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In Mycobacterium tuberculosis, the sensor kinases DosT and DosS activate the transcriptional regulator
DosR, resulting in the induction of the DosR regulon, which is important for anaerobic survival and perhaps
latent infection. The individual and collective roles of these sensors have been postulated biochemically, but
their roles in vivo have remained unclear. This work demonstrates distinct and additive roles for each sensor
during anaerobic dormancy. Both sensors are necessary for wild-type levels of DosR regulon induction, and
concomitantly, full induction of the regulon is required for wild-type anaerobic survival. In the anaerobic
model, DosT plays an early role, responding to hypoxia. DosT then induces the regulon and with it DosS, which
sustains and further induces the regulon. DosT then loses its functionality as oxygen becomes limited, and
DosS alone maintains induction of the genes from that point forward. Thus, M. tuberculosis has evolved a
system whereby it responds to hypoxic conditions in a stepwise fashion as it enters an anaerobic state.

Tuberculosis continues to have a serious impact on global
health, with 8.8 million new cases reported in 2005 giving rise
to 1.6 million deaths, or roughly 4,400 deaths per day (43).
Mycobacterium tuberculosis has the capability of residing in its
human host for decades without causing clinical symptoms.
Despite this latency of infection, the bacilli maintain their
ability to reactivate and cause disease (10, 37). An estimated
one-third of the world’s population is currently latently in-
fected with M. tuberculosis, and approximately 10% of those
infections will reactivate to acute disease.

Mycobacteria are strict aerobes, but M. tuberculosis encoun-
ters microaerobic environments during the course of infection.
This likely occurs in mature granulomas, which are known to
be avascular, inflammatory, and necrotic, conditions shown to
have low levels of oxygen (1, 8, 17, 27, 42). It is commonly
thought that these lesions are the site of dormant bacilli re-
sponsible for latent infection. However, other reports have
detected mycobacterial DNA in visibly normal lung tissue (15),
as well as adipose tissue (23), and interestingly, adipose tissue
has been associated with hypoxia, as well as the presence of
nitric oxide (NO) (25, 35, 44, 48). M. tuberculosis can survive
for long periods of time in a nonreplicating anaerobic state in
vitro as well (13). The anaerobic nonreplicating persistence
model, developed by L. G. Wayne, theoretically emulates as-
pects of in vivo latency conditions. Through several iterations
of the model (reviewed in reference 41), it was refined, and in
its most contemporary form consists of sealed and slowly
stirred cultures with a defined headspace of one-half of the
culture volume. This permits the bacteria to slowly exhaust the

supply of oxygen, allowing time to adapt to anaerobic condi-
tions. As oxygen is consumed, culture optical density (OD)
stops increasing and growth ceases (39). Slow adaptation is
necessary in order for the bacilli to undergo the changes re-
quired for their long-term survival (32, 39). Oxygen deprivation
is thought to parallel oxygen diminution during infection, with
oxygen becoming limited as a result of necrosis and calcifica-
tion of the granuloma (40). The resultant nonreplicating state
is thus thought to be analogous to that of dormant bacilli
during latent infection.

The DosR regulon is expressed in response to hypoxia, NO,
and carbon monoxide (CO) and is thought to be important for
early adaptation to these stimuli, as well as long-term survival
in the host (2, 19, 20, 30, 31, 36, 46). Despite induction by other
gases, the presence of oxygen itself inhibits induction of the
regulon (20, 28, 29, 33). Specific growth conditions, such as
stationary phase and settled cultures, also induce the DosR
regulon (12, 22, 45). Under these conditions, low oxygen ten-
sion is again thought to be the stimulus. The DosR regulon is
regulated by the response regulator DosR (DevR, Rv3133c)
and was recently shown to be positively regulated by PhoP
(Rv0757) to a basal level during aerobic growth (14). DosR is
activated by two sensor histidine kinases, DosT (Rv2027c) and
DosS (DevS, Rv3132c). The activation of DosR occurs through
autophosphorylation of either of the sensors, followed by
transfer of the phosphate to DosR (26). dosS is itself part of
the DosR regulon, and thus its regulation is also controlled by
DosR (36). dosT is adjacent to one of several regions contain-
ing DosR regulon genes; however, it does not itself appear to
be induced by DosR (30, 36). dosT is expressed in aerobic
cultures, and its expression is unaltered after 48 h of defined
(0.2%) low-level oxygen (28, 30). Despite the similar sequences
of the sensors, their efficiencies under similar conditions have
been differentially reported. In one report, DosT was shown to
be more efficient than DosS at autophosphorylation and phos-
photransfer (26), although the converse was demonstrated in a
second report (28).
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The ability of NO and CO to induce the DosR regulon is
congruent with what is known of these sensors. Both of these
gases can bind to the heme irons of DosT and DosS, possibly
serving to displace O2, resulting in activation of the sensor (9,
21, 33, 47). A related model indicates that NO and CO can only
bind to the sensors when the iron is in its ferric form (20). After
the gases are thus bound, because of their high affinity for the
heme irons, they have the effect of locking the sensor in an
active state. Also, both of these gases also reversibly inhibit
respiration via interaction with the heme group of cytochrome
oxidase (7, 11). Therefore, physiologically, the bacillus re-
sponds to inhibition of respiration by induction of the DosR
regulon regardless of whether the source of the inhibition is
hypoxia or respiration-blocking gases.

