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INTRODUCTION 
 
A changing environment creates conditions that can be stressful for 
microorganisms (Schimel et al., 2007). Temperature is one of the most important 
factors influencing bacterial growth and survival in natural environments 
(Doetsch and Cook, 1973). Bacteria have a remarkable capacity for adaptation 
to environmental stress (Storz, 2000). The defense system involves the 
reorganization of gene expression for adaptation to the altered physiological 
state, including synthesis of chaperones and other stress related proteins that 
shield macromolecules and membranes from damage (Csonka, 1989; Kempf 
and Bremer, 1998). In addition to the synthesis of new proteins, most 
microorganisms synthesize low molecular weight compatible solutes which help 
in maintaining membrane integrity and protein stability (Brown, 1990).  
Trehalose is a soluble, non reducing disaccharide of glucose which exists in three 
isomeric forms α, α- trehalose, α, β- trehalose and β, β- trehalose. Among them, 
only α, α- trehalose (1-0-(α-D-glucopyranosyl)- α-D-glucopyranoside) is the 
most commol l-1 only occurring isomer and is found in bacteria, fungi, plants and 
animals (Elbein, 1974). Initially, trehalose was thought to serve as a reserve 
metabolizable substrate (Lillie and Pringle, 1980), but recent studies indicated 
that this sugar instead plays a major role in cell protection against harsh 
environmental conditions (Strom and Kaasen, 1993). Bacterial and yeast cells 
accumulate trehalose to a very high levels (up to 500 mM) in response to heat 
shock (Attfield, 1987). There are several pathways for the biosynthesis of 
trehalose and three pathways have been well studied (De Smet et al., 2000).The 
most widely studied and the best-known pathway is OtsA/OtsB (TPS/TPP) 
(Cabib and Leloir, 1958) which involves condensation of glucose-6-phosphate 
with UDP-glucose to form trehalose-6-phosphate (T6P), catalyzed by trehalose-
phosphate synthase (TPS) and subsequently T6P is dephosphorylate to yield 
trehalose, catalyzed by threhalose-phosphate phosphatase (TPP). In the second 
pathway maltose is converted to trehalose via trehalose synthase (TreS), which is 
encoded by treS gene (Lee et al., 2005).The third pathway involves polyglucose 
to generate trehalose via maltooligosyltrehlaose synthase (TreY) and 
maltooligosyltrehlaose trehalohydrolyase (TreZ), which are encoded by treY and 
treZ (Maruta et al., 1996). 
In this study we isolated and identified a thermotolerant Pseudomonas isolate 
from rhizosphere soil. It was found that the cell free extracts of the strain showed 
trehalose synthase activity at various temperatures and pH conditions. Based on 

phenotypic and 16SrRNA analysis the isolate was identified as Pseudomonas 
putida. 
 
MATERIAL AND METHODS 
 
Isolation and screening for thermotolerance 
 
Isolation of Pseudomonas sp. was made from rhizhosphere soil grown under semi 
arid conditions of India The plants were uprooted along with bulk soil and 
brought immediately to the laboratory in polythene bags under refrigerated 
conditions for isolation of rhizobacteria within 48 h of uprooting. The bulk soil 
was removed by gently shaking the plants. The rhizosphere soil was collected by 
dipping the roots in sterile normal saline and kept on shaker for 30 min. The soil 
suspension was serially diluted and appropriate dilutions were spread plated on 
solid King’s B medium. The plates were incubated at 28±2°C and fluorescent 
colonies were selected for further studies. 
In order to screen the strain for thermotolerance, the overnight-grown broth 
cultures adjusted to optical density of 0.5 at 600 nm were inoculated into 
trypticase soy broth (TSB) and incubated at different temperatures (from 28°C to 
40°C) in a orbital shaking incubator at 120 rpm for 48 h. Optical density (600 
nm) of the cultures incubated at different temperatures was recorded.  

 
Morphological and Biochemical characterization 
 
Morphological and biochemical characterization was done by performing 
different biochemical tests viz. Gram staining, oxidase activity, catalase activity, 
starch hydrolysis, denitrification, production of indole and acetyl methyl carbinol, 
citrate utilization, and fermentation of different sugars glycerol, glucose, fructose, 
mannitol, lactose, galactose, mannose, rhamnose, sorbitol, maltose, sucrose and 
arginin following Bergey’s manual of determinative bacteriology (Holt et al., 
1994). 

