
Abstract 
 

PYSZ, MARYBETH ANNE.  Transcriptional analysis of biofilm formation and stress 

response in hyperthermophilic microorganisms. (Under the direction of Robert M. Kelly.) 

 

 The significance of surface colonization and changing thermal conditions in 

hydrothermal environments motivated examination of biofilm formation and thermal stress 

response in the model heterotrophic hyperthermophilic microorganisms, Thermotoga 

maritima and Pyrococcus furiosus. Continuous culture, using maltose-based media and 

anaerobic conditions at 80°C for T. maritima and 95°C for P. furiosus, was used to generate 

dense biofilms on nylon mesh and polycarbonate filters; significant amounts of wall growth 

were observed in the chemostats for both organisms. Transcriptional analysis of biofilm-

bound cells showed that genetic mechanisms observed for biofilm formation in less 

thermophilic bacteria applied to T. maritima. L-lactate dehydrogenase (TM1867), NADH 

oxidase (TM0379), sensor histidine kinase (TM0187), and TetR family transcriptional 

regulator (TM0823) were among the genes induced in T. maritima biofilms with mesophilic 

counterparts. Also consistent with cells in mesophilic biofilms was the differential expression 

of stress-related genes. Thermal stress genes, hrcA (TM0850), grpE (TM0851), and dnaK 

(TM0373) were up-regulated, indicating that elements of stress response are operational in 

hyperthermophilic biofilm environments. 

 Expression of stress-related genes in the T. maritima biofilm prompted a study of 

stress response during heat shock at 90°C. A 407-gene targeted cDNA microarray was used 

to study the genetic differences between cells at 80°C and cells at 90°C after 0, 5, 10, 20, 30, 

60, and 90 minutes. The two major heat shock operons dnaJ-grpE-hrcA (TM0849-TM0850-



TM0851) and groEL-groES (TM0505-TM0506), as well as the genes encoding DnaK 

(TM0373) and heat shock protein class I (TM0374), exhibited maximal induction at early 

times (~5 minutes), subsequently decreasing to a steady-state level. This expression pattern 

has also been observed during heat shock of the mesophilic bacteria Escherichia coli and 

Bacillus subtilis. Also observed was the stress-related response of the SOS regulon involving 

usrB (TM1761) and recA (TM1859), and the down-regulation of this operon’s repressor lexA 

(TM1082). Atypical of heat shock response, the majority of genes encoding ATP-dependent 

proteases, including ClpP (TM0695), ClpQ (TM0521), ClpY (TM0522), LonA (TM1633), 

and LonB (TM1869), were down-regulated. ATPase Clp C subunits 1 (TM0198) and 2 

(TM0873) were both up-regulated, along with ClpX (TM0146) and FtsH (TM0580). The 

ATP-independent heat shock serine protease HtrA (TM0571) was also induced. A number of 

other genes not related to stress response also showed significant changes in expression 

levels. These include transcriptional regulators, genes within the gluconate metabolic 

pathway, sugar transporters and glycosidases, and sigma factors. Homologs to σE and σA 

were induced during heat shock at 90°C, and suggesting that they are implicated in stress 

response regulation in T. maritima, although they have not been characterized to date. 

 This work led to the development of chemostat-based methods for generating RNA 

from hyperthermophiles embedded in anaerobic biofilms that could be used for 

transcriptional analysis. Such analysis indicated possible connections between the genetic 

response of biofilm-bound cells and thermal stress response. The results here point to the 

significance of surface colonization and modification of cellular function arising from 

thermal changes in the microbial ecology of hydrothermal environments. 
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Chapter I.  Microbial Ecology of Hyperthermophilic Environments 
 
 

I.1.  Hyperthermophilic Microorganisms 

Life at high temperatures intrigued microbial ecologists like Thomas Brock who began 

studying thermophiles (i.e., organisms that grow between 45 and 70°C) in the 1960s at Octo-

pus Spring in Yellowstone National Park (41, 248). In 1965, the thermophile Thermus 

aquaticus was isolated and in 1968, microscope slides immersed in the boiling water of Yel-

lowstone springs revealed a plethora of microbial diversity, later confirmed by radioisotope 

studies (41). Communities of diverse microbial species have also been identified in cyano-

bacterial mats within Octopus Spring (227). Ecological and evolutionary studies in a wide 

range of hot environments arose from intrests in Brock�s discovery of high-temperature or-

ganisms (41). In addition to thermophilic microorganisms, other extreme environments (e.g., 

with broad pH ranges (0 to 12), high pressures (above 200 atm), and high salt concentrations) 

contain life resident there in, and led to the name �extremophiles� for these unusual microor-

ganisms (2, 3, 124, 150, 247-250). 

Higher temperature systems with hyperthermophiles were discovered in shallow and 

deep-sea hydrothermal vent systems, and provided an even more diverse and �exotic� set of 

microorganisms (41, 249, 250). The most thermophilic of these so far is Pyrolobus fumarii, 

an archaeum that was isolated from a black smoker wall at the Mid Atlantic Ridge, and 

grows up to 113°C (33). Hydrothermal vents over 6000 meters below the surface of the 

ocean offer a wide variety of chemistries (78, 191, 240), which can support metabolic reac-

tions for a variety of microbial inhabitants (21, 78). These high-temperature areas are charac-

terized by the anaerobic conditions, reducing gases, and nutrient fluxes necessary for an ex-

tensive diversity of extremophilic inhabitants to populate and survive (138, 247, 249). Baross 
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and co-workers have postulated the existence of thermophiles and hyperthermophiles within 

the subseafloor where thermal and chemical gradients would promote growth (124). Analysis 

of sulfide samples show evidence of microbial lipids within the porous sediments, therefore, 

suggesting diverse microbial communities living beneath the subsurface (124). Huber et al. 

(2002) (126) identified a diverse community of mesophilic and thermophilic microorganisms 

in a subseafloor habitat at Axial Seamount.  More biodiversity was found in particle-attached 

fractions, as opposed to the free-living population, which suggests that the microorganisms 

may prefer to live in biofilms (126). 

Life on pyrite surfaces such as hydrothermal vent chimneys has been postulated to be 

the precursor of all life to date. In 1990, Wachterhauser (277) suggested that the chemical 

reaction for the oxidative formation of pyrite (FeS2) from metal sulfides and hydrogen sulfide 

(H2S) yielded enough energy (∆G = -38.4 kJ/mol) to support anabolic pathways (i.e., citric 

acid cycle). Furthermore, volcanic gases may be representative of early atmospheres; thus, 

CO2 and N2 could combine with water to make amine and organic biomolecules (179). Inter-

estingly, several hyperthermophiles are anaerobic chemolithoautotrophs, which utilize CO2 

as a carbon source. Phylogenetic comparisons of 16S rRNA sequences have aligned se-

quences and constructed trees with the deepest and shortest lineages belonging to hyperther-

mophilic chemolithoautrophs such as Pyrodictium, Methanopyrus, or Aquifex (249). The 

long lineages are probably due to higher G+C content of the 16S rRNA (compared to Eu-

karya and Bacteria), and indicate that these prokaryotes were able to adapt readily to chang-

ing environments whereas organisms that grow between 15 and 45°C had a faster rate of evo-

lution (248). Thus, it appears that the first living organism on earth was a sessile hyperther-

mophilic autotroph. 
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Hyperthermophiles are divided into two main classifications:  bacteria and archaea. 

The main chemical difference between these two groups is the lipid structure, whereby ar-

chaea possess ether-linked lipids and bacteria have ester-linkages. Another distinctive feature 

of prokaryotic archaea is observed in the cell envelope structure.  While the mesophilic Bac-

teria contain cell walls and/or peptidoglycan layers, most archaea possess layer(s) of proteins, 

called S-layers, outside the cellular membrane apparently for maintenance of cell shape (25, 

249). Several reviews (3, 4, 236, 249) provide an extensive description of physiological char-

acteristics of hyperthermophiles. Various metabolic utilization pathways are discussed in fur-

ther detail in Chapter II. 

 

I.2.  Biofilm Physiology 

The prevalent form of microbial growth has been proposed to involve cells adherent to sur-

faces that exhibit a unique phenotype (30, 63-65, 130). This complex phenomenon, involving 

cellular communities attached to surfaces, is called a biofilm (65, 149). Several reviews have 

described the physiological characteristics and industrial significance of biofilms (30, 56, 62, 

63, 65, 149, 156, 253). 

Understanding of this natural microbial habitat has significant ramifications in many 

other fields, including microbiology, agricultural, industrial processes, environmental sys-

tems, the food industry, and medicine (63, 130). The exopolysaccharide matrix offers a stable 

and protected microenvironment for the cells to inhabit, as they resist outside attacks from 

potential harmful sources in the environment such as ultraviolet radiation, bacteriophages, 

excessive heat, and anti-microbial agents (50, 63). Extracellular polysaccharides secreted 

during biofilm formation contain various proteins and sulfated sugars allowing the biopoly-
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mer to bind to various metals, such as lead, cadmium, and zinc for processes, including 

waste-water treatment and toxic metal ingestion (130, 166). On the other hand, this strong 

binding affinity to metals can also cause serious harm in many industrial processes where 

biofilms may cause damage to equipment, such as heat exchangers and piping systems (130). 

Metal corrosion is also a concern in oil platforms, where sulfates and low pH environments 

are created by microbial biofilms (130, 163). As the need for biomaterials, the population, 

and industrial demands increase exponentially, the importance of understanding biofilm 

growth cannot be underestimated for controlling the undesirable biofilms and welcoming the 

beneficial biofilms for the appropriate application (63, 130). 

Mechanisms of biofilm formation are complex, although the fundamentals of the ma-

trix formation are controlled by the cell�s ability to self-replicate and produce exopolysaccha-

ride (47, 64). Three mechanisms of biofilm formation have been proposed:  (i) redistribution 

of attached cells; (ii) cellular division of attached cells; or (iii) recruitment of planktonic cells 

into the biofilm; thus, mature biofilm structures may take some time to develop (253). Con-

tinuous culture has been used to study biofilm formation in Pseudomonas aeruginosa, a 

Gram-negative bacterium that causes many medical infections, including cystic fibrosis (73). 

Flow cells and reporter gene technology have also been used to demonstrate genetic re-

sponses to biofilm formation. Initially, cells utilize flagellar motion to swim towards the sur-

face, where they use pili for attachment and sensing (80, 193). Once they are near the sur-

face, the genes for exopolysaccharide production are activated (72). Other cells are drawn 

towards the surface by sensing the attached population through autoinducer molecules such 

as homoserine lactones (i.e., quorum sensing) (74). The quorum sensing cascade has been 

found to turn on a variety of genes, including those involved in virulence (e.g., chitinase, en-
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dotoxin, etc.) for resistance mechanisms common to biofilm bacteria (117). The maturation 

phase of biofilm development results in the formation of complex �mushroom-like� commu-

nities of cells encased in exopolysaccharide. These cellular communities have been shown to 

vary phenotypically from planktonic cells (253). In some cases, changes were observed in 

50% of the proteome (229), while others have reported only 1% difference in transcriptional 

levels (283). 

The specific roles of genes differentially expressed in biofilms are difficult to iden-

tify. They depend on the organism being studied, what biofilm stage is sampled, and the 

analysis being performed, be it translational or transcriptional, among others. Gene expres-

sion patterns in P. aeruginosa and E. coli has been studied at various stages of biofilm forma-

tion. Several key events have been identified. First, flagellar motion is needed at the initial 

stages to propel the bacterium towards the surface. Once at the surface, twitching motility via 

type IV pili is needed to traverse the surface and adhere (193, 194, 202, 204). Surfaces have 

also been found to induce exopolysaccharide synthetic genes, such as alginate synthetic 

genes (e.g., algC, algD) in P. aeruginosa, as demonstrated by Davies et al. (1993) (72). The 

complexity of the mature biofilm stage is a direct result of quorum sensing genetic expres-

sion. P. aeruginosa PAO1 requires the lasI gene to develop normal biofilms. The lasI gene 

product, 3OC12-HSL, is an autoinducer that informs the bacteria of cell density, and has been 

found to regulate many genes, including exopolysaccharide synthetic genes and virulence 

genes via signal transduction (i.e., through membrane-associated sensors such as sensor his-

tidine kinases) (74). Another quorum sensing mechanism through the rhlI gene product, 

3OC4-HSL, is also activated in P. aeruginosa mature biofilms, and is responsible for rham-

nolipid biosynthesis (74, 229, 253). Yet, quorum sensing regulates only a small subset of the 
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differentially expressed genes in the biofilm. Other genes involved in metabolism, lipid bio-

synthesis, membrane transport, and protective mechanisms (e.g., stress-related genes and 

proteolysis) have been identified to be important for mature biofilm formation (229, 253). 

Some cells detach from the biofilm and revert to the planktonic phase, although the physio-

logical basis for this event is unknown. Future efforts of gene expression analyses will pro-

vide a better understanding of the regulation of biofilm detachment (253). 

Biofilm formation is largely dependent on the ability to form exopolysaccharide as an 

adhesin. The encapsulatation of the cell envelope initiates the attachment by providing an 

adhesive material to interact physico-chemically via Lifshitz-Van der Waals forces, electro-

static forces, hydrogen bonding, and Brownian motion forces (44, 79, 170). Exopolysaccha-

rides are produced in various forms, ranging from simple homopolymers of a monosaccha-

ride to highly decorated and branched heteropolymers. For example, the EPS of P. aerugi-

nosa, alginate, is composed of mannuronic acid (40), whereas the structure of the EPS pro-

duced by the deep-sea vent bacterium Alteromonas macleodii subsp. fijiensis has a backbone 

containing !4)-β-D-glucosep-(1!4)-α-D-galactosep(A)-(1!4)-α-D-galactosep-(1! with a 

branch of 4,6-Pyr-β-D-mannosep-(1!4)-β-D-glucosepA-(1!3)-α-D-glucosepA-(1!3)- 

connected to the α-D-galactosepA in the center of the backbone repeat (223). Sutherland 

(1997) (258) discusses some of the significant structural properties of polysaccharides.  Spe-

cifically, an O-acetyl or pyruvate group on an oligosaccharide can greatly affect the proper-

ties of exopolysaccharides; for example, an increase in deacetylation increases the gel 

strength of the biopolymer (258). Highly sulfated polymers, on the other hand, have lower 

viscosities, making them especially useful for anticoagulants in the pharmaceutical industry 

(109, 111). High molecular weight polymers (e.g., xanthan gum) are used as thickeners in the 
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food industry (180, 207, 281, 282). The importance of polysaccharides in biofilm formation, 

the biosynthetic pathways, and the relevance of polysaccharides in deep-sea environments 

are further addressed in Chapter II. 

The hyperthermophiles, Archaeoglobus fulgidus, Methanococcus jannaschii, Ther-

mococcus litoralis, Thermotoga maritima, and Pyrococcus furiosus, have been shown to pro-

duce biofilms in laboratory settings (114, 163, 181, 214, 217). LaPaglia et al. (1997) (114, 

163) reported evidence of A. fulgidus biofilms during stress conditions of heat shock, pH ad-

justment, addition of antibiotics, high metal concentration, and oxygen exposure. Rinker et 

al. (1998; 2000) (214, 216) also noted T. litoralis and P. furiosus biofilm formation increased 

with ammonium chloride concentrations. However, not much is known about the physiology 

of hyperthermophilic biofilms to determine why these stress conditions induce biofilm for-

mation. 

This work provides genetic analyses of Thermotoga maritima and Pyrococcus furi-

osus biofilms using cDNA microarrays to compare planktonic and biofilm phases. The goal 

is to understand more about hyperthermophilic biofilm formation to gain an ecological per-

spective of how they grow in their natural environments. Higher complex communities of 

mixed cultures, such as co-cultures of T. maritima and Methanococcus jannaschii (181), and 

natural samples can then be studied more in depth. The study of mixed culture biofilms can 

provide insight to metabolic relationships in a quantitative sense through population dynamic 

studies. Furthermore, identification of biofilm-specific genes may be used to probe surface-

associated communities for new microorganisms (173). Fluorescent in situ hybridization 

(FISH) probes (i.e., 16S rRNA) may also be designed less specifically for general domains 

(e.g., Bacteria, Archaea, and Eukarya) and can be used in mixed cultures (173). For example, 
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Schramm et al. (1996) (237) used a 16S rRNA-targeted oligonucleotide probe to observe the 

distribution of Nitrobacter and Nitrosomonas in a nitrifying biofilm on a trickling filter of an 

aquaculture water recirculation system. The lithoautotrophic ammonia-oxidizers (Nitrosomo-

nas) formed a dense microcolony layer in the top section of the biofilm, while the nitrite-

reducing species (Nitrobacter) formed a thinner layer behind the ammonia-oxidizers (237). 

Identification of biofilm and exopolysaccharide genes is also important for its poten-

tial in the biotechnology industry. Many hyperthermophilic enzymes have been used com-

mercially because of their high thermostability. For example, DNA polymerase from Ther-

mus aquaticus is used in polymerized chain reactions for gene amplification (2). Similarly, 

polysaccharide synthetic and degrading enzymes, such as glycosyl transferases and glycosi-

dases, can be used commercially to make polysaccharides for the oil/gas well recovery proc-

ess, drug delivery systems, and food industry. For example, cyclodextrans are used in the 

pharmaceutical industry to solubilize hydrophobic drugs, and dextran polymers are used in 

photographic emulsions, iron carriers, blood plasma substitutes, and chromatography sup-

ports (111, 180). Similarly, the large inventory of hyperthermophilic glycosidases (discussed 

in Chapter II) can be used for transglycosidation reactions. Fischer et al. (1996) (93) demon-

strated the transglycosylation of cellobiose with the thermostable P. furiosus β-glucosidase 

(93).  β-O-D-glucopyranoside synthesis was achieved using primary, secondary, and tertiary 

alcohols as aglycones accepted by the P. furiosus β-glucosidase (93).   

 

I.3.  Stress Response 

Bacteria may experience a variety of stresses within laboratory and natural environments, 

including osmotic shock, temperature stress, oxidative stress, and pH shock, among others. 
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Specific defense mechanisms associated with recovering from various stresses have been 

studied using cDNA microarrays (120), proteomics (15), differential display (98), and ge-

nomic BLAST searches (158). The recovery process involves various molecular chaperones 

to refold proteins, proteases to promote protein turnover, transcriptional regulators for control 

of the expression of specific operons, and synthesis of compounds, such as compatible sol-

utes. The cell responds to environmental changes very rapidly to initiate recovery (290), and 

in many cases, the genetic machinery for recovery is utilized for various stress responses 

(i.e., there are some general stress proteins and also proteins specific to a particular stress 

condition) (168). 

 Thermal stress response is the most widely studied stress condition, and heat shock 

proteins are generally well conserved in microorganisms (158). In hyperthermophiles, in-

creased growth temperatures result in the synthesis of heat shock proteins, the accumulation 

of compatible solutes, and formation of biofilms, as reported for Archaeoglobus fulgidus 

(114, 163, 168). Other cellular changes include the increased fluidity of lipid membranes, 

increased protein flexibility (i.e. unraveling), and changes in DNA and RNA. Hyperthermo-

philic bacterial membranes are composed of glycerol fatty acyl esters, which combine with 

proteins to form a matrix in a liquid crystalline state for bioenergetic maintenance (168). 

Heat shock proteins control this liquid crystalline state during thermal stress and adjust the 

fluidity to maintain appropriate gradients of protons and solutes. Archaeal membranes are 

made up of tetraethers and cycles in isoprenoid chains. An increase in tetraether content is 

observed during thermal stress; however, studies of lipid changes in hyperthermophilic ar-

chaea due to heat shock have not been undertaken (168). 
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 Alteration of RNA in response to temperature upshifts occurs by increasing GC con-

tent, fewer bulged nucleotides, and reduction of hairpins and other folded structures. In some 

organisms, the 2� OH of the ribose is methylated to prevent the breaking of the phosphodi-

ester bond and further degradation. DNA is affected by thermal stress because higher tem-

peratures cause the double helix to unwind. A range of structures has been reported in hyper-

thermophiles, from relaxed and positive supercoiled in archaea, to negative supercoil for bac-

teria. Positive and negative supercoiled structures are assembled by reverse gyrase and gy-

rase respectively. Furthermore, archaea such as Pyrococcus furiosus, have been found to 

have very efficient DNA repair mechanisms that may help the cells recover during thermal 

stress. 

 Hyperthermophilic proteins are attractive from a biotechnological standpoint for their 

stability at high temperatures, as well as resistance to other extreme conditions such as pH, 

pressure, and organic solvents. They are more resilient than mesophilic counterparts due to 

increased hydrophobicity, differing amino acids (more charged and less polar residues), in-

creased packing efficiency, and better structural stabilization through ion pair networks, hy-

drogen bonding, and loop stabilization (168). Despite this inborn rigidity, hyperthermophilic 

proteins may be altered in terms of their flexibility due to temperature shifts; although, the 

intricacies of the regulatory mechanisms are unknown. 

Heat shock proteins (Hsps) are a set of proteins that are induced during thermal stress re-

sponse; although, their expression has also been observed during other stress responses. The 

most conserved genes are the molecular chaperones, HSP40, HSP60, HSP70, and HSP90 

families. Interestingly, the archaea genomes sequenced to date indicate that HSP60 is the 

only chaperone present, but are more similar to bacterial orthologs than eukaryotic orthologs. 
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Macario et al. (1999) (169) provides a detailed review of stress response in archaea; how-

ever, the focus here is directed at the thermal stress response in the hyperthermophilic bacte-

rium Thermotoga maritima. Sequence analysis reveals that the T. maritima genome contains 

the HrcA-controlled and CIRCE-element mediated heat shock operons dnaK-grpE-hrcA and 

groEL-groES respectively. These genes are well conserved throughout the bacterial kingdom 

(158). Stress response is also controlled by sigma factors in E. coli (σ32) and B. subtilis (σB). 

Although T. maritima does possess sigma factors, it does not have homologues to these 

mesophilic regulators. Thermal stress response in hyperthermophiles has not been studied to 

a great extent and the examination of heat shock response in T. maritima is reported here. 

 

I.4.  Objectives 

The goal of this thesis was to demonstrate biofilm formation in the hyperthermophilic bacte-

rium T. maritima (Topt 80°C) and archaeaon P. furiosus (Topt 98-100°C), and to develop 

methods to further understand the physiological and genetic basis of biofilm formation 

mechanisms. The genomes sequences for these two organisms are available (www.tigr.org) 

and were utilized to identify potential genes involved in biofilm formation. Primers were de-

signed for 500 bp fragments to be used on a targeted cDNA microarray for determination of 

differential gene expression patterns between planktonic and biofilm cells. The first objective 

was to establish a system to collect significant amounts of biofilm for RNA isolation. Con-

tinuous cultivation systems based on previous reactor designs (214, 232, 233) were used with 

Nylon mesh submerged in the culture as a biofilm substratum. Davies et al. (1993) (72) used 

a similar system with Teflon mesh to study gene expression in Pseudomonas aeruginosa 

biofilms with reporter gene technology. As expected, a variety of genes were differentially 
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expressed in sessile populations, which was also observed in many mesophilic biofilms in-

cluding E. coli (200, 203), B. cereus (192), and P. aeruginosa (228, 229, 283).  

 The results from the biofilm gene expression studies indicated that there may be a 

stress response induced at the surface as several heat shock genes (DnaK, HrcA, heat shock 

protein class I) were up-regulated in sessile cells. However, the stress response mechanisms 

in hyperthermophiles have not been studied to date.  Therefore, to gain a better perspective of 

biofilm gene events, the second objective was to study the stress response of T. maritima dur-

ing heat shock at 90°C. A 14.0 L fermenter was used to grow the hyperthermophilic bacte-

rium at 80°C for 8 hours, after which the temperature was increased to 90°C. Samples were 

withdrawn at various time points to observe the dynamic response of the cells to the heat 

shock. Indeed, several non-heat shock associated genes were expressed under biofilm and 

thermal stress conditions; thus, regulation patterns may be similar and that the biofilm micro-

environment may induce a stress response. Full-genome expression analyses will yield more 

complete information regarding some of the initial reports described here. 
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Abstract 

Hyperthermophilic microorganisms (those with maximum growth temperatures of 90°C 

and above) are known to inhabit deep-sea hydrothermal vent environments and are suspected 

of being present in the associated subsurface biosphere.  One characteristic of the growth 

physiology of many heterotrophic hyperthermophiles is the capacity to use complex polysac-

charides (e.g., α- and β-linked glucans as well as non-glucan hemicellulases) as carbon and 

energy sources. Polysaccharides may also play an important ecological role in the deep-sea 

subsurface biosphere as the structural elements of biofilms harboring both heterotrophic and 

chemolithotrophic microorganisms, representing a range of growth temperatures. Genome 

sequence analysis of several hyperthermophiles indicates that the enzymatic machinery to 

synthesize and hydrolyze polysaccharides is present in this group of microorganisms. This is 

supported by the biochemical characteristics of glycosidases from hyperthermophiles in addi-

tion to the observation that several hyperthermophiles form biofilms in pure and co-culture. It 

remains to be seen if biofilms form the basis for a subsurface biosphere but this possibility 

seems likely given the physiological characteristics of several hyperthermophiles and meso-

philes, representative of microorganisms previously isolated from vent sites. 

