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The disaccharide trehalose protects bacterial cells against multiple environmental 

stresses. Escherichia coli synthesizes trehalose in response to osmotic stress, heat shock, 

extreme cold, desiccation, and entry of cells into stationary phase. Previous studies have 

shown that mutants that cannot produce trehalose are sensitive to elevated osmolarity, 

oxidation, and heat. 

Here we examined the potential benefit of trehalose for growth in glucose-mineral 

salts medium containing a series of concentrations of salts and sugars. Strain W3110 

(wild type) was compared to an isogenic strain in which all genes for trehalose synthesis 

and degradation were deleted, and to a derivative in which a single chromosomal copy of 

the otsA otsB operon was provided under LacI regulation. Modest differences in growth 

between wild type and mutant strains suggested a direct protective role for trehalose. 

These differences in growth were increased when trehalose production was elevated 

above that of wild-type cells. Our results demonstrate that production of high intracellular 
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trehalose levels can be used to increase cell growth under salt and sugar stress. This 

finding should aid the development of efficient microbial bioconversion processes that 

demand high substrate concentrations and greater tolerance to products. 
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CHAPTER 1 
INTRODUCTION 

Osmoregulation in Escherichia coli 

Bacteria have a remarkable ability to sense and respond to environmental stress 

(Storz and Hengge-Aronis 2000). A part of this natural defense system involves the 

intracellular accumulation of protective compounds that shield macromolecules and 

membranes from damage (Csonka 1989; Kempf and Bremer 1998). For this purpose, 

Escherichia coli can use a variety of compounds including glutamate, proline, trehalose, 

betaine, and dimethylsulfoniopropionate (Gouesbet et al. 1994; Landfald and Strøm 

1986; Measures 1975; Perroud and Le Rudulier 1985; Underwood et al. 2004). Although 

glutamate and proline provide transient relief from osmotic stress (Dinnbier et al. 1988), 

allosteric control of proline synthesis and the negative charge of glutamate limit their 

effectiveness at high concentrations (Richey et al. 1987).  In recent studies, adding 

betaine was shown to stimulate growth and ethanol production in recombinant E. coli 

(Underwood et al. 2004) and to increase thermal tolerance in Bacillus subtilis (Holtmann 

and Bremer 2004 ). However, neither betaine nor dimethylsulfoniopropionate can be 

synthesized de novo by E. coli. In the absence of these supplements, trehalose is 

produced as the primary protective osmolyte (Ishida et al. 1996). 

Role of Trehalose in Stress Tolerance  

Trehalose is a nonreducing disaccharide that has proven very useful for stabilizing 

proteins and enhancing cell survival during dessication (Sola-Penna et al. 1998). Genes 

encoding trehalose biosynthesis are widely distributed in nature (Elbein 1974; Elbein et 
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al. 2003; Richards et al. 2002) and have been extensively studied in E. coli and 

Saccharomyces. Escherichia coli regulates trehalose production at the transcriptional 

level (otsAB operon) with induction in response to osmotic shock (Giæver et al. 1988), 

extreme heat (de Virgilio et al. 1994), extreme cold (Kandror et al. 2002), dessication 

(Van Laere 1989), and entry into stationary phase (Hengge-Aronis et al. 1991). Two 

enzymes are unique to trehalose biosynthesis: trehalose-6-phosphate synthase (otsA) and 

trehalose-6-phosphate phosphatase (otsB) (Figure 1) (Kaasen et al. 1992). Previous 

studies showed that mutations in either otsA, otsB, galU (glucose-6-phosphate uridylyl 

transferase), or rpoS (Hengge-Aronis et al. 1991) (σ38 required for stationary phase 

induction) are sufficient to prevent trehalose synthesis (Elbein et al. 2003).  
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Figure 1-1. Trehalose metabolism in E. coli. Bold arrows denote synthetic route by 
trehalose-overproducing strain, JP20. Reactions that have been blocked by 
gene deletions are marked with filled triangles. A) Glucose enters the cell as 
glucose-6-phosphate via a PEP-dependent phosphotransferase enzyme 
complex. B) The OtsA synthase condenses trehalose-6-phosphate with 
UDP-glucose to form the precursor trehalose-6-phosphate, which is 
dephosphorylated by a specific OtsB phosphatase. C) Intracellular trehalose 
can be degraded by the cytosolic trehalase TreF or by hydrolysis of 
trehalose-6-phosphate by a specific hydrolase TreC. 

