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Significant growth phase-dependent differences were noted in the transcriptome of the hyperthermophilic
bacterium Thermotoga maritima when it was cocultured with the hyperthermophilic archaeon Methanococcus
jannaschii. For the mid-log-to-early-stationary-phase transition of a T. maritima monoculture, 24 genes (1.3%
of the genome) were differentially expressed twofold or more. In contrast, methanogenic coculture gave rise to
292 genes differentially expressed in T. maritima at this level (15.5% of the genome) for the same growth phase
transition. Interspecies H2 transfer resulted in three- to fivefold-higher T. maritima cell densities than in the
monoculture, with concomitant formation of exopolysaccharide (EPS)-based cell aggregates. Differential ex-
pression of specific sigma factors and genes related to the ppGpp-dependent stringent response suggests
involvement in the transition into stationary phase and aggregate formation. Cell aggregation was growth
phase dependent, such that it was most prominent during mid-log phase and decayed as cells entered
stationary phase. The reduction in cell aggregation was coincidental with down-regulation of genes encoding
EPS-forming glycosyltranferases and up-regulation of genes encoding �-specific glycosyl hydrolases; the latter
were presumably involved in hydrolysis of �-linked EPS to release cells from aggregates. Detachment of
aggregates may facilitate colonization of new locations in natural environments where T. maritima coexists with
other organisms. Taken together, these results demonstrate that syntrophic interactions can impact the
transcriptome of heterotrophs in methanogenic coculture, and this factor should be considered in examining
the microbial ecology in anaerobic environments.

Despite the fact that microorganisms interact significantly
within their ecological niche, this factor is usually not taken
into account in the context of microbial physiology. One key
limitation in this regard is that methodologies for examining
the influence of one microbial species on another are typically
based on either identification (e.g., 16S rRNA phylogeny [46])
or enumeration (e.g., fluorescent in situ hybridization [12]).
Additional insights into functional outcomes of interspecies
interactions are difficult to obtain. Yet such information is
needed to relate pure culture cellular physiology to the beneficial
and antagonistic elements present in microbial ecosystems.

Syntrophic relationships between microorganisms with com-
plementary growth physiologies are a key part of microbial
ecosystems. One such example in certain anaerobic niches is
the association between fermentative H2 producers and
methanogenic H2 consumers, whereby the inhibitory H2

formed as the by-product of sugar or peptide metabolism
serves as an energy source for the generation of methane (26).
This syntrophy can be found in niches ranging from the mam-
malian digestive tract (24) to anaerobic digesters used for
domestic waste treatment (12). Molecular hydrogen is also a
key chemical species in hydrothermal environments (1) and
likely supports this form of syntrophy; indeed, the pairing of

hyperthermophilic fermentative anaerobes and methanogens
in laboratory cocultures leads to higher growth rates and
higher biomass yields of heterotrophs compared to monocul-
tures (5). Furthermore, the growth rates of certain hyperther-
mophilic methanogens appear to be contingent upon the sup-
ply of available H2 that can be maximized through close spatial
proximity with fermentative anaerobes (26).

The hyperthermophilic bacterium Thermotoga maritima
grows heterotrophically by fermenting a variety of carbohy-
drates, producing H2 as an autoinhibitory by-product (16). In
syntrophic coculture with a hydrogenotrophic methanogen,
such as Methanococcus jannaschii (7), this inhibition is relieved
and cell population density is enhanced through the interspe-
cies transfer of hydrogen (26). In addition to the utilization of
sugars as carbon and energy sources (8, 28), T. maritima also
has been shown to produce exopolysaccharides (EPS) that
serve as the basis for biofilms (35, 36). In fact, when grown to
high cell densities through coculture with the hyperthermo-
philic methanogen M. jannaschii, T. maritima produces EPS
that leads to formation of stable cellular aggregates, which
presumably facilitate interspecies H2 transfer (26). Cellular
aggregation was found to occur initially during mid-log phase
in high-cell-density cocultures, apparently driven, at least in
part, by quorum sensing and cyclic di-GMP regulation (18, 37).
Calcofluor staining indicated that exopolysaccharide was pro-
duced in pure cultures but at a level much lower than that in
the coculture, with aggregation noted only in the coculture
(18). Carbohydrate analysis of the aggregates indicated that
the exopolysaccharide consisted of a polymer of ribose, glu-
cose, and mannose and was likely beta linked due to the pos-
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itive calcofluor staining (18). Transcriptional profiling of expo-
nential-phase T. maritima present in cell aggregates indicated
an increase in uptake of extracellular sugars compared to that
in the pure culture at the same stage of growth. However, sugar
uptake by T. maritima in the exponential-phase coculture was
not coupled to glycolysis and compatible solute formation but
rather was directed toward the production of EPS (18).