DosT and DosS both contain GAF (cGMP, adenylyl cyclase,
FhlA) domains, which are small-molecule binding regulatory
domains found throughout prokaryotes and eukaryotes. Both
DosT and DosS bind heme, and in DosS, the location of heme
binding within the proximal GAF domain is known. The heme
moiety itself binds the divalent gases (NO, CO, O2) responsible
for modulating the activity of the sensor (9, 20, 28, 29, 33).

Based on in vitro biochemical data, two recent reports pro-
posed a model for DosT/S signaling wherein DosS is a redox
sensor and DosT is a hypoxia sensor (9, 20). Aerobically, DosS
is in its inactive Fe3� form as a result of its rapid oxidation (but
not direct binding) by O2 (9, 20). When DosS is reduced to
Fe2�, its autokinase activity is greatly increased; thus, it uses its
oxidation state as a signal for activation (9, 20). Further, it was
demonstrated that flavin nucleotides are capable of reducing
the heme iron of DosS (9). DosT exists aerobically in the
O2-bound form, which is inactive (20, 33), and its resistance to
oxidation removes the possibility of its functioning as a redox
sensor (33). When the protein was deoxygenated, it had sig-
nificantly increased autokinase activity; thus, it uses its oxygen-
ation state as a signal for activation (20). Similar behavior
exists in the homolog of DosT in Mycobacterium smegmatis
(21).

Few studies have focused on the biological relevance of
DosT and DosS and their roles in adaptation to hypoxia and
anaerobic conditions. It has been shown that after 2 h under
0.2% oxygen conditions, dosT and dosS single mutants are only
able to induce DosR regulon expression at 40 to 45% of nor-
mal levels, and bacteria that lack both sensors are completely
unable to induce the expression of DosR-regulated genes (26).
Another study reported that a dosS deletion mutant had no
apparent effect on acr (a member of the DosR regulon) induc-
tion in an overnight settled culture model or after 2 h in 0.2%
oxygen (30). A study that used the Wayne model indicated that
the dosS mutant had a 15-fold decrease in survival by day 40
(5). The dosS mutant, at day 5 of the model, maintains protein
expression levels of DosR regulon proteins, indicating that at
this time point in this particular model, DosT is able by itself
to induce the expression of the DosR regulon (5). These re-
ports indicate the need for further experiments designed to
examine the changing and combinatorial roles of these two
sensors in the bacilli’s adaptation to hypoxic conditions and
eventual anaerobiosis. The literature is unclear about whether
DosT and DosS function simply in an additive fashion to ac-
tivate DosR or rather if they have unique individual roles for
sensing changing environmental conditions.

MATERIALS AND METHODS

Strains and culture conditions. M. tuberculosis wild-type strain H37Rv was the
parent strain for mutant construction. The DosT and DosS deletion mutants were
constructed as previously described (3, 4, 6), and the construct described therein was
a gift from Tsungda Hsu and William R. Jacobs, Jr., at Albert Einstein College of
Medicine. Primers with incorporated restriction sites for amplification of upstream
and downstream regions of dosT and dosS were as follows: dosS upstream forward,
TTTTTTTTCAGAAACTGCGAGGTGCGGGTGGATCGGGG; upstream re-
verse, TTTTTTTTCAGTTCCTGGTCCATCACCGGGTGGCCGC; downstream
forward, TTTTTTTTCCATAGATTGGCTCTTCCGGCCACTCAACGA; down-
stream reverse, TTTTTTTTCCATCTTTTGGACCACTGCGTCGTCGCTTTG);
dosT upstream forward, TTTTTTTTCCATAAATTGGGGCCGTGCAAGCCGC
ACTGT; upstream reverse, TTTTTTTTCCATTTCTTGGTATGTTGACACCGG
AGCTGCGC; downstream forward, TTTTTTTTCACAGAGTGTTGATGGACT
GTGTTCCGACCGCAAGG; downstream reverse, TTTTTTTTCACCTTGTGTG
TCGCACACCAGCGATCGG.