 



3 

Inability to synthesize trehalose results in poor growth under salt stress (Giæver 

et al. 1988) and decreased survival during storage at high or low temperatures (Kandror 

et al. 2002; Hengge-Aronis et al. 1993), at low pH (Hengge-Aronis et al. 1991), during 

desiccation (Welsh and Herbert 1999), and under oxidative stress (Banaroudj et al. 2001). 

Although these effects are not reversed by the external addition of trehalose because of 

periplasmic catabolic enzymes in E. coli (Boos et al. 1990), the addition of trehalose has 

been shown to restore salt growth in an otsA mutant of Thermus themophilus (Silva et al. 

2003). A combination of otsA and otsB genes from E. coli has been used to genetically 

engineer increased stress tolerance in plants (Garg et al. 2002) and in mammalian cells 

(Guo et al. 2000; Tunnacliffe et al. 2001). 

Prior studies with trehalose have focused primarily on cell survival under stress 

conditions. Recent interest in the development of microbial biocatalysts for the 

production of high concentrations of commodity chemicals (Causey et al. 2003; Zhou et 

al. 2003) implies a potential need for increased tolerance to high concentrations of sugar 

feedstocks and mineral nutrients during growth; and a need to minimize the effect of high 

product concentration. Previous studies by Billi et al. (2000) used the Synechocystis sp. 

spsA gene to show that the intracellular production of sucrose, a nonreducing sugar dimer 

with some of the properties of trehalose (Crowe 2002), dramatically increased the 

desiccation resistance of E. coli. Their results indicate that suboptimal levels of trehalose 

are produced by native control systems. 

Our study examined the importance of trehalose for growth in glucose-mineral salts 

containing a series of concentrations of salts and sugars. Tolerance was evaluated by 

measuring final cell density after 24 h in the presence of osmotic stress. Strain W3110 
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(wild type) was compared to an isogenic strain in which all genes for trehalose synthesis 

and degradation were deleted, and to a derivative in which a single chromosomal copy of 

the otsA otsB operon was provided under LacI regulation. These studies demonstrate that 

native levels of trehalose synthesized in the parent strain are of limited benefit for growth 

under osmotic stress, at high temperature, or at pH extremes. However, increasing 

trehalose production above that produced by the native regulatory system improved 

growth substantially under both salt and sugar stress. 

 



CHAPTER 2 
MATERIALS AND METHODS 

Bacteria, Plasmids, and Culture Conditions 

Strains and plasmids used in our study are listed in Table 2-1. Strains DH5α and 

TOPO10F' were used as hosts for plasmid constructions. For constructions, cultures were 

grown at 37°C in Luria-Burtani medium (LB) (Ausubel et al. 1987) or on LB solidified 

with 1.5% agar. Ampicillin (50 µg/mL), kanamycin (50 µg/mL), and tetracycline 

(12.5 µg/mL) were added as appropriate for selection. For stress studies, cultures were 

maintained on M9 plates (Miller 1992) containing 2% glucose. 

Isopropyl-β-D-thiogalactopyranoside (IPTG) was used to induce expression of otsBA in 

JP20. Inducer was added at time of inoculation. Growth was monitored 

spectrophotometrically at 550 nm with a Spectronic 70 spectrophotometer 

(Bausch & Lomb, Inc., Rochester, NY). 

Genetic Methods 

Standard methods were used for plasmid construction and analyses (Ausubel, et al. 

1987). Coding regions for treA, treC and treF were amplified using ORFmer primers 

(Sigma-Genosys, The Woodlands, TX) and cloned initially into pCR2.1-TOPO 

(Invitrogen). Chromosomal integration of mutated genes was facilitated by pKD46 

containing an arabinose-inducible Red Recombinase (Datsenko and Wanner 2000). 