The response of the T. maritima transciptome during the
transition into, and existence in, stationary phase in both pure
and syntrophic cultures has not been examined. In general, the
transition from log to stationary phase and transitions within
stationary phase follow different trajectories for microorgan-
isms that depend on the causative agents that decelerate
growth, such as growth substrate limitation (29), accumulation
of inhibitory by-products (5), and imposition of certain forms
of stress (43). The onset of stationary phase is known to be
related to the action of specific regulators, such as sigma fac-
tors, that establish stationary-phase phenotypes involving changes
in morphology, virulence, and survival strategy (29). Indeed, tran-
scriptional analysis of microorganisms driven into stationary
phase by nutrient depletion has highlighted the importance of
global regulators, such as �H, RpoS, and guanosine-3�,5�-(bis)py-
rophosphate (ppGpp), in limiting cellular processes and promot-
ing scavenging and other survival activities (6, 43).

The influence of interspecies interactions is typically not con-
sidered when examining growth phase transitions but clearly can
have a significant impact on microbial physiology. To examine this
issue, a cDNA microarray-based functional genomics approach
was used to determine the influence of interspecies H2 transfer on
growth phase-related transcriptional phenotypes of T. maritima in
coculture with M. jannaschii. It is clear from the results of this
study that markedly different physiological and transcriptional
states arise from interspecies interactions that are variable both
between and within growth phases. While the focus of this work
is on hyperthermophilic microorganisms, the findings point out
the importance of ecological relationships in examining microbial
physiology in anaerobic environments.

MATERIALS AND METHODS

Growth of microorganisms. T. maritima strain MSB8 and M. jannaschii strain
DSM2661 were grown at 80°C on medium (BSMII) containing: 40 g/liter sea
salts, 5 g/liter tryptone, 3 g/liter yeast extract, 3 g/liter maltose, 3 g/liter pipera-
zine-1,4-bis(2-ethanesulfonic acid) (PIPES), 0.5 mg/liter NaSeO3 · 5H2O, 0.5
mg/liter NiCl2 · 6H2O, 0.25 g/liter NH4Cl, 10 mg/liter Fe(NH4)2(SO4)2 · 6H2O,
1.25 g/liter sodium acetate anhydrate, 1 ml/liter 1% Resazurin, 10 ml/liter
Wolfe’s trace elements, and 10 ml/liter Wolfe’s trace vitamins solution (all from
Sigma Aldrich; components of Wolfe’s vitamin and mineral solutions can be
found in ATCC medium no. 1343). The medium was adjusted to pH 7.0, auto-
claved for sterility, and stored at 4°C until use. For H2 inhibition experiments,
400 ml of medium was dispensed into a 1-liter glass jar sealed with a rubber
septum (Corning, Corning, NY) and heated to 80°C. The medium was then
sparged through a syringe needle with the appropriate gas (100% N2 or 80%
H2–20% CO2) for 1 minute and reduced with 4 ml of a 10% sodium sulfide–10%
L-cysteine HCl solution (pH 8.0) (Sigma-Aldrich). A 1% inoculum of log-phase
cells was used. Culture bottles were agitated at 100 rpm in an oil bath at 80°C. To
study the effects of hydrogen removal, three cases were examined in 400-ml batch
culture. The first case was a reference culture grown with an enclosed headspace
initially filled with nitrogen. The second case tested the effect of N2 sparging on
T. maritima monocultures by having two syringe needles inserted through the
bottle septum, the first of which was supplied with 250 ml per minute of nitrogen
and the second of which was used as a vent. For the coculture of T. maritima
growth with M. jannaschii, both species were inoculated simultaneously into a
bottle with an initial atmosphere of 80% H2–20% CO2 (2 bars). Duplicate

cultures for all conditions were harvested at mid-log phase and pooled with equal
amounts of RNA.

For growth phase experiments, T. maritima was grown with and without M.
jannaschii at 80°C in a 16-liter Microgen sterilizable-in-place fermentor (New
Brunswick Scientific). Ten liters of nonsterile BSMII medium adjusted to pH 7.0
was charged to the fermentor, which was sterilized in place by heating to 100°C
for 20 min. The fermentor was then cooled to 80°C and stirred at 500 rpm with
three Rushton-style impellors for agitation. Temperature was controlled by uti-
lizing the sterilization mode on the fermentor, which heats with steam through an
internal heat exchanger. Once at 80°C, sparging was started using N2 fed at 0.25
liter/min to maintain anaerobic conditions. The medium was reduced by the
addition of 60 ml of 10% sodium sulfide through a septum, and 200 ml of
inoculum was then added via a growth flask fitted with a dip tube. Anaerobic
inoculum (200 ml of either T. maritima or T. maritima/M. jannaschii coculture)
was forced into the fermentor via positive pressure with nitrogen gas through an
addition port on the fermentor. Sparging was not utilized after inoculation in the
coculture experiment in order to prevent removal of hydrogen essential for
methanogen growth. Samples from both the pure culture and the coculture were
taken at mid-log, early stationary, and late stationary phases, after completing
duplicate trial runs under each growth condition to determine accurate growth
curves.