 
Genotypic characterization 
 
For genotypic characterization, bacterial genomic DNA was isolated according to 
the method of Chen and Kuo (1993) and the 16S rRNA gene was amplified 
using 16S forward primer (5’ AGAGTTTGATCCTGGCTCAG 3’) and reverse 
primer (5’AAGGAGGTGATCCAGCCGCA 3’). PCR was carried out in a Veriti 
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96-well PCR system model 9902 (Applied Biosystems, Singapore) using a 
reaction volume of 100 µl (deionized water, 78.0 µl; 10 X Taq Pol buffer, 10.0 
µl; Taq Polymerase (1U), 1.0 µl; dNTP’s (2 mM), 6.0 µl; forward primer (100 
ng), 1.5 µl; reverse primer (100 ng), 1.5 µl and target DNA (50 ng), 1.0 µl) under 
the following conditions one cycle of 94oC for 5 min, 30 cycles of 94oC for 1 min 
(denaturation), 50oC for 40 sec (annealing) and 72oC for 90 sec (extension), one 
cycle of 7 min at 72oC and a holding at 4oC. The PCR products obtained were 
resolved on 1.5% agarose gel electrophoresis. Gels were visualized and 
photographed in UV gel image acquisition CCD camera (Bio-Vision ++, France). 
DNA sequencing was conducted at Occimum Bio-Solutions, Hyderabad, India 
with an Applied Biosystems 3730xl DNA Analyzer. Sequencing of the PCR 
products was performed using the fluorescence based dideoxy termination 
method. Sequencing reactions were set up with the Big Dye Terminator V 
3.1Cycle Sequencing kit. The 16S rRNA nucleotide sequence corresponding to 
the genotypes were analyzed for homologies with sequences in the existing 
database using BLAST searching programme (ftp://. 
ncbi.nih.gov/toolbox/ncbi_tools/). 

 
Heat shock treatment 
 
In order to induce the heat shock the cells were harvested from overnight raised 
Luria Bertain (LB) broth culture by centrifugation at 5,000 rpm for 10 min and 
washed twice with sterile 50 mM sodium phosphate buffer (pH 7.0), resuspended 
in LB broth to a final concentration of 8.2 log CFU/ml. To induce heat shock, the 
cell suspensions were incubated for 3 h at 40oC in a shaking water bath at 50 rpm 
respectively. Control cells were incubated for 3 h at 28oC. After heat shock for 3 
h, cells were chilled on ice until the temperature dropped to room and used for 
extraction of intracellular trehalose and trehalose synthase. 

 
Detection of intracellular trehalose 
 
For detection of intracellular trehalose, heat shocked (40oC) and control (28oC) 
cells were harvested by centrifugation (5,000 rpm for 10 min) and washed with 
50 mM potassium phosphate buffer (pH 7.0). The pellets were suspended in 70% 
methanol (v/v) and heated at 80oC for 10 min in a water bath and the supernatants 
were collected by centrifugation (10,000 rpm for 15 min) and the lysate were 
analyzed for sugar analysis by thin layer chromatography (TLC) according to the 
method of Managbang and Torzilli (2002) with little modifications. Standards 
which consisted of glucose, trehalose, fructose, maltose, mannose and galactose 
(Sigma-Aldrich) were spotted onto Silica Gel 60 plates (Merck, Germany) and 
developed with butanol: acetic acid: water (40:10:50 v/v) as mobile phase. The 
spots were detected by spraying with 1% KMNO4 in 1% NaOH. The rf-values of 
spots were measured and compared with that of standard sugars.   