 

II.1. Introduction 

Polysaccharides are complex carbohydrates that are produced by plants, animals, and mi-

croorganisms (10, 37, 56, 109, 256, 258, 281, 282).  They are necessary for maintenance 

of cell structure (e.g., lipopolysaccharides and archaeal S-layers), and can also serve as a 

cellular adhesin for attaching to solid surfaces and other cells to form biofilms, matrices 

of cells and exopolysaccharides (EPS) arranged in mushroom-like communities on sur-
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faces (65, 149, 156, 257, 258).  Polysaccharides serve as the framework for biofilms, re-

sponsible for their stable structure and protection against harmful attacks by ultraviolet 

radiation, bacteriophages, excessive heat, and anti-microbial agents (50). Capsular poly-

saccharides, associated with the cell outer surface, are responsible for initiating cellular 

attachment through physico-chemical interactions (e.g., Van der Waals forces, hydrogen 

bonding, electrostatic forces) (44, 79, 170, 225, 226). In some cases, such as with Pseu-

domonas aeruginosa, a well-characterized, biofilm-producing microorganism, the pro-

duction of polysaccharide (i.e., alginate) is induced by contact with a surface, which is 

promoted by cellular mechanisms, such as intracellular signaling, flagellar motility, and 

pili sensing (72-74, 193). Polysaccharides also determine the chemical characteristics of 

the biofilm microenvironment; physical characteristics dictate the mass transport of nutri-

ents, redox compounds, pollutants, and other microorganisms within the biofilm (56, 65). 

Since biofilms have been proposed to be the prevalent form of microbial activity in natu-

ral environments (30, 63-65), polysaccharides by implication play an important ecologi-

cal role in a diverse set of microbial communities. One such natural environment for 

which biofilms have not been studied as yet is a deep-sea biotope. This review assesses 

the microbiological importance of polysaccharides in deep-sea hydrothermal environ-

ments, and discusses the implications of polysaccharide utilization and synthesis in the 

ecology of microorganisms inhabiting these niches. 

 

II.2.  Hydrothermal Vent Microbiology 

Deep-sea sediments and hydrothermal vent systems contain varying gradients of organic 

compounds, redox potentials, pressures, and temperatures suitable to host an extremely 
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diverse population of microorganisms (78, 174, 276, 287). Biological communities were 

first identified around the deep-sea ridge, Galapagos Rift, in 1977 (60, 240), and this dis-

covery set the stage for exploring a new type of biotope (240, 276). The geochemical 

composition and convective transport of hydrothermal vent fluids has been well charac-

terized at the Mid-Atlantic Ridges, 21°N, East Pacific Rise, and Southern Juan de Fuca 

Ridge (48, 66, 240, 245, 266, 267). The chemical, temperature, and pH variations deter-

mined from geochemical surveys of these sites are indicative of the potential for a wide 

range of microbial life that could be supported within the sediments, water column, 

smoker structures and sub-seafloor.  In support of this, fermentation, sulfur and sulfate 

reduction, methanogenesis, nitrification, hydrogen oxidation, and iron oxidation, among 

other metabolic and redox processes, have been identified in anaerobic and aerobic deep-

sea microbial communities. The interaction and simultaneous utilization (e.g., mixotro-

phy) of these metabolic processes determine the speciation of planktonic and sessile mi-

crobial communities in hydrothermal vent habitats (138). Yet, there have not been suffi-

cient analyses of the population distribution to reach significant conclusions about the 

ecology of these environments. While there are numerous mesophiles and moderate 

thermophiles associated with deep-sea hydrothermal systems, the most thoroughly char-

acterized microorganisms from these sites to date are the hyperthermophiles (21). 

Hyperthermophilic genera are represented in both the bacteria (e.g., Thermotoga and 

Aquifex) and archaea (e.g., Thermococcus, Pyrodictium, methanogens) domains of life. 

Most deep-sea vent hyperthermophiles isolated thus far are anaerobic, archaeal cocci that 

utilize sulfur as an electron acceptor (3, 21). Consistent with deep-sea geochemistry, hy-

perthermophilic isolates represent a range of metabolic features. Pyrococcus glycovorans 
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(Topt 95°C) (20), Pyrococcus horikoshii (Topt 98°C) (106), Thermococus profundus (Topt 

80°C) (153), and Pyrodictium abyssi (Topt 97°C) (251) are among the fermentative ar-

chaea isolated from deep-sea vent areas. Autotrophic deep-sea archaea have various bio-

energetic modes, including sulfate and sulfite reduction (Archaeoglobus veneficuss, Topt 

80°C), and methanogenesis (Methanococcus jannaschii, Topt 85°C; Methanococcus strain 

AG86, Topt 85°C; Methanopyrus kandleri, Topt 98°C) (21, 125, 127, 133, 293). Blochl et 

al. (1997) (33) isolated a novel facultative aerobic archaeon, Pyrolobus fumarii (Tgrowth 

90-113°C), from a black smoker wall on the Mid Atlantic Ridge that is an H2-oxidizing 

chemolithoautotroph. Yet, these isolates likely comprise only a small subset of the hyper-

thermophiles from hydrothermal systems, many of which may prove to be unculturable in 

laboratory settings. It has been shown that there is significant genetic and metabolic di-

versity of archaea in vent chimneys and sediments, inferred from 16S rRNA-based phy-

logenetic analysis and lipid signatures (261, 262, 276). At this point, work with complex 

hyperthermophilic consortia in laboratory settings is just beginning. However, clues to 

the microbial ecology of such systems available from the study of model hyperthermo-

philes.  

 

II.3.  Metabolism of Hyperthermophilic Microorganisms 

The physiological, metabolic, and genetic characteristics of several hyperthermophiles, 

including Pyrococcus furiosus, Thermotoga maritima, and Thermococcus sp., have been 

studied extensively for the last 15 years. P. furiosus (Topt 98-100°C), an anaerobic hetero-

troph that facultatively reduces sulfur, was isolated from shallow geothermal waters near 

Vulcano Island, Italy (92). Other members of this genus have been found in deep-sea 
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hydrothermal vent systems. A modified, ADP-dependent Embden-Meyerhof (EM) path-

ways is used by P. furiosus as the main metabolic pathway for the fermentation of vari-

ous carbohydrates, including maltose, cellobiose, starch, and pyruvate among others. 

Primary metabolic products include acetate, L-alanine, hydrogen, and carbon dioxide 

(Figure II.1), as well as hydrogen sulfide, when P. furiosus is grown in the presence of 

sulfur. In the absence of sulfur, hydrogen accumulates and inhibits growth resulting in 

high alanine production; whereas H2S is formed when P. furiosus is grown in the pres-

ence of sulfur (i.e., low partial pressures of H2), causing diminutive amounts of alanine to 

be produced. In the absence of a citric acid cycle, fermentative hyperthermophiles, such 

as P. furiosus, convert pyruvate to acetyl-CoA and finally acetate. Hyperthermophilic ar-

chaea have the ability to use a single enzyme (ADP-dependent acetyl-CoA synthase) for 

this conversion, while bacteria require both a phosphate acetyltransferase and acetate 

kinase (75, 172). Pyruvate is also converted to alanine, an alternative electron sink, via an 

alanine aminotransferase and glutamate dehydrogenase (75, 147). Other electron sinks 

involve the formation of hydrogen from ferredoxin (growth in absence of sulfur) or poly-

sulfides from nucleophilic attack of sulfur (18, 35). Ferredoxin is preferentially used over 

NAD(P) in hyperthermophiles which may be an adaptation related to coenzyme thermo-

lability (69, 75). Similar metabolic pathways have been identified in Thermococcus spe-

cies, such as T. celer and T. litoralis, suggesting that the EM pathway is also utilized in 

these heterotrophic hyperthermophiles (75, 144, 146-148, 231). In terms of peptide me-

tabolism, Pyrococcus and Thermococcus species grow well on complex medium compo-

nents (e.g., yeast extract, tryptone, peptone). However, there are reports of growth on de-

fined media supplemented with amino acids (210, 211, 214, 217). Amino acid metabo-
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lism in hyperthermophiles is not well studied. However, the first step is most likely cata-

lyzed by aminotransferases, which convert the amino acids to their corresponding keto 

derivatives (144). Indeed, two different types of aminotransferases have been identified 

in P. furiosus and T. litoralis (13, 14).  

Other fermentative hyperthermophiles utilize an Entner-Doudoroff (ED) pathway or a 

combination of ED and EM pathways, as in the case with the hypthermophilic bacterium, 

T. maritima (75). Thermophilic microorganisms that use the ED pathway include Sul-

folobus acidocaldarius (uses ED) and Thermoproteus tenax (uses EM and ED) (70, 239). 

Archaeal methanogens can utilize carbon dioxide, hydrogen, formate, methanol, me-

thylamines, acetate, and carbon monoxide to produce methane as the main metabolic 

product. However, acetate utilization has not been noted in hyperthermophilic methano-

gens. Methanogenesis is coupled with energy generation via hydrogen oxidation. 

Methanogenic hydrogenases contain the usual iron-sulfur clusters as well as unique re-

dox-active nickel centers, (134). M. jannaschii (Topt 85°C), a hyperthermophilic 

methanogen isolated from a hydrothermal vent on the East Pacific Rise, uses H2 (growing 

autotrophically) or formate (growth under N2 atmosphere) as electron donors for methane 

production (133). Several reviews (12, 107, 134, 171, 195, 197, 230, 270, 280) discuss 

the characteristics of methanogenesis and related metabolic processes. 

Insights into the microbial physiology of hyperthermophiles have been enhanced in 

recent years by the publication of several hyperthermophilic genome sequences, includ-

ing those of A. fulgidus (151), T. maritima (183, 184), A. aeolicus (76), M. jannaschii 

(43), P. horikoshii (142), P. abyssi (http://www.genoscope.cns.fr/Pab/), and P. furiosus 

(http://www.ncbi.nlm.nih.gov/cgi-bin/Entrez/framik?db=genome&gi=228). Putative en-
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zymes encoded in these genomes can then be identified by amino acid sequence homol-

ogy searches, from which the corresponding gene can be cloned and expressed in a for-

eign host for further biochemical characterization. This approach, coupled with growth 

physiology studies and biochemical characterization of specific enzymes, can be used to 

study the metabolic features of these organisms. Of interest here are the pathways by 

which hyperthermophiles form and utilize polysaccharides, the enzymes associated with 

these pathways, and the implications that polysaccharides have on the microbial ecology 

of deep-sea hydrothermal vent biotopes. Clearly, the aforementioned hyperthermophiles 

are the most commonly cultivated microorganisms from hydrothermal environments and 

only represent a small subset of this diverse microbial habitat. However, insights con-

cerning their physiological characteristics obtained through laboratory studies will add to 

our understanding of how polysaccharides are produced and utilized in this natural envi-

ronment.  

 

II.4.  Complex Carbohydrate Utilization by Hyperthermophiles 

Many hyperthermophilic organisms utilize carbohydrates as carbon and energy sources 

(24, 86). Because of the lability of glucose at high temperatures, disaccharides and higher 

oligosaccharides are best suited as laboratory growth subtrates for hyperthermophiles 

(23). The degradation of oligo- and polysaccharides is usually achieved by multienzyme 

systems consisting of cell wall-associated or secreted endo-glycosidases, intracellular 

exo-glycosidases and in some cases, intra- or extra-cellular debranching glycosidases. 

Exo-acting glycosidases are retained within the cytoplasm and play essential roles in as-

similation and catabolism of oligosaccharides produced by endo-glycosidases, and pro-
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vide monosaccharides, e.g., glucose and galactose, to central glycolysis pathways (75, 

148). For instance, T. maritima, which has been observed to grow on the α-glucan, starch 

(53), possesses all the necessary glycosidases for its degradation to the monosaccharide 

glucose. These include two amylases, Amy13A and Amy13B, both of which possess sig-

nal peptides for extracellular transport, the intracellular α-glucosidases Amy4A-4D, and 

a debranching pullulanase, Pul13 (183). Information from genome sequences has led to 

the identification of a number of such multi-enzyme systems for polysaccharide hydroly-

sis in hyperthermophiles. Glycosidases from hyperthermophilic organisms hydrolyze 

various glycosidic linkages including the α-(1,4)-, α-(1,6)-, β-(1,4)-, and β-(1,3)- bonds 

present in natural polysaccharides (255). The repertoire of glycosyl hydrolases from hy-

perthermophilic archaea is usually smaller than that of hyperthermophilic bacteria (122). 

Hyperthermophilic archaea of the order Thermococcales, including the genera Pyrococ-

cus and Thermococcus, as well as certain thermophilic bacteria, can utilize starch (92, 

153). P. furiosus readily grows on α-1,4- and α-1,6-linked glucans, as well as on certain 

β-linked glucans but not on non-glucan hemicelluloses (86). Hyperthermophilic bacteria 

(e.g., Thermotoga species) can also utilize β-linked polysaccharides (cellulose, xylan, 

mannan) as carbon and energy sources since they produce a number of endo-acting β-

specific glycosyl hydrolases (23). On the other hand, certain hyperthermophilic archaea, 

like Aeropyrum pernix (142) and Archaeoglobus fulgidus (75, 151), appear to be totally 

devoid of glycosidases. Limited information is available on the utilization of exopolysac-

charides as carbon and energy sources by hyperthermophiles. Most of the aforementioned 

studies involve the degradation of plant polysaccharides; however, attention needs to be 

directed towards utilization of microbial polysaccharides, as deep-sea environments do 
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not contain photosynthetic life (78, 138). For example, the exopolysaccharide from T. 

litoralis is a mannose-based polysaccharide (217). The excellent growth of both T. mari-

tima and T. neapolitana on galactomannan and glucomannan (53, 196) may suggest that 

hyperthermophiles occurring in the vicinity of T. litoralis are capable of utilizing this 

polysaccharide. Thus, the polysaccharide synthesized in hyperthermophilic communities 

may be utilized by neighboring microorganisms as a carbon and energy source. 

 

II.5.  Exopolysaccharide Production and Biofilm Formation in Hyperthermophiles 

The sources of complex carbohydrates for utilization by heterotrophic hyperthermophiles 

have not been identified in natural extreme environments. Several hyperthermophiles, 

including Sulfolobus (188), Thermococcus (216, 217), and Thermotoga (214), have been 

shown to produce polysaccharides, which could serve as a substrate of various glycosyl 

hydrolases they possess. Sulfated extracellular polysaccharides were produced in labora-

tory cultures of Sulfolobus acidocaldarius, an extreme thermoacidophilic aerobe, and the 

archaeon Haloferax mediterranei, a mesophilic halophilic aerobe. Monosaccharide con-

stituents of these exopolymers include glucose, mannose, galactose, and glucosamine 

(Table II.1) (16, 188, 198). A capsular polysaccharide, which may aid in colonization, 

has also been identified in the moderately thermophilic Methanosarcina thermophila 

(219, 244). We have recently been able to establish growth conditions that induce exocel-

lular and capsular polysaccharide formation by the hyperthermophile P. furiosus (Figure 

II.2) (Pysz and Kelly, unpublished). Intracellular polysaccharides (i.e., glycogen) have 

also been identified in various thermophilic Archaea, including members of the genera 

Thermococcus and Sulfolobus (157). 



 23 

In connection with the production of hyperthermophilic exopolysaccharides, the for-

mation of biofilms has also been observed. Hyperthermophilic biofilms have been formed 

in pure cultures of A. fulgidus (114, 163), T. maritima (214), T. litoralis (217), and P. fu-

riosus (Pysz and Kelly, unpublished), and in co-culture of T. maritima and M. jannaschii 

(181, 214). The biofilms are formed under various conditions, but seem to be inducible. 

The A. fulgidus biofilm was formed under stress conditions, including elevated pH, de-

creased and increased growth temperature, high salt, and exposure to ultraviolet light, 

oxygen, or antibiotic (114, 163). Elevated levels of ammonium chloride seem to create a 

stress environment for T. litoralis, thus leading to biofilm formation and exopolysaccha-

ride production (214, 217). P. furiosus produced a biofilm on a modified A. fulgidus me-

dium (Figure II.2); however, the effects of the medium constituents are currently being 

assessed (Pysz and Kelly, unpublished). 

Although exopolysaccharide production and biofilm formation by hyperthermophiles 

is a recent finding, these phenomena have been well characterized in several mesophilic 

microorganisms. Pseudomonas aeruginosa (40, 74), Lactococcus lactis (167, 209, 272), 

Streptococcus thermophilus (39, 90, 94, 96, 97, 155), and Escherichia coli (8, 202, 204), 

have become model organisms for studying the genes involved in exopolysaccharide 

(EPS) production and biofilm formation. EPS production in bacteria follows a basic bio-

synthetic pathway, which resembles the mechanism for synthesis of O-antigens and sev-

eral types of capsular polysaccharides (CPS) (102, 218). This pathway is composed of 

five stages:  (i) Synthesis of sugar nucleotides. Phosphates on monosaccharides are first 

added to the 6-carbon, and then transferred to the 1-carbon position (via mutases). Nu-

cleotides are then added to the first carbon as a diphosphate to form Nucleotide DiPhos-
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phate-sugars (NDPs) (via NDP transferases). This is followed by saccharide modification 

(i.e., change of hydroxyl groups) or reduction/oxidation (via epimerases and dehydro-

genases) (263). (ii) Assembly of the polysaccharide repeating subunits. These units are 

formed by glycosyltransferases, which sequentially link sugars from the intracellular 

pools of NDP-sugars to a lipid carrier in the cell wall (102, 104, 141). (iii) Addition of 

other chemical groups (e.g., phosphate, sulfate, acetyl groups, pyruvate, succinate) to 

EPS repeating units. Many EPS are adorned with different compounds by phosphatases, 

succinyl, acetyl, or pyruvyl transferases (51, 57, 101). (iv) Translocation of the repeating 

units in the cytoplasmatic side of the cell membrane to the extracellular side. Not much is 

known regarding polysaccharide transporters on the cell wall. Some suggest that the re-

peating unit is �flipped�, and some genes responsible for this mechanism have been iden-

tified in P. aeruginosa (102), Yersinia enterocolitica (243), and Rhizobium sp. (49), 

among others. (v) Polymerization of the repeating units. Polymerization and translocation 

of the EPS�s repeating units are tightly coupled processes, which have been difficult to 

study independently (101, 102). 

In all bacterial cases reported to date, the structural EPS genes per se (i.e., involved in 

steps ii through v) are grouped in clusters. The genes responsible for the formation of 

NDP-sugars (step i) may or may not lie within these clusters (31, 101, 141). In addition, it 

has been shown for the majority of microorganisms studied (except Sphingomonas (265)) 

that the availability of sugar nucleotides becomes the limiting factor for EPS production; 

thus, the first step is the limiting reaction (72, 77, 167, 209, 265). NDP-sugars for EPS 

biosynthesis come from two intermediates within the glycolysis pathway:  glucose-6-

phosphate and fructose-6-phosphate (Figure II.1) (http://www.genome.ad.jp/kegg/ me-
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tabolism.html) (263). Precursor monosaccharides for polysaccharide synthesis (via con-

version to NDP-sugars) may also be derived from oligosaccharides in the environment, a 

provided carbon source, or an independent pathway. Levander and Radstrom (2001) 

(165) showed that Streptococcus thermophilus could synthesize galactose from lactose 

(i.e., provided carbon source) without going through the glycolysis intermediates via 

phosphoglucomutase; however, more comprehensive studies on direct incorporation of 

monosaccharides for polysaccharide production need to be done. 

The complexity of the EPS biosynthetic pathways is directly related to the EPS com-

position. As mentioned, the hyperthermophilic EPSs have not been fully characterized for 

their chemical composition or physical structure (i.e., sugar linkage). In addition, physio-

logical studies of hyperthermophilic enzymatic pathways are limited due to the lack of a 

genetic system. Despite these limitations and the difficulties associated with the culture 

of hyperthermophiles, preliminary identification of EPS synthetic genes using the ge-

nomic sequences can be connected to what happens at the physiological level. Compara-

tive sequence analysis of mesophilic genes related to EPS, CPS, and LPS production has 

allowed us to identify homologous genes in the hyperthermophiles P. furiosus and T. 

maritima (Montero and Kelly, unpublished). Inducible systems, such as stress-related 

biofilm formation, can provide a set of comparable conditions to see if these potential 

genes are indeed responsible for the EPS formation that is observed. Proteomics, RNA 

techniques, and DNA microarrays can be used to investigate the gene regulation that is 

associated with EPS production. These techniques can also compare the differential gene 

expression of planktonic and sessile cells to observe the effects of the bulk culture and 

biofilm microenvironment, respectively. 
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II.6.  Deep-Sea Mesophilic Polysaccharides 

Polysaccharides produced by mesophilic and moderately thermophilic microorganisms 

are a potential source of carbon and energy in hydrothermal vent systems, shallow geo-

thermal springs, oil reservoirs, and acidic pools, among other extreme environments. 

There are many mesophiles that thrive in the vicinity of these unique environments, and 

have been found to form biofilms and produce various polysaccharides. Polysaccharides 

from the Alteromonas, Pseudoalteromonas, and Vibrio genera have been isolated from 

deep-sea hydrothermal vents, and represent novel bacterial exopolysaccharides (Table 

II.1) in terms of their saccharide composition and structure (109-111, 206, 207, 220-223). 

The mesophilic habitats in extreme environments, such as hydrothermal vents, can 

also provide insights into the ecological relationships among extremophiles, mesophiles, 

and higher organisms, as well as planktonic and sessile organisms. Guezennec et al. 

(1998) (110) studied the bacterial colonization on various materials over time in the vi-

cinity of a Mid Atlantic Ridge hydrothermal area. While the adhesion was surface-

dependent, the types of adherent bacteria varied over time, suggesting a change in com-

munity structure. These communal changes can often occur in biofilms due to the unique 

microenviroment created from the various exopolysaccharides and bacterial members. 

The constituents within a biofilm can then become an attractant to other planktonic or-

ganisms, which can be recruited (62, 64, 65). For example, mannose is a common mono-

saccharide constituent of bacterial exopolysaccharides, as mentioned above. The attach-

ment of E. coli cells to human tissue occurs by the binding of a cell-surface lectin specific 

to D-mannose (88, 259). Similar microbial attachment mechanisms (i.e., carbohydrate 



 27 

specific lectins), in addition to others (e.g., chemotaxis (193), physicochemical forces 

(67), etc.), may take place in deep-sea hydrothermal vents. Alteromonas and Vibrio spe-

cies have been isolated from the polychaete annelid (i.e., worm) Alvinella pompejana that 

inhabit hydrothermal vent systems (206, 207, 220-223). In addition, the exopolysaccha-

rides of a biofilm may serve as a nutrient source for nearby microorganisms. Hyperther-

mophiles and mesophiles could use an array of glycosidases (e.g., endoglucanases, amy-

lases, pullanases, and mannanases) for recruiting carbon and energy sources from envi-

ronmental pools. While numerous studies have documented the diffuse flow of ions and 

metals in hydrothermal vent systems (266, 267), the flux of polysaccharides in these en-

vironments has not been studied. This is due to the difficulties associated with sampling 

vent systems and the recent identification of polysaccharides in these environments (112, 

221). Thus, the ecological interaction of hyperthermophilic and mesophilic microorgan-

isms and polysaccharides needs to be addressed. These interactions could provide insight 

into the metabolic, genetic, and evolutionary relationships within extreme environments. 