Fluorescence microscopy. Cells were enumerated by fixing culture samples
with glutaraldehyde (Sigma Aldrich; 0.25% final concentration) for 5 min and
then staining the cells by adding small aliquots (�10 �l) to 5 ml of 0.05% acridine
orange (Sigma) and filtering the cells onto 0.2-�m polycarbonate filter mem-
branes (Osmonics), with the goal of having 100 to 300 cells in the field of view.
Ten replicate counts were completed using an eyepiece grid (Nikon). Error
analysis yielded a 15% error associated with counting 100 to 300 cells per field of
view. To capture images, an epifluorescence microscope (Nikon) with appropri-
ate filter sets (Southern Micro Instruments, Marietta, GA) that was fitted with a
digital camera (Spot system; Diagnostic Instruments Inc.) was utilized.

Gas chromatography. Headspace gases were analyzed using a Gow-Mac 400
series gas chromatogram outfitted with a thermal conductivity detector and an
8-ft by 1/8-in. HayeSep Q 80/100 mesh column (Gow-Mac). Standard mixed
gases were used for calibration (National Welders), with a bridge current of 150
mA; oven and detector temperatures of 90°C and 105°C, respectively; and helium
as the carrier gas at a flow rate of 30 ml/min. Cultures used for headspace analysis
were sparged with helium in place of nitrogen during initial reduction.

Microarray protocols. A T. maritima microarray was synthesized from PCR
products as discussed previously (8), representing over 99% of the open reading
frames in the sequenced genome (28). For each RNA extraction, 400-ml samples
were harvested, split into four 100-ml samples, and quickly cooled to 0°C by
immersion in ice water. The harvested cells were then immediately centrifuged at
13,000 � g (25 min at 4°C). The supernatant was discarded, and the RNA was
extracted from cell pellets, from which cDNA was synthesized, labeled through
indirect incorporation, and hybridized to the microarray by the methods de-
scribed previously (38). The experimental designs for the gene expression studies
were completed following recommended guidelines (20) by utilizing independent
loops for both the hydrogen removal study (three-condition loop) and the com-
parison of growth phases (six-condition loop). Microarray slides were scanned
using the appropriate laser power to balance the Cy3 and Cy5 signals with a
Perkin-Elmer ExpressLite scanner (Perkin-Elmer). Raw, uncorrected quantita-
tion of spots was completed using ScanArray (Perkin-Elmer), and data analysis
was completed as discussed previously (8), utilizing a mixed-model analysis-of-
variance-based analysis to generate both least-squared mean expression data and
Bonferroni-corrected (47) fold change data. Unless otherwise noted, gene an-
notation is from the COG database at NCBI (44).

The cross-hybridization of M. jannaschii labeled cDNA with the T. maritima
microarray was expected to be minimal, since M. jannaschii comprised a small
fraction of the coculture and the genomes for these two organisms show less than
80% identity at the nucleotide level (32, 48). To verify this, RNA from M.
jannaschii was labeled using the protocols explained above and tested for cross-
hybridization by hybridizing the labeled samples to the T. maritima microarray.
No cross-hybridization of the M. jannaschii RNA was detected on the scanned
slides at full laser power.

Independent confirmation with real-time PCR. A biological repeat of both the
pure and coculture growth curve experiments was completed, with selected genes
analyzed for expression in both replicate experiments. The following genes and
primers were utilized: TM0767 (5�-CGCATTGCCACAAGAAAGTA-3� and
5�-CCCGTGTTCACATAGGGAAT-3�), TM1451 (5�-AGGCTTGTTGTCAGT
ATAGCCA-3� and 5�-CTACCGCCTTCAGAAGTCCTAT-3�), TM1598 (5�-GAT
GTCGTTCAGGATGTGTTTT-3� and 5�-GACATTCACGGCTATCCTGTA
G-3�),TM1662 (5�-TTGCGTACTCCACTACAGGAAC-3� and 5�-ACGATG
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AGATCGACCCTTTTAT-3�), and TM1834 (5�-AGGAGCAGATTCTGAAAT
AGGC-3� and 5�-GGACGGATTTTCTTTGATGAAC-3�). cDNA for each
growth condition and replicate was synthesized using Superscript III (Invitro-
gen). Real-time PCRs were carried out with iQ SYBR Green Supermix (Bio-
Rad) with 20-�l reaction mixtures containing both primers at a concentration of
250 nM, using the iCycler iQ real-time PCR detection system (Bio-Rad). Tem-
plate cDNA was added to the test reaction mixtures at 2.4 ng per reaction, and
a standard curve was completed for each gene represented using cDNA added in
fourfold serial dilutions in the range from 0.15 ng to 38.4 ng of cDNA. The PCR
efficiency and cycle thresholds were calculated using the iCycler iQ software
(Bio-Rad), and the fold changes were calculated by the method of Pffafl (33). A
melt curve analysis was completed and confirmed that homogeneous PCR prod-
ucts were generated with no nonspecific amplification. Calculated fold changes
from real-time PCR for both biological repeats were in agreement with the
microarray results (Table 1).