Mutants were screened for appropriate antibiotic resistance and verified by analysis of 

PCR products. Coding regions for otsBA genes were amplified by PCR using W3110 

geneomic DNA as the template for the primer pair: N terminus 

5 
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Table 2-1. Strain sources and characteristics 
Strains Relevant Characteristics Reference 

DH5α lacZ∆M15 recA Bethesda Research 
Laboratory 

W3110 wild type ATCC 27325 
TOP10F' lacIq (episome) Invitrogen 
S17-1λpir thi pro hsdR hsdM+ recA RP4-2-Tc::Mu-Km::Tn7 

λpir 
Simon 1983 

JP10  W3110, ∆otsBA::FRT ∆treA ∆treC ∆treF  This study 
JP15 W3110, ∆otsBA::FRT ∆treA::FRT-tet-FRT 

∆treC::FRT ∆treF::FRT  
This study 

JP20 W3110, ∆otsBA::FRT ∆treA::FRT ∆treC::FRT 
∆treF::FRT ΦampH::lacIq-Ptac-otsBA-FRT 

This study 

JP21 W3110, ∆otsBA::FRT ∆treA::FRT ∆treC::FRT 
∆treF::FRT ΦalsA::lacIq-Ptac-otsBA-FRT 

This study 

JP22 W3110, ∆otsBA::FRT ∆treA::FRT ∆treC::FRT 
∆treF::FRT lacIq-Ptac-otsBA-FRT 

This study 

JP23 W3110, ∆otsBA::FRT ∆treA::FRT ∆treC::FRT 
∆treF::FRT lacIq-Ptac-otsBA-FRT 

This study 

JP24 W3110, ∆otsBA::FRT ∆treA::FRT ∆treC::FRT 
∆treF::FRT lacIq-Ptac-otsBA-FRT 

This study 

 
5'AAGGAGGAGAACCGGGTGACA3' and C terminus 

5'ACGCAGCGTGATGCATGAAG3'. A 6.1 kb fragment containing the inducible ots 

operon (Ptac-otsBA-FRT-kan-FRT) was integrated into JP15 by conjugation with donor 

strain S17-1λ containing the π-dependent transposase vector, pLOI3650. Kanomycin-

resistant exconjugates (sensitive to ampicillin) were selected. Integration was confirmed 

by PCR. The FRT (FLP recognition target)-flanked antibiotic resistance genes were 

deleted by FLP recombinase (Posfai et al. 1997; Martinez-Morales et al. 1999). 

Chromosomal DNA adjacent to the Ptac-otsBA-FRT insertion was amplified using 

arbitrarily primed PCR (Gibson and Silhavy 1999; Caetano-Annoles 1993; Wang et al. 

2004). Sequences of primers used in the first (ARB1 and OUT-OTS) and second rounds  
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Table 2-2. Plasmid sources and characteristics 
Plasmid Relevant Characteristics Reference 

pCR2.1-TOPO bla kan, TOPOTM TA cloning vector Invitrogen 
pFT-A bla flp low-copy vector containing recombinase and 

temperature-conditional pSC101 replicon 
28 

pKD46 bla γ β exo low-copy vector containing red 
recombinase and temperature-conditional pSC101 
replicon 

26 

pFLAG-CTC bla Ptac controlled expression vector Sigma 
pLOI2065 bla, SmaI fragment with FRT-flanked tet gene Underwood 2002 
pLOI2511 bla, SmaI fragment with FRT-flanked kan gene Underwood 2002 
pLOI3469 bla tnp λpir-dependent Tn5 transposase vector This study 
pLOI3601 bla kan otsBA This study 
pLOI3604 bla otsBA This study 
pLOI3605 bla otsBA-FRT-kan-FRT This study 
pLOI3607 bla Ptac- otsBA-FRT-kan-FRT This study 
pLOI3617 pLOI3607, ∆otsA (MluI, Klenow) This study 
pLOI3618 pLOI3607, ∆otsB (BglII, Klenow) This study 
pLOI3619 pLOI3617, ∆otsB (BglII, Klenow) This study 
pLOI3621 bla kan treA This study 
pLOI3625 bla kan treA::FRT-tet-FRT This study 
pLOI3631 bla kan treF This study 
pLOI3635 bla kan treF::FRT-tet-FRT This study 
pLOI3641 bla kan treC This study 
pLOI3645 bla kan treC::FRT-tet-FRT This study 
pLOI3650 bla tnp λpir-dependent vector containing 

transposable Tn5 element [ Ptac- otsBA-FRT-kan-
FRT ] 

This study 

 
(ARB2 and IN-OTS) of amplification are listed below. Resulting products were 

gel-purified and used as a template for DNA sequencing. 