 

II.7.  Mixed Cultures and Implications on Natural Microbial Communities 

The ecology of deep-sea environments is extremely diverse based on the variety of ani-

mal and microbial inhabitants and geochemical characteristics (21, 240). The coloniza-

tion of these environments, as can happen in any natural setting, may be based around 

biofilms, where microorganisms form a matrix of cells and polysaccharide and adhere to 

a surface as a community (30, 78). Biofilms offer the distinct advantage of allowing mi-

crobial species to interact and coexist in an optimized microenvironment (i.e., the ma-

trix), thus, limiting the adverse consequences of competition and selectivity (45). Micro-
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bial relationships within hyperthermophilic communities can begin to be studied by es-

tablishing co-cultures of organisms exhibiting interacting metabolic characteristics. For 

example, a heterotrophic microorganism that produces hydrogen and a hydrogen-utilizing 

methanogen can benefit each other in co-cultures as has been demonstrated for a number 

of pairings (38). A very tight interaction between two hyperthermophiles, T. maritima 

and M. jannaschii, was observed in co-culture, as revealed by electron microscopy and 

cell sorting (Figure II.3). The close proximity of the different cells was related to the high 

growth rates of heterotrophs relative to the methanogens, causing an increased depend-

ence of H2 availability (181, 214). Co-cultures of interacting acetate-oxidizers and hydro-

gen-oxidizers have also been reported (118). With the observance of biofilm formation in 

hyperthermophilic pure cultures, biofilm-based consortia in hydrothermal environments 

represent an interesting ecosystem that cannot be overlooked. However, at present, little 

is known about mixed culture dynamics at high temperatures, especially with respect to 

intra- and inter-consortial processes. Other synergistic relationships (235) may exist be-

tween fermentative hyperthermophiles, which contain a diverse set of glycosyl hy-

drolases and glycosyl transferases, as discussed. Thus, biofilm consortia of polysaccha-

ride-degrading and -utilizing microorganisms may play a central role in the ecology of 

deep-sea environments and be the key to what might be an extensive subsurface bio-

sphere. In addition to the effects of biofilms on microbial ecology, dense communities of 

microorganisms and associated polysaccharides can also influence the chemical and 

physical properties of the subsurface environment. It may be that viscous polysaccharides 

with varying chemical properties (i.e., charges, ability to form gels, etc.) contribute to the 
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geochemistry and fluid rheology of hydrothermal vents. Further experiments, both in the 

laboratory and in situ, are needed to explore this prospect. 

 

II.8. Acknowledgments 

This work was supported in part by grants from the National Science Foundation and the 

Department of Energy. We also acknowledge helpful discussions with Dr. Robert Em-

bley, NOAA/PMEL, Newport, Oregon. 



 30 

 

 

 
 

 

Figure II.1.  Glycolysis pathway with branch point intermediates, glucose-6-
phosphate and fructose-6-phosphate, for biopolymer synthesis
(http://www.genome.ad.jp/kegg/ kegg2.html). 
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B 

C 

Figure II.2.  Scanning electron (A, B) and epifluorescence (C) micrographs
of Pyrococcus furiosus biofilms. Polycarbonate filters were used as a
biofilm substratum in batch cultures growing on a complex medium with
(A) cellobiose (5 g/l) or (B, C) maltose (5 g/l) as carbon sources. Note that a
capsular material forms in (A) and a looser exocellular polymer appears in
(B) (Pysz and Kelly, unpublished). 
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A 

B 

Figure II.3.  Scanning electron micrographs of Thermotoga maritima and
Methanococcus jannaschii co-culture. (A) planktonic cell aggregates; (B)
biofilm formed on a polycarbonate filter inserted in culture (182, 215). 
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Microorganism Characteristics Polysaccharide 
structure 

Polysaccharide repeat 
length 

Saccharide composition Reference 

Alteromonas 
macleodii subsp 
fijiensis 

hydrothermal vent 
mesophilic bacterium 

branched hexasaccharide Glc/GalA/GlcA/4,6 PyrMan (207, 222, 223) 

Pseudoalteromonas 
sp. 

hydrothermal vent 
mesophilic bacterium 

branched octasaccharide (SO3H)-Man/Rha/Glc/Gal/GlcA (220, 222) 

Vibrio diabolicus hydrothermal vent 
mesophilic bacterium 

linear tetrasaccharide NAcGlc/NAcGal/GalA/GlcA (112, 206, 221) 

Mastigocladus 
laminosus 

thermophilic cyano-
bacterium 

branched pentadecasaccharide Glc/Fuc/Gal/GalA/GlcA/Man/Rha/
Xyl 

(99) 

Haloferax 
mediterranei 

halophilic archaeon linear trisaccharide GlcNAc/Man/GlcNAc-(O-SO3) (198) 

Sulfolobus sp. thermophilic ar-
chaeon 

n/a n/a Glc/Man/GlcN/Gal (17) 

Thermococcus 
litoralis 

hyperthermophilic 
archaeon 

n/a n/a Man (217) 

Pyrococcus furiosus hyperthermophilic 
archaeon 

n/a n/a Man/Glc/Rha/Xyl (Pysz and Kelly, unpub-
lished) 

n/a: information not available; Glc � glucose; Gal � galactose; Man � mannose; Rha � rhamnose; Fuc � fucose; Xyl � xylose; GlcN � glucosamine; A � uronic acid form; 
Pyr � pyruvated ; NAc � amino deoxy-sugar 
 
 
Table II.1.  Structural, chemical, and physical characteristics of various polysaccharides from mesophilic vent bacteria and thermo-
philic microorganisms. 
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III.1.  Introduction 

In general, a significant amount of biomass must be generated from pure cultures of microor-

ganisms in order to purify sufficient quantities of enzymes for detailed analyses. A number of 

cultivation techniques have been used for hyperthermophilic organisms ranging from glass 

serum bottles to large-scale fermentors constructed of ceramic or stainless steel to dialysis 

membrane reactors (123). Even if the gene encoding a given hyperthermophilic enzyme can 

be successfully expressed in a mesophilic host (5), often there is the need to examine the na-

tive version. There is always the question of whether the recombinant and native versions 

have precisely the same properties, and native biomass is the only source of enzymes whose 

genes are not readily expressed in mesophilic hosts. An additional motivation is that a large 

fraction of open reading frames identified in the genomes of hyperthermophiles have not yet 

been assigned a biochemical function (3, 128). Thus, the ability to cultivate hyperthermo-

philes remains an important element of research efforts focusing on the biology and biotech-

nology of these organisms. 

A continuous culture system is described here that can generate biomass from hyper-

thermophiles on a scale suitable for enzyme purification. High temperature chemostats have 

several advantages over large-scale batch systems. Long-term, stable, steady state operation 

(arising from minimal problems with contamination) can provide biomass generated from 

exponential growth phase, i.e., balanced growth (32). Because of the smaller operating vol-

umes, continuous systems are inexpensive to construct and minimize problems with handling 

toxic and explosive gas substrates and products (e.g., H2S, H2, CH4). Small (i.e., 1-10 liter) 

operating volumes also minimize problems associated with growth of sulfide producing an-
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aerobes and thermoacidophiles in terms of chosing a proper material for reactor construction 

(e.g., glass, gold). Continuous cultivation has also been useful for studying the bioenergetics 

and physiology of hyperthermophiles, and for developing media formulations that induce en-

zyme expression (145, 214, 215, 217, 233, 234). 

High temperature continuous cultivation systems were originally used to grow Pyrococ-

cus furiosus (a fermentative anerobe and facultative sulfur-reducer, Topt 98°C) (42), but 

other hyperthermophiles, including Thermococcus litoralis (a fermentative anerobe and fac-

ultative sulfur-reducer, Topt 88°C), Methanococcus jannaschii (methanogen, Topt 85°C), 

and Thermotoga maritima (a fermentative anerobe and facultative sulfur-reducer, Topt 

80°C), have also been successfully grown (34, 42, 113, 211, 214, 215, 217, 232, 233).  

 

III.2.  Materials 

Reactor System 

A schematic of a typical configuration for the high temperature continuous culture system is 

shown in Figure III.1. Although operating volumes up to 10 liters have been used, usually a 

2-liter, 5-neck round-bottom flask (Ace Glass, Vineland, NJ) is chosen to process a 1-liter 

(operating volume) culture. A Graham condenser (Ace Glass, Vineland, NJ) is used to reduce 

water content in the reactor�s headspace effluent gas, which may then be analyzed by gas 

chromatography (GC), mass spectrometry (MS), or vented (after scrubbing with 1 N NaOH 

for reduction of odors from sulfidic gases). The culture vessel is heated by an insulated man-

tle (Glas-Col, Terre Haute, IN) that is connected to a temperature controller (Cole-Parmer, 

Vernon Hills, IL) and J thermocouple (Cole-Parmer, Vernon Hills, IL). The pH of the culture 
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can be monitored and adjusted with a pH controller (Cole-Parmer, Vernon Hills, IL) and an 

autoclavable, double-junction pH electrode (Cole-Parmer, Vernon Hills, IL). Fixed rate peri-

staltic pumps (Cole-Parmer, Vernon Hills, IL) with Norprene® Masterflex tubing (Cole-

Parmer, Vernon Hills, IL) are used with the pH controller to add 1 N HCl or NaOH as 

needed. Norprene® Masterflex tubing is used since it is autoclavable, durable, and has low 

O2 permeability (an important feature of an anaerobic system). Teflon adapters with Viton 

O-rings (Cole-Parmer, Vernon Hills, IL) are used for insertion of the pH electrode, thermo-

couple, and other tubing into the culture vessel. 

 There are several ways to agitate the culture, including a mechanical impeller in the 

center of the flask, a magnetic egg-shaped stir bar placed in the center of the culture, or by 

sparging with gas directly into the culture volume. A mechanical impeller (Model SL 300, 

Fisher Scientific, Pittsburgh, PA) works well, but care must be taken to avoid excessive 

shearing. A magnetic stir bar may be difficult to control through the heating mantle, although 

it is less expensive than an impeller. Sparging with an inert gas (e.g., argon, nitrogen) also 

sufficiently mixes reactor contents, and also maintains anaerobic conditions. Gas may be 

sparged into the culture (as well as into the culture medium, cell collection, and colloidal sul-

fur feed tanks) with glass tubing connections (inserted into rubber stoppers) and controlled 

with a flowmeter. 

 The continuous feed (i.e., culture media and sulfur) and harvest collection (i.e., reac-

tor effluent) are pumped to and from the reactor with Masterflex tubing and a Masterflex 

peristaltic pump (Cole-Parmer, Vernon Hills, IL). Polypropylene carboys (Nalge, available 

through Cole-Parmer, Vernon Hills, IL) are used to store the feed and harvest liquids. Pump 
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heads (Masterflex, Cole-Parmer, Vernon Hills, IL) varying in size from 14, 15, and 16 can be 

used for the colloidal-sulfur feed, product stream, and media feed, respectively. A single 

peristaltic pump (Masterflex, Cole-Parmer, Vernon Hills, IL) should be used for both inlet 

streams (i.e., the medium and colloidal sulfur, if used), and the outlet stream, such that any 

constant dilution rate will prevent the total feed from exceeding the amount of harvest re-

moved. The media feed, sulfur feed, and harvest tanks should be sparged with an inert gas 

(monitored by a flowmeter) to maintain the anaerobic conditions (where applicable), and also 

have 0.2 µm filters (Gelman Acro 50, Fisher Scientific, Pittsburgh, PA) attached to rubber 

stoppers to relieve excess pressure from the carboys. 

Gas Sparging  

The choice of gas for the headspace depends on the hyperthermophile that is being grown. 

Methanogens (e.g., Methanococcus jannaschii) and other autotrophs (e.g., Archaeoglobus 

fulgidus) use an 80:20 mixture of H2:CO2. Typically, N2 is used for heterotrophs (e.g., Pyro-

coccus furiosus). 

Media for Growth of Hyperthermophiles 

Table III.1 lists several types of medium that have been used to grow various hyperthermo-

philes (for a more complete listing of hyperthermophiles isolated to date, see (128)). If add-

ing a carbohydrate source (e.g., maltose, cellobiose, etc.), the medium should be 1.2-fold 

concentrated. Prepare 1 liter of the desired concentration of carbohydrate and filter-sterilize 

through 0.2 µm filters (Whatman; Fisher Scientific, Pittsburgh, PA) in vacuum-filtration 

units. The medium (10 liters) should be autoclaved just prior to starting the continuous feed. 

Sterilized carbohydrate solutions should then be added to the hot medium, if required. For 
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anaerobic conditions, reduce the hot medium using 8 to 10 ml of reducing agent (e.g., 100 

g/liter each of Na2S⋅9 H2O and L-cysteine prepared in a chemical hood and kept under N2 

gas). The medium should be sparged until oxygen levels are reduced (e.g., if resazarin is used 

as an oxygen indicator, the medium should turn from a pink to a golden color). The anaerobic 

feed is then ready to be pumped into the reactor system. Aerobic medium should be aerated 

while heating, and any inorganic substrates (e.g., 10 g/liter FeSO4⋅7 H2O, elemental sulfur, or 

FeS2) should be passed through a 0.2 µm filter (Falcon bottle-top filters, Fisher Scientific, 

Pittsburgh, PA) to avoid contamination. 

Sulfur Feed 

Many hyperthermophiles, either obligately and facultatively, reduce sulfur (3, 128). Sulfur 

may be fed to a continuous cultivation system as periodic additions of elemental sulfur (87), 

or by a continuous feed of either a colloidal sulfur suspension (232, 233) or of a soluble poly-

sulfide (34). The colloidal sulfur must be added separately from the medium to avoid precipi-

tation in the presence of 10 g/l or more of NaCl (232). Polysulfides may accumulate in the 

reactor under sulfur-limiting conditions from the presence of H2S, a product of sulfur me-

tabolism (34, 201). 

 The colloidal sulfur feed is prepared as follows (232, 233). All work should be per-

formed in a chemical fume hood, and gloves and safety glasses should be worn for protection 

from toxic sulfides. For a sterilized feed, autoclave the feed bottle or tank and enough water 

to dilute the colloid (see below). Prepare two solutions:  A, containing 64 g of Na2S⋅9 H2O in 

500 ml of H2O, and B, containing 36 g of Na2SO3 in 500 ml of distilled H2O. Add 15 ml of 
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solution B to solution A. Slowly add 80-100 ml of diluted H2SO4 (15 ml of concentrated acid 

with 100 ml of distilled H2O) to solution A until turbidity persists, and add 30 ml of concen-

trated H2SO4 to solution B. Add solution A to solution B (over a time period of 30 to 160 sec-

onds) with vigorous stirring, and let stand for 1 hour. Add H2O to give a total volume of 2 

liters, and then add 20 g of NaCl (which promotes settling) with stirring until it dissolves. Let 

the solution stand for at least 4 hours, during which time the colloid should settle to less than 

a 50 ml volume. Remove the cloudy solution by aspiration and repeat the settling procedure 

three times, using 2 liters of H2O and 20 g of NaCl each time. The colloid is resuspended in 

the solution (using a magnetic stirrer) each time. Finally, resuspend the colloid in 1 liter of 

H2O and store at room temperature. The suspension should be diluted with H2O to a final 

turbidity of A850=1.25 for use as a continuous feed. If the H2O was autoclaved prior to dilu-

tion, it must be cooled to room temperature before the concentrated colloid is added. The col-

loid can be stored for up to a month without particle agglomeration. It is sparged with gas 

and stirred prior to addition. 

 

III.3.  Cultivation Methods 

Pre-startup 

Prior to operation, it is important to make sure that the pumps, pH meter, temperature con-

troller are working properly. The pump speed needs to be correlated with the dilution rate, D, 

which is equal to the flow rate divided by the working culture volume. The pH probe is best 

calibrated just before startup, recognizing that pH measurement is sensitive and temperature-

dependent. 
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A growth curve should be prepared for the inoculum to be used. Approximately 50 ml of 

a dense, late log phase culture (108 cell/ml) is used to inoculate the reactor. The batch inocu-

lum is prepared in 125-ml serum bottles (Fisher Scientific, Pittsburgh, PA), containing 50 ml 

of medium (and carbohydrate source and/or sulfur, if applicable). Heat the medium at 98°C, 

and the starter culture at its optimum growth temperature (e.g., P. furiosus at 98°C, or A. ful-

gidus at 83°C), in oil baths for an hour prior to inoculation. For anaerobic cultures, reduce the 

medium by adding 2 to 3 drops of Na2S⋅9 H2O (or another reducing agent such as L-

Cysteine-HCl) with a syringe while sparging the system with gas. Inoculate the medium 

(while continuously sparging with gas) with enough stock to yield a final culture density of 

about 108 cells/ml. Quickly seal the serum bottle with butyl rubber stoppers and aluminum 

crimp seals (Fisher Scientific, Pittsburgh, PA). Place the culture bottle in an oil bath at the 

appropriate growth temperature for the organism, and grow to late log phase. The batch cul-

ture bottles for many hyperthermophiles can be stored at room temperature for several 

months and at 4°C for several years. 

Startup 

Prior to continuous operation, the reactor should be operated as a batch culture. Fill the cul-

ture vessel with medium 50% of its volume and heat to 98°C. Add the carbohydrate source 

(e.g., maltose) and/or sulfur (e.g., elemental form), if necessary. Agitate the medium using 

the mechanical stirrer, sparging gas, or magnetic stir bar. Reduce the medium by adding the 

reducing agent, e.g., Na2S⋅9 H2O, dropwise while sparging until the medium is deoxygen-

ated. Adjust the heat of the culture vessel to the appropriate growth temperature of the organ-
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ism (e.g., A. fulgidus 83°C), and inoculate the reactor using the 50 ml batch culture that was 

grown as described above. Be sure all reactor ports are effectively sealed with rubber stop-

pers. Grow the batch culture until it reaches late log phase (e.g., for Pyrococcus furiosus 

about 8 or 9 hours), and then turn on the pump for the feed/harvest (e.g., for P. furiosus, an 

optimal dilution rate is 0.24). The culture stability should be periodically checked. This can 

be done in a variety of ways, including measurements of cell density, cell dry/wet weights, 

total protein assays, sugar assays of the medium and harvest, gas production profile etc. 

These measurements can be used to determine when the reactor reaches a biological steady 

state, i.e., the cells are in the state of balanced growth. 

 

III.4.  Enzyme Collection 

Processing Harvest 

Collection volumes for a culture volume of 1 liter in a 2-liter vessel are typically on the order 

of 20 liters in a couple of days, depending on the dilution rate. Higher dilution rates (i.e., 

greater than the growth rate; however, be careful not to wash out the cells) lead to higher 

biomass productivities but require more frequent media preparation and cell processing. 

Large volumes of biomass can be difficult and time consuming to centrifuge directly unless 

appropriate equipment (e.g., a continuous centrifuge) is available. Alternatively, harvested 

cells can be concentrated into smaller volumes (e.g., about 2 liters for a 20 liter harvest) with 

a cross-flow membrane filter concentrator. For example, a Millipore concentrator (Millipore, 

Bedford, MA) with Durapore Microporous, GVPP/GVLP pellicon cassette membranes (filter 

pore size of 0.22 µm; Millipore, Bedford, MA) has been used successfully for a variety of 
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hyperthermophiles such as P. furiosus, T. maritima, and T. litoralis. The concentrated cells 

from the cross-flow step are of a volume such that typical lab-scale units at 8,000 rpm for 20 

minutes can be used to collect the cell pellet. 

Extracellular Enzyme Collection 

The extracellular proteins in the culture supernatant can also be concentrated by filtration us-

ing polyethersulfone, PTGC 10 kDa membranes (Millipore, Bedford, MA). The Millipore 

concentrator (Millipore, Bedford, MA) will concentrate 20 liter down to 1 liter in a few 

hours. The extracellular proteins and material can then be processed in a smaller concentrator 

to about 200 ml for purification efforts. 

Intracellular Enzyme Collection 

Centrifuged cell pellets can be lysed using a French-pressure cell (18,000 psi, SLM Aminco, 

Urbana, IL). If working with bacteria (e.g., Thermotoga maritima, or Aquifex aeolicus), lyso-

syme can also be used in conjunction with French-press or sonication (on ice for 5 minutes of 

30 s pulse, 30 s rest) to break open the cells (177). The lysed cell material can then be spun 

down at 10,000 × g for 30 minutes at 4°C. The resulting crude extract can be processed using 

small concentrators, in addition to separation (e.g., DEAE chromatography, hydrophobic in-

teraction chromatography, hydroxylapatite chromatography, etc.), for enzyme purification. 

Verhagen et al. (2001) (275) describe typical enzyme purification protocols for P. furiosus.  

 

III.5.  Concluding Comments 

Continuous culture systems have proved to be useful for hyperthermophiles and producing 

biomass in part because they can be operated for long periods of time with low potential for 
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contamination and can be constructed with inexpensive equipment. In addition, continuous 

cultures have distinct advantages over batch cultures in exploring transcriptional and transla-

tional phenomena. For example, the effects of specific medium components can be studied to 

observe changes in protein and mRNA expression levels (e.g., NH4Cl on T. litoralis 

biofilms) (215). 
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Figure III.1.  Schematic of continuous culture vessel for growth of hyper-
thermophiles. 
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Hyperthermophile Topt (°°°°C) Physiological and Growth Characteristics Suggested Growth Medium and Condi-
tions 

Archaeoglobus fulgidus 83 • Archaeon 
• Obligate chemolithoautotroph (H2/CO2 or N2 in precense of lactic acid) 

• Sulfate/thiosulfate reducer (19, 163) 

STL medium (19, 163) 

Modified marine medium (28, 252) 

Medium (19, 68) 

Methanococcus jan-
naschii

 85 • Archaeon 
• Methanogen (H2/CO2) 
• Higher pressures enhanced growth (176, 269) 

Medium (91, 160, 176, 178, 246, 291) 
 

Pyrococcus furiosus
 

100 • Archaeon 
• Anaerobic chemoorganotroph 
• Facultative S° reducer  
• Enhanced growth on S°(146, 233, 251, 271)  

ASW medium (135, 146) 

Modified ASW medium (146, 251) 

Modified SME medium (135, 147) 

Defined
 
and minimal media (211) 

Modified M. jannaschii medium (214) 

Modified A. fulgidus medium (28), (Chapter VI) 

Thermococcus barossii 83 • Archaeon 
• Anaerobic chemolithoorganotroph  
• Obligate S° reducer 

Medium (87) 

Thermococcus litoralis
 

88 • Archaeon 
• Anaerobic chemolithoorganotroph 
• Facultative S° reducer  
• Enhanced growth energetics on S° (29) 

Marine medium (185, 284) 

2216 marine broth (29, 224) 

ASW medium (29, 105) 

Thermotoga maritima
 

80 • Bacterium 
• Anaerobic chemoorganotroph 
• Facultative S° reducer 
• S° has neutral effect on growth energetics (153) 

MMS medium (153) 

Modified SME medium (135, 199) 

Medium (54, 153) 

Thermotoga neapolitana 80 • Bacterium 
• Anaerobic chemoorganotroph 
• Facultative S° reducer  
• S° enhances growth (274) 

TB medium (54, 274) 

Modified TB medium (54, 95) 

Common marine medium (54, 291) 

Medium (54, 153) 

 

Table III.1.  Hyperthermophiles and extreme thermoacidophiles grown in continuous culture.
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Abstract 

Thermotoga maritima, a fermentative anaerobic hyperthermophilic bacterium, was 

found to form exopolysaccharides (EPS) that served as the basis for biofilm formation on 

nylon mesh and polycarbonate filters in chemostat cultures grown on maltose-based me-

dia at 80°C. In addition to visual evidence of significant wall growth in the culture vessel, 

mesh and filter samples collected after 180 hours of operation showed substantial T. 

maritima colonization. Biofilm-bound cells from the mesh could be recovered and proc-

essed such that RNA could be extracted for transcriptional analysis. A targeted cDNA 

microarray, containing genes identified in the T. maritima genome suspected to be in-

volved in polysaccharide synthesis and biofilm formation, was used to examine differen-

tial expression patterns of sessile and planktonic cells. Mixed model statistical analysis of 

differential expression data revealed the induction of several ORFs in the sessile cells that 

were related to biofilm-formation genes previously identified in less thermophilic bacte-

ria. Up-regulated in biofilm-bound cells were several transcriptional regulators (TetR-, 

LytR- and CRP-related) as well as a sensor histidine kinase, homologs to all of which 

have been implicated in the regulation of biofilm formation in mesophilic bacteria (i.e., 

Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus epidermidis). Biofilm-

bound cells also exhibited features of thermal and oxidative stress response, as evidenced 

by the induction of genes encoding GrpE, DnaK, HrcA, and heat shock protein class I as 

well as NADH oxidases, glucose 6-phosphate 1-dehydrogenase, and L-lactate dehydro-

genase. In addition to providing information on transcriptional mechanisms underlying 

biofilm formation in T. maritima, the results reported here show that this phenomenon in 

a hyperthermophilic bacterium related to similar processes in less thermophilic bacteria. 
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Furthermore, the methodology used here involving a high temperature, anaerobic chemo-

stat to generate samples of attached cells yielding RNA for transcriptional analysis can be 

extended to examine biofilm formation in other hyperthermophilic microorganisms. 

