1997) [40]. P uptake and leaf P concentration 
decreased when tomato (L. esculentum) seedlings were 
maintained at high 36

o
C-RZT. In creeping bentgrass (A. pal-

ustris), Huang and Xu (2000) [41] reported that when roots 
were exposed to 36

o
C-RZT, while shoots were kept at nor-

mal 20
o
C, both shoot and root P concentrations decreased. 

The results of the present study also indicated that lettuce 
plants grown at 25

o
C-RZT with the plus P concentration had 

the highest shoot and root P concentrations. The lowest shoot 
and root P concentrations were obtained from the plants 
grown at A-RZT with the minus P concentration in the nutri-
ent solution. Lettuce plants grown with the plus P concentra-
tion had significantly higher shoot and root P concentrations 
compared to those of plants grown with the control and the 
minus P concentrations (P < 0.05).  

 In Table 3, results also showed that ratios of shoot/root P 
was significantly lower in control P plants than in the plus P 
plants (P < 0.05), but significantly higher than in the minus P 
plants (P < 0.05). As reported by Jeschke et al. (1997) [42], 
total amount of H2PO4

-
 translocated to the shoots was re-

duced when castor bean (Ricinus communis) plants were 
grown at lower P medium. These could be related to the 
lower transpiration, as a higher proportion of water were 
retained in the roots and lower proportion was lost by tran-
spiration in castor bean plants grown at lower P concentra-
tion [42]. In the present study, except for P availability, hot 
A-RZT inhibited not only the uptake but also the transport of 
P to the shoot, as P concentration of shoot was lower in A-
RZT plants than in 25

o
C-RZT plants. Furthermore, at each 

given P concentration in nutrient solution, ratios of shoot/ 
root P were significantly higher in 25

o
C-RZT plants than that 

in hot A-RZT plants (P < 0.05). These indicate that the pro-
portion of absorbed P partitioned to shoot was significantly 
reduced when plants were grown at A-ZRT. The main fac-
tors that caused the reduction in the translation of P from 
roots to shoots could be related to the changes in root mor-

phology under hot A-RZT. Tan et al. (2002) [4] and Qin et 
al. (2002) [22] reported that the development of root systems 
of lettuce plants were severely restricted when grown at hot 
A-RZT. Qin et al. (2003) [43] also reported that the uptake 
of water for lettuce plant grown at A-RZT was severely re-
stricted. Graves et al. (1991) [44] and Dodd et al. (2000) [3] 
reported that root hydraulic conductivity decreased when 
lettuce plants were transferred from cool-RZT to hot A-RZT. 
In the present study, our results also indicate that root devel-
opment was strongly depressed by hot A-RZT (Fig. 2). Al-
though the relative water content was not analyzed in this 
study, increased FW of shoot and root of 25

o
C-RZT plants 

(Fig. 1) imply that lettuce plants grown at cool-RZT had 
higher water content compared to that of A-RZT plants.  

CONCLUSION  

 Interaction between the plus P concentration in nutrient 
solution and 25

o
C-RZT significantly enhance Pmax, thus the 

highest shoot and root productivity. However, plants grown 
with the minus P concentration at 25

o
C-RZT developed the 

largest root system. Higher P concentration in growth me-
dium resulted in higher P concentrations in shoots and roots 
with a greater portion partitioned to the shoots. However, 
uptake and transport of P to the shoot was depressed when 
lettuce plants were grown at hot A-RZT.  
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