The dosS/T mutant and the dosS/T mutant complemented with dosT consti-
tutively expressed on a plasmid were obtained from David Sherman at the Seattle
Biomedical Research Institute, and their construction was as described previ-
ously (26). dosT and dosS complements were constructed by using the integrative
plasmids pMV361for dosT and pMV306 for dosS (34).

To initiate dormancy, cultures were grown in Dubos Tween albumin medium
(Becton Dickinson) by using a model based on the Wayne nonreplicating per-
sistence, or dormancy, model with a starting culture OD at 600 nm (OD600) of
0.004 (38, 39). Stir bars (12 by 4.5 mm) from VWR were used, and cultures were
stirred with a rotary magnetic tumble stirrer from V & P Scientific (San Diego,
CA). This model differs from the Wayne model in the larger size of the stir bars
and the faster rate of stirring resulting in a more homogeneous population of
bacilli that more rapidly exhausts the available oxygen to anaerobiosis. For
anaerobic chamber experiments, BD BBL GasPak Plus envelopes were used to
achieve anaerobic conditions. Vented culture flasks were placed in sealed
GasPak containers (BD, Franklin Lakes, NJ) and stirred with a starting culture
OD600 of 0.1 in Dubos Tween albumin medium (Becton Dickinson). Anaerobic
indicator strips were used to ensure anaerobiosis. For oxygen levels in the
GasPak containers, a culture of H37Rv was started as described above with the
addition of 9 �g/ml methylene blue, and the OD600 was recorded in an anaerobic
chamber to avoid contamination by atmospheric oxygen.

Cultures treated with NO were exposed to 0.1 mM NO donor diethylenetri-
amine/NO adduct (Sigma) for 1 h. Growth of bacterial cultures was assayed via
OD determination and CFU counting as previously described (16). Experiments
were repeated thrice with independently grown cultures. Statistical significance
was determined by using the paired, two-tailed Student t test and represents the
difference between H37Rv and the mutant strains.

Microarrays. Oligonucleotide-based microarrays were printed in the Univer-
sity of Colorado Denver microarray core by using oligonucleotides purchased
from Operon. Microarrays were processed as previously reported (36). Arrays
were scanned with a GenePix 4000b scanner (Molecular Devices), and spot
intensities were obtained by using GenePix Pro 6.0 (Molecular Devices.) Data
analysis was performed as previously described (36). Microarray data are avail-
able at the NCBI Gene Expression Omnibus website (http://www.ncbi.nlm.nih
.gov/geo/). RNA was extracted, and cDNA was prepared and labeled as previ-
ously described (36). Arrays were repeated in triplicate for the single-mutant
growth experiments and in quadruplicate for the NO experiments. For percent
induction values (Fig. 1), the average spot intensities of DosR regulon genes
were calculated and the percentage of the mutant versus the wild type was
determined.

Real-time PCR. Reverse transcription and quantitative real-time PCR were
performed with gene-specific primers and fluorescent probes designed with the
program FastPCR (18). The primer and probe sequences were as follows:
Rv0239 forward, TGATTCGAACGCAAGTCCAGCTC; reverse, AGATCCGC
ACCATGTGCTCCA; probe, (TCGCGCACGAGCACGAAATG; dosS for-
ward, ACCGGCAGCATCGGGTATTGC; reverse, TCGATGAGCAGCCCGA
TGAC; probe, (AAGGCATCGACGAGGAGACC; dosT forward, TGCGCGG
TTACGACCATAGA; reverse, AGCCGGATCGGCTTTGGCT; probe, TCGA
CGAAGAGACCCGGCACCT. Sequence data for primer design was obtained
from TubercuList (10). Real-time PCR was performed on the Roche LightCycler
480. A reverse transcriptase negative reaction was used to account for residual
DNA, and copy numbers were normalized to the level of Rv0239 transcripts.
These copy numbers were then used to determine the copy number per nano-
gram of total RNA in order to provide a sense of the transcript’s overall abun-
dance. Rv0239 was chosen because of the stability of its transcript level as
determined by microarray analysis throughout a wide variety of experimental
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conditions (data not shown). RNA was obtained through the same extraction
procedure as noted for microarray analysis. Three different biological replicates
were each tested in duplicate. Specificity of primers was confirmed by assaying
the dosT mutant with dosS primers and vice versa and subtracting any back-
ground from the reported values.