• ARB1  5'GGCCACGCGTCGACTAGTACNNNNNNNNNNGATAT3' 
• OUT-OTS 5'TGGCAGATGCACGGTTACGA3' 
• ARB2  5'GGCCACGCGTCGACTAGTAC3' 
• IN-OTS  5'CTATGCGGCATCAGAGCAG3' 
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Measurement of Intracellular Trehalose 

Sufficient culture volume was harvested (10000 × g, 25°C) to provide 2.0 mg dry 

cell weight (1 OD550nm = 0.33 g liter -1 dry cell weight). Cells were permeabilized with 

50% methanol and extracted for 30 min on ice. The mixture was vortexed briefly and 

centrifuged at 10,000 × g for 1 min. The supernatant was assayed for trehalose by 

thin-layer chromatography as described previously (Zhou and Ingram 2001). After 

visualizing with N-(1-naphthyl)ethylenediamine reagent (Bounias 1980), relative 

amounts of trehalose were determined by densitometry using Quantity One Software 

(BioRad). For estimates of intracellular trehalose concentrations, an aqueous volume of 

1 mL was assumed per gram of dry cells. 

Tolerance Assays 

Tolerance was evaluated by measuring growth (defined as final cell mass after 24 h 

of incubation) in M9 minimal medium containing 2% glucose (without antibiotics). 

Ignoring dissociation effects, basal medium contained 93 mM mineral salts and 111 mM 

glucose. For each stress condition, a range of concentrations (or temperatures, or initial 

pH) was selected that caused a gradual, near complete inhibition of growth (defined as 

less than 2 doublings).  Cells from a fresh plate were resuspended in M9 medium 

containing 2% glucose and used as inocula (initial level of 0.030 OD550nm). Cultures were 

incubated in 13 × 100 mm capped tubes (37°C water bath, 50 rpm reciprocating shaker, 

24 h) and tested in triplicate. Results are presented as average values with standard errors 

(bars) from three or more separate experiments, or as an average of replicates from one or 

two experiments (without error bars). All compounds tested were purchased from either 

the Sigma Chemical Company (St. Louis, MO) or from Fisher Scientific. 

 



CHAPTER 3 
RESULTS 

Native Trehalose Production Provided a Small Benefit for Growth 

A mutant of W3110 was constructed (strain JP10) in which both biosynthetic genes 

for trehalose were deleted (otsA, otsB) as well as genes encoding cytoplasmic (treC, treF) 

and periplasmic (treA) trehalase (Figure 1-1). Although native trehalose production has 

been shown to be highly beneficial for survival under many conditions (Kandror et al. 

2002; Hengge-Aronis et al. 1993), loss of trehalose synthesis in JP10 resulted in only 

modest decreases in final cell density during osmotic stress from salts and sugars 

(glucose, mannose, xylose, and arabinose) (Figure 3-1). Differences were most evident at 

the higher levels in which growth was reduced by more than half, decreasing the 

minimum inhibitory level for (NaCl, KCl, and KH2PO4) and increasing the 

concentrations of salts and hexose sugars (glucose and mannose) that permitted growth 

equivalent to half that of the unstressed parent (IL50). 

Inactivation of trehalose biosynthesis had no effect on tolerance to osmotic stress 

from pentose sugars (arabinose and xylose) or on tolerance to pH and elevated 

temperature. For glucose, mannose, arabinose, and the salts (assuming 2 particles per 

KH2PO4 at pH 7), growth inhibition was roughly the same at equivalent osmolalities. 

Xylose was two-fold more toxic than other osmolytes and caused an abrupt inhibition of 

growth at concentrations above 120 mM (Figure 3-1). 