 
Purification of crude cell extract 
 
For purification of trehalose synthesizing enzymes, controlled and heat shocked 
cell pellets were suspended in 5 ml of 5 mM sodium EDTA-100 mM potassium 
phosphate buffer (pH 7.0) and disrupted in a sonicator at 4oC for 10 short bursts 
of 10 sec each with an interval of 30 sec on ice to prevent denaturation of cell 
proteins. The crude cell lysate obtained by centrifugation 12,000 rpm for 15 min 
at 40C was subjected to purification according to the methods of Ko et al. (1996) 
and Koh et al. (1998). All the purification steps were carried out at 40C unless 
otherwise specified. Solid ammonium sulphate (NH4)2 SO4) was added to reach 
60% saturation, the suspension was stored for 2 h and then centrifuged at 12,000 
rpm  for 10 min. The resulting precipitate was dissolved in 15 ml of ice- cold 10 
mM potassium phosphate buffer, pH 7.0 and dialyzed using nitrocellulose 
membrane against same buffer. The dialyzed enzyme solution was applied to a 
DEAE-Sephacel column (2.6 x 10 cm) that had been equilibrated with 10 mM 
potassium phosphate buffer, pH 7.0 containing 1M KCl. Fractions (3 ml) were 
collected and an aliquot of each fraction was removed. The eluted enzyme 
fractions were pooled and solid (NH4)2 SO4 was added to reach 60% saturation 
and stored for 2 h. The enzyme fractions were centrifuged at 12,000 rpm for 15 
min and the resulted precipitate was dissolved in 10 ml of 1M KCl and applied to 
a Phenyl-Sepharose CL-4B column (5 x 20 cm) equilibrated with 10 mM 
potassium phosphate buffer, pH 7.0. The column was washed with 100 ml of 10 
mM potassium phosphate buffer, pH 7.0 and the retained proteins were eluted 
with a linear gradient of 1 to 0 M (NH4)2 SO4 in 200 ml of 10 mM potassium 
phosphate buffer, pH 7.0.The enzyme fractions were pooled and solid (NH4)2 SO4 
was added and allowed to stand for 2 h. After centrifugation at 12,000 rpm for 15 
min the precipitate was dissolved in 1 ml of 10 mM potassium phosphate buffer, 
pH 7.0 and applied to Sephacryl S-300 (1.6 X 60cm) column equilibrated with 
the same buffer and the resulted fractions were used as target enzyme. 

 
Protein assay 
 

Protein content was measured by the method of Bradford (Bradford, 
1976) with bovine serum albumin as standard protein. Absorbance at 280 nm was 
used for monitoring protein in column elutes.  

 

Enzyme assay 
 
The activity of trehalose synthase was assayed by measuring trehalose produced 
from maltose. The reaction mixture, consisting of 10 mM potassium phosphate 
buffer (pH 7.0) and 10 mM maltose, 10mM trehalose and the enzyme (5µg) in 
the final reaction volume of 5 ml. The reaction mixture was incubated for 1 h at 
400C and heated for 10 min in a boiling water bath to stop the reaction. The 
supernatant was collected by centrifugation at 10,000 rpm for 10 min and assayed 
by high performance liquid chromatography (HPLC). One unit of enzyme 
activity was defined as the amount of enzyme catalyzes the formation of 1 µmol 
of trehalose per minute. The relative enzyme activity (%) was defined as the 
percentage of enzyme activity in the control. 

 
Optimum temperature and pH of trehalose synthase 
 
The optimum temperature of the purified enzyme was determined by incubating 
the reaction mixture at various temperatures ranging from 30oC to 42oC for 1 h 
and the assay was carried out as mentioned above. The optimum pH of trehalose 
synthase was determined at various pH ranging from 5.0-9.0 using citrate buffer 
(pH 3.0-6.0), phosphate buffer (pH 6.0-8.0) and glycine buffer (pH 8.5-10.0). 
The enzyme was incubated at various pH values at 38oC for 1 h and the assay 
was carried out as mentioned above.  
 
Thermal and pH stability of trehalose synthase 
 
The temperature stability of TreS was determined by incubating 2 ml purified 
enzyme with 2 ml of 10 mM potassium phosphate buffer without substrate at 
different temperatures ranging from 30oC to 42oC for 1 h and then the trehalose 
assay was performed to determine their residual activity. For pH stability 2 ml of 
purified enzyme was incubated with 2 ml of citrate buffer (pH 3.0-6.0), 
phosphate buffer (pH 6.0-8.0) and glycine buffer (pH 8.5-10.0), respectively 
without substrate for 1 h and then trehalose assay was performed to determined 
their residual activity. 