 

IV.1.  Introduction 

Mesophilic bacteria proliferating in natural and pathogenic environments are often asso-

ciated with biofilms (30, 63, 65, 156, 253). Biofilms allow microbial species to interact 

and coexist in an optimized microenvironment (i.e., the matrix), thus, limiting the adverse 

consequences of competition and selectivity (46). The establishment of a sessile commu-

nity of cells encapsulated by a polysaccharide matrix on a surface involves a complex 

series of steps: initial attachment, production of exopolysaccharides (EPS), early biofilm 

development, mature biofilm formation, and detachment of cells and/or communities 

(156, 253). These stages for biofilm formation have been investigated for mesophilic bac-

teria, including Pseudomonas aeruginosa (40, 72, 73, 268), Bacillus cereus (192), Vibrio 

cholerae (289), and a Streptococcus sp. (260). Biofilm formation appears to require the 

expression of a distinct set of genes that differentiate sessile from planktonic cells (192, 

200, 228, 229, 253, 283); these include genes related to chemotaxis and motility, 

exopolysaccharide biosynthesis, and stress response (89, 102, 159, 193, 202, 228, 229, 

283). However, this subset of genes may only comprise about 1% of the total genome, 

such that the phenotypic differences between planktonic and sessile cells may be subtle 

(283). In fact, cell populations, which have the capacity to form biofilms, likely consist of 

a continuous distribution of phenotypes. For example, biofilm-bound populations likely 

include newly recruited cells that have a planktonic phenotype (8, 229, 279). Interactions 
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between biofilm and planktonic populations can also directly affect gene expression. For 

Bacillus cereus, planktonic cells grown in the presence of biofilm substratum (glass 

wool) shared common differentially expressed genes with biofilm cells (192). These 

genes did not appear to be expressed in planktonic cells grown in the absence of glass 

wool. YhbH, a stress response protein in B. cereus related to sigma factor 54, was found 

to be induced in both biofilm-bound cells as well as in planktonic cells grown in cultures 

containing glass wool (192). 

Biofilm formation is not limited to mesophilic bacteria.  Biofilms are also evident in 

higher temperature environments, such as geothermal settings and hydrothermal vents 

(213). Several hyperthermophiles have been shown to produce exopolysaccharides (16, 

109, 110, 188). These exopolysaccharides form the basis of biofilms, which have been 

observed in pure cultures of Archaeglobus fulgidus (114, 163), Thermotoga maritima 

(214), and Thermococcus litoralis (217), as well as in co-cultures of T. maritima and 

Methanococcus jannaschii (181, 214). Biofilm formation by these hyperthermophiles ap-

peared to be inducible. In A. fulgidus cultures, biofilm was formed under stress condi-

tions, generated through elevated pH, decreased and increased growth temperature, high 

salt, and exposure to ultraviolet light, oxygen, or antibiotic (114, 163). Elevated levels of 

ammonium chloride led to biofilm formation for T. litoralis (214, 216, 217). 

Among the issues to be considered for biofilm formation by hyperthermophilic mi-

croorganisms is determining the genetic basis of this phenotype and how this relates to 

what has been found for less thermophilic microorganisms. Reported here is a high tem-

perature, anaerobic chemostat-based approach for collecting biofilm material from cul-

tures of T. maritima, from which extracted RNA can be used, in conjunction with cDNA 
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microarrays, to examine differential gene expression patterns comparing planktonic to 

sessile cells. 

 

IV.2.  Materials and Methods 

Microorganism and Growth Conditions 

Thermotoga maritima (DSM 3109) was grown anaerobically on Sea Salts Medium 

(SSM) containing 40 g/l sea salts (Sigma, St. Louis, MO), 1 g/l yeast extract (Fisher Sci-

entific, Pittsburgh, PA), 3.1 g/l PIPES buffer (Sigma Chemical, St. Louis, MO), 2 g/l 

tryptone, 2 ml/l 0.05% Resazurin, and 10 ml/l 10X trace element solution (114). Media 

was adjusted to pH 6.8 with KOH (Fisher Scientific, Pittsburgh, PA), and autoclaved 

prior to use. Batch cultures (50 ml) were inoculated under N2 (high purity nitrogen; Na-

tional Welders, Raleigh, NC) headspace as previously described (205, 214, 215), and 

were grown at 80°C for 8 to 10 hours in oil baths. Maltose (Sigma Chemical, St. Louis) 

was added to SSM (final concentration 5 g/l) as a carbon source prior to inoculation.  

Continuous cultivation of T. maritima was performed in a 2-L five-neck, round-bottom 

flask as previously described (205, 215). A 50 ml batch culture was used to inoculate 1 L 

of SSM medium supplemented with 5 g/l maltose in the flask. This seed culture was 

grown at 80°C for 8.5 hours under continuous nitrogen sparging, after which medium 

was fed at a dilution rate of 0.25 h-1. Media for continuous cultivation was prepared in 9 

L batches at 1.2 X concentration as mentioned above, to which 1 L of a filter-sterilized 

maltose solution (50 g) was added immediately after autoclaving. The pH of the culture 

was continuously monitored with a Chemcadet pH controller (Cole Parmer, Vernon Hills, 

IL) by the addition of 1 M NaOH. Temperature control was effected using a Digi-Sense 
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controller (Cole-Parmer, Vernon Hills, IL) such that variations were typically ± 0.8°C, 

and verified by a mercury glass thermometer inserted into the culture. Steady-state condi-

tions were monitored by constant cell densities (see below) and optical densities at 600 

nm. Samples (25 ml) were also collected at specific intervals for subsequent cell density 

enumeration by epifluorescence microscopy and protein content (see below). All plank-

tonic cell samples were collected in sterile pyrex bottles from the outlet line and immedi-

ately refrigerated; samples for RNA and protein extractions were collected on ice. 

After a week of operation, the continuous culture was subjected to a temperature 

rise to 85°C. Cell densities were measured every hour immediately following the tem-

perature stabilization at 85°C to determine the new steady-state, which occurred after ap-

proximately 4 volume changes. Planktonic and biofilm cells and biofilm samples (see 

below) were then collected for protein and RNA extractions at the new steady-state. 

Biofilm Substrata and Collection  

Nylon mesh (Sefar America, Hamden, CT) and polycarbonate filters (Poretics 0.22 µm, 

Fisher Scientific, Pittsburgh, PA) were used as substrata for biofilm formation. Twelve 

squares of mesh (13.3 cm × 9.8 cm) were cut, rolled tightly, and tied with polycarbonate 

string. Three rolls were tied to one another at the ends, such that 4 strings of 3 tubes were 

constructed. Polycarbonate filters were tied to the center of each tube to be used for imag-

ing the biofilms, while the mesh was used for protein and RNA samples within the 

biofilm. The mesh strings, as well as loose polycarbonate filters, were placed in the reac-

tor and autoclaved prior to startup. The mesh tube strings were suspended in the growing 

culture until the sample was collected, whereby the string was pulled quickly through one 

of the 5 necks of the reactor. One string (3 tubes) was used for protein and another for 
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RNA isolations. The tubes were rinsed twice in sterile media on ice. The polycarbonate 

filters were removed from each tube and placed in 2.5% glutaraldehyde (Sigma, St. 

Louis, MO) to fix the biofilm cells and subsequent imaging. The tubes were separated 

from their strings and were submerged in 50 mL conical tubes containing 300 mM NaCl 

(Fisher Scientific, Pittsburgh, PA). The conical tubes were vortexed vigorously to remove 

the biofilm from the mesh, after which the mesh tube was removed and the suspension 

was centrifuged (10000 × g, 20 minutes) to pellet the biofilm cell material. Protein and 

RNA were extracted as described below. As mentioned above, biofilm samples were 

taken at the steady-state regions during growth at 80°C and 85°C. Thus, two strings were 

removed at each temperature, using one for protein and one for RNA extractions. 

Imaging and Microscopy Methods 

Epifluorescent micrographs were taken with a SPOT digital camera (Southern Micro In-

struments, Atlanta, GA) attached to a Nikon (Labophot-2) microscope (Southern Micro 

Instruments, Atlanta, GA) with 100 X oil-immersion lens. Planktonic cell suspensions 

were fixed in 2.5% glutaraldehyde and stained with acridine orange (1 g/l; Fisher Scien-

tific, Pittsburgh, PA) to determine cell densities (205, 215). Biofilm cells on polycarbon-

ate filters were fixed as described above, stained in acridine orange (1 g/l), and dried 

briefly under vacuum prior to imaging. A scanning electron microscope (JEOL JSM-

35CF Microscope, North Carolina State University, Department of Veterinary Medicine) 

was also used to image biofilm cells on polcarbonate filters. Filters were fixed in 2.5% 

glutaraldehyde, and critically point dried in CO2. Images of the continuous culture were 

also taken regularly with a Nikon Coolpix 950 digital camera.  
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Protein and RNA sample collection 

Approximately 200 ml samples of planktonic cells were collected for RNA and protein 

extractions, and centrifuged at 10000×g for 20 minutes. Pellets were rinsed twice with 

300 mM NaCl (Fisher Scientific, Pittsburgh, PA) and spun at 13,000 rpm for 5 minutes. 

Biofilm pellets were rinsed once after being extracted in 300 mM NaCl. Pellets for pro-

tein extractions were frozen at -20°C for later extractions, and those for RNA isolation 

were used immediately. RNA was isolated by ethanol precipitation, and purified using 

Promega total RNA kits (Promega, Madison WI). Concentrations and degree of purity 

were determined by optical density at 260 nm and 280 nm, as well as gel electrophoresis 

(1% agarose gel, 60 V). 

Pellets for protein extractions were thawed and re-suspended in 40 mM Tris 

(Fisher Scientific, Pittsburgh, PA). Protease inhibitor cocktail (1 ml/4 g wet weight; Cal-

biochem, San Diego, CA) was added and the suspension was sonicated for 5 minutes 

with a 10 second on/off time. Cell debris was removed by centrifugation at 13000 rpm for 

30 minutes, and the resulting supernatant was used for assays and gel electrophoresis. 

Total protein was determined using the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA). 

Construction of the Targeted cDNA Microarray   

Open reading frames of known and putative genes related to biofilm formation and other 

related cellular functions (269 total or about 15% of the total genome) were identified 

through BLAST (11) comparisons of protein sequences from the T. maritima MSB8 ge-

nome available at http://www.tigr.org/tigrscripts/CMR2/GenomePage3.spl?database= 

btm. DNA primers were designed with similar annealing temperatures and minimal hair-

pin formation using Vector NTI 7.0 (Informax, Bethesda, MD). The selected probes were 
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PCR-amplified in a PTC-100 Thermocycler (MJ Research, Inc., Waltham, MA) using 

Taq polymerase (Boehringer, Indianapolis, IN) and T. maritima genomic DNA, isolated 

as described previously (52). The integrity and concentration of the PCR products were 

verified on 1% agarose gels. PCR products were purified to 100 ng/µl using 96-well 

QIAquick PCR purification kits (Qiagen, Valencia, CA), re-suspended in 50% DMSO, 

and printed onto CMT-GAPS aminosilane-coated microscope slides (Corning, Corning, 

NY) using a 417 Arrayer (Affymetrix, Santa Clara, CA) in the NCSU Genome Research 

Laboratory (Raleigh, NC). Eight replicates of each gene fragment were printed onto each 

slide. The DNA was then attached to the slides by UV crosslinking using a GS 

GeneLinker UV Chamber (BioRad, Hercules, CA) set at 250 mJ and baked at 75oC for 2 

hours. 

Labeling and Hybridization  

First-strand cDNA was prepared from T. maritima total RNA using Stratascript 

(Stratagene, La Jolla, CA) and random hexamer primers (Invitrogen Life Technologies, 

Carlsbad, CA) by the incorporation of 5-[3-Aminoallyl]-2'-deoxyuridine-5'-triphosphate 

(aa-dUTP) (Sigma), as described elsewhere (115). The slides were scanned using a Sca-

narray 4000 scanner (GSI Lumonics, Canada Billerica, MA) in the NCSU Genome Re-

search Lab. Signal intensity data was obtained using Quantarray (GSI Lumonics). 

Statistical Analyses and Determination of Differential Gene Expression 

A loop design was constructed (see Figure IV.1) to ensure reciprocal labeling for all four 

different experimental conditions. Replication of treatments, arrays, dyes, and cDNA 

spots allowed the use of analysis of variance (ANOVA) models for data analysis. Jin et 

al. (132) have described the use of ANOVAs for loop designs. 
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The statistical procedures and Perl code reported by Chhabra (2002) (52) were 

used to analyse the intensity data generated by the Quantarray files. Briefly, a linear nor-

malization ANOVA model (285) was used to estimate global variation in the form of 

fixed (dye, treatment) and random (array, pin) effects and random error using the model 

yijkl = Di + Tk + Pj + εijk. The average effects calculated from this model were used to 

predict an expected intensity value for each replicate spot on each array, which can be 

viewed as the normalized intensity for that spot. A residual was calculated as the differ-

ence between a replicate�s observed and predicted intensity to capture variation attribut-

able to gene-specific effects after accounting for global variation. A gene-specific 

ANOVA model was then used to partition gene-specific variation into treatment effects, 

gene-specific dye effects, and pin effects using the model yijkl = Di + Tk + Pj + εijk.  Vol-

cano plots were used to visualize interesting contrasts, or comparisons between two 

treatments or two groups of treatments (285). These plots display the difference in re-

siduals for a set of genes under two different conditions plotted against the significance of 

the gene-treatment interaction from the gene ANOVA model. The significance measure 

is transformed by taking the -log10(p-value) and the difference between residuals is repre-

sented in log2 units. By these measures, genes with a difference of residuals greater than 

1 are equivalent to a 2-fold change in expression and a -log10(p-value) greater than 4 is 

equivalent to a p-value of 0.0001. A Bonferroni correction was used to adjust for the ex-

pected increase in false positives due to multiple comparisons (285). Genes meeting the 

Bonferroni significance criteria, and showing fold changes of ± 1.5 or greater were se-

lected for further study, ensuring that genes with high but inconsistent fold changes 

would be eliminated from further analysis. In support of this, Jin et al. (132) used 
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ANOVA model analysis with biological replicates to demonstrate that transcriptional 

changes as small as 1.2-fold can be physiologically significant. 

For complete information on signal intensity, significance of expression changes, 

fold changes, pairwise volcano plots, and hierarchical clustering for all of the genes in-

cluded on the array, see Website (to be launched upon acceptance of the manuscript). 

 

IV.3.  Results 

T. maritima Growth and Biofilm Formation 

T. maritima was grown in continuous culture (D=0.25 hr-1) for 574 hours. After 310 

hours, the culture was shifted from 80 to 85°C. Planktonic cells grew very well in SSM 

media, reaching a mean cell density of 2.1×108 cells/ml at 80°C and 3.2×108 cells/ml at 

85°C (Figure IV.2). Previous continuous culture studies had provided evidence that T. 

maritima formed biofilms on glass reactor walls, leading to substantial wall growth 

which in turn impacted washout behavior (Rinker and Kelly, 2000). Here, because efforts 

to produce biofilm material in batch culture were unsuccessful in generating sufficient 

cellular material for transcriptional analysis, a high temperature anaerobic chemostat was 

operated to collect significant amounts of biofilm formed on removable substrata. A simi-

lar approach was previously reported for the study of P. aeruginosa biofilm formation on 

Teflon mesh (73). Here, nylon mesh was rolled and inserted into the reactor prior to in-

oculation; polycarbonate microfilters were also included to be used for biofilm imaging 

analysis. Figure IV.3 shows the biofilms on the mesh rolls within the reactor.  Substantial 

wall growth was also observed during operation.  
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After 301.5 hours at 80°C, the temperature was shifted to 85°C. A slight increase 

in cell density was observed as mentioned above. This may be due to sloughing of sessile 

cells on the mesh and reactor wall due to the experience of thermal stress (6). Biofilm cell 

morphologies were similar at the higher temperature, despite the appearance of browned 

material on the mesh (Figure IV.3), perhaps due to carmelization of EPS. Epifluorescent 

micrographs of polycarbonate filters showed widespread biofilm formation at both tem-

peratures (Figure IV.4). Interestingly, the biofilm cells appear to stand on the surface 

(Figure IV.5) and are connected by a rope-like material, commonly seen in mesophilic 

biofilms (83, 84, 136). Conventional preparation methods for SEM cause severe dehydra-

tion and a collapse of the biofilm and exopolysaccharide (136), which can be seen in Fig-

ure IV.5.  

Targeted cDNA Microarray Analysis of Gene Expression in 80°C Sessile and Plank-

tonic Cells 

Total RNA was extracted from 3 different time points during the steady-state operation of 

the continuous culture at 80°C (see Figure IV.2). Approximately 1 mg of RNA was ob-

tained from each sampling time of which 100 µg was used to create a pooled sample to 

reduce the effects of biological variability (132). Similarly, the total RNA from the 3 rolls 

of mesh was pooled for to produce a biofilm sample, yielding similar amounts of RNA to 

that obtained from planktonic cells. The cDNA generated from the planktonic and 

biofilm cells was hybridized to glass slides containing the targeted microarray, scanned 

and analyzed. The volcano plot resulting from the mixed model analysis (Figure IV.6) 

shows the differential expression of genes at 80°C, along with statistical significance. 

Genes that were differentially expressed 1.5-fold or greater with a p-value of 0.0001 are 
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listed in Tables IV.1 (up-regulated) and IV.2 (down-regulated). Cellobiose phosphorylase 

(TM1848) (183) and L-lactate dehydrogenase (TM1867) (183) exhibited the highest fold-

changes of 7.1-fold and 5.8-fold, respectively. Alkyl hydroperoxide reductase (TM0807) 

was down-regulated 5.6-fold. Other genes changed by approximately 3-fold or less. 

Differentially expressed genes represented a variety of cell functions, including 

glycolysis, stress response, proteolysis, two-component regulatory systems, and energy 

metabolism, among others. Similar patterns been observed in biofilms of B. cereus (192), 

Pseudomonas sp. (228, 229, 283), E. coli (203), S. aereus (27), and S. epididermis (59). 

In most cases, the basis for observed differential expression patterns in mesophilic bacte-

ria is unknown and appears to vary depending on the stage of biofilm being studied. For 

example, Sauer et al. (2002) (229) have observed changes in phenotype within the matu-

ration stage for Pseudomonas sp., thus separating it into sub-stages. 

Targeted cDNA Microarray Analysis of Gene Expression in 85°C Sessile and Plank-

tonic Cells 

At 80°C, biofilm cells indicated aspects of stress response as evidenced by the induction 

of thermal stress genes, including DnaK, heat shock operon repressor HrcA, and heat 

shock class I protein. This may relate to previous work, which has shown that deeply em-

bedded biofilm cells are in stationary phase (8, 286, 294). Stress genes were also up-

regulated in biofilms formed by S. mutans (260) and P. aeruginosa (229, 283). The sec-

ond question addressed by the loop design (Figure IV.1) is what happens to biofilm cells 

exposed to supraoptimal temperatures. To investigate this, the culture temperature was 

raised 5°C to 85°C. Although thermal stress response for T. maritima has not yet been 

studied, Han et al. (1997) (113) demonstrated that an extreme thermoacidophile, Metal-
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losphaera sedula, exhibited heat shock response less than 5°C above the optimal growth 

temperature of 74°C. Indeed, several heat shock response genes were up-regulated in the 

85°C planktonic cells as compared to the 80°C planktonic cells (Table IV.3). There were 

only small differences between biofilm cells at the two temperatures (Figure IV.7). Most 

notable was the down-regulation of genes encoding cellobiose phosphorylase (TM1848, -

3.3-fold), a putative esterase (TM0053, -2.8-fold), and L-lactate dehydrogenase 

(TM1867, -2.4 fold) (see website).  

Identification of gene-specific roles in biofilms and thermal stress 

All of the genes on the array were clustered according to least square means (Figure 

IV.8A) and standardized least square means (Figure IV.8B). Figure IV.9 shows func-

tional groupings from the standardized least square means cluster (Figure IV.8.B) for 

biofilm-specific and thermal stress-specific genes. Biofilm-specific genes are mostly re-

sponse regulators. As expected, heat shock genes, including GroEL (TM0505) and 

GroES (TM0506), clustered under thermal stress. Other heat shock genes (e.g., DnaK 

(TM0373), heat shock protein class I (TM0374), DnaJ (TM0849), and GrpE (TM0850)) 

also clustered with similar patterns. It was interesting that the heat shock operon repres-

sor, HrcA (TM0851) clustered with the biofilm-specific genes. Other genes that were up-

regulated included α-glucosidase (TM0434), α-glucosidase Amy4B (TM1068), and tran-

scriptional regulator DeoR family (TM1069). Further details regarding the thermal stress 

response of T. maritima are reported in Chapter V. 

 

IV.4.  Discussion 



 61 

The only previous report for cDNA microarray-based analysis of differential gene ex-

pression examined P. aeruginosa and found that only about 1% of the genome (about 75 

genes) was differentially expressed 2-fold or more in the biofilm compared to planktonic 

cells (283). The relatively small number of genes differentiating seemingly dissimilar 

phenotypes likely reflected the fact that biofilm communities are physiologically hetero-

geneous and dynamic, such that a single temporal and spatial sample may not be repre-

sentative.  

Sessile cells presumably exhibit different phenotypic characteristics than planktonic 

cells, due to the unique microenvironment created within the biofilm. Here, differential 

gene response in biofilm-bound T. maritima indicated elements of oxidative and thermal 

stress (50). The connection between oxidative stress response and biofilm formation is 

not clear but this relationship has been observed in the hyperthermophilic archaeon, A. 

fulgidus (163), as well as in certain mesophiles (103, 116). Aspects of oxidative stress 

response (6) in sessile T. maritima were evidenced by the up-regulation of genes encod-

ing L-lactate dehydrogenase, NADH oxidases, lipoamide dehydrogenase, and glucose-6-

phosphate 1-dehydrogenase. L-lactate dehydrogenase (TM1867) induction has also been 

observed in B. cereus biofilms (192), and may be involved in regenerating NAD+ (186) in 

conjunction with NADH oxidase (TM0379), an enzyme which has been implicated in 

microbial antioxidant defense systems (131, 278). In addition to oxidative stress, ele-

ments of heat shock response were also induced in sessile T. maritima cells. Planktonic 

cells from 85°C chemostat operation serve as a reference point. HrcA (TM0851), known 

to be involved in heat shock in mesophiles (290), was up-regulated 2.4-fold in biofilm 

cells at 80°C.  GrpE (TM0850), another known mesophilic heat shock protein, occurs in 
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the same operon  (5 bases downstream of hrcA) in the T. maritima genome (Nelson et al., 

1999); this gene was up-regulated 2.4-fold in biofilm cells. DnaK (TM0373) and heat 

shock protein class I (TM0374) were also up-regulated in the 80°C biofilm cells (1.7- and 

2.2-fold, respectively). Thermal stress genes were up-regulated in biofilms of P. aerugi-

nosa (GroES, dnaK) (283) and S. mutans (GrpE and dnaK) (260). 

Cellobiose phosphorylase was the most differentially expressed gene in T. maritima 

biofilms. This enzyme from Thermotoga neopolitana was shown to have sole substrate 

specificity for cellobiose (288), acting to convert cellobiose to D-glucose and glucose-1-

phosphate (189). The up-regulation of this gene is interesting since maltose (5 g/l) and 

not cellobiose was used as the primary carbon source in the growth medium. One possi-

bility is that biofilm cells may be recruiting β-glucans present in yeast extract (1 g/l), 

which can contain approximately 10% glucans (Difco Laboratories Manual, Detroit, MI). 

This is also consistent with the up-regulation of β-endoglucanases Cel12B (TM1524) and 

Cel12A (TM1525) (53). It remains unclear what role these glycosidases may have in 

biofilm-bound cells. 

Several other common features between mesophilic and T. maritima biofilm cells 

were observed. Sensor histidine kinases (e.g., TM0187) and other response regulators 

have been implicated in biofilm formation (9, 26, 27, 36, 59, 61, 71, 74, 108, 121, 137, 

200, 203, 204, 228, 229). Some are responsible for detecting environmental chemical 

signals, such as autoinducers, which initiate a cascade of reactions involved in cell-to-cell 

communication (74, 103, 253). Quorum sensing mechanisms are responsible for regula-

tion of a large variety of genes, including virulence factors that enable biofilms to be re-

sistant to environmental stresses (117, 200). Although a homolog to a virulence factor 
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(MviN-related) gene (TM0086) was induced 1.5-fold in T. maritima biofilm cells, quo-

rum sensing and protective mechanisms have not been identified in this hyperthermo-

philic bacterium, nor is much known about two-component regulatory systems.  

Although the need for twitching motility in biofilm environments has been noted (193, 

202, 228, 229), Whiteley et al. (2001) (283) reported a decrease in type IV pili transcrip-

tion in P. aeruginosa biofilms; this is consistent with the results here for a homolog to 

this gene in T. maritima (see Table V.2). However, twitching motility experiments have 

used translationally-based approaches, and there may be differences in regulation be-

tween the transcriptional and translational processes (273). 

A variety of transcriptional regulators were induced in sessile T. maritima cells. These 

include members of various families:  LytR (TM1866), CRP (TM1171), XylR (TM0411), 

RpiR (TM0326), biotin repressor (TM1602), GntR (TM0275) and TetR (TM0823). The 

T. maritima membrane-bound LytR transcriptional regulator (TM1866) is most closely 

related to LytR from Bacillus subtilis, based on COG recognition patterns (182, 264). 