Most added osmolytes caused a progressive, dose-dependent reduction in growth, 

which began even with small additions (Figure 3-1). Both pentose sugars and KH2PO4  
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Figure 3-1. Growth of E. coli strains under stress. Plotted concentrations represent the 
osmolar contribution of each compound in addition to basal medium 
osmolarity of 204 mM. The wild type strain W3110 (F) and trehalose-
deficient mutant JP10 (∆) were grown in a defined medium containing 
increasing concentrations of osmolytes. A) KCl. B) KH2PO4. C) NaCl. 
D) Arabinose. E) Glucose. F) Mannose. G) Xylose. JP20 (described below) 
was grown under the same conditions with (O) and without (G) 0.1 mM 
IPTG. The same strains were compared for tolerance to physical stress. 
H) Heat. I) pH. Results are presented as average values with standard 
deviations (bars) from three or more separate experiments. 

were exceptions in which 100 mM additions resulted in an increase in final cell density. 

In contrast to glucose and mannose, small additions of xylose and arabinose increased the 

final cell density. The largest increase was caused by KH2PO4 and appears to result from 

pH buffering. All cultures that reached final densities of over 1.0 A550nm were 

approximately pH 4.6, below that permitting growth. The addition of MOPS buffer 
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(100 mM) to M9-glucose medium resulted in a similar increase in growth (data not 

shown). 

Construction of Strains for Increased Production of Trehalose 

A medium-copy number expression vector containing an inducible otsBA operon 

(pLOI3607) was originally used to investigate trehalose overproduction (Figure 3-2). 

Derivatives of this plasmid were constructed in which frameshift mutations were inserted 

at unique sites in the coding regions of otsA, otsB, or both genes (Table 2-1). 

Trehalose production in JP10 cells was compared for strains harboring each 

plasmid. Although a small increase was observed for plasmids containing a defect in 

either gene (1 to 6%), expression of both genes increased intracellular trehalose levels by 

more than 100-fold based on densitometry (Figure 3-3). Using trehalose standards, the 

intracellular concentrations in JP10 harboring pLOI3607 (both genes functional) and 

pLOI3619 (both genes deleted) were estimated to be 180 mM and <1 mM, respectively. 

Plasmid pLOI3607 and derivatives were quite unstable in W3110 and JP10 during 

growth in M9-glucose medium. To eliminate this problem, a single copy of the  
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Figure 3-2. Plasmid constructions. 
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Figure 3-3. Intracellular trehalose accumulated by JP10 harboring pLOI3607 and 
derivatives. Cultures were grown to mid-log phase and induced with 0.1 mM 
IPTG for 2 h. A) Section from thin-layer plate used for densitometry 
calculation. B) Intracellular trehalose levels. 

LacI-regulated ots operon was transposed into the chromosome of JP10. Five resulting 

integrants were chosen at random for deletion of the kan gene used for selection of the 

transposition. Chromosomal insertion of the modified ots casette was determined using 

arbitrarily-primed PCR to map the site of integration in two strains:  

JP20 (ΦampH::lacIq-Ptac-otsBA-FRT), JP21 (ΦalsA::lacIq-Ptac-otsBA-FRT). 

Comparison of Integrants 

All integrants were similar and exhibited 6-fold to 10-fold increase in cell growth 

after 24 h in M9-glucose containing NaCl (300, 400, and 500 mM) in comparison to the 

parent containing otsAB deletions (JP10) and the wild type, W3110 (Figure 3-4). 

Addition of inducer (0.1 mM IPTG) to the medium of these integrants resulted in further 

doubling of cell growth. One integrant, strain JP20, was selected for further study.  
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Figure 3-4. Incremental growth of wild type and otsA+ otsB+ integrants under salt stress. 

Tops of bars mark final cell density after 24 h of incubation with 300 (black 
bars), 400 (hatched bars), and 500 (open bars) mM NaCl. Basal medium 
osmolarity equaled 204 mM. Integrants were treated with (+) or without (!) 
0.1 mM IPTG. Results are presented as average values with standard 
deviations (bars) from three or more separate experiments. 