RESULTS AND DISCUSSION

The objective of this study was to examine transcriptional
and physiological changes with respect to growth phase and
population density in T. maritima as a consequence of syntro-
phic coculture with M. jannaschii. A whole genome cDNA
microarray was used to interrogate samples of T. maritima
obtained at different stages of growth in both pure culture and
coculture. The fact that no significant cross-hybridization of
the T. maritima microarray with M. jannaschii was noted facil-
itated the functional genomics approach described here.

Transition from log to stationary phase in T. maritima pure
culture and coculture. Cell densities (Fig. 1B), epifluorescence
micrographs (Fig. 1A), and volcano plots (Fig. 1C) are shown
for T. maritima pure culture and coculture with M. jannaschii
as a function of growth phase, comparing mid-log phase, early
stationary phase, and late stationary phase. T. maritima was
indeed inhibited in growth by the presence of hydrogen and
could not be grown with a hydrogen-pressurized headspace.
While the growth rates of the pure culture and coculture were
similar (Fig. 1B), the corresponding maximum cell densities
were appreciably different; the coculture peaked at more than
109 cells/ml, compared to 2 � 108 to 3 � 108 cells/ml for the
monoculture. The lower cell density of the T. maritima pure
culture relative to the coculture was apparently more the result
of H2 inhibition than nutrient limitation and could be the
reason for the more abrupt transition to stationary phase in the
pure culture. Gas chromatogram analysis of the headspace of
stationary-phase cultures indicated that no methane is pro-
duced by T. maritima, while M. jannaschii cultures averaged

5.1% methane in their headspace, compared to 11.1% meth-
ane in M. jannaschii/T. maritima cocultures, suggesting that
the coculture relationship enhances the growth of the meth-
anogen.

Genes encoding starvation response proteins, such as SurE,
an acid phosphatase that acts to scavenge phosphate under
conditions of phosphorus limitation (51), and known carbohy-
drate utilization pathways in T. maritima (8) did not respond in
the transition from mid-log to early stationary phase in the
pure culture. In addition, regulatory proteins, including sigma
factors, were not differentially expressed during this transition.
A likely cause for the onset of stationary phase in the pure
culture was the buildup of inhibitory H2, bottlenecking core
metabolic processes in T. maritima.

Indeed, contrasts in differential expression between a quies-
cent pure culture, a pure culture sparged with inert gas to
remove inhibitory H2, and a coculture with M. jannaschii sup-
ported this hypothesis. ABC transporters for amino acids, pep-
tides, and sugars were up-regulated in both the sparged culture
and coculture cases relative to the quiescent culture, suggest-
ing that hydrogen inhibition was alleviated to some extent by
H2 removal (see Table S1 in the supplemental material). In the
quiescent culture, compared to the other two cases, up-regu-
lation of core metabolism genes was noted, consistent with
reduced metabolic efficiency attributed to H2 inhibition and a
shift to a lower redox state. Furthermore, heterotrophic ther-
mophiles have been observed to form lactate and ethanol as
by-products in the absence of elemental sulfur (45). Ethanol
accumulation in T. maritima could be responsible for the ob-
served up-regulation of �E, which is known to be responsive to
thermal stress in T. maritima (34). In Escherichia coli mutants
resistant to elevated ethanol concentrations, the overexpres-
sion of chaperones was found to be necessary for survival (13).
Here, chaperones and protein repair-related open reading
frames were expressed at the highest levels in the quiescent
pure culture.

Not only was population density a distinguishing factor be-
tween pure culture and coculture, but the corresponding tran-
scriptomes were substantially different (Fig. 1C). Transcrip-
tional response analysis showed that 24 genes changed twofold
or more in the pure culture (1.3% of the T. maritima genome)
between mid-log and early stationary phases (Table 2). Of note
was the down-regulation of molecular chaperones, such as

TABLE 1. Confirmation of microarray-based transcriptional results for the transition from mid-log to early stationary phase with real-time
PCR complemented with an independent biological repeat

Gene Annotation

Fold changea

Coculture Pure culture

Biological
repeat 1,
real-time

PCR

Biological
repeat 2,
real-time

PCR

Biological
repeat 1,

array results

Biological
repeat 1,
real-time

PCR

Biological
repeat 2,
real-time

PCR

Biological
repeat 1,

array results

TM0767 Maltosyltransferase �1.8 �2.6 �3.3 �1.1 �1.0 NC b

TM1451 RNA polymerase, sigma A subunit 3.3 2.2 2.0 1.6 1.1 NC
TM1598 RNA polymerase, sigma E subunit 6.6 4.0 5.0 1.3 1.8 NC
TM1662 SurE stationary-phase survival protein 1.0 �1.3 NC �1.2 1.1 NC
TM1834 Alpha-glucosidase �1.3 �1.9 NC �1.1 �1.1 NC