LytR represses the transcription of the lytABC and lytR operons, the former of which en-

codes for N-acetylmuramoyl-L-alanine amidase (164). Lazarevic et al. (1992) (164) re-

ported that it belongs to the flagellar regulon and its activity is co-regulated with motility. 

However, there appears to be no homologous lytABC proteins in the T. maritima genome 

based on BLAST search or COG similarity. CpsA, a protein which encodes for capsular 

polysaccharide synthesis in Streptococcus agalactiae, is also a member of the same fam-

ily (i.e., pfam03816.2) as B. subtilis LytR and TM 1866. It is a positive regulator of the 

cpsABCD operon, which encodes a putative phosphoesterase (CpsB) and putative chain 

length regulators (CpsC and CpsD). Again, no homologous proteins could be identified in 
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the T. maritima genome by BLAST search. Therefore, the target of the LytR regulator in 

T. maritima is not yet known. 

 The CRP family has been found to be involved in repressing flagellar synthesis in 

Salmonella typhimurium (161), E. coli (162), and P. aeruginosa (71). As mentioned 

above, flagella are needed at the initial stages of biofilm formation when the cells are 

swimming towards the surface, after which twitching motility via type IV pili becomes 

the dominant mode of transportation across a surface (193, 202). In E. coli, it was also 

found that CRP suppresses lipopolysaccharide biosynthesis (162); this gene was down-

regulated 1.6-fold in T. maritima biofilms (TM0622). 

 TetR family regulators are important in biofilm formation. For example, IcaR 

regulator was found to repress the ica operon in S. aereus (59). The icaADBC operon en-

codes for intracellular capsule adhesin necessary for surface attachment (55, 59). How-

ever, there was no related operon or genes identifiable in T. maritima by BLAST search. 

Pseudomonas biofilms also involve a TetR regulator, PsrA, which initiates rpoS tran-

scription (154). The gene product, RpoS (σ38) (154), is involved in regulating a variety of 

genes in biofilm formation, as well as at least 50 genes in E. coli (61). RpoS, on the other 

hand, has been shown to play a significant role in cell survival strategies during station-

ary phase and biofilm formation (286). In contrast, Whiteley et al. (2001) (283) observed 

a down-regulation of RpoS in P. aeruginosa biofilms. BLAST sequence analysis indi-

cated that TM0823 is 37% identical to P. putida PsrA (CAC17801). However, while 

there may be some connection between the two genes, the RpoS sigma factor does not 

exist in T. maritima. 
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Although a variety of transcriptional regulators were induced during biofilm for-

mation by T. maritima, it is difficult to assign these to regulatory elements since related 

proteins seem to involve operons not present in T. maritima. Further characterization of 

these regulators, as well as a full genome cDNA microarray, may provide clues as to the 

functions of these genes, as well as transcriptional properties (e.g., co-transcription). 

Other functional categories of genes were also differentially expressed in T. maritima 

biofilms. This was expected due to the similar gene expression patterns observed in well-

characterized mesophilic biofilms. Furthermore, transcriptional levels related to several 

of these, including L-lactate dehydrogenase, NADH oxidase, GrpE, and DnaK, among 

others, were similar to various mesophilic biofilms, including P. aeruginosa, E. coli, B. 

cereus, and S. epidermidis (59, 203, 283).   

While there is still much to be understood about biofilm formation and dynamics 

for T. maritima, this work provides a glimpse into the transcriptional mechanisms in-

volved and how they relate to this phenomenon in better-studied but less thermophilic 

bacteria. There are clearly some common features between hyperthermophiles and meso-

philes with respect to biofilms, although it is not clear whether the differences observed 

are related to growth temperature. In any case, the chemostat-based approach used here 

should be useful for more comprehensive studies that based on a whole genome microar-

ray; such efforts are in progress.  
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80°C Planktonic 80°C Biofilm 

85°C Biofilm 85°C Planktonic 

Figure IV.1.  Loop design of RNA samples used for mixed model ANOVA
analysis. 

Figure IV.2.  T. maritima cell densities were monitored over time of growth in 1.5-L
continuous culture. Cell density levels at 80°C (0 to 301.5 hrs) and 85°C (301.5 to 574
hrs) are shown. RNA and protein samples were collected at points designated by clear
triangles (∆), and biofilm samples were collected at points designated by crosses (×). 

× 

× 
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Figure IV.3.  Wall growth and biofilm formation on nylon mesh in T. maritima
chemostat cultures grown on SSM medium supplemented with 5 g/l maltose. A more
dense film occurred on the wall at (A) 80°C, whereas the film exhibited more void
spaces at (B) 85°C. Note the biofilm mesh became discolored at 85°C, which may be
due to carmelization of polysaccharides. 

A 

B 
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A 
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Figure IV.4.  There were no differences observed between T. maritima biofilms at (A)
80°C and (B) 85°C under the epifluorescent microscope. 
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Figure IV.6.  Volcano plot comparing biofilm and planktonic genes expressed at
80°C. Horizontal line indicates cutoff for significance criteria (P-value ≥ 4.0)
and vertical lines indicate cutoff for fold-changes above (up regulated genes) or
below (down regulated genes) 1.5-fold. 

Figure IV.5.  Scanning electron micrograph of T. maritima biofilm on poly-
carbonate filter at 85°C. 
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Figure IV.7.  Volcano plot comparing biofilm genes expressed at 80°C and
85°C. Horizontal line indicates cutoff for significance criteria (P-value ≥ 4.0)
and vertical lines indicate cutoff for fold-changes above (up regulated genes) or
below (down regulated genes) 1.5-fold. Note that there are only a few genes that
fit within the imposed criteria. 
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A B 

Figure IV.8.  Hierarchal clustering of least square means (A) and standardized least
square means (B) from mixed model analysis of 80°C Biofilm (80B), 80°C Planktonic
(80P), 85°C Biofilm (85B), and 85°C Planktonic (85P). 

C1 

C2 
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Locus Function 
TM0017 Pyruvate ferredoxin oxidoreductase, alpha subunit 
TM0847 Conserved hypothetical protein 
TM0744 Conserved hypothetical protein 
TM0916 Periplasmic serine protease, putative 
TM1360 Response regulator 
TM0122 Ferric uptake regulation protein 
TM0187 Response regulator 
TM0143 Response regulator 
TM0146 ATP-dependent protease/ATPase ClpX 
TM0186 Response regulator 
TM0432 Sugar ABC transporter, periplasmic 
TM0442 Conserved hypothetical protein 
TM0441 DKI metabolism (kduD) 
TM0467 Regulatory protein, putative 
TM1442 Anti-sigma factor antagonist, putative 
TM0851 Heat-shock operon repressor, HrcA 
TM0963 Oligoendopeptidase, putative 
TM0571 Heat-shock serine protease, periplasmic (htrA) 
TM0742 Serine/threonine protein phosphatase 

Cluster C1:  Biofilm specific genes 
80B 80P 85B 85P 

Figure IV.9.  Functional clusters from Figure IV.8.B demonstrate up-regulation of
biofilm specific and thermal stress specific gene clusters. 
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Locus Function 
TM0061 Endo-1,4-beta-xylanase A 
TM0440 Hypothetical protein 
TM1227 β-mannanase, Man5 
TM1068 α-glucosidase, Amy4B 
TM1200 Transcriptional regulator, LacI family 
TM0433 Pectate lyase 
TM1069 Transcriptional regulator, DeoR family 
TM1851 Putative α-mannosidase, Man38B 
TM0076 β-xylosidase, Xyl13 
TM0209 6-phosphofructokinase (pfkA) 
TM1228 Transcriptional regulator, RpiR family 
TM1478 Methionine aminopeptidase  
TM1176 Transcriptional regulator, metal-sensing 
TM1627 General stress protein Ctc (ctc) 
TM0818 Lipopolysaccharide biosynthesis protein, putative 
TM1845 Pullulanase, Pul13 
TM0281 α-L-arabinofuranosidase  
TM0521 Heat-shock protein HslV protease ClpQ 
TM0364 4-α-glucanotransferase  
TM0436 Alcohol dehydrogenase, zinc-containing  
TM0506 GroEL 
TM0434 α-glucosidase, putative  
TM0505 GroES 
TM1201 Arabinogalactan endo-1,4-beta-galactosidase, putative  
TM1749 Oligopeptide transport system ATP-binding protein 
TM1572 Signal peptidase I, putative 
 

Cluster C2:  Thermal stress specific genes 
80B 80P 85B 85P 

Figure IV.9.  continued. 
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Gene Description Gene ID Fold-
Change 

-log10P 
value 

Similarity to other biofilms 

Transcriptional regulator, GntR family TM0275 1.5 9.7  
Transcriptional regulator, RpiR family  TM0326 1.5 8.6  
ATP-dependent protease/ATPase ClpC-2 frameshift TM0873 1.5 7.5  
Multiple sugar transport system substrate-binding protein TM0432 1.6 14.4  
Transcriptional regulator, XylR-related TM0411 1.6 13.2  
Nitrogen regulatory protein P-II TM0403 1.6 9.5  
Heat-shock serine protease, periplasmic (htrA) TM0571 1.6 12.5  
Transcriptional regulator, biotin repressor family TM1602 1.7 6.3  
Glucose-6-phosphate 1-dehydrogenase TM1155 1.7 11.2  
GrpE TM0850 1.7 12.7 S. mutans (260) 
DnaK TM0373 1.7 14.5 P. aeruginosa (283), S. mutans (260) 
Response regulator TM0842 1.8 1.8 P. aeruginosa (283) 
Transcriptional Regulator CRP family TM1171 1.8 19.8  
Endoglucanase cel12A TM1524 1.9 18.1  
β-D-galactosidase TM0310 1.9 6.5  
Endoglucanase cel12B TM1525 2.0 16.8  
NADH oxidase TM0379 2.0 19.7 Downregulated S. mutans (260) 
α-amylase, Amy4C TM0752 2.1 6.4  
Sensor histidine kinase TM0187 2.1 21.9 P. aeruginosa (283) 
NADH oxidase, putative TM0395 2.1 9.3 Downregulated S. mutans (260) 
Heat shock protein class I TM0374 2.2 19.8  
Heat Shock Repressor HrcA TM0851 2.4 30.4  
Transcriptional Regulator TetR TM0823 2.4 28.7 S. epidermis (59) 
Membrane bound LytR TM1866 2.4 29.3 P. aeruginosa (190) 
ATPase ClpC1 TM0198 2.8 35.0 P. aeruginosa (283) 
Conserved hypothetical protein (probable GTPase)* TM0445 2.9 32.6  
Esterase, putative TM0053 3.2 15.5  
L-lactate dehydrogenase TM1867 5.4 43.7 B. cereus (192); Downregulated S. mutans (260) 
Cellobiose phosphorylase TM1848 7.1 46.4  
*Probable function determined by BLASTnr at http://www.genome.ad.jp/kegg/kegg2.html 
--- not within significance criteria of –log10P value > 3 
 
Table IV.1.  Genes significantly up-regulated in 80°C biofilm compared to 80°C planktonic cells. 
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Gene Description Gene ID Fold-
Change 

-log10P 
value 

Similarity to other biofilms 

Alkyl-hydroperoxide reductase TM0807 -5.7 48.4 Streptococci (187) 
Cyclomaltodextrinase TM1835 -2.5 8.8  
Bacteriocin TM0785 -2.2 6.7  
Endoglucanase TM1752 -2.0 5.4  
Conserved hypothetical protein (related to trehalose synthase)* TM0392 -1.8 11.7  
Hypothetical protein** TM0606 -1.8 15.3  
Transcriptional regulator, XylR related TM0393 -1.7 3.2  
Ferric uptake regulation protein TM1515 -1.7 5.3  
β-glucouronidase TM1062 -1.7 10.0  
β-galactosidase TM1195 -1.7 4.0  
Conserved hypothetical protein** TM0874 -1.6 4.4  
Type IV prepilin peptidase (pilD) TM1696 -1.6 14.4 P. aeruginosa (283) 
Aspartate aminotransferase  TM1698 -1.6 16.8  
Cold shock protein (cspL) TM1874 -1.6 6.9  
Maltodextrin glycosyltransferase TM0767 -1.6 8.4  
β-mannosidase, Man2 TM1624 -1.5 9.1  
Putative α-L-fucosidase, GH29 TM0306 -1.5 4.2  
Clostripain-related protein TM1589 -1.5 6.6  
α-galactosidase, Gal36 TM1192 -1.5 11.9  
α-amylase, Amy13A TM1840 -1.5 4.9  
Lipopolysaccharide biosynthesis protein, putative TM0622 -1.5 5.7  
Aminopeptidase, putative TM0365 -1.5 5.7  
Ribulose-P 3-epimerase TM1718 -1.5 12.7  
2-oxoacid ferredoxin oxidoreductase, alpha subunit TM1164 -1.5 9.2  
*Probable function determined by BLASTnr at http://www.genome.ad.jp/kegg/kegg2.html 
**No sequence identity based on BLASTnr at http://www.genome.ad.jp/kegg/kegg2.html 
 
Table IV.2.  Genes significantly down-regulated in 80°C biofilm compared to 80°C planktonic cells. 
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Gene Description Gene ID Fold Change -log10(P-value) 
Heat shock protein class I TM0374 4.1 28.3 
GroES TM0505 2.6 21.1 
GrpE TM0850 2.4 17.8 
DnaK TM0373 1.7 9.5 
GroEL TM0506 1.7 11.7 
Heat shock operon repressor HrcA TM0851 1.6 11.9 
 
Table IV.3.  Thermal stress-related genes were up regulated in planktonic cells 
due to temperature shift from 80°C to 85°C, indicating a heat shock response. 
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Abstract 

 The thermal stress response of T. maritima was characterized using a targeted 

cDNA microarray. Gene expression levels at 7 time points (0, 5, 10, 20, 30, 60, and 90 

minutes) after reaching 90°C were compared to the expression levels at the optimum 

growth temperature (80°C) with mixed model ANOVA analysis in a loop design. Least 

square means clustering of the data revealed that the two major heat shock operons dnaJ-

grpE-hrcA (TM0849-TM0850-TM0851) and groEL-groES (TM0505-TM0506), as well 

as the genes encoding DnaK (TM0373) and heat shock protein class I (TM0374), exhib-

ited maximal induction at early times (~5 minutes), subsequently decreasing to a steady-

state level (~4-fold higher than at 80°C). Other stress-related responses were identified, 

including the induction of the SOS regulon involving UsrB (TM1761) and RecA 

(TM1859), and the down-regulation of this operon�s repressor lexA (TM1082). Unlike 

heat shock response in Escherichia coli (290), the majority of ATP-dependent proteases, 

including ClpP (TM0695), ClpQ (TM0521), ClpY (TM0522), LonA (TM1633), and 

LonB (TM1869), were down-regulated. On the contrary, ATPase Clp C subunits 1 

(TM0198) and 2 (TM0873) were both up-regulated, along with ClpX (TM0146) and 

FtsH (TM0580). The ATP-independent heat shock serine protease HtrA (TM0571) was 

also induced. The functions of sigma factors in T. maritima remain unknown, but the ob-

served induction of homologs to σE and σA during heat shock at 90°C suggest that they 

are implicated in stress response regulation in this hyperthermophile. A number of other 

genes not related to stress response also showed significant changes in expression levels 

for reasons that are not yet clear. 
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V.1.  Introduction 

Hyperthermophiles (i.e., microorganisms that optimally grow at 80°C or higher) encoun-

ter environmental variations in their natural habitats, which include terrestrial solfataras, 

geothermal springs, deep-sea hydrothermal vents, and deep subsurfaces theermal niches. 

Dynamic aspects of geothermal systems likely result in cellular exposure to a variety of 

perturbations, such as heat shock, cold shock, osmotic shock, starvation, and oxidative 

stress (168). Once the stress is detected by sensory mechanisms, the cell responds by al-

tering gene expression and changing its molecular composition (168). These changes in-

clude DNA repair, membrane repair, protein refolding via chaperones, and protein degra-

dation via proteases (168, 290). Often the stress responses overlap such that common 

gene expression patterns are observed (6, 120, 168, 290). Helmann et al. (2001) (120) 

demonstrated the use of cDNA microarray technology to separate general stress response 

from the stress-specific response of Bacillus subtilis to heat shock at 48°C. Transcrip-

tional profiles revealed that the induction of class I heat shock genes (HrcA-dependent) 

reached maximal levels after 10 minutes of thermal stress and decreased to basal levels at 

20 minutes (120). Although only three time points were examined in the B. subtilis stud-

ies (120), it is clear that the transcriptional response of bacteria to thermal stress occurs 

within minutes. This phenomenon has also been shown in Escherichia coli, where the 

major heat shock regulator σ32 increased 15- to 20-fold within 5 minutes and then de-

creased to approximately 2-fold higher than the levels at the optimal growth temperature 

(254, 290). 

Adaptation to thermal stress by hyperthermophiles has been studied but only to a 

limited extent. Various heat shock genes have been identified (158, 168) and, in some 
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cases characterized, at the protein level (168). Koonin et al. (2000) (158) provides an ex-

tensive review of stress response genes in various sequenced genomes, including the hy-

perthermophiles Aquifex aeolicus, Thermotoga maritima, Pyrococcus horikoshii, Aeropy-

rum pernix, Archaeoglobus fulgidus, Methanococcus jannaschii, and Methanobacterium 

thermoautotrophicum. However, the mechanisms underlying regulation of thermal stress 

response and other affected genes in hyperthermophiles are largely unknown. As such, 

this issue was investigated using dynamic differential expression analysis during expo-

sure of the hyperthermophilic bacterium Thermotoga maritima to supraoptimal tempera-

tures. 

 

V.2.  Materials and Methods 

Microorganism and growth conditions  

Thermotoga maritima (DSM 3109) was grown anaerobically on Sea Salts Medium 

(Chapter II), as previously described (205, 214, 215), at 80°C for 8 to 10 hours in oil 

baths. Maltose (Sigma, St. Louis) was added to SSM (final concentration 5 g/l) as a car-

bon source prior to inoculation. A 50 mL batch culture was used to inoculate 500 mL of 

SSM medium supplemented with 5 g/L maltose in a 1 L pyrex bottle. Two hundred fifty 

ml of this culture was used to inoculate 13 L of SSM medium (1.08× concentrated) and 1 

L of maltose (i.e., the final concentrations were 1× SSM medium and 5 g/L maltose in 

14.0 L culture) in a 14.0-L fermento (New Brunswick, Edison, NJ). The steam-jacketed 

fermentor contained an internal temperature controller, and the pH was controlled by a 

Chemcadet controller (Cole Parmer, Vernon Hills, IL). High purity N2 was used to reduce 

the medium and sparge during inoculation. The culture was grown for 8 hours at 80°C, 
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after which a sample was collected and then the temperature was set to 90°C. It took 2 

minutes to reach 90°C. Once at 90°C, samples for 0 minutes were withdrawn. Approxi-

mately 20 mL of liquid was collected prior to sampling at each time point to eliminate 

pre-existing fluid in the tubing. Samples for 5 minutes, 10 minutes, 20 minutes, 30 min-

utes, 60 minutes, and 90 minutes from the time the fermenter reached 90°C were with-

drawn. Five hundred mL of culture were withdrawn at each time point and immediately 

put on ice until processed for RNA extractions (see below). One mL of sample was re-

moved for cell counting by epifluorescent microscopy (Chapter II). Figure V.1 shows the 

complete list of samples withdrawn and the loop used for mixed model analysis with mi-

croarrays. 

 
RNA extractions and hybridizations. RNA was extracted as previously described 

(Chapter II). Briefly, the 500 mL samples were centrifuged for 20 minutes (10,000 × g, 

4°C) and the pellets were rinsed twice in 300 mM NaCl (Fisher Scientific, Pittsburgh, 

PA). Once the pellets were lysed in RNA lysis buffer, the samples were stored at �80°C 

so that the later time interval samples could be processed. Extractions proceeded with 

ethanol precipitation and purification with Promega Total SV RNA kits (Promega, Madi-

son, WI). Concentrations and degree of purity were determined by optical density at 260 

nm and 280 nm, as well as gel electrophoresis (1% agarose gel, 60 V). Procedures for 

reverse transcription reactions, aminoallyl-labeling with Cy3 and Cy5, and hybridization 

reactions are reported elsewhere (Chapter II, (52)).  

 
Targeted cDNA microarray analysis.  
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The targeted cDNA microarray was constructed with 407 genes (Appendix II). Open 

reading frames were identified and slides were printed, as described previously (Chapter 

II, (52)). The loop design in Figure V.1 was used with the mixed model analysis to gen-

erate hierarchal clustering of least square means and standardized least square means es-

timates of expression levels of all genes under all conditions. Fold-changes in gene ex-

pression between each of the time points and the baseline (80°C) were calculated by rais-

ing 2 to the power of the difference of the residuals between two conditions. A �log10 P-

value > 4.0 was used as a standard for statistical significance (see Chapter II). 

 

V.3.  Results and Discussion 

Dynamic changes in gene expression of T. maritima during heat shock in a 14.0 L fer-

menter were investigated using a targeted cDNA microarray consisting of 407 genes 

(about 20% of the genome) chosen for their relevance to stress response and related 

physiological phenomena. Helmann et al. (2001) (120) performed a similar study on B. 

subtilis and demonstrated that transcriptional responses to heat shock occur within min-

utes after an increase in temperature. Figure V.2 shows the decline of T. maritima cell 

density from 3.4×108 cells/ml to 1.6×108 cells/ml during the heat shock from 80°C to 

90°C, respectively. Transcriptional responses of T. maritima were analyzed for each of 

seven time points over the period of 0 to 90 minutes following shift from 80 to 90°C.  

 

Mixed model analysis and array design 

Loop experimental designs were implemented by Jin et al. (2001) (132) to compare gene 

expression from multiple conditions in the same analysis. Figure V.1 shows the chrono-
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logical loop design used to compare the baseline (80°C), 0 minutes (90°C), 5 minutes 

(90°C), 10 minutes (90°C), 20 minutes (90°C), 30 minutes (90°C), 60 minutes (90°C), 

and 90 minutes (90°C). The data generated from the mixed model ANOVA analysis were 

examined using two complimentary approaches: (1) clustering analysis; and (2) fold-

change of gene expression using the baseline as a reference point. The two clusters, least 

square means and standardized least square means, are shown in Figure V.3. Clusters C1 

and C2 showed dynamic trends in heat shock response (Figures V.3, V.4, and V.5) and 

are discussed below. The pairwise comparisons that represent fold-changes in gene ex-

pression, compared to the 80°C reference point, facilitated dynamic analysis by following 

the expression of a single gene over time (Figure V.5 and Tables V.1, V.2, and V.3). 

 Approximately 140 genes were added to the targeted T. maritima cDNA microar-

ray previously used for the biofilm studies (Chapter II).  These genes included the sigma 

factors:  σH (TM0534), σA (TM1451), σE (TM1598) and σ27 (TM0902), anti-sigma fac-

tors RsbW (TM0733), FlgM (TM0085), anti-sigma regulatory factor (Ser/Thr protein 

kinase (TM1354), σE-regulator (TM1356), as well as the anti-sigma factor antagonists 

belonging to the SpoIIAA family (TM1081 and TM1442). The regulation of stress re-

sponse by various sigma factors has been well documented (158, 290); however, the ex-

pression and regulation patterns of sigma factors in T. maritima have not been studied. It 

is noteworthy that none of the sigma factors in T. maritima are closely related to rpoH of 

E. coli or sigB of B. subtilis, which control well-documented heat shock regulons (158, 

290).  
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Stimulation of heat shock genes 

Expression of the various heat shock regulons was stimulated to a great extent during ini-

tial stages of heat shock and then leveled off after about 30 minutes (Figure V.4). Cluster 

C1 shows that the temporal expression of profiles of known heat shock genes clustered 

together showing a similar trend. At 80°C, heat shock genes were expressed at low levels 

and then increased significantly after the growth temperature was raised to 90°C.  This 

phenomenon was observed for genes encoding DnaK (TM0373), ATP-dependent prote-

ase ClpC-2 frameshift (TM0873), DnaJ (TM0849), heat shock protein class I (TM0374), 

GroES (TM0505), heat shock operon repressor, HrcA (TM0851), and GrpE (TM0850) 

(Figure V.4). Although not appearing within this cluster, GroEL (TM0506), a ClpA-type 

ATP-binding subunit (TM0198), and a MalK-family ATP binding protein (TM1276) also 

displayed a similar expression pattern (Figure V.4) to a lesser extent. The observed trends 

in clusters C1 and C2 are quantitatively represented in Figures V.5 and V.6, respectively, 

where the fold-change with respect to the reference point (baseline at 80°C) is plotted as 

a function of time. Expression of most heat shock genes stabilized after about 30 minutes, 

with the exception of heat shock protein class I (TM0374) and ClpC-2 protease 

(TM0873), which increased slightly over the 30 to 90 minute period. 