 
HPLC analysis of trehalose 
 
HPLC analysis of trehalose was carried out at Vimta Labs (Hyderabad, India) 
with 515 pump and 2410 refractive index detector. The conditions of HPLC 
were: Ø4.6 * 250 mm Hypersil-NH2 column (Waters Co., Milford, MA, USA); 
acetonitrile: water (75:25 v/v) as mobile phase; 2.0 ml/min flow velocity; 30oC 
column temperature. The trehalose in the sample was measured by comparing the 
HPLC curves for the samples with the standards; trehalose, glucose and maltose 
(Sigma). 

 
Screening for plant growth promoting (PGP) traits 
 
The isolate was tested in vitro for its multiple PGP traits under both ambient 
(28oC) and high temperature (40oC). The method of Gordon and Weber (1951) 
was followed for the estimation of indole acetic acid (IAA). Luria broth (LB) 
amended with 5-mmol tryptophan was inoculated with overnight raised bacterial 
cultures (0.5 OD at 600 nm) and incubated at 28oC and 40oC for 48 h. One ml of 
culture was centrifuged (10,000 for 20 min) and supernatant separated. To the 
supernatant, 4-ml of Salkowsky reagent was added followed by incubation for 1 
h at room temperature under dark conditions. Absorbance of the pink colour 
developed was read at 530 nm. Concentration of the proteins in the pellet was 
determined (Bradford, 1976) and the amount of IAA produced was expressed µg 
mg-1 cell protein. For studying phosphate solubilization, 5 µl of overnight raised 
culture was spotted on Pikovskaya’s agar plates containing 2% tri-calcium 
phosphate. The plates were incubated at both temperature (28oC and 40oC) for 24 
to 72 h, and observed for appearance of zone of solubilization around the 
bacterial colonies. For quantitative analysis, 5 ml of NBRI-BBP medium (Mehta 
and Nautiyal, 2001) was inoculated in triplicates with 50 µl of bacterial culture 
(0.5 OD at 600 nm) followed by incubation for 7 days at 28oC and 40oC 
respectively in incubator shaker at 120 rpm. The cells were harvested by 
centrifugation at 10,000 rpm for 10 min and the supernatant thus obtained were 
used for quantitative estimation of phosphate. For testing ammonia production, 
cultures were raised in 10 ml of peptone water at both temperatures (28oC and 
40oC) for 48 h and 1-ml of Nesseler’s reagent was added. Development of yellow 
to brown colour indicated production of ammonia (Dey et al., 2004). For 
siderophore production, 1µl of overnight raised culture in Luria broth was spotted 
on Chrome Azurol S (CAS) agar plates and incubated at both temperatures for 48 
h. Plates were observed for the appearance of orange halo around the bacterial 
colony (Schwyn and Neilands, 1987). For HCN production, the culture were 
streaked on King’s B medium amended with 0.4%  of glycine and Whatman no.1 
filter paper disc soaked in 0.5% picric acid (in 2% sodium carbonate) was placed 
in the lid of petri plate. The plates were sealed with parafilm and incubated at 
28oC and 400C for 4 days for development of deep orange colour (Bakker and 
schipper, 1987). 
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RESULTS AND DISCUSSION 
 
Isolation and identification of thermotolerant Pseudomonas sp. 
 
Pseudomonas sp. was isolated from rhizosphere soil grown under semi arid 
conditions of India. The isolate formed circular, butyrous, elevated, translucent 
colonies with yellowish green fluorescent pigmentation under UV light (365nm). 
Cell morphology and size was recorded from light microscope (Olympus-CX31, 
Japan). Cells were Gram-negative rods measuring 0.25 x 2.5 m, motile and the 
isolate could grow at a temperature of 40oC similar to, a high temperature 
tolerant-strain Pseudomonas putida NBRI0987 isolated from the drought-exposed 
rhizosphere of chickpea (Cicer arietinum L. cv. Radhey) (Srivastsva et al., 
2008). Under conditions where temperature exceed the normal growth range, 
cells experience stress due to the damaging effect of heat on intracellular 
macromolecules, such as heat-sensitive enzymes and to cell membranes (Henle 
et al., 1982) that force them into dormancy or cause death (Schimel et al., 2007). 
In response, microorganisms have a variety of evolutionary adaptations and 
physiological acclimation mechanisms that allows them to survive and remain 
active in the face of environmental stress.  The isolate showed positive reactions 
for citrate, catalase and oxidase, but negative reactions for starch, aesculin, urea 
hydrolysis, gelatin hydrolysis, indole, methyl red, voges proskauer production. 
Hydrolysis of arginine, casein and tween 80 is positive and assimilates glucose, 
maltose, fructose and glycerol (table 1).  
 