a All microarray-deduced fold changes are significant based on the Bonferroni correction. Real-time PCR data analysis was conducted as previously described (33).
b NC, no change.
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GroES (eightfold) and GroEL (ninefold), presumably a reflec-
tion of decreased protein synthesis in stationary phase. In
contrast to the case for the pure culture, 292 genes responded
twofold or more (15.5% of the T. maritima genome) for the
same phase transition in the coculture (see Table S2 in the
supplemental material). Cell aggregation was extensive during
mid-log phase (when cell densities reached 5 � 108 cells/ml).
In mesophilic microorganisms, aggregate formation leading to
biofilms can be triggered by stresses, such as starvation (10), or
by a cell density-dependent response, such as quorum sensing
(11). Indeed, previous work showed that population density-
triggered EPS formation occurred in T. maritima cocultures
during exponential phase (18). Here, however, aggregation was
significantly reduced as the coculture entered stationary phase

and was nonexistent in late stationary phase (Fig. 1B). The
reasons for this may be related to observations that some
mesophilic bacteria deliberately detach during certain growth
phases to escape from the biofilm matrix (3, 19, 39). The
mechanism for detachment is usually enzyme based, with spe-
cific activity towards elements comprising the biofilm (3, 19).
Furthermore, microorganisms clustered together stand a
greater chance of colonizing new environments than do indi-
vidual cells; this is especially important in situations where
syntrophic relationships exist so that deliberate detachment is
advantageous compared to gradual biofilm erosion (39). A
similar strategy may have been operational in the T. maritima
coculture. While transporters and nutrient-scavenging genes
are often more highly expressed in stationary phase due to
nutrient limitation (15), this does not appear to be the case in
the coculture. ABC transporters and carbohydrate-active en-
zymes up-regulated during the stationary-phase transition
were from a broad distribution of carbohydrate-active enzymes

FIG. 1. Growth of T. maritima in pure culture and in coculture with
M. jannaschii. (A) Epifluorescence micrographs of pure culture and
coculture corresponding to the growth curves are shown from left to
right. After inoculation, the pure culture grew without aggregating to
a density of above 108 cells/ml before entering a prolonged stationary
phase, during which time the T. maritima cell morphology changed
from rods to cocci. The coculture began to aggregate once cell densi-
ties reached approximately 5 � 108 cells/ml until entering stationary
phase (�109 cells/ml). In stationary phase, cells detached from aggre-
gates, and by 24 h they displayed coccoid morphology similar to what
is seen in the pure culture during late stationary phase. (B). Growth
curves for T. maritima grown in pure culture and in coculture with M.
jannaschii. Error bars indicate standard deviations. (C) Volcano plots
comparing expression profiles of pure T. maritima culture (top) and
coculture of T. maritima with M. jannaschii (bottom) during the tran-
sition of growth phases from mid-log to early stationary phase. The x
axis is the log2 fold change from mid-log to early stationary phase, and
the y axis is the �log10 P value for the calculated fold change.
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(Table 3). Despite the fact that the growth medium was mal-
tose based, maltose-directed ABC transporters (TM1836
andTM1839) and related glycosidases (TM1835) were down-
regulated, while genes encoding enzymes for the degradation
of �-glycans (e.g., TM0024, TM0070, TM1231, TM1524, and
TM1752) were up-regulated during the transition to stationary
phase in the coculture (Table 3). This suggests that the
�-linked saccharide components of EPS produced during ex-
ponential growth may have been degraded, released, and
transported back into the cell to be reused. It also appears that
the onset of stationary phase for T. maritima in the coculture
was not driven by nutrient limitation. For example, no differ-
ential expression was noted for the gene encoding a stationary-
phase survival protein, SurE (TM1662), and as mentioned
above, the maltose-specific transport and degradation genes
were down-regulated in the coculture. In addition, the rich
growth medium used here had relatively high carbon and ni-
trogen contents compared to the quantity of biomass pro-
duced. Neither cell aggregate formation nor differential ex-
pression of any carbohydrate-active enzymes and transporters
was noted in the pure culture during the transition into sta-
tionary phase.

Comparisons between phase-dependent phenotypes in pure
culture and coculture. In addition to tracking differential ex-
pression for points along the growth curves for the pure culture
and coculture, transcriptional contrasts between the pure cul-
ture and coculture for the equivalent points on their growth
phase trajectories were examined. Thirty-five genes were dif-
ferentially expressed twofold or more between the mid-log
phase of the pure culture and the mid-log phase of the cocul-
ture, including 24 genes that were up-regulated in the pure

culture, mostly related to central metabolism and chaperones
(see Table S3 in the supplemental material). The 11 genes that
were up-regulated in the coculture included those for an 	-glu-
curonidase (41) (TM0434, �2.0-fold in coculture), an 	-gluco-
sidase (4) (TM1834, �4.6-fold in coculture), and several
hypothetical proteins. Forty-four genes were differentially ex-
pressed twofold or more between late-stationary-phase pure
culture and late-stationary-phase coculture, mainly central me-
tabolism genes (see Table S3 in the supplemental material).
Late-stationary-phase cells in both the pure culture and cocul-