Several of the heat shock genes described above belong to the class I heat shock 

class, which are regulated by the HrcA repressor. In B. subtilis, HrcA regulates both the 

hrcA and groEL-groES operons, binding a well-conserved operator, the CIRCE element 

(TTAGCACTC (N9) GAGTGCTAA) (290). The CIRCE element is conserved upstream 

of the T. maritima hrcA-grpE-dnaJ and groEL-groES operons (Conners and Kelly, un-

published). CIRCE-mediated transcription is also accompanied by regulation by sigma 



 86 

factors; however, the regulatory mechanisms differ for various microorganisms (158). 

The sharp increase and decline of heat shock gene expression to a steady-state level has 

been observed to correlate with σ32 activity in E. coli (254, 290), whereas, the σ32 and 

HrcA regulation occur in concert in Bradyrhizobium japonicum (290). In Gram-positive 

bacteria, such as B. subtilis, the transcription of genes encoding the DnaK-DnaJ-GrpE 

and GroEL-GroES chaperones are also dependent on the housekeeping sigma factor σA 

(σ70) (290). In addition, a general stress regulator, σB, is responsible for activation of over 

200 genes during various stress conditions, including heat shock, osmotic stress, and en-

ergy stress in B. subtilis (119, 120). 

As previously noted, the T. maritima genome contains sigma factor homologs that 

are most similar to the E. coli flagellar sigma factor FliA (35% identity over 212 aa), E. 

coli stress sigma factor RpoE (34% identity over 183 aa), and B. subtilis SigH, a sporula-

tion-related sigma factor (30% identiry over 188aa). The protein encoded by TM1451 is 

presumed to act as the vegetative sigma factor for T. maritima because it shares stronger 

identity with B. subtilis sigA (57% identity over 263 aa) and E. coli RpoD (53% identity 

over 272 aa) than with E.coli RpoH (28% identity over 286 aa) or B. subtilis SigB (23% 

identity over 231 aa). Analysis of putative promoters for CIRCE-regulated class I heat 

shock genes revealed the presence of �a sigA-like promoter located upstream of TM0505 

and several sigA-like promoters located upstream of TM0851. 

Analysis of sigma factors due to thermal stress  

Response of putative sigma factors during the thermal stress time course for T. maritima 

is listed in Table V.1. The fold-changes of expression relative to the baseline at 80°C are 
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reported.  Increased expression of two of the four major sigma factors was observed dur-

ing heat shock:  σA  (TM1451) and σE (TM1598) were up-regulated by an average of 2.0-

fold and 2.3-fold, respectively. An anti-sigma factor (TM0733), related to the σB regula-

tor RsbW, was also observed to be up-regulated 2-fold. Expression of the putative flagel-

lar sigma factor σF or FliA (TM0902) was found to decrease after 5 minutes of heat 

shock. The other major sigma factor, σH, did not show significant changes in expression 

during heat shock. 

Sequence analyses were performed to gain a better understanding of how sigma 

factors may be involved in the regulatory mechanisms during heat shock of T. maritima. 

The anti-σB regulator (TM0733), a putative protein of 136 amino acids, was found by 

BLAST analysis that it is most similar to the RsbW negative regulator in Listeria mono-

cytogenes (26% identical, 47% positives). Similar homology was observed to RsbW anti-

sigma-B regulator found in other mesophilic microorganisms. In B. subtilis, RsbW pre-

vents σB from incorporating into the RNA polymerase (158). In the absence of σΒ, it is 

possible that T. maritima RsbW regulates the incorporation of another sigma factor. 

 The vegetative sigma factor in T. maritima, σA (TM1451), is highly similar to σA 

in Clostridium perfrigens (61% identical, 73% positives over 399 aa). Other high scores 

were obtained with σA from Enterococcus faecalis, Bacillus halodurans, Streptococcus 

pyogenes, Streptococcus pneumoniae, and B. subtilis, among others, suggesting a highly 

conserved sequence. However, this is the first report of transcriptional changes of sigma 

factors in T. maritima, and further experiments need to be done to determine the regula-
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tory mechanisms of σA as well as the other sigma factors. Yet, the increase in expression 

during thermal stress cannot be ignored. 

 Sigma-E (TM1598) is a putative protein of 189 amino acids and most closely re-

sembles σE from Yersinia pestis (35% identical, 55% positives). However, this sequence 

seems to be fairly well conserved, and was also 35% identical with 55% positives to σE 

of E. coli O157:H7. This sigma factor protects against extracytoplasmic stress in E.coli, 

and controls the other sigma factor, σ32, important for survival during heat stress (290). It 

is responsible for activating the Omp regulon, which controls outer membrane protein 

(OMP) folding as the membrane may lose shape due to environmental stresses such as 

heat shock (208). Interestingly, the T. maritima genome contains only three of the seven 

σE regulon members (rpoH, degP, rpoE, fkpA, rseA, rseB, and rseC) as identified in E. 

coli (208). These are σE (TM1598), anti-sigma factor RseC (TM1356), and σH 

(TM0534); however, σH did not show significant changes in expression as the σE did dur-

ing heat shock. Sigma E is also involved in virulence properties of many pathogens, such 

as Pseudomonas aeruginosa, where activation of AlgU (σE homologue) is responsible for 

producing the mucoid capsule (208). There have not been many studies related to the 

possible virulence of T. maritima; however, MviN virulence-related protein (TM0086) 

was observed to increase both under heat shock and biofilm formation (Chapter IV). In 

addition to the σE stimulation of virulence properties, the Mar family of transcriptional 

regulators is implicated in the antibiotic resistance mechanisms of E. coli (7, 129, 175). A 

T. maritima Mar family transcription regulator (TM0816) was up-regulated 108.0-fold 

after 90 minutes at 90°C; though the physiological role of this protein remains unknown. 
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 Sigma F (TM0902) showed 35% identity (210/220 aa, 59% positives) to flagellar 

sigma factor FliA in Vibrio parahaemolyticus. Although not much is known about this 

sigma factor in T. maritima, other flagellar- and chemotaxis- related proteins showed de-

creased expression levels. These include CheY (TM0700), CheW (TM701), flagellar bio-

synthesis protein FliP, and to a lesser extent, flagellar assembly proteins (TM0218-

TM0221). This is an interesting result as it has been shown that T. maritima responds to 

increased temperature by increasing the rate of tumbles (100). 

Response of proteases and SOS genes to thermal stress 

Table V.2 shows the fold-changes of protease expression levels during the time intervals 

of thermal stress. These results are quite interesting as it is well-documented that prote-

ases are induced under thermal stress (158, 290). In E. coli, most of the ATP-dependent 

proteases including Lon, ClpQ, ClpP, ClpX, ClpY, ClpB, and membrane-bound FtsH, are 

up-regulated under control of σ32 (290). However, this was not the case for thermal stress 

response observed in T. maritima. Only the ATPase ClpC-1 (TM0198), ATPase ClpC-2 

(TM0873), FtsH (TM0580), heat shock serine protease HtrA (TM0571), carboxy termi-

nal protease (TM0747), and a hypothetical protein with homology to protease maturation 

(TM1704), were up-regulated during heat shock at 90°C. The Lon proteases (TM1633 

and TM1869) were down-regulated along with the bacteriocin (TM0785), which was also 

observed during thermal stress of Pyrococcus furiosus at 105°C (241). Overall expression 

levels were in the middle range of the least square means clusters, except for ClpX 

(TM0146) and ClpP proteolytic subunit (TM0695), which were highly expressed at 80°C 

as well as 90°C. In E.coli, Clp and FtsH proteases identify targets based on an 11-residue 

tag at the protein C-terminus; SsrA RNA acts as a tRNA and adds the target to the end of 
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the polypeptide. SmpB is a protein that binds to SsrA to form complex and is required for 

SsrA activity (139, 140, 143). T. maritima contains a SmpB ortholog (TM0254) with a 

frameshift; despite the loss of 25 C-terminal amino acid residues, it seems evident that 

SmpB protein is still produced (238, 290). Although this gene is not on the targeted mi-

croarray used here, a full genome analysis may yield interesting results with respect to 

SmpB (TM0254) in T. maritima. Another frameshifted gene encoding the ATP-

dependent protease/ATPase ClpC-2 was observed to increase 42.6-fold after 5 minutes at 

90°C. Genes with frameshifts are deleted from the genome 

(http://www.ncbi.nlm.nih.gov/cgi-bin/Entrez/framik?db=Genome&gi=141); however, it 

is apparent that protein products may still be made. There may also be issues of cross-

hybridization from similar products such as ClpC-1 or ClpC-3, which is currently being 

investigated. 

 The T. maritima genome contains several orthologous genes to the SOS regulon 

in E. coli (158). RecA is responsible for DNA repair mechanisms (242), and T. maritima 

RecA (TM0254) was found to be up-regulated slightly during heat shock. The LexA rep-

ressor (TM1082) was down-regulated by an average of 2.3-fold at 90°C. Although the 

regulation mechanism of the SOS regulon in T. maritima is unknown, our results are con-

sistent with the reports of RecA regulation by a LexA-dependent promoter in other 

mesophilic species (158). RecA expression is also dependent on guanosine tetraphos-

phate (ppGpp) starvation signals (82). T. maritima ppGpp synthase (TM0729) was up-

regulated during heat shock an average of 1.7-fold, and was expressed maximally 2.5-

fold at 90 minutes. UvrABD is another well-conserved DNA damage recognition system 

in bacteria (290). UvrB (TM1761) was up-regulated an average of 2.5-fold in T. maritima 
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cells at 90°C; UvrD (TM1238) did not show significant changes.  Unfortunately, UvrA 

(TM0480) was not on this targeted array (Appendix I), but will be investigated using a 

whole genome chip. Finally, the RuvABC genes repair Holliday junctions during DNA 

repair in E. coli (81). The T. maritima genome contains a RuvA (TM0165) and RuvB 

(TM1730); RuvB did show significant changes during thermal stress and RuvA was not 

on the array. Nonetheless, it is apparent that the heat shock of T. maritima at 90°C in-

duced DNA repair mechanisms through the induction of the SOS regulon. Shockley et al. 

(2003) (241) also observed an induction of the RecA-like gene radA in P. furiosus during 

heat shock at 105°C. 

Other identified stress response genes 

In addition to known heat shock genes, two genes thought to be involved in glucuronic 

acid metabolism showed temperature-dependent expression profiles. The IclR/KdgR-type 

repressor (TM0065) (292) and the divergently transcribed uronate isomerase (TM0064) 

were both up-regulated 7.0-fold after 10 minutes at 90°C and remained at least 4.0-fold 

higher than the baseline throughout the 90 minutes (Table V.3). Other genes involved in 

this metabolic pathway showed different responses. Another hypothetical protein 

(TM0063) downstream of the uronate isomerase was also up-regulated an average of 3.9-

fold over the thermal stress period, while TM0066-TM0069 (see Table V.3) showed no 

significant changes. The role of these genes in the T. maritima stress response is currently 

unknown, but these operons have been previously observed to be highly expressed under 

biofilm and planktonic growth in continuous culture on maltose (Chapter IV) and during 

batch growth on glucuronate-substituted β-xylan (52). These genes are also involved in 

pectin degradation in Erwinia chrysanthemi, where kdgR negatively controls the pectin 
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lyase genes (58, 212). T. maritima can grow on pectin as a sole carbon source and the 

pectin lyase PelA (TM0433) has been characterized (152). Although no pectin was added 

to the medium, the down-regulation of PelA is consistent with the up-regulation of the 

KdgR negative regulatory element (data not shown). Other sources of glucuronic acid 

may be present to induce this metabolic pathway. Although it is inconclusive in regards 

to T. maritima at this time, other mesophilic microorganisms, such as Pseudomonas 

putida (136), have shown to produce glucuronic acid-containing polysaccharides under 

stress response. 

 Several transcriptional regulators, including XylR (TM0032, TM0110), TetR 

(TM0823, TM1030), Mar (TM0816), LacI (TM0300, TM0949, TM1218, TM1856), 

GntR (TM0275) and DeoR (TM1069) showed significant expression during heat shock at 

90°C. TetR, efflux pump related regulators (e.g., Mar family), and DeoR transcriptional 

regulators were also induced in the B. subtilis thermal stress response (120). GntR is a 

negative regulator of the glucuronic acid pathway, which was turned on as discussed 

above. This was also observed in the T. maritima biofilm gene expression patterns. In 

addition, the NADH oxidase (TM0379, TM0395) and GTPase (TM0445) were also up-

regulated in heat shocked and biofilm populations. In contrast to the sessile cells, ther-

mally stressed T. maritima showed decreased expression of the esterase (TM0053) and 

increased expression of the alkyl hydroperoxide reductase (TM0807). 

 

V.4.  Summary 
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Examination of thermal stress response of the hyperthermophilic bacterium T. maritima 

showed that, similar to less thermophilic bacteria, genetic reaction to supraoptimal tem-

peratures is very rapid and widespread. While elements of heat shock response in T. 

maritima resembles what has been discerned from the study of mesophilic bacteria, there 

are apparently significant differences, especially with respect to roles of sigma factors 

and ATP-dependent proteases and chaperones. Additional work utilizing a whole genome 

array as well as biochemical and genetic analysis of specific genes and gene products will 

be needed so that these differences can be explored further and the role of growth tem-

perature in this phenomenon can be determined. 
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Figure V.2.  Cell densities decreased sharply after the temperature was shifted
from 3.4 x108 cells/ml at 80°C to 1.6 x108 cells/ml after 90 minutes at 90°C.
Temperature profile is represented by solid pink line. 
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Figure V.1.  Loop design for the mixed model analysis of gene expression for T.
maritima during heat shock from 80°C to 90°C. Arrow tails and heads corre-
spond to aminoallyl labels Cy3 and Cy5 respectively:  Cy3 ! Cy5. 
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Figure V.3.  Hierarchal clusters using least square means (A) and standardized values
(B).  Columns go in order of time course from left to right:  Baseline (80°C); 0 min
(90°C); 5 min (90°C); 10 min (90°C); 20 min (90°C); 30 min (90°C); 60 min (90°C);
and 90 min (90°C). 
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Figure V.4.  Expanded least square means clusters C1, C2, and C3 from Figure V.3.A. Time at which maximal fold-
change of expression with respect to the reference point (Baseline at 80°C) and fold-change are reported. Columns of clus-
ter are chronological from B (baseline, 80°C), 0 (0 min), 5 (5 min), etc. Clusters C1 and C2 displayed maximal expression
within minutes after the temperature was shifted from 80°C to 90°C, while cluster C3 displayed maximal fold-change at
later times. Fold-changes had high significance with negative log10 p-values ≥ 27.3. 

Locus Function Max Fold-Change Time 
TM0434 α-glucosidase 10.0 90 
TM0616 ATPase 3.5 90 
TM1068 α-glucosidase, Amy4B 13.0 90 
TM1069 Transcriptional regulator, DeoR family 20.7 90 
TM0816 Transcriptional regulator, Mar family 108.0 90 
TM0032 Transcriptional regulator, XylR related 10.0 60 
TM0300 Transcriptional regulator, LacI family 6.2 60 
 

Cluster C3 
B 0 5 10 20 30 60 90 

Cluster C2 
Locus Function Max Fold-Change  Time 

TM0198 ATP-dependent protease/ATPase ClpC-1 3.8 90 
TM1276 sugar ABC transporter, ATP-binding  3.6 20 
TM0506 GroEL 3.9 90 

B 0 5 10 20 30 60 90 

B 0 5 10 20 30 60 90 

Cluster C1 
Locus Function Max Fold-Change  Time 

TM0373 DnaK 24.9 0 
TM0873 ATP-dependent protease ClpC-2 frameshift 42.6 5 
TM0849 DnaJ 14.7 5 
TM0374 Heat shock protein, Class I 20.5 0 
TM0505 GroES 22.3 0 
TM0851 Heat shock operon repressor 14.8 5 
TM0850 GrpE 19.3 5 
 



 97 

 
 

0

5

10

15

20

25

30

35

40

45

0 10 20 30 40 50 60 70 80 90 100

Minutes after heat shock to 90°C

Fo
ld

-c
ha

ng
e 

in
 g

en
e 

ex
pr

es
si

on
TM0373
TM0873
TM0849
TM0374
TM0505
TM0851
TM0850
TM0198
TM1276
TM0506

Figure V.5.  Fold-changes at each time point compared to the reference point (baseline 80°C) are plotted over time. Genes from
clusters C1 and C2 (Figure V.4) are represented and exhibit the same trend where they are highly expressed at early times and level
off after approximately 30 minutes. Fold-changes were highly significant with �log10 (P-value) ≥ 4.0 for all of the data points. 
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Figure V.6.  Fold-changes at each time point compared to the reference point (baseline 80°C) are plotted over time.
Genes from clusters C3 (Figure V.4) are represented and exhibit the same trend where the expression levels slowly
ramp up to maximum levels at later times. Fold-changes were highly significant with �log10 (P-value) ≥ 4.0 for 85% of
the data points. 
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Sigma Factors 
Locus Function 0 5 10 20 30 60 90 
TM0085 Anti-sigma 27 1.3 1.4 1.2 1.2 1.4 1.6 2.3 
TM0534 Sigma H -1.0 -1.1 1.0 1.2 1.2 1.3 1.9 
TM0733 Anti-sigma factor sigma B, putative 1.1 1.8 1.9 2.8 1.8 1.7 1.1 

TM0902 Sigma F, FliA -1.1 -1.6 -2.2 -2.6 -2.1 -2.4 -2.7 
TM1081 Anti-sigma factor antagonist, putative -1.5 -1.9 -2.1 -1.9 -1.8 -2.2 -3.2 
TM1354 Anti-sigma RsbW -1.1 -1.3 -1.0 -1.2 -1.2 -1.4 -1.3 
TM1356 Anti-sigma E factor RseC COG 3086 -1.2 -1.4 -1.0 1.0 -1.0 -1.2 1.1 
TM1442 Anti-sigma factor antagonist, putative 1.3 -1.1 -1.3 -1.0 -1.0 1.2 -1.4 
TM1451 Sigma A 1.6 2.8 1.2 1.8 2.2 2.5 4.2 
TM1598 Sigma E 1.2 2.0 1.8 2.1 2.1 2.3 3.8 
 
 
Table V.1.  Fold-changes in expression of sigma factors in T. maritima. Values calculated from the residual differences between 
each time point (0 minutes, 5 minutes, 10 minutes, 20 minutes, 30 minutes, 60 minutes, and 90 minutes) and the baseline (80°C); 
thus, the baseline is used as a reference condition here. Positive fold-changes reflect up-regulation and negative fold-changes re-
flect down-regulation. Grey-shaded values are not statistically significant as �log10 P-value is ≤ 4.0. 
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ATP-dependent proteases 
Locus Function 0 5 10 20 30 60 90 
TM0146 ATP-dependent protease/ATPase ClpX -1.2 -1.1 1.1 1.4 1.4 1.5 2.8 
TM0198 ATP-dependent protease/ATPase ClpC-1 1.5 2.8 2.3 3.3 2.8 3.6 3.8 
TM0521 Heat-shock protein HslV protease ClpQ -1.3 -1.8 -1.2 -1.8 -1.7 -1.8 -1.3 
TM0522 Heat-shock protein HslU ATPase ClpY -1.2 -1.5 -1.3 -1.6 -1.6 -1.5 -1.1 
TM0580 Cell division protein FtsH 1.5 1.8 1.6 2.4 2.0 2.2 1.4 
TM0695 ATP-dependent Clp protease, proteolytic subunit  1.1 -1.1 -1.3 -1.3 -1.5 -1.5 -2.0 
TM1391 ATP-dependent protease/ATPase ClpC-3 1.2 1.1 -1.2 -1.4 -1.1 1.1 -1.0 

TM0873 ATP-dependent protease/ATPase ClpC-2 frameshift+ 29.9 42.6 26.2 25.8 13.9 8.6 14.6 
TM1633 ATP-dependent protease LonA -1.2 -1.6 -1.5 -1.4 -1.2 -1.2 -1.1 

TM1869 ATP-dependent protease LonB, putative 1.0 -1.2 -1.1 -1.6 -1.4 -1.3 1.0 

+TM0873 was recently removed from the genome annotation due to a frameshift in sequence 
 

ATP-independent proteases 
Locus Function 0 5 10 20 30 60 90 
TM0145 Secreted metalloendopeptidase Gcp, putative -1.3 -1.3 -1.3 -1.0 1.1 1.1 1.7 
TM0409 Conserved hypothetical, probable secreted proteinase -1.5 -1.8 -1.1 -1.2 -1.3 -1.6 -1.7 
TM0516 Clostripain-related protein -1.1 -1.2 1.2 1.3 1.1 1.0 1.4 
TM0571 Heat-shock serine protease, periplasmic (htrA) 1.1 1.7 1.3 1.9 2.1 2.7 2.5 
TM0643 Clostripain-related protein -1.2 -1.1 -1.0 1.1 -1.4 -1.4 -1.9 
TM0747 Carboxy-terminal protease 1.0 1.3 1.3 1.8 1.7 1.9 2.5 
TM0785 Protease, bacteriocin 1.1 -1.6 -1.3 -2.5 -2.5 -3.1 -2.3 
TM0890 Hypothetical zinc metalloprotease  -1.2 -1.3 -1.0 -1.0 -1.1 -1.2 1.1 

TM0916 Periplasmic serine protease, putative -1.1 -1.2 -1.2 -1.2 -1.1 1.2 -1.2 
TM1346 Processing protease, putative -1.3 -1.9 -1.5 -2.0 -1.8 -2.1 -3.0 
TM1589 Clostripain-related protein -1.8 -2.6 -2.2 -3.8 -3.7 -4.5 -4.3 
TM1704 Hypothetical protein (homology to protease maturation) 1.3 1.7 1.6 2.4 2.5 2.0 1.4 
TM1822 FtsH protease activity modulator HflK -1.2 -1.4 -1.2 1.1 1.1 1.1 -2.1 
TM1823 FtsH protease activity modulator HflC -1.6 -2.1 -1.8 -2.0 -2.3 -2.3 -3.1 
* Values are not statistically significant as �log10 P-value is ≤ 4.0 
 
Table V.2.  Fold-changes in expression of proteases in T. maritima.  Values calculated from the residual differences between each 
time point (0 minutes, 5 minutes, 10 minutes, 20 minutes, 30 minutes, 60 minutes, and 90 minutes) and the baseline (80°C); thus, 
the baseline is used as a reference condition here.   Positive fold-changes reflect up-regulation and negative fold-changes reflect 
down-regulation.  Grey-shaded values are not statistically significant as �log10 P-value is ≤ 4.0. 
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Non-Heat Shock Associated Genes 
Locus Function 0 5 10 20 30 60 90 

TM0024 Laminarinase 1.0 1.8 2.1 1.6 2.2 1.5 1.1 
TM0025 β-glucosidase -1.0 2.3 2.4 3.6 3.0 2.1 -1.1 
TM0032 Transcriptional regulator, XylR-related 1.2 5.0 3.2 8.0 9.1 10.0 9.1 
TM0042 Aminopeptidase P -1.6 -1.8 -1.6 -1.9 -1.9 -2.4 -3.1 
TM0053 Esterase, putative -1.3 -1.5 -1.2 -1.8 -1.8 -1.5 -2.3 
TM0063 Hypothetical protein: Downstream uronate isomerase 1.3 4.4 4.0 4.5 4.1 4.2 4.9 
TM0064 Uronate isomerase, putative 1.7 6.7 5.3 5.7 5.1 5.8 7.1 
TM0065 Transcriptional regulator, IclR family (kdgR) 1.8 7.1 5.8 5.3 5.8 6.1 5.9 
TM0110 Transcriptional regulator, XylR-related -2.3 -2.3 -2.0 -2.1 -1.8 -2.2 -2.9 
TM0122 Ferric uptake regulation protein 1.7 2.7 2.2 2.5 2.3 2.0 4.2 
TM0275 Transcriptional regulator, GntR family -1.2 -1.8 -2.1 -2.4 -2.4 -2.0 -5.2 
TM0299 Transcriptional regulator, LacI family 1.0 2.5 2.5 3.8 3.6 2.5 3.0 
TM0300 Oligopeptide ABC transporter, periplasmic oligopeptide-

binding protein, putative 
1.2 3.0 2.7 3.3 4.0 6.2 5.1 

TM0301 Oligopeptide ABC transporter, permease protein -1.1 1.3 1.5 1.7 1.8 1.8 2.0 
TM0302 Oligopeptide ABC transporter, permease protein -2.1 -1.4 -1.1 -1.2 -1.1 -1.0 1.3 
TM0365 Aminopeptidase, putative -1.5 -1.7 -1.5 -1.3 -1.5 -2.0 -2.0 
TM0379 NADH oxidase  1.1 1.2 1.3 1.8 2.0 2.5 3.2 
TM0395 NADH oxidase, putative -1.9 -1.8 -2.4 -1.4 1.4 2.3 1.1 
TM0408 Protein-glutamate methylesterase  -1.1 -1.1 -1.0 1.0 -1.3 -1.6 -2.5 
TM0434 α-glucosidase, putative  1.1 1.3 1.2 1.2 1.3 2.5 10.0 
TM0445 Conserved hypothetical protein, COG1160: Predicted GTPase 1.4 1.6 1.6 2.1 2.6 3.8 4.8 
TM0508 Conserved hypothetical protein, COG2110: Uncharacterized 