Table 1 Phenotypic characterization of Pseudomonas isolate 

Characteristic Pseudomonas isolate 

Motility + 
Indole - 
Methyl red - 
Voges- Proskauer - 
Citrate + 
Oxidase + 
Catalase + 
Starch - 
Denitrification - 
Glycerol + 
Galactose - 
Glucose + 
Fructose + 
Mannose - 
Rhamnose - 
Mannitol - 
Sorbitol - 
Maltose + 
Lactose - 
Sucrose - 
Arginin + 
Casein + 
Tween80 + 
Aesculin - 
Urea - 

+ positive, - negative 
 
For molecular identification, PCR amplification of 16S rRNA gene was carried 
out and the amplicon (~1500bp) was sequenced. The 16S rRNA gene sequence 
was BLAST analyzed using 16S rRNA sequence database of NCBI to determine 
sequence similarity. Alignment with the sequences available in the GenBank 
database showed 100% sequence similarity to Pseudomonas putida (DQ060242). 
The sequence was submitted to GenBank under the accession number 
GU396283. 

 
Intracellular trehalose detection and enzyme assay 
 
When Pseudomonas isolate exposed to heat shock at 40oC for 3h the intracellular 
accumulation of trehalose has been detected compared to control cells shown by 
TLC (figure 1).  

 

 
Figure 1 Thin layer chromatography (TLC) of the intracellular sugar extracts 
from thermotolerant Pseudomonas putida. (1 to 6, standard sugars) 1, trehalose; 
2, fructose; 3, maltose; 4, mannose; 5, galactose; 6, glucose; 7, control cell 
extract; 8, heat shock cell extract; (A to E, spots) A and B, glucose; C, maltose; 
D, galactose; E, mannose; F, trehalose 
 
Trehalose assay was carried out using purified enzyme preparations which 
catalyzed the reversible interconversion of maltose to non-reducing trehalose or 
vice versa by intramolecular transglucosylation reaction. When maltose was used 
as a substrate, three major peaks appeared on the chromatograms obtained from 
HPLC as shown in figure 2. One was unreacted maltose, second was identified as 
trehalose due to conversion of maltose to trehalose and third identified as glucose 
produced during the conversion as byproduct. Retention time for trehalose 
formed due to trehalose synthase corresponded closely to those of standard 
solutions (± 0.05 min). Production of trehalose by stressed cells appears to be 
a critical adaptation that protects the microorganisms against wide varieties of 
lethal conditions and several trehalose synthase have been isolated from various 
bacteria (Nishimoto et al., 1996a; Nishimoto et al., 1996b; Tsusaki et al., 1996; 
Tsusaki et al., 1997; Lee et al., 2005; Chen et al., 2006). 
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(A) 
 

 
(B)   
 
Figure 2 High performance liquid chromatography (HPLC) of the reaction 
products by purified trehalose synthase from thermotolerant Pseudomonas 
putida. (A) chromatogram with standard sugars (glucose, maltose, trehalose); (B) 
chromatogram showing reaction products 
 
Similarly the purified extract obtained from controlled cells had not showed the 
conversion of maltose to trehalose and vice- versa. Attifield (1987) demonstrated 
that bacterial and yeast cells accumulate trehalose to very high levels (up to 500 
mM) in response to heat shock allowing the cells to survive and remain active 
under thermal stress. When the strain exposed to heat shock at 40oC for 3 h the 
cells respond to heat shock by synthesizing trehalose synthase resulted in the 
intracellular accumulation of trehalose whereas, under controlled conditions 
(28oC), trehalose accumulation has not been detected indicates heat shock act as 
inducer for trehalose synthase expression producing trehalose allowing isolate to 
survive under high temperature stress. 
 