TABLE 2. Differentially expressed genes in T. maritima during
the transition from mid-log to early stationary phase

in pure culture growth

Gene Annotation Fold
changea

TM_rnpB RNAse P RNA 3.0
TM0317 Cation transport ATPase 2.2
TM0373 Molecular chaperone �5.5
TM0374 Small heat shock chaperone �3.4
TM0456 Ribosomal protein L10 �2.0
TM0504 Predicted signaling peptide (15) 2.2
TM0505 Cochaperonin GroES �7.9
TM0506 Chaperonin GroEL �8.8
TM0571 Trypsin-like serine proteases 2.3
TM0729 ppGpp synthetases 2.5
TM0807 Peroxiredoxin �3.5
TM0849 DnaJ-class molecular chaperone �2.3
TM1286 Methionine synthase II �3.1
TM1369 Possible ABC-type transport system 2.5
TM1370 Possible ABC-type transport system 2.5
TM1371 Selenocysteine lyase 2.8
TM1372 NifU homolog (Fe-S clusters) 2.0
TM1375 Spermidine-binding periplasmic protein 2.0
TM1434 Conserved hypothetical protein 2.0
TM1435 Predicted coenzyme A-binding protein 2.0
TM1533 Ferredoxin-like protein 2.2
TM1536 Predicted membrane protein 4.0
TM1867 Malate/lactate dehydrogenases 2.2
TM1874 Cold shock proteins 2.4

a All fold changes are significant based on the Bonferroni correction.

TABLE 3. Carbohydrate-active enzymes and ABC transporters
in T. maritima that were differentially regulated during the

transition from mid-log to early stationary phase in
coculture with M. jannaschii a

Gene(s) Annotation Fold
change

TM0024 Laminarinase 3.0
TM0030–31 �-Glucan ABC transporter subunits 2.1, 3.4
TM0070 Xylanase 2.2
TM0071 Xylan ABC transporter subunit 7.2
TM0114 Putative monosaccharide ABC

transporter subunit
2.5

TM0123 Metal ABC transporter subunit 2.4
TM0300–302 Unknown ABC transporter

subunits
3.3, 2.1, 2.0

TM0310 Galactosidase 2.2
TM0418 Maltose ABC transporter subunit 2.2
TM0430–432 Putative pectin ABC transporter

subunits
3.1, 2.5, 4.4

TM0433 Pectate lyase 2.4
TM0533 Unknown ABC transporter �2.1
TM0624 F1 glycosyltransferase 2.4
TM0627 F1 glycosyltransferase �2.0
TM0633 Predicted GH73 2.6
TM0752 Glucuronidase 2.3
TM0767 Maltosyltransferase �3.3
TM0958 Ribose ABC transporter subunit 2.7
TM1064 Rhamnose ABC transporter

subunit
2.0

TM1068 Glururonidase 1.9
TM1199 Lactose ABC transporter subunit 2.0
TM1223 �-Glucan ABC transporter subunit 2.3
TM1227 Mannase 1.9
TM1231 Mannosidase 2.9
TM1232–35 Unknown ABC transporter

subunits
3.4, 2.1,

2.7, 5.3
TM1524 Endoglucanase 2.1
TM1525 Endoglucanase 1.8
TM1650 Amylase 2.1
TM1746–49 Mannan ABC transporter

subunits
2.1, 2.9,

2.4, 2.1
TM1751 Endoglucanase 2.0
TM1752 Endomannase 2.0
TM1834 Glucosidase NCb

TM1835 Cyclomaltodextrinase �1.9
TM1836 Maltose ABC transporter subunit �2.3
TM1839 Maltose ABC transporter subunit �2.8
TM1840 Amylase 1.9
TM1848 Cellobiose phosphorylase 2.1
TM1851 Mannosidase 3.0
TM1853–55 Putative sugar ABC transporter

subunits
2.9, 5.7, 22.6

a No statistically significant fold changes were noted for the same transition
in the pure culture. Annotations are based from the work of Conners et al.
(9), with the exception of TM0624, and TM0627, which are annotated from
the COG database (44).

b NC, no change.
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ture were comparable in appearance, characterized by a shift
in T. maritima from the rod-like morphology noted in expo-
nential growth to a coccoid-like morphology in stationary
phase, with no evidence of dividing cells. To investigate the
viability of T. maritima and T. maritima/M. jannaschii coculture
in extended stationary phase, both were inoculated and al-
lowed to grow at 80°C into stationary phase. Samples were
drawn from each culture every 12 h and inoculated as a 1%
inoculum into fresh, sterile medium. Even after 120 h at 80°C,
both cultures contained viable cells, which grew quickly (lag
phase of less than 3 h) to cell densities characteristic of pure
culture and cocultures.