ACR related to the C-terminal domain of histone macroH2A1 
1.1 1.7 1.7 2.1 2.0 2.3 3.3 

 
 
Table V.3.  Fold-changes in expression of non-heat shock associated genes in T. maritima during thermal stress at 90°C. Values 
calculated from the residual differences between each time point (0 minutes, 5 minutes, 10 minutes, 20 minutes, 30 minutes, 60 
minutes, and 90 minutes) and the baseline (80°C); thus, the baseline is used as a reference condition here. Positive fold-changes 
reflect up-regulation and negative fold-changes reflect down-regulation. Grey-shaded values did not have a �log10 (P-value) ≥ 4, 
and grey-shaded genes were also observed by Helmann et al. (120) in heat shock of B. subtilis. 
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Non-Heat Shock Associated Genes 
TM0510 Iron-dependent transcriptional repressor, putative 1.6 1.9 1.8 2.1 2.2 2.8 4.6 
TM0619 Conserved hypothetical protein, COG0438: Predicted glycosyl-

transferases RfaG 

-1.6 -1.4 -1.3 -1.7 -1.6 -2.2 -1.6 

TM0624 N-acetylglucosaminyl-phosphatidylinositol biosynthesis-
related protein 

1.2 1.5 1.0 -1.0 -1.1 -1.8 -2.9 

TM0630 Nucleotide sugar epimerase, putative -1.5 -1.7 -1.6 -1.7 -1.8 -2.5 -3.5 
TM0631 Lipopolysaccharide biosynthesis protein -1.6 -1.5 -1.7 -2.1 -1.7 -1.7 -2.2 
TM0668 Pleiotropic regulatory protein -1.4 -2.0 -1.8 -2.0 -2.1 -2.3 -1.9 
TM0689 Phosphoglycerate kinase, triose phosphate isomerase -1.5 -1.9 -2.2 -1.5 -1.2 -1.2 -1.3 
TM0694 Trigger factor, putative -1.1 -1.3 -2.8 -2.8 -2.3 -2.3 -2.2 
TM0696 Ray-related protein -1.5 -2.0 -1.5 -1.6 -2.1 -3.2 -4.0 
TM0698 Flagellar biosynthesis protein FliP -1.6 -1.9 -1.9 -1.9 -2.1 -3.2 -4.8 
TM0700 Chemotaxis response regulator CheY -1.2 -1.6 -1.6 -1.8 -1.7 -2.3 -2.2 
TM0701 Purine-binding chemotaxis protein CheW -1.4 -1.8 -1.9 -2.4 -2.2 -2.4 -2.2 
TM0729 (p)ppGpp synthetase 1.2 1.3 1.6 1.6 1.7 1.7 2.5 
TM0767 Maltodextrin glycosyltransferase -1.3 -1.9 1.1 -1.9 -2.2 -3.1 -3.3 
TM0807 Alkyl hydroperoxide reductase, putative 1.1 1.4 1.1 1.4 1.2 2.3 2.1 
TM0816 Transcriptional regulator, putative, Mar family 1.6 5.1 3.0 9.3 21.7 76.8 108.0 
TM0823 Transcriptional regulator, TetR family 1.2 4.6 2.0 8.0 8.3 12.4 19.0 
TM0897 SpoVS-related protein -1.1 -1.6 -1.5 -2.1 -2.1 -2.1 -2.0 
TM0949 Transcriptional regulator, LacI family -1.3 -1.4 -1.7 -1.8 -1.5 -1.4 -2.0 
TM1005 Transcriptional regulator, putative, COG2207:  AraC-type 

DNA-binding domain-containing proteins 
1.2 1.6 2.1 2.8 3.4 3.9 4.5 

TM1030 Transcriptional regulator, TetR family 1.2 3.9 3.6 5.5 4.7 5.9 7.5 
TM1048 Endoglucanase -1.3 -1.7 -1.3 -1.7 -1.7 -2.0 -1.9 
TM1068 α-glucosidase, putative  1.2 1.2 1.3 1.6 1.8 3.6 13.0 
TM1069 Transcriptional regulator, DeoR family -1.1 1.0 1.1 1.7 2.1 4.5 20.7 
TM1082 LexA repressor  -1.5 -2.1 -2.7 -2.5 -2.3 -2.2 -2.5 
TM1168 α-glucan phosphorylase, authentic frameshift 1.2 -1.2 1.2 -1.5 -1.7 -2.9 -4.7 
TM1176 Transcriptional regulator, metal-sensing -2.5 -2.6 -2.0 -2.2 -2.1 -2.1 -1.9 
 
Table V.3.  continued. 
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Non-Heat Shock Associated Genes 
TM1218 Transcriptional regulator, LacI family -1.3 -1.6 -1.6 -2.1 -2.3 -2.7 -3.8 
TM1219 Oligopeptide ABC transporter, ATP-binding protein -1.4 -1.6 -1.3 -1.4 -2.0 -2.3 -3.4 
TM1223 Oligopeptide ABC transporter, periplasmic oligopeptide-

binding protein 
-1.3 -1.9 -1.7 -1.7 -2.0 -1.8 -2.0 

TM1232 Sugar ABC transporter, ATP-binding protein 2.9 3.2 3.2 4.5 3.4 2.6 2.9 

TM1254 β-phosphoglucomutase, putative  -3.0 -3.9 -2.5 -3.5 -3.1 -3.6 -2.7 
TM1255 Aspartate aminotransferase  -1.4 -2.3 -1.5 -2.3 -1.9 -1.9 -1.5 

TM1259 Phosphate regulon transcriptional regulatory protein PhoB -1.0 -1.6 -1.8 -2.3 -2.7 -2.5 -3.3 
TM1260 Phosphate transport system regulator PhoU -1.1 -1.9 -1.8 -2.5 -2.5 -2.9 -3.5 
TM1275 Hypothetical protein 1.4 2.2 1.6 2.4 2.3 2.1 1.9 
TM1276 Sugar ABC transporter, ATP-binding protein 2.6 3.4 2.8 3.6 2.9 3.2 3.2 
TM1334 Conserved hypothetical protein, COG1032:  Fe-S oxidoreduc-

tases family 2 
-1.4 -1.7 -1.5 -1.7 -2.0 -2.6 -2.4 

TM1363 Peptide chain release factor RF-1 -1.4 -2.1 -2.3 -2.3 -2.2 -2.2 -4.1 
TM1368 ABC transporter, ATP-binding protein 1.1 1.5 1.8 2.5 2.2 2.4 2.7 
TM1375 Spermidine/putrescine ABC transporter, periplasmic sper-

midine 
1.0 1.1 1.3 1.1 1.2 2.5 3.8 

TM1400 Aminotransferase -2.6 -3.1 -1.9 -1.7 -1.2 1.1 -1.7 
TM1405 Lipopolysaccharide biosynthesis protein-related protein -1.0 -1.2 -1.5 -2.2 -2.0 -1.6 -1.8 
TM1422 RnfB-related protein 1.1 1.7 1.3 1.9 2.1 2.0 2.0 
TM1436 Glycerol uptake operon antiterminator-related protein 1.1 -1.0 -1.0 -1.3 -1.5 -2.4 -1.9 
TM1450 Transcription repair coupling factor -1.1 1.6 1.4 2.4 2.3 2.7 3.7 
TM1468 Conserved hypothetical protein, COG1307: Uncharacterized 

BCR, DegV 
-1.1 -1.9 -1.8 -2.5 -2.9 -3.8 -3.3 

TM1469 Glucokinase 1.2 -1.4 -1.2 -1.6 -1.9 -2.1 -2.5 
TM1478 Methionine aminopeptidase 1.7 -1.4 -1.1 -2.5 -2.4 -2.6 -3.5 
TM1515 Ferric uptake regulation protein -1.7 -1.9 1.8 -1.9 -1.9 -2.4 -2.3 
TM1601 Conserved hypothetical protein, COG1031: Uncharacterized 

Fe-S oxidoreductases 
1.1 1.7 1.7 2.4 2.0 1.7 1.6 

TM1624 β-mannosidase, putative 1.1 -1.4 -1.9 -2.4 -2.9 -2.4 -2.3 
TM1683 Cold-shock protein 2.0 -1.2 -1.4 -3.5 -2.5 -2.2 -2.0 
 

 
Table V.3.  continued. 
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Non-Heat Shock Associated Genes 
TM1696 Type IV prepilin peptidase -1.2 -1.3 -1.2 -1.5 -1.6 -1.8 -2.3 
TM1698 Aspartate aminotransferase  1.1 -1.2 -1.2 -1.3 -2.1 -3.0 -3.9 
TM1706 Transcription elongation factor, GreA/GreB family 1.4 1.8 1.4 1.6 2.4 2.7 2.4 
TM1707 Conserved hypothetical protein, COG1327:  Predicted tran-

scriptional regulator, consists of a Zn-ribbon and ATP-cone 
domains 

1.4 1.8 1.4 1.7 2.3 2.7 2.4 

TM1719 DNA mismatch repair protein, MutS 1.1 1.7 1.9 2.6 2.6 2.8 3.1 
TM1761 Excinuclease ABC, subunit B, UvrB 1.2 2.0 1.5 2.3 2.6 3.3 4.6 
TM1776 Ferric uptake regulation protein 2.0 3.4 2.3 2.4 2.4 2.5 4.0 
TM1834 α-glucosidase  -1.1 -1.6 -1.5 -1.9 -2.4 -2.8 -2.3 
TM1835 Cyclomaltodextrinase, putative -1.3 -1.5 -1.3 -1.4 -2.2 -4.3 -4.3 
TM1836 Maltose ABC transporter, permease protein 1.1 -1.0 -1.3 -1.5 -1.9 2.6 -2.7 
TM1839 Maltose ABC transporter, periplasmic maltose-binding protein 1.1 1.1 1.0 -1.2 -1.5 -2.5 -2.7 
TM1840 α-amylase, AmyA -1.3 -1.3 1.1 -2.9 -3.3 -3.5 -2.4 
TM1856 Transcriptional regulator, LacI family 1.1 1.5 1.6 1.7 1.6 2.3 2.4 
 
 

 
Table V.3.  continued. 
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Abstract 

 Biofilm formation was induced in Pyrococcus furiosus batch cultures using a 

modified Archaeoglobus fulgidus medium (114, 163) supplemented with maltose as a 

carbon source. Other media formulas, including Raven and Sharp Defined Medium for P. 

furiosus (211), Rinker Defined Medium for Thermococcus litoralis (214, 217), and Arti-

ficial Sea Water for various hyperthermophiles including P. furiosus (22, 86), did not 

yield microcolony formation on polycarbonate filters as observed by epifluorescent, 

scanning electron, and confocal laser scanning microscopy methods. The establishment 

of biofilm formation proceeded to studies of gene expression using a whole genome 

cDNA microarray. A chemostat approach previously used for genetic expression analysis 

of T. maritima biofilms (Chapter IV) was applied to cultivate P. furiosus biofilms on Ny-

lon mesh. Mixed model ANOVA analyis will be applied to determine the genes involved 

in biofilm formation by the hyperthermophilic archaeaon P. furiosus. 

 

VI.1.  Introduction 

Hyperthermophilic microorganisms have the ability to form biofilms as a preferential mi-

croniche within their natural habitats, including geothermal settings, deep-sea hydrother-

mal vents, oil solfataras, and the subsurface (213). In addition to reports of natural hyper-

thermophilic biofilms (213), biofilm formation has also been observed in pure laboratory 

cultures of Thermococcus litoralis (214, 217), Thermotoga maritima (Chapter IV, (214)), 

Archaeoglobus fulgidus (114, 163), Methanococcus jannaschii (114, 163), and Pyrococ-
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cus furiosus ((214), Chapter II). However, the genetic machinery responsible for sensing 

surfaces and environments, producing polysaccharides, and other biofilm-associated 

events is not known. Gene expression studies of various mesophilic biofilms, including 

Pseudomonas aeruginosa (228, 229, 283), Escherichia coli (200, 203, 204), and Bacillus 

cereus (192), among others, have identified quorum-sensing mechanisms, exopolysac-

charide biosynthesis genes, chemotactic responses, and regulatory elements associated 

with biofilm formation. These results have contributed to the understanding the basis of 

microbial life in natural and artificial environments; thus, efforts to prevent or promote 

biofilm formation by these microorganisms can be successfully accomplished. Similarly, 

the biofilm phenotype in hyperthermophilic microorganisms must be studied to gain in-

sights into the ecology of their natural habitats. 

Chapter II reported a chemostat-based approach for collecting biofilm material from 

cultures of T. maritima, from which extracted RNA can be used, in conjunction with 

cDNA microarrays, to examine differential gene expression patterns comparing plank-

tonic to sessile cells. The work presented here uses this system to study the biofilm phe-

notype of the hyperthermophilic archaeaon Pyrococcus furiosus (Topt 98-100°C).  Media 

was first formulated to induce biofilm formation on polycarbonate filters in batch culture. 

Epifluorescent, scanning electron, and confocal laser scanning micrographs revealed 

dense microcolony formation when P. furiosus was grown on a modified A. fulgidus me-

dium supplemented with maltose (5 g/l). This medium was then used to cultivate P. furi-

osus biofilms on Nylon mesh in a chemostat for differential gene expression studies. 

Whole genome microarray analysis comparing the biofilm and planktonic populations is 

currently underway. 
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VI.2.  Materials and Methods 

Microorganism and growth conditions 

Pyrococcus furiosus (DSM 3638) was grown on a modified Archaeoglobus fulgidus me-

dium (114, 163), which we call Biofilm Complex Medium (BCM). All components were 

included except for the PIPES/Lactic Acid solution; 5 g/L maltose was used as a substi-

tute carbon source. Yeast extract and tryptone were added at 1 g/L and 2 g/L concentra-

tions respectively. Various media formulations, including Artificial Sea Water (ASW) 

(22, 85, 86), Rinker Defined Medium (RDM) (214, 217), and Pyrococcus Defined Me-

dium (PDM) (211) were tried to induce biofilm formation by Pyrococcus furiosus in 

batch cultures. Fifty-milliliter batch cultivation and cell enumeration were performed as 

described in Chapter II (205, 215). Biofilm formation was determined visually with epif-

luorescent micrographs of polycarbonate filters inserted into the cultures (Chapter IV). 

P. furiosus was grown in the chemostat similar to the T. maritima (Chapter IV),  

with Nylon mesh (Sefar America, Hamden, CT) as biofilm substrata. BCM supplemented 

with maltose (5 g/l) was fed continuously (D=0.25 h-1) to a 1.5-L culture growing an-

aerobically at 95°C. Cell densities were monitored as previously described (Chapter IV). 

Thirteen tubes of mesh were submersed in the culture for RNA, protein, and polysaccha-

ride extractions. Three planktonic samples were collected and pooled for representative 

planktonic species; biofilm species were collected from six tubes and pooled. Total RNA 

was extracted by ethanol precipitation and Promega SV Total RNA extraction kits 

(Promega, location) for use with cDNA microarrays. All sample collections and extrac-

tions were performed as previously described (Chapter IV). 
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Imaging and microscopy methods 

Epifluorescent micrographs were taken with a SPOT digital camera (Southern Micro In-

struments, Atlanta, GA) attached to a Nikon (Labophot-2) microscope (Southern Micro 

Instruments, Atlanta, GA) with 100× oil-immersion lens. Biofilms on polycarbonate fil-

ters were stained with acridine orange (Chapter II) for epifluorescent micrographs. In ad-

dition, these filters were used for confocal laser scanning micrographs (North Carolina 

State University, Department of Botany). Confocal pictures were generated with an Ar-

gon laser and 100× oil-immersion lens. A scanning electron microscope (North Carolina 

State University, Department of Microbiology) was also used to image biofilm cells on 

polcarbonate filters. Filters were fixed in 2.5% glutaraldehyde, and critically point dried. 

Images of the continuous culture were also taken regularly with a Nikon Coolpix 950 

digital camera. 

 

VI.3.  Results 

Various medium formulations were used to induce biofilm formation in the hyperther-

mophilic archaeon Pyrococcus furiosus. Raven and Sharp (211) and Rinker Defined Me-

dium (217) did not show formation of biofilms on polycarbonate filters inserted in 50 ml 

and 500 ml batch cultures. Although P. furiosus is a member of the Thermococcales ge-

nus, Rinker Defined Medium did not cause biofilms to form as it did with Thermococcus 

litoralis (217). Another medium used frequently in our lab is Artificial Sea Water (ASW) 

(22, 85, 86), which is a complex medium containing 1 g/L yeast extract and 5 g/L tryp-

tone. Although complex medium enhances growth rates, yeast extract contains glucose, 

glucans, and mannans (< 0.2 g/l), which may interfere with polysaccharide extractions, as 
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well as influence glycosyl hydrolase expression due to changing carbon sources (167). 

Some cell attachment was observed; however, there was no evidence of microcolony 

formation (data not shown). Another archaeon, Archeaoglobus fulgidus, was shown to 

produce biofilms under various stress conditions (114, 163). A. fulgidus is a dissimulatory 

sulfate reducer and utilized lactate, H2, or pyruvate as electron donors (1), whereas P. fu-

riosus is a facultative sulfur reducer and utilizes various carbohydrates for glycolysis, 

where H2, pyruvate, or acetate act as electron donors (148). Therefore, the lactic acid and 

PIPES buffer were removed from the A. fulgidus medium (114, 163) and replaced with a 

carbohydrate to account for these metabolic differences between A. fulgidus and P. furi-

osus. Yeast extract was also reduced to 1 g/L in the formulation of BCM to minimize in-

terference mentioned above. Although no stress conditions were induced on the cultures, 

P. furiosus formed significant microcolonies during batch cultivation with maltose or cel-

lobiose as a carbon source (Figure VI.1). Electron micrographs indicate that the exopoly-

saccharide (EPS) appears as a capsular material when grown on cellobiose, and as a loose 

pool of polymer during growth on maltose (Figure VI.1). The effect of carbon source on 

EPS composition or type is not known for P. furiosus; however, the type of carbon source 

should not influence the composition, based on EPS synthetic pathways (Chapter II). 

Nonetheless, the effect of medium components will be investigated at a later date. First, a 

genetic tool to identify and differentiate biofilm communities and planktonic species 

must be developed. One such tool is cDNA microarrays, which can be used to character-

ize populations based on specific genes expressed and quantitate their differences. Just as 

the biofilms of T. maritima were characterized by a targeted genechip in this work, P. 

furiosus biofilms will be analyzed for differential gene expression compared to the plank-
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tonic species with a whole genome array available at the University of Georgia. Once 

genes involved in biofilm formation are identified, various studies with changes the me-

dium components can be done to determine which components are most crucial for 

biofilm growth. 

 Genetic analyses of biofilm and planktonic populations require significant 

amounts of RNA. As demonstrated previously with T. maritima, the chemostat offers an 

advantageous method to collect substantial amounts of biofilm for RNA extractions 

(Chapter IV). Continuous cultivation of P. furiosus was performed to obtain biofilm on 

Nylon mesh for RNA extractions. P. furiosus was grown at 95°C for 7 days on BCM 

supplemented with maltose (D=0.25 h-1). The average cell density during this chemostat 

run was 1.8×108 cells/ml. Although significant biofilms were not observed on the mesh 

by eye, epifluorescent and confocal laser scanning micrographs (CLSM) indicated that 

significant amounts of biofilm microcolonies were attached to polycarbonate filters (Fig-

ure VI.2). The biofilm height was approximately 15 µm as measured with an argon laser 

CSLM. RNA was extracted from the planktonic (i.e., reactor fluid) and biofilm (i.e., 

mesh) upon shutdown (Chapter IV). Efforts to determine the differential gene expression 

patterns between the planktonic and sessile P. furiosus populations are currently under-

way with collaboration of Dr. Michael W. W. Adams at the University of Georgia at Ath-

ens. The results will yield a complete genetic profile of an archaeal biofilm, and in con-

junction with the bacterial analysis in Chapter IV, gene expression patterns may provide 

insights into mechanisms of biofilm formation in hyperthermophiles. 
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 A B 

C D 

Figure VI.1.  Epifluorescent (A and C) and scanning electron micrographs (B
and D) of P. furiosus grown in batch culture on BCM and maltose (A and B) or
cellobiose (C and D) as a carbon source. Polycarbonate filters were inserted in
the 50 ml cultures grown at 98oC and either stained with acridine orange (A and
C) or critically point dried (B and D). 
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Figure VI.2.  Dense biofilms of P. furiosus formed on polycarbonate filters in
continuous culture, as shown by epifluorescent micrograph (A) and confocal scan-
ning laser micrograph (CLSM), where the stereoview compiling z images is
shown here (B).   

B 

A 
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Chapter VII.  Concluding Remarks 
 

The availability of genome sequences (www.tigr.org) and cDNA microarray technologies 

provide an immediate and comprehensive analysis of global gene expression at a given 

condition. Furthermore, experiments can be done using statistical loop designs (132) and 

mixed model ANOVA approaches (285), that allow for a variety of comparisons among 

numerous conditions. The analysis of various phenotypes can lead to assignment of gene 

function and an understanding of environmental response mechanisms within microor-

ganisms. The work presented here combines engineering, microbiology, molecular biol-

ogy, genetics and statistics, to better understand how hyperthermophiles live in their natu-

ral habitats: 

• A chemostat system was developed to form substantial biofilms on Nylon mesh 

and polycarbonate filters for various types of imaging (e.g. epifluorescent, scan-

ning electron, and confocal laser scanning micrographs) and RNA isolation for 

gene expression analysis with a targeted cDNA microarray. 

• Mixed model ANOVA analysis was used to compare gene expression in plank-

tonic and biofilm T. maritima cultures growing at 80°C and 85°C. Expression 

profiles revealed both similarities and differences to less thermophilic microor-

ganisms that formed biofilms and were exposed to thermal stress. Response regu-

lators, heat shock genes, and transcriptional regulators appear to be the key com-

ponents in biofilm formation for this hyperthermophilic bacterium. Further analy-

sis using a whole genome array will provide a better understanding of regulatory 

elements involved in hyperthermophilic biofilm formation. 
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• The dynamic stress response of Thermotoga maritima was investigated in a 14.0-

L fermenter by exposure of an 80°C mid-exponential phase culture to the supra-

optimal temperature of 90°C. A targeted cDNA microarray analysis revealed that 

the majority of the heat shock genes were maximally expressed after 5 minutes at 

90°C. In addition, many other genes exhibited a temporal response indicating that 

bacterial stress response occurs within minutes. 

• The chemostat system (this work) developed for the study of biofilm formation in 

hyperthermophiles was also used to study sessile populations of Pyrococcus furi-

osus. A whole genome cDNA microarray will be used to understand biofilm for-

mation by archaeal species and for comparison to bacterial species, as part of an 

effort to understand mixed specie biofilms and natural population dynamics. 

The continuous culture, cDNA microarray, and mixed model ANOVA techniques de-

scribed here can be applied to study differential gene expression patterns between multi-

ple conditions. Reactor systems can be further engineered to study the dynamic changes 

of genetic expression during the stages of biofilm development. Data can be compared to 

well-characterized mesophilic systems to assign functions to previously unknown genes. 

Furthermore, sequence analysis of these genes and promoter elements will provide in-

sights into the regulatory mechanisms that underly response to environmental perturba-

tions. Once the gene function is determined, proteins can be characterized and exploited 

for biotechnological potential. Hyperthermophiles are attractive in this respect because 

their enzymes maintain catalytic activity at high temperatures in which most industrial 

processes are operational.  In addition to identifying new genes, functional genomics will 
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provide a better understanding of the ecology of hyperthermophiles in their natural envi-

ronments such that new sampling methods can be developed to isolate various species.  
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Appendix I.  ORFs on Thermotoga maritima  

Targeted cDNA Microarray 

The following is a list of the ORFs used to design primers and make PCR products for 

printing the T. maritima targeted genechip.  The genes in grey were added at the second 

printing and used in conjunction with the white-shaded genes for the dynamic heat shock 

experiment (Chapter V). ORF annotation was retrieved from NCBI at ftp://ftp.ncbi.nih. 

gov/genomes/Bacteria/Thermotoga_maritima/NC_000853.ptt. 