A total yield of 72% was attained at optimum pH (7.5) and 
temperature (30 oC) when maltose was used as a substrate whereas in the reverse 
reaction the conversion of trehalose to maltose was a limited reaction where 30% 
yield of maltose was achieved along with small amount of glucose release 
indicating the equilibrium of the enzyme favorable towards the synthesis of 
trehalose. According to Nishimoto et al., (1996 a, b), Lee et al., (2005), Chen et 
al., (2006) TreS producing less or no glucose have relatively higher production 
rate of trehalose of about 70% to 80%.  The enzyme was completely inactive on 
other substrates; maltotriose, maltotetraose, maltopentaose, maltohexaose, 
glucose and cellobiose. The purified trehalose synthase was stable between pH 
6.0-8.0 (figure 3a) and temperature between 30oC to 40oC (figure 3b).  

 

 
(A) 
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(B) 
 
Figure 2 (A) Effect of pH on the activity and stability of trehalose synthase from 
thermotolerant Pseudomonas putida. The enzyme activity of TreS at various pH 
was studied at 38oC using 10 mM/l maltose as a substrate. The stability of 
trehalose synthase was studied at various pH values (pH 5.0-9.0) for 1 h at 38oC. 
The residual activity was measured at pH 7.5. The open Square (□) and solid 

square (■) represents effect of pH on the activity and stability of TreS 
respectively. (B) Effect of temperature on the activity and stability of trehalose 
synthase from thermotolerant Pseudomonas putida AKMP7. The enzyme activity 
of TreS at various temperatures was studied at pH 7.5 using 10 mM maltose as a 
substrate. The stability of trehalose synthase was studied at various temperatures 
(30oC to 42oC) for 1 h at pH 7.5. The residual activity was measured at 38oC. The 
open circle (○) and solid circle (●) represents effect of temperature on the activity 
and stability of TreS respectively. 
 
The results showed that the enzyme was more stable at pH 7.5, similar to 
optimum pH reported for trehalose synthase from Pimelobacter sp R48 
(Nishimoto et al., 1996a), P. putida H76 (Ma et al., 2006) and T. aquaticus 
ATCC33923 (Nishimoto et al., 1996 b). Similarly optimum temperature of the 
enzyme was 38oC (table 2), which was higher than optimum temperature showed 
by Pimelobacter sp R48 (Nishimoto et al., 1996a), P. stutzeri (Lee et al., 2005) 
and P. putida H76 (Ma et al., 2006). Moreover a decrease in the enzyme activity 
was observed above and below these optimum conditions (temperature and pH). 
The isolate possessed plant growth promoting traits such as IAA (42.9 mg mg-1 
protein under ambient (28oC) and 25 mg mg-1 protein under high temperature 
(40oC), phosphate solubilization (63µl ml-1 ambient and 46µl ml-1 under high 
temperature), siderophore and ammonia positive both under ambient and under 
high temperature indicating its additional activity under different temperatures. 
 

 
Table 2 Comparison of enzymatic properties of trehalose synthase from different sources 

 

P. 
putida 
This 
study 

Meiothermus 
ruber 

Thermus aquaticus 
ATCC33923 Pimelobacter sp. R48 Pseudomonas 

stutzeri 
P.putida 

H76 
Picrophilus 

torridus 

Optimum pH 7.5 6.5 6.5 7.5 8.5-9.0 7.4 6.0 
Optimum 
Temperature (oC) 38 50 65 35 20 35 45 

pH stability 6.0-8.0 4.0-8.0 5.5-9.5 6.0 9.0 6.6-7.4 5.0- 7.5 

Thermostability (oC) 420C (1 
h) 60 (5 h) 80(1 h) 30(1 h) 30(1 h) 35(1 h) 60(1 h) 

References This 
study Zhu et al. 2010 Nishimoto et al. 1996b; 

Tsusaki et al. 1997 
Nishimoto et al. 1996a; 

Tsusaki et al. 1996 Lee et al. 2005 Ma et al. 
2006 

Chen et al. 
2006 

 
CONCLUSION 
 
Pseudomonas putida responds to high temperature by synthesizing trehalose 
synthase which resulted in the intracellular accumulation of trehalose allowing 
isolate to survive under high temperature. Selection and use of thermotolerant 
plant growth promoting rhizobacteria, with multiple PGP activities for the 
facilitation of plant growth in stressed environments, will be a highly important 
area for future research. 
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