RESULTS

Temporal and additive roles of DosT and DosS. We were
interested in determining the conditions under which DosT
and DosS individually play a role in the induction of the DosR
genes. Further, we wanted to address the apparent redundancy
of the sensors and their ability to compensate for one another.
To address these issues, microarray analysis of bacterial cul-
tures under various in vitro conditions was undertaken to elu-
cidate the role of each sensor. The ability of single mutants to
induce the regulon with either dosT deleted (�dosT) or dosS
deleted (�dosS) was compared to that of the wild type.

The anaerobic dormancy model was examined first. In this
model, the bacteria were sealed in glass tubes with stir bars and
over the course of 4 to 5 days the available oxygen in the
medium and headspace was consumed and the culture became
anaerobic. At day 6 of the model, a predominant role of DosS
was observed in the �dosT mutant, where it was responsible for
67% of DosR regulon induction compared to that in the wild-
type strain, as opposed to DosT (in the �dosS mutant), which
was responsible for only 7% (Fig. 1A). However, a role for
DosT was apparent, as DosS alone was unable to induce the
genes to wild-type levels. A specific role for DosT was further
supported by growth data, where the �dosT mutant exhibited
decreased survival (Fig. 2A); however, discovery of this role
proved difficult in this model: at day 5, the DosR regulon
induction was similar to that at day 6, and day 4 was too early
to show gene induction (data not shown). The transition from
aerobic to anaerobic conditions, during which DosT was likely
important, occurred over approximately 24 h, beginning
between 4.5 and 5 days in the anaerobic dormancy model. The
variability in the onset of hypoxia made it difficult to determine
the exact time at which the culture was passing through the
hypoxic phase. Therefore, anaerobic GasPak chambers were
used to provide a more precise period of hypoxia to examine

FIG. 1. DosR regulon induction by DosT or DosS. Shown is the percent induction observed by microarray analysis of the DosR regulon genes
of each mutant compared to those of the wild type (wt). (A) Anaerobic dormancy model sampled at day 6, 1 day after the onset of anaerobiosis.
(B) Anaerobic GasPak chamber sampled at 4 and 24 h with single- and double-sensor mutants. Standard deviation is indicated. The �dosT mutant
is horizontally striped, the �dosS mutant is black, the �dosS/T mutant is cross-hatched, and the �dosS/T mutant with constitutively plasmid-
expressed dosT is diagonally striped. (C) Both DosT and DosS are able to respond to the NO stimulus provided by the NO donor diethylene-
triamine/NO adduct via induction of the DosR regulon. The NO donor was added to log-phase cultures at a concentration of 0.1 mM, and they
were incubated for 1 h. Shown is the percent induction observed by microarray analysis of the DosR regulon genes of each mutant compared to
that of the wild type. Standard deviation is indicated. The white bar indicates data from the �dosT mutant strain, and the black bar indicates data
from the �dosS mutant strain.

FIG. 2. Survival defects of various strains in the anaerobic dor-
mancy model or in an anaerobic GasPak chamber sampled for CFU
counting at the days indicated. (A) In the anaerobic dormancy model,
day 4 is entry into hypoxia and day 6 is 1 day after the onset of
anaerobiosis (data not shown.) Statistical significance of differences: *,
P � 0.01; **, P � 0.001; ***, P � 0.0001. P values were determined
for differences between H37Rv and the mutant strains. Standard de-
viation is indicated. H37Rv is white, the �dosT mutant strain is hori-
zontally striped, the �dosS mutant strain is black, the �dosS/T mutant
strain with constitutively plasmid-expressed dosT is diagonally striped,
the �dosS/T mutant strain is cross-hatched, the complemented �dosS
mutant strain is checked, and the complemented �dosT mutant strain
is gridded. (B) Oxygen utilization in the GasPak chamber by H37Rv,
shown by surveying methylene blue decolorization via OD600 determi-
nation.
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the role of DosT. These chambers became anaerobic over
several hours, as shown by methylene blue decolorization (Fig.
2B; see Fig. S1 in the supplemental material).

With this system, it was observed that DosT plays a signifi-
cant role, with 56% of the wild-type level of induction after 4 h
in the chamber, which then dropped to 8% by 24 h (Fig. 1B).
DosS again exhibited a steadier role, with 45% of the wild-type
level of induction at 4 h and 32% at 24 h. The low overall level
of regulon expression at 24 h in the dosT mutant is presumably
a result of the lack of DosT induction of the regulon early in
the experiment. This would result in a lower level of DosS and
DosR later and thus less overall regulon induction at 24 h.