The most significant differences between the pure culture
and coculture were associated with early stationary phase,
where 240 genes were differentially expressed twofold or more
(see Table S3 in the supplemental material). These consisted
of 127 genes expressed higher in the pure culture, of which
over half were central metabolism-related genes, and 113
genes detected at higher levels in the coculture. Genes up-
regulated in the stationary-phase coculture included those for
a large number of ABC transporter components (30 genes in
all) and carbohydrate hydrolases, including an 	-glucosidase
(TM1834, �3.8-fold), a pectate lyase (TM0433, �3.5-fold), an
	-mannosidase (TM1231, �3.0-fold), two alpha-glucuronidases
(TM0055, �2.1-fold; TM1068, �2.6-fold), two endoglucanases
(TM0305, �2.0-fold; TM1751, �2.1-fold), a laminarinase
(TM0024, 2.1-fold), an 	-galactosidase (TM0310, �2.1-fold),
and an endoxylanase (TM0061, �2.2-fold). The up-regulation
of the carbohydrate hydrolases and transporters in the cocul-
ture likely reflects the processing of EPS associated with cell
aggregates as discussed above.

Differential expression of regulatory proteins. Regulatory
mechanisms in T. maritima that potentially contribute to the
transition between growth phases and aggregation, maturation,
and detachment of cell aggregates include sigma factors,
ppGpp, and cyclic di-GMP. Equally important to note are
stationary-phase regulatory proteins that apparently do not
exist in the T. maritima genome but are present and necessary
for survival in model mesophilic microorganisms. Examples of
such regulatory proteins not encoded in the T. maritima ge-
nome include starvation response regulators FadR (14) and
Lrp (52), global regulators UspA (23) and RpoS (21), the
programmed cell death system MazEF (2), DNA protection
protein Dps (27), and the SOS polymerase system, which fa-
cilitates beneficial mutations (49). The roles of the few regu-
latory systems that do exist in T. maritima are likely to be
particularly important for growth phase transitions and sur-
vival. Expression profiles (based on least-squares mean) of
four identifiable sigma factors in the T. maritima genome (�H

[TM0534], �28 [TM0902], �A [TM1451], and �E [TM1598]
[28]) were examined (Fig. 2). �H responds strongly during
stationary phase in Bacillus subtilis, controlling the formation
of spores and inducing the organism into stationary phase (6).
Here, the �H homolog (TM0534) was not differentially ex-
pressed during or between exponential and stationary phases
for either pure culture or coculture (Fig. 2). Many genes under
control of �H in B. subtilis are involved in adaptation to nutri-
ent deficiency (6). Since T. maritima was grown here in a
nutrient-rich medium, the fact that �H was not differentially
expressed is not surprising. In E. coli, RpoS (�S) is required for

stationary-phase survival, along with a required lipoprotein
(NlpD), an L-isoaspartate methyltransferase (Pcm), and a sta-
tionary-phase survival protein (SurE) (51). An RpoS ortholog
has yet to be identified in T. maritima, and therefore a different
sigma factor or regulatory protein likely regulates stationary-
phase physiology. Putative T. maritima homologs do exist for
NlpD (TM0409) and for Pcm (TM0704) and SurE (TM1662)
(51). It is interesting to note that all three genes were not
differentially expressed in the growth phase contrasts or in the
sparged culture and coculture comparisons.

Both �A and �E were up-regulated during the transition
from mid-log to early stationary phase in the coculture (Fig. 2).
�E in mesophilic bacteria is often involved in cellular stress
responses, such as heat shock (50), protein aggregation (50),
and oxidative stress (29). �A in mesophiles is known to regulate
housekeeping functions and RNA genes transcribed during
active growth (6). In previous studies with T. maritima, it was
noted that �A was up-regulated in biofilm cells compared to
planktonic cells (35) and under conditions of heat stress (34).
In this study, �A and �E both responded to H2 inhibition in the
quiescent pure culture during exponential growth and were
up-regulated compared to conditions of hydrogen removal
(�A, �4.0-fold versus coculture and �4.3-fold versus sparged;
�E, �2.1-fold versus coculture and �2.1-fold versus sparged).
Up-regulation of �A and �E likely reflects a lowered metabolic
efficiency and increased levels of stress in H2-inhibited T. ma-
ritima, which in the absence of sulfur may generate lactate and
ethanol as by-products (45), leading to intracellular protein
denaturation.

TM0902, which belongs to the COG 1191 group of �28-
related regulators, was down-regulated in both sparged culture
and coculture compared to the quiescent culture (�2.5-fold for
coculture and �2.4-fold for sparged pure culture). Members of
this COG have been shown to induce the expression of flagel-
lar proteins in E. coli (22). For example, the �28-related sigma
factor identified in the genome of another hyperthermophilic
bacterium, Aquifex aeolicus, and closely related to TM0902
(31% identity and 60% similarity over 90% of the protein), was
shown to restore the motility of an E. coli �28 mutant (40).