Intracellular trehalose levels in JP20 with 0.1 mM IPTG (952 mM) and without IPTG 

(74 mM) were much higher than in W3110 (<1 mM) and JP10 (<1 mM). These results 

are consistent with incomplete repression of the ots casette in JP20 by the adjacent lacI. 

In this JP10 background devoid of periplasmic and cytoplasmic trehalase activity, even 

low levels of otsAB expression could lead to substantial intracellular accumulation of 

trehalose. 

Optimization of Trehalose Expression for Salt and Sugar Stress 

Concentrations of individual salts and sugars were selected near the minimal 

inhibitory level (ILmin) for the parental strain, JP10. With each stress agent, JP20 growth 

was evaluated with a series of IPTG concentrations to determine the optimal level for 

induction (Figure 3-5). Results for all sugars and salts tested were essentially the same 

with an optimum at 0.1 mM IPTG. At this concentration, cell growth after 24 h was 
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2-fold to 4-fold that of the uninduced culture. With the exception of glucose, further 

increases in IPTG were detrimental for cell growth in the presence of other osmotic stress 

agents. 

Elevated Trehalose Production Increased Cell Growth After 24 h in the Presence or 
Absence of Osmotic Stress Agent 

The growth of JP20 was compared after 24 h to that of the trehalose-deficient strain 

(JP10) and wild type (W3110) under all stress conditions. Results are summarized in 

Table 3-1. Induced expression of otsBA was marked by both increased accumulation of 

trehalose (Figure 3-6) and improved stress tolerance (Table 3-2). Comparison of growth 

patterns for JP20 during exposure to KCl and NaCl stress revealed a 5-fold improvement 

in growth for trehalose-overproducing cells at salt concentrations near IL50 (Figure 3-1). 

During KH2PO4 stress, induced JP20 grew 6-fold better than the trehalose-free strain, 

reaching a maximum OD550nm of 2.0 at 200 mM KH2PO4. ILmin increased similarly for all  
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Figure 3-5. Optimization of otsBA expression during salt and sugar stresses. JP20 was 
treated with varying doses of IPTG during growth in the presence of each 
osmolyte. A) KCl (400 mM). B) KH2PO4 (400 mM). C) NaCl (400 mM). 
D) Glucose (600 mM). E) Mannose (400 mM). F) Xylose (140 mM). Basal 
medium osmolarity equaled 204 mM. Results are presented as average values 
with standard deviations (bars) from three or more separate experiments.

 



 

Table 3-1. Stress tolerance of W3110 strains 

15

Minimum Inhibitory Level (ILmin) 2 

Salts (mM)  Sugars (mM) Physical Stress Strain1 

KCl        KH2PO4 NaCl Arabinose Glucose Mannose Xylose
 

T (°C) pH 
JP10           399 376 388 386 452 427 157 44.8 #5 

W3110           
          

            

469 496 463 386 488 469 164 44.8 #5 
JP20 (!) 572 483 519 391 650 590 159 44.8 #5 
JP20 (+) 602 608 552 392 729 667 171 44.7 #5 

Median Inhibitory Level (IL50) 3 

Salts (mM)  Sugars (mM) Physical Stress  

KCl        KH2PO4 NaCl Arabinose Glucose Mannose Xylose
 

T (°C) pH 
JP10            166 242 164 333 260 247 134 44.0 6.26

W3110            
           

             

  

205 291 182 325 314 324 141 44.0 6.26
JP20 (!) 368 347 385 321 510 508 142 43.9 6.21
JP20 (+) 496 456 458 354 632 573 153 43.6 6.11

Density Equivalent to Unstressed Control (ILwt) 4 

 Salts (mM)  Sugars (mM)  Physical Stress 
KCl KH2PO4 NaCl Arabinose Glucose Mannose Xylose T (°C) pH 

JP10            0 155 0 154 0 0 120 37.0 7.02
W3110            

          
            

0 162 0 168 0 0 123 37.0 7.01
JP20 (!) 227 271 268 221 203 156 123 39.2 6.98
JP20 (+) 399 377 387 306 522 511 136 39.3 6.90

         