 

Locus Function 
TM0017 Pyruvate ferredoxin oxidoreductase, α subunit  
TM0024 Laminarinase 
TM0025 β-glucosidase 
TM0032 Transcriptional regulator, XylR-related 
TM0042 Aminopeptidase P 
TM0053 Esterase, putative 
TM0055 α-glucuronidase  
TM0056 Oligopeptide ABC transporter, periplasmic oligopeptide-binding protein 
TM0057 Oligopeptide ABC transporter, ATP-binding protein 
TM0058 Oligopeptide ABC transporter, ATP-binding protein 
TM0059 Oligopeptide ABC transporter, permease protein 
TM0060 Oligopeptide ABC transporter, permease protein 
TM0061 Endo-1,4-β-xylanase A 
TM0062 Hypothetical protein 
TM0063 Hypothetical protein 
TM0064 Uronate isomerase, putative 
TM0065 Transcriptional regulator, IclR family (kdgR) 
TM0066 2-Dehydro-3-deoxyphosphogluconate aldolase / 4-hydroxy-2-oxoglutarate aldolase  
TM0067 2-Keto-3-deoxygluconate kinase 
TM0068 D-mannonate oxidoreductase, putative 
TM0069 D-mannonate hydrolase  
TM0070 Endo-1,4-β-xylanase B  
TM0071 Oligopeptide ABC transporter, periplasmic oligopeptide-binding protein 
TM0072 Oligopeptide ABC transporter, permease protein 
TM0073 Oligopeptide ABC transporter, permease protein 
TM0074 Oligopeptide ABC transporter, ATP-binding protein 
TM0075 Oligopeptide ABC transporter, ATP-binding protein 
TM0076 Xylosidase 
TM0077 Acetylxylan esterase  
TM0078 Iron(III) ABC transporter, ATP-binding protein 
TM0079 Iron(III) ABC transporter, permease protein 
TM0080 Iron(III) ABC transporter, periplasmic-binding protein, putative 
TM0085 Hypothetical protein:  COG2747 Anti sigma 28 FlgM 
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TM0086 Virulence factor MviN-related protein 
TM0110 Transcriptional regulator, XylR-related 
TM0113 XylU-related protein 
TM0122 Ferric uptake regulation protein 
TM0126 Response regulator 
TM0127 Sensor histidine kinase  
TM0129 Carboxypeptidase G2, putative 
TM0143 Response regulator 
TM0145 Secreted metalloendopeptidase Gcp, putative 
TM0146 ATP-dependent Clp protease, ATPase subunit clpX  
TM0167 Phosphopentomutase 
TM0184 Phosphoglucomutase/phosphomannomutase family protein 
TM0186 Response regulator 
TM0187 Sensor histidine kinase 
TM0195 Guanosine pentaphosphate phosphohydrolase, putative  
TM0198 ATP-dependent Clp protease, ATPase subunit 
TM0208 Pyruvate kinase  
TM0209 6-Phosphofructokinase  
TM0218 Flagellum-specific ATP synthase 
TM0219 Flagellar export/assembly protein 
TM0220 Flagellar motor switch protein FliG 
TM0221 Flagellar M-ring protein 
TM0222 ABC transporter, ATP-binding protein 
TM0232 UDP-N-acetylglucosamine--N-acetylmuramyl-(pentapeptide) pyrophosphoryl-

undecaprenol N-acetylglucosamine transferase 
TM0251 Carbon storage regulator  
TM0272 Pyruvate,orthophosphate dikinase  
TM0274 Acetate kinase  
TM0275 Transcriptional regulator, GntR family 
TM0281 α-L-arabinofuranosidase 
TM0289 6-phosphofructokinase, pyrophosphate-dependent 
TM0299 Transcriptional regulator, LacI family 
TM0300 Oligopeptide ABC transporter, periplasmic oligopeptide-binding protein, putative 
TM0301 Oligopeptide ABC transporter, permease protein 
TM0302 Oligopeptide ABC transporter, permease protein 
TM0303 Oligopeptide ABC transporter, ATP-binding protein 
TM0304 Oligopeptide ABC transporter, ATP-binding protein 
TM0305 Endoglucanase, putative 
TM0306 α-L-fucosidase, putative  
TM0308 α-xylosidase  
TM0310 Putative β-galactosidase, Gal42B 
TM0326 Transcriptional regulator, RpiR family 
TM0364 4-α-glucanotransferase  
TM0365 Aminopeptidase, putative 
TM0371 Arginine repressor  
TM0373 DnaK protein  
TM0374 Heat shock protein, class I 
TM0379 NADH oxidase  
TM0381 Dihydrolipoamide dehydrogenase  
TM0392 Conserved hypothetical protein COG0438: Predicted glycosyltransferases RfaG 
TM0393 Transcriptional regulator, XylR-related 
TM0395 NADH oxidase, putative  
TM0399 Response regulator 
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TM0400 Sensor histidine kinase  
TM0403 Nitrogen regulatory protein P-II 
TM0408 Protein-glutamate methylesterase  
TM0409 Conserved hypothetical protein COG0739: Membrane proteins related to metalloen-

dopeptidases NlpD family 
TM0411 Transcriptional regulator, XylR-related 
TM0427 Oxidoreductase, putative 
TM0428 Oxidoreductase, putative 
TM0429 Methyl-accepting chemotaxis protein 
TM0430 Sugar ABC transporter, permease protein 
TM0431 Sugar ABC transporter, permease protein 
TM0432 Sugar ABC transporter, periplasmic sugar-binding protein, putative 
TM0433 Pectate lyase  
TM0434 α-glucosidase, putative  
TM0435 Acetyl xylan esterase-related protein 
TM0436 Alcohol dehydrogenase, zinc-containing  
TM0437 Exo-poly-α-D-galacturonosidase, putative  
TM0438 6-phosphogluconate dehydrogenase, decarboxylating  
TM0439 Transcriptional regulator, GntR family 
TM0440 Hypothetical protein 
TM0441 Oxidoreductase, short chain dehydrogenase/reductase family  
TM0442 Conserved hypothetical protein COG3875: 
TM0443 Gluconate kinase  
TM0445 Conserved hypothetical protein, COG1160: Predicted GTPase 
TM0463 Lipoprotein signal peptidase  
TM0467 Regulatory protein, putative 
TM0468 Response regulator 
TM0490 Regulatory protein, SIR2 family 
TM0505 GroES protein 
TM0506 GroEL protein  
TM0508 Conserved hypothetical protein, COG2110: Uncharacterized ACR related to the C-

terminal domain of histone macroH2A1 
TM0510 Iron-dependent transcriptional repressor, putative 
TM0516 Clostripain-related protein 
TM0521 Heat shock protein HslV  
TM0522 Heat shock protein HslU  
TM0527 Conserved hypothetical protein, COG2262: GTPase HflX 
TM0530 Oligopeptide ABC transporter, ATP-binding protein 
TM0531 Oligopeptide ABC transporter, periplasmic oligopeptide-binding protein 
TM0532 Oligopeptide ABC transporter, permease protein 
TM0533 Oligopeptide ABC transporter, permease protein 
TM0534 RNA polymerase sigma-H factor, putative 
TM0565 Sugar fermentation stimulation protein, putative  
TM0571 Heat shock serine protease, periplasmic  
TM0580 Cell division protein FtsH  
TM0602 Iron-dependent transcriptional repressor, putative 
TM0606 Hypothetical protein, COG3906 
TM0610 Lipopolysaccharide biosynthesis protein  
TM0614 Conserved hypothetical protein, COG1708: Predicted Nucleotidyltransferases 
TM0616 Conserved hypothetical protein, COG1373: ATPases of the AAA superfamily 
TM0619 Conserved hypothetical protein, COG0438: Predicted glycosyltransferases RfaG 
TM0620 Lipopolysaccharide biosynthesis protein 
TM0622 Lipopolysaccharide biosynthesis protein, putative 
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TM0624 N-acetylglucosaminyl-phosphatidylinositol biosynthesis-related protein 
TM0627 Lipopolysaccharide biosynthesis protein 
TM0630 Nucleotide sugar epimerase, putative 
TM0631 Lipopolysaccharide biosynthesis protein 
TM0632 Extracellular polysaccharide biosynthesis-related protein 
TM0633 Flagellar-related protein 
TM0638 Polysaccharide export protein, putative 
TM0643 Clostripain-related protein 
TM0644 Hypothetical protein, COG3206: Uncharacterized protein involved in exopolysac-

charide biosynthesis GumC 
TM0654 Spermidine synthase 
TM0656 Conserved hypothetical protein, COG1396:  Predicted transcriptional regulators 

HipB 
TM0668 Pleiotropic regulatory protein 
TM0685 Hypothetical protein, COG0741:  Soluble lytic murein transglycosylase and related 

regulatory proteins (some contain LysM/invasin domains) 
TM0688 Glyceraldehyde-3-phosphate dehydrogenase  
TM0689 Phosphoglycerate kinase, triose phosphate isomerase 
TM0694 Trigger factor, putative 
TM0695 ATP-dependent ClpP protease, proteolytic subunit  
TM0696 Ray-related protein 
TM0698 Flagellar biosynthesis protein FliP 
TM0700 Chemotaxis response regulator CheY 
TM0701 Purine-binding chemotaxis protein CheW 
TM0702 Chemotaxis sensor hist. kinase CheA 
TM0703 Competence-damage inducible CinA 
TM0710 Transcriptional regulator, MarR family 
TM0729 (p)ppGpp synthetase 
TM0733 Sigma-B regulator, putative, RsbW related 
TM0742 Serine/threonine protein phosphatase  
TM0744 Conserved hypothetical protein, COG0438: Predicted glycosyltransferases RfaG 
TM0747 Carboxyl-terminal protease  
TM0752 α-glucosidase, putative  
TM0756 Galactosyltransferase-related protein 
TM0757 Hypothetical protein, COG0463: Glycosyltransferases involved in cell wall biogene-

sis, WcaA 
TM0760 Lipopolysaccharide biosynthesis protein, putative 
TM0766 Transcriptional regulator, GntR family 
TM0767 Maltodextrin glycosyltransferase 
TM0769 Phosphomannomutase 
TM0772 Conserved hypothetical protein, COG1774:  Uncharacterized ACR, PSP1 homologs 
TM0785 Bacteriocin 
TM0805 Lipophilic protein, putative 
TM0807 Alkyl hydroperoxide reductase  
TM0808 Transcriptional regulator, XylR-related 
TM0809 Hydrolase, putative 
TM0814 N-acetylglucosamine-6-phosphate deacetylase  
TM0816 Transcriptional regulator, putative, Mar family 
TM0818 Lipopolysaccharide biosynthesis protein, putative 
TM0823 Transcriptional regulator, TetR family 
TM0842 Response regulator 
TM0847 Conserved hypothetical protein, COG1159:  GTPases, Era 
TM0849 DnaJ protein  
TM0850 GrpE protein, putative 
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TM0851 Heat shock operon repressor HrcA 
TM0853 Sensor histidine kinase  
TM0866 Conserved hypothetical protein, COG0330:  Membrane protease subunits, 

stomatin/prohibitin homologs, HflC 
TM0873 This region contains an authentic frame shift and is not the result of a sequencing 

artifact; similar to PID:1001492 percent identity: 73.99; identified by sequence simi-
larity; putative;ATP-dependent Clp protease, ATPase subunit, authentic frameshift 

TM0874 Conserved hypothetical protein, COG1214:  Inactive homologs of metal-dependent 
proteases, putative molecular chaperones 

TM0886 Penicillin-binding protein, class 1A 
TM0887 Methylated-DNA-protein-cysteine methyltransferase 
TM0890 Conserved hypothetical protein, COG0750:  Predicted membrane-associated Zn-

dependent proteases 1 
TM0895 Glycogen synthase  
TM0896 Galactose 1-phosphate uridyltransferase 
TM0897 SpoVS-related protein 
TM0902 RNA polymerase sigma-28 factor, putative (FliA) 
TM0916 Conserved hypothetical protein, COG0616:  Periplasmic serine proteases (ClpP 

class), SppA 
TM0921 Hypothetical protein, COG0741: Soluble lytic murein transglycosylase and related 

regulatory proteins (some contain LysM/invasin domains), MltE 
TM0949 Transcriptional regulator, LacI family 
TM0963 Oligoendopeptidase 
TM0998 Heavy metal resistance transcriptional regulator 
TM1005 Transcriptional regulator, putative, COG2207:  AraC-type DNA-binding domain-

containing proteins 
TM1017 Conserved hypothetical protein, COG0697: Permeases of the drug/metabolite trans-

porter (DMT) superfamily, RhaT 
TM1022 Esterase 
TM1030 Transcriptional regulator, TetR family 
TM1033 Mannose-1-phosphate guanylyltransferase  
TM1048 Endoglucanase 
TM1049 Endoglucanase  
TM1050 Endoglucanase 
TM1062 β-glucuronidase  
TM1068 α-glucosidase, putative  
TM1069 Transcriptional regulator, DeoR family 
TM1081 Anti-sigma factor antagonist, putative, SpoIIAA 
TM1082 LexA repressor  
TM1130 Phosphate butyryltransferase  
TM1131 Aminotransferase, putative  
TM1155 Glucose-6-phosphate 1-dehydrogenase  
TM1156 Conserved hypothetical protein, COG1983, Putative stress-responsive transcrip-

tional regulator 
TM1160 Esterase 
TM1164 2-oxoglutarate ferredoxin oxidoreductase, α subunit  
TM1168 α-glucan phosphorylase, authentic frameshift 
TM1171 Transcriptional regulator, crp family 
TM1176 Transcriptional regulator, metal-sensing 
TM1184 PleD-related protein 
TM1192 α-galactosidase, GalA  
TM1193 β-galactosidase, LacZ 
TM1195 β-galactosidase, LacA 
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TM1196 Oligopeptide ABC transporter, ATP-binding protein 
TM1197 Oligopeptide ABC transporter, permease protein 
TM1198 Oligopeptide ABC transporter, permease protein 
TM1199 Oligopeptide ABC transporter, periplasmic oligopeptide-binding protein 
TM1200 Transcriptional regulator, LacI family 
TM1201 Arabinogalactan endo-1,4-β-galactosidase, putative  
TM1202 Maltose ABC transporter, permease protein 
TM1203 Maltose ABC transporter, permease protein 
TM1204 Maltose ABC transporter, periplasmic maltose-binding protein 
TM1218 Transcriptional regulator, LacI family 
TM1219 Oligopeptide ABC transporter, ATP-binding protein 
TM1220 Oligopeptide ABC transporter, ATP-binding protein 
TM1221 Oligopeptide ABC transporter, permease protein 
TM1222 Oligopeptide ABC transporter, permease protein 
TM1223 Oligopeptide ABC transporter, periplasmic oligopeptide-binding protein 
TM1224 Transcriptional regulator, XylR-related 
TM1226 Oligopeptide ABC transporter, periplasmic oligopeptide-binding protein, putative 
TM1227 Endo-1,4-β-mannosidase 
TM1228 Transcriptional regulator, RpiR family 
TM1229 Conserved hypothetical protein, COG0463:  Glycosyltransferases involved in cell 

wall biogenesis, WcaA 
TM1231 α-mannosidase-related protein 
TM1232 Sugar ABC transporter, ATP-binding protein 
TM1233 Sugar ABC transporter, permease protein, putative 
TM1234 Sugar ABC transporter, permease protein 
TM1235 Conserved hypothetical protein, COG2446:  Predicted ABC-type transport system, 

periplasmic component 
TM1238 ATP-dependent DNA helicase UrvD 
TM1254 β-phosphoglucomutase, putative  
TM1255 Aspartate aminotransferase  
TM1258 Sensor histidine kinase, PhoR-related  
TM1259 Phosphate regulon transcriptional regulatory protein PhoB 
TM1260 Phosphate transport system regulatory protein  
TM1261 Phosphate ABC transporter, ATP-binding protein 
TM1262 Phosphate ABC transporter, permease protein 
TM1263 Phosphate ABC transporter, permease protein 
TM1264 Phosphate ABC transporter, periplasmic phosphate-binding protein 
TM1271 Type IV pilin-related protein 
TM1275 Hypothetical protein 
TM1276 Sugar ABC transporter, ATP-binding protein 
TM1281 6-phospho-β-glucosidase  
TM1294 Conserved hypothetical protein, COG1033:  Predicted exporters of the RND super-

family 
TM1295 Conserved hypothetical protein, COG0491:  Zn-dependent hydrolases, including 

glyoxylases, GloB 
TM1296 Ribonuclease H 
TM1302 ABC transporter, ATP-binding protein 
TM1303 Conserved hypothetical protein, COG0842:  ABC-type multidrug transport system, 

permease component 
TM1304 Conserved hypothetical protein, COG0842:  ABC-type multidrug transport system, 

permease component 
TM1306 Conserved hypothetical protein, COG0842:  ABC-type multidrug transport system, 

permease component 
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TM1310 ABC transporter, ATP-binding protein 
TM1319 ABC transporter, ATP-binding protein 
TM1326 Conserved hypothetical protein, COG0842:  ABC-type multidrug transport system, 

permease component 
TM1328 ABC transporter, ATP-binding protein 
TM1330 LacI family transcriptional regulator, putative 
TM1334 Conserved hypothetical protein, COG1032:  Fe-S oxidoreductases family 2 
TM1335 Hypothetical protein 
TM1346 Processing protease; putative  
TM1354 2 domains:  1) inosine-5-monophosphate dehydrogenase-related protein; 2) 

COG2172 RsbW related protein (anti-sigma regulatory factor) 
TM1356 Hypothetical protein:  COG3086 RseC Anti sigma E regulator 
TM1359 Sensor histidine kinase  
TM1360 Response regulator 
TM1363 Peptide chain release factor RF-1 
TM1364 Flagellar basal-body rod protein FlgB 
TM1365 Flagellar basal-body rod protein FlgC 
TM1366 Flagellar basal-body rod protein FliE 
TM1368 ABC transporter, ATP-binding protein 
TM1375 Spermidine/putrescine ABC transporter, periplasmic spermidine/putrescine-binding 

protein 
TM1376 Spermidine/putrescine ABC transporter, ATP-binding protein 
TM1377 Spermidine/putrescine ABC transporter, permease protein 
TM1378 Spermidine/putrescine ABC transporter, permease protein 
TM1385 Glucose 6-phosphate isomerase 
TM1391 ATP-dependent ClpA protease, ATPase subunit 
TM1400 Aspartate aminotransferase, putative  
TM1405 Lipopolysaccharide biosynthesis protein-related protein 
TM1414 β-fructosidase 
TM1415 Inositol monophosphatase family protein, putative 
TM1416 Conserved hypothetical protein, COG0719:  Predicted membrane components of an 

uncharacterized iron-regulated ABC-type transporter SufB 
TM1417 ABC transporter, ATP-binding protein 
TM1419 Myo-inositol-1-phosphate synthase-related protein 
TM1422 RnfB-related protein 
TM1431 Glycerol uptake operon antiterminator 
TM1436 Glycerol uptake operon antiterminator-related protein 
TM1442 Anti-sigma factor antagonist, putative SpoIIAA 
TM1450 Transcription repair coupling factor 
TM1451 RNA polymerase sigma-A factor 
TM1458 Ribosomal protein L21 
TM1463 Ribonuclease P protein component 
TM1467 Conserved hypothetical protein, COG2206:  HD-GYP domain 
TM1468 Conserved hypothetical protein, COG1307: Uncharacterized BCR, DegV 
TM1469 Glucokinase 
TM1478 Methionine aminopeptidase  
TM1515 Ferric uptake regulation protein 
TM1516 Hydrolase, ama/hipO/hyuC family 
TM1524 Endoglucanase 
TM1525 Endoglucanase 
TM1572 Signal peptidase I  
TM1580 Transcriptional regulator, putative; Transcriptional regulators containing an AAA-

type ATPase domain and a DNA-binding domain, PspF 
TM1589 Clostripain-related protein 
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TM1598 RNA polymerase sigma-E factor 
TM1599 Hypothetical protein 
TM1600 Hypothetical protein 
TM1601 Conserved hypothetical protein, COG1031: Uncharacterized Fe-S oxidoreductases 
TM1602 Transcriptional regulator, biotin repressor family 
TM1624 β-mannosidase, putative 
TM1627 General stress protein Ctc 
TM1633 ATP-dependent protease LA, Lon 
TM1636 Conserved hypothetical protein, COG0419: ATPase involved in DNA repair, SbcC 
TM1650 α-amylase, putative, AmyA 
TM1654 Sensor histidine kinase HpkA  
TM1655 Response regulator DrrA 
TM1662 Stationary phase survival protein, SurE 
TM1663 ABC transporter, ATP-binding protein 
TM1664 Conserved hypothetical protein, COG2813:  16S RNA G1207 methylase RsmC 
TM1665 Hypothetical protein, COG0642:  Signal transduction histidine kinase 
TM1666 Succinyl-diaminopimelate desuccinylase, putative  
TM1667 XylA xylose isomerase 
TM1682 Conserved hypothetical protein, COG2206:  HD-GYP domain 
TM1683 Cold shock protein  
TM1696 Type IV prepilin peptidase  
TM1698 Aspartate aminotransferase  
TM1699 Conserved hypothetical protein, COG2206:  HD-GYP domain 
TM1701 Conserved hypothetical protein, COG0534:  Na+-driven multidrug efflux pump, 

NorM 
TM1702 Hypothetical protein 
TM1704 Hypothetical protein, COG0760:  Parvulin-like peptidyl-prolyl isomerase, SurA 
TM1706 Transcription elongation factor, GreA/GreB family 
TM1707 Conserved hypothetical protein, COG1327:  Predicted transcriptional regulator, con-

sists of a Zn-ribbon and ATP-cone domains 
TM1713 Proline dipeptidase, putative  
TM1714 UDP-N-acetylenolpyruvoylglucosamine reductase 
TM1718 Ribulose-phosphate 3-epimerase  
TM1719 DNA mismatch repair protein, MutS 
TM1720 Conserved hypothetical protein, COG0454:  Histone acetyltransferase HPA2 and 

related acetyltransferases, WecD 
TM1723 Conserved hypothetical protein, COG1228: Imidazolonepropionase and related ami-

dohydrolases, HutI 
TM1730 Holliday junction DNA helicase, RuvB 
TM1734 Phosphate transport system regulator PhoU, putative  
TM1746 Oligopeptide ABC transporter, periplasmic oligopeptide-binding protein 
TM1747 Oligopeptide ABC transporter, permease protein 
TM1748 Oligopeptide ABC transporter, permease protein 
TM1749 Oligopeptide ABC transporter, ATP-binding protein 
TM1750 Oligopeptide ABC transporter, ATP-binding protein 
TM1751 Endoglucanase 
TM1752 Endoglucanase 
TM1754 Putative butyrate kinase 
TM1755 Phosphate butyryltransferase  
TM1756 Branched-chain-fatty-acid kinase, putative 
TM1761 Excinuclease ABC, subunit B, UvrB 
TM1765 N utilization substance protein B 
TM1768 Exodeoxyribonuclease VII, large subunit, XseA  
TM1775 Hypothetical protein, COG0658:  Predicted multitransmembrane, metal-binding 
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protein, ComEC 
TM1776 Ferric uptake regulation protein 
TM1777 N utilization substance protein A, NusA 
TM1797 Conserved hypothetical protein, COG1518:  Uncharacterized ACR 
TM1818 Chromate transport protein, putative 
TM1819 Chromate transport protein, putative 
TM1820 GMP synthase 
TM1822 FtsH protease activity modulator HflK 
TM1823 FtsH protease activity modulator HflC  
TM1834 α-glucosidase  
TM1835 Cyclomaltodextrinase, putative 
TM1836 Maltose ABC transporter, permease protein 
TM1839 Maltose ABC transporter, periplasmic maltose-binding protein 
TM1840 α-amylase, AmyA 
TM1845 Pullulanase 
TM1847 ROK family protein 
TM1848 Cellobiose phosphorylase 
TM1851 α-mannosidase  
TM1852 Conserved hypothetical protein, COG2152:  Predicted glycosylase 
TM1853 Sugar ABC transporter, permease protein 
TM1854 Sugar ABC transporter, permease protein 
TM1855 Sugar ABC transporter, periplasmic sugar-binding protein, putative 
TM1856 Transcriptional regulator, LacI family 
TM1858 RecX protein, putative 
TM1859 DNA repair protein, RecA 
TM1865 Endonuclease V 
TM1866 Membrane bound protein LytR, putative 
TM1867  L-lactate dehydrogenase  
TM1869 ATP-dependent protease LA, putative, LonB 
TM1870 MinD septum site determining prot. 
TM1874 Cold shock protein 
TM1876 Conserved hypothetical protein, COG0639:  Diadenosine tetraphosphatase and re-

lated serine/threonine protein phosphatases 
TM1878 UDP-sugar hydrolase 

 