FIG. 2. Relative expression as shown by the least-squares mean
expression of putative sigma factors in T. maritima under conditions of
hydrogen removal (C, coculture) compared to that of hydrogen accu-
mulation (P, quiescent pure culture) for mid-log (ML), early-stationary
(ES), and late-stationary (LS) phases transitions.
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Higher expression of TM0902 in the pure culture perhaps
indicates an attempt by T. maritima cells to move from stressful
conditions. Hydrogen levels have been shown to modulate
flagellum expression in M. jannaschii (25), and it could be
hypothesized that a similar system may exist in T. maritima.
Several chemotaxis genes were down-regulated in both the
sparged culture and coculture, with a greater number down-
regulated in the coculture (listed here are fold changes in
coculture and sparged culture, respectively, where NC indi-
cates less than twofold: TM0429, �3.1 and �2.8; TM0701,
�2.8 and NC; TM0702, �4.5 and �2.6; TM0718, �2.2 and
NC; TM0904, NC and �2.0; TM0918, �2.2 and NC; TM1428,
�2.0 and NC; predicted flagellar protein TM0219, �3.1 and
NC; and predicted flagellar protein TM0908, 2.1 and NC).

Secondary messengers. Secondary messengers, such as guano-
sine-3�,5�-(bis)pyrophosphate and cyclic di-GMP, play a role in
regulating gene expression in microorganisms by influencing
the efficiency of binding of sigma factors to RNA polymerase
(29–31) and modulating enzyme activity (17), respectively.
ppGpp, a hormone-like nucleotide which mediates the prefer-
ential binding of sigma factors in response to the nutritional
quality of the extracellular environment, is produced by two
different classes of enzymes that are utilized to detect amino
acid starvation (RelA), and carbon starvation or stress (SpoT)
(29). T. maritima contains putative homologs to RelA
(TM0729) and its accessory gene product GppA (TM0195),
while a homolog to SpoT has yet to be identified. In T. mari-
tima, TM0195 was up-regulated nearly twofold during the tran-
sition from mid-log to early stationary phase in the coculture,
while TM0729 was up-regulated during the same transition
in both the pure culture and coculture (�2.4-fold for cocul-
ture and �2.5-fold for pure culture), suggesting an en-
hanced ability to detect amino acid starvation in both cul-
tures in stationary phase.

Cyclic di-GMP is apparently involved in controlling biofilm
formation processes in T. maritima (18, 37) as well as in me-
sophilic bacteria, such as Acetobacter xylinum (42). Here, dif-
ferential expression of cyclic di-GMP-related genes was not
observed during the transition to stationary phase in either the
pure culture or coculture. However, differential regulation of
this system was seen during batch growth comparing the co-
culture to the hydrogen-accumulating condition. In particular,
a putative cyclic di-GMP cyclase (TM1788) was up-regulated
4.2-fold in the coculture compared to the quiescent pure cul-
ture, while the putative cyclic di-GMP phosphodiesterase
(TM1184) was down-regulated 2.6-fold under the same com-
parison. In the comparison between the sparged and quiescent
cultures, TM1184 was down-regulated 3.4-fold. Because GGDEF
domain proteins are known to respond to environmental fac-
tors for the regulation of cyclic di-GMP (17), it may be that the
differential expression of these genes relates to the nutritional
quality of the extracellular environment more than to growth
rate or population density.

Summary. In this study, it was shown that, when grown at
high cell densities through syntrophic coculture with M. jann-
aschii, T. maritima cycles through aggregate formation, matu-
ration, and detachment likely mediated by the action of car-
bohydrate-active enzymes and transporters. While it is likely
the transition to stationary phase in the T. maritima coculture
falls under the control of specific sigma factors and ppGpp

regulation, the aggregation life cycle may also be affected by
quorum sensing. It has been previously shown the aggregation
process appears to be regulated, at least in part, by TM0504, a
small peptide that induces the transcription of EPS-forming
glycosyltransferases upon its accumulation in the culture su-
pernatant (18). In this study, the expression of this gene
changed very little during the transition from mid-log phase to
early stationary phase in the coculture. However, it was already
expressed within the top 7% of all genes in mid-log phase,
suggesting that the maximum dynamic range of this sensing
system may have been reached early in coculture growth.

The importance of interspecies interaction in examining mi-
crobial physiology is underlined by the results of this study. T.
maritima grown in pure batch culture was driven into station-
ary phase at a relatively low cell density by H2 inhibition. The
cell aggregation cycle and the effects of population density
were seen for T. maritima only when it was grown in high-
density coculture with M. jannaschii. Overall, this work illus-
trates the point that ecological interactions are an essential
element to be considered in studying microbial physiology and
that functional genomics approaches can be used to comple-
ment classical microbiological methods for this purpose.
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