 
1 Strains were grown at 37°C for 24 h in M9 media containing 2% glucose and indicated additives. Millimolar values represent the osmolar contribution of each 
compound to total media osmolarity. Ignoring dissociation effects, basal medium contained 93 mM mineral salts and 111 mM glucose. 
2 ILmin equals the lowest osmolyte concentration, growth temperature, or initial pH necessary to restrict growth to less than two doublings (OD550nm < 0.012). 
3 IL50 equals the lowest osmolyte concentration, growth temperature, or initial pH necessary to restrict growth to half the OD550nm of the wild type culture grown 
without additives. 
4 ILwt equals the concentration at which growth is reduced to a density equivalent to the maximal growth of the wild type in medium containing no additives. 
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salts (40 to 60%). JP20 also exhibited higher tolerance than either parent strain under 

sugar stress (Figure 3-1). With 600 mM glucose present in the media, induced JP20 

achieved a 24-fold higher cell mass than JP10. Trehalose overproduction improved 

absolute glucose tolerance by 35% (ILmin = 800 mM). Growth of JP20 in 500 mM 

mannose was improved 20-fold compared to JP10. Growth improved less dramatically 

for arabinose and xylose, with the largest increases in final density (2-fold) occurring 

near the IL50 values for each pentose. Overproduction of trehalose was not beneficial to 

heat- or pH-stressed cell. 

Time-course growth of wild type and JP20 was measured in aerobic shake flasks 

in the absence and presence of osmotic stress (Figure 3-7). Although growth in basal 

media was similar for all strains, final cell densities for wild type and uninduced JP20 

were 15% higher than for induced JP20. Growth rate was 2-fold higher for JP20 when 

grown in either 400 mM NaCl or 600 mM glucose. 
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Figure 3-6. Intracellular trehalose accumulated by unstressed W3110 strains. Cells were 
grown for 24 h in M9 medium containing 2% glucose. JP20 was treated with 
(+) or without (!) 0.1 mM IPTG. A) Section from thin-layer plate used for 
densitometry calculation. B) Intracellular trehalose levels. 
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Figure 3-7. Growth of E. coli strains in the absence or presence of osmotic stress. 
A) W3110 and JP20 were grown for 24 h in basal media containing no 
additives. B) Growth in 400 mM NaCl. C) Growth in 600 mM glucose. Basal 
media (M9, 2% glucose) osmolarity equaled 204 mM. Symbols: F, W3110; 
G, JP20; O, JP20 + 100µM IPTG. 

 



 

CHAPTER 4 
DISCUSSION 

Czonka (1989) has estimated that E. coli maintains an intracellular trehalose level 

equivalent to 20% of the osmolar concentration of solutes in the growth medium. The 

results presented in this paper show that this native regulation of trehalose synthesis is not 

optimal at high osmotic strength. The consequence of high external osmolarity is the 

collapse of turgor pressure, which is generally thought to be necessary for growth by 

stretching the cell envelope during division (Koch 1991; Norris and Manners 1993). In 

minimal media, cells counteract this loss of turgor by adjusting the intracellular solute 

pool, increasing glutamate levels first followed by sustained synthesis of trehalose 

(Dinnbier et al. 1988). Weak turgor resulting from high external osmolarity may have 

contributed to the lower growth rates observed for wild type cells during salt or sugar 

challenge (Figure 3-7). This interpretation is consistent with the observation that cells 

that rapidly produced trehalose under osmotic stress exhibited higher growth rates and 

shorter fermentation times than the wild type, implying a more favorable balance of 

osmotic pressure. Conversely, excessive trehalose production was also detrimental to the 

growth of trehalose-overproducing cells, which actually benefited from mild salt 

concentrations (Figure 3-1). Over the range of concentrations tested for each condition, 

the largest growth advantage for JP20 always occurred near the concentration at which 

expression was optimized, suggesting that a single level of intracellular trehalose 

provides the optimal osmotic balance at a given medium osmolarity. 
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These results demonstrate that unnaturally high trehalose production can 

substantially improve growth of E. coli under osmotic stress. Preliminary experiments 

revealed small differences in growth between wild type and mutant strains during 

osmotic stress, which suggested a direct protective role for trehalose; these differences in 

growth were increased when trehalose production was elevated to levels beyond the 

capability of wild type cells (Figure 3-1). Under elevated osmolarity, synthesis of 

trehalose benefited cells in a dose-dependent fashion (Figure 3-5), and analysis of cell 

extracts revealed that intracellular trehalose levels (Figure 3-6) corresponded well with 

osmotic tolerance. Even in the absence of inducer, JP20 was more tolerant to osmotic 

stress than the wild type. This result was corroborated by analysis of cell extracts from 

JP20, which were found to contain significant amounts of trehalose after 24 h growth. 

Accumulation by uninduced cells probably reflects a low level of unregulated gene 

expression, which has an amplified effect in JP20 since this strain lacks the ability to 

degrade trehalose once it has been synthesized. Hence, even low rates of production by 

these cells are likely to boost tolerance significantly. In contrast, wild type E. coli 

moderates intracellular trehalose levels with a cytoplasmic trehalase (Horlacher et al. 

1996) and a trehalose-6-phosphate hydrolase (Rimmele and Boos 1994). Externally, a 

periplasmic trehalase (TreA) functions under high osmolarity to break down extracellular 

trehalose for subsequent transport and resynthesis (Boos et al. 1987). Under hypoosmotic 

conditions, E. coli can excrete trehalose via a family of stretch-activated channels that 

allow rapid efflux of osmoprotectants (Sleator and Hill 2001; Schleyer et al. 1993; 

Sukharev et al. 1997). Trehalose released through these channels is retained in treA 

strains (Styrvold and Strøm 1991). 
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All salts used in this study produced similar effects on growth, suggesting a 

common mechanism of toxicity and relief by trehalose. Differences in final cell mass 

were greatest for growth experiments involving moderately high salinity (approximately 

half of ILmin). Cultures exposed to mild KH2PO4 concentrations (100-300 mM) reached 

higher cell masses than those observed for NaCl and KCl (and higher than unstressed 

cultures), presumably due to the buffering capacity of the phosphate anion. Cells 

responded similarly to sugars with the same molecular weight and showed greater 

tolerance to hexoses than pentoses. When compared on the basis of total media 

osmolarity, inhibitory levels for glucose and mannose were nearly identical (2% glucose 

provides an additional 111 mM to total osmolarity). Comparatively slow growth on 

xylose is characteristic of the wild type strain (results not shown), and may reflect 

catabolite repression systems. 

Trehalose occurs naturally in a variety of plants, yeast, fungi, bacteria, insects, and 

some invertebrates. The molecule’s unusual effectiveness under diverse conditions has 

been attributed to its unique physical properties. Trehalose is a nonreducing sugar; the 

[1-1] glucosyl bond formed by trehalose-6-phosphate synthase conceals the most reactive 

end of each glucose monomer (Gibson et al. 2002). The resulting chemical inertness 

allows cells to accumulate high concentrations of trehalose without disturbing 

biochemical processes. Additionally, trehalose has an unusually high glass transition 

temperature, which effectively slows kinetic processes in solutions by making 

macromolecular movement difficult (Crowe 2002). Under dehydrating conditions, the 

sugar protects cells by replacing water at the surface of macromolecules, holding proteins 

and membranes in their native conformations until water content is restored (Crowe et al. 
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1984). Sola-Penna et al. (1998) illustrated this water-structuring behavior by relating the 

stabilizing effect of trehalose to its large hydrated volume. Their results showed that other 

sugars protect enzyme activity equally well only after the solution viscosity is increased 

to match that of trehalose. 

Endogenous synthesis of trehalose has potential to improve stress tolerance in 

genetically engineered organisms. There is considerable interest in the development of 

microbial biocatalysts for the production of chemicals that are medically or commercially 

valuable (Burton et al., 2002). High product yields require robust organisms capable of 

tolerating high levels of substrate and toxic byproducts. These attributes are scarcely 

present in wild-type organisms, whose native stress response systems are adapted to 

conditions routinely encountered in nature. The use of microbes for industrial purposes 

demands a new breed of organisms that must be engineered for optimal growth under 

specific physical and chemical parameters. Our work presents a simplified approach to 

this task in which we have amplified a stress response system that is already present in 

the target organism. 
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