DosT and DosS are both required for wild-type survival in
the anaerobic dormancy model. The growth behavior of dosT
and dosS single mutants and a double mutant was assayed
throughout different time points in the anaerobic dormancy
model, as well as in the GasPak model, via CFU counting.
Statistically significant intermediate phenotypes of the single
mutants, compared to the wild type and the double mutant,
were observed (Fig. 2A). Up to day 4, all of the strains exhib-
ited very close bacterial numbers. At later time points, when
oxygen became limited, they diverged. The wild-type (H37Rv)
CFU count increased until day 6, after which it slightly droped.
In contrast, survival of the double-knockout (�dosS/T) strain
began to decrease after day 4, continued to drop until day 20,
and was consistently lower than that of the wild type. The
�dosT mutant demonstrated intermediate survival, commen-
surate with its level of DosR regulon expression, which was
lower than that of the wild type and higher than that of the
dosS mutant (�dosS). However, the �dosS mutant demon-
strated a decrease in survival nearly identical to that of the
�dosS/T mutant strain. Interestingly, complementation of the
�dosS/T mutant with a plasmid [�dosS/T(pdosT)], constitu-
tively expressing high levels of dosT, restored survival to wild-
type levels. Similar CFU counts were observed in the GasPak
model.

Loss of DosT function is not attributable to its downregu-
lation. The lack of observed signaling via DosT in the anaer-
obic dormancy model could be attributable to downregulation
of its transcription. This possibility was tested in two ways.
First, a dosS/dosT mutant complemented with dosT constitu-
tively expressed on a plasmid [�dosS/T(pdosT)] was analyzed
via microarray, and its growth and survival characteristics were
observed. Constitutively overexpressed dosT was able to re-
store expression of the DosR regulon in the dosS/T mutant to
levels approximately equal to those of the dosT mutant (Fig.
1A). Additionally, survival was also complemented to wild-type
levels (Fig. 2A). Thus, the phenotypic data correlate with the
expression data, where induction of the DosR regulon results
in complementation of the growth phenotypes. Importantly,
this indicates that functionally, when DosT is present at high
levels during anaerobic dormancy, it is able to induce the
regulon.

To determine the actual level of dosT expression in anaer-
obic dormancy, real-time PCR analysis of dosT transcripts was
undertaken. dosT transcript numbers were slightly higher at
day 6 than during aerobic growth, but the difference was not
significant (Fig. 3). Thus, loss of transcriptional expression of
dosT does not account for the inability of DosT to activate
DosR later in dormancy. In addition, to ensure that expression

dosT is not under the control of DosR, a dosR mutant was
assayed, and transcript levels similar to those of the wild type
were observed. Additionally, the �dosS/T(pdosT) strain was
examined to show that, in fact, dosT was being constitutively
expressed during dormancy from the plasmid, and levels nearly
100-fold higher than that of the wild type were observed. Lev-
els of dosS transcript were monitored as a positive control for
induction of the DosR regulon, and a roughly 1-log increase
was observed between bacilli during aerobic growth and the
same bacilli at day 6. Levels of dosS transcript were highly
reduced in the dosR mutant, as expected.

NO activates both DosT and DosS. NO induces expression
of the DosR regulon (24, 36). To examine the role of each
individual sensor in DosR regulon induction, microarray anal-
ysis of aerobically growing �dosT and �dosS mutant bacilli
stimulated with NO was performed. Both sensors were able to
induce the DosR regulon genes to approximately the same
level (Fig. 1C). These results support the recent findings of
Shiloh et al. that indicate roles for both DosT and DosS in NO
signaling (31).

DISCUSSION

This work exhibits individual, collective, and temporal roles
for DosT and DosS in a widely used model system that is
thought to be physiologically relevant. With the anaerobic dor-
mancy model system, we demonstrated that DosR regulon
expression is induced in a stepwise manner, with DosT only
important early and DosS important late in the model, despite
the fact that DosT is constitutively expressed. Additionally,
survival of M. tuberculosis during anaerobic conditions was
commensurate with the level of DosR regulon expression. This
indicates the importance of the regulon, and specifically these
two sensors working in sequence toward full regulon induction,

FIG. 3. Real-time PCR analysis of dosT and dosS mutant strains
during aerobic growth and day 6 of the anaerobic dormancy model.
dosT mutant strain levels remain relatively constant during anaerobi-
osis with or without the presence of DosR, and dosS mutant strain
levels serve as a control for DosR regulon induction. Transcript levels
are normalized to those of Rv0239. Standard deviation is indicated.
White bars represent the transcript level of dosT and black bars rep-
resent the level of dosS in the noted strains. No significant difference
in the dosT copy number exists between H37Rv aerobic growth and
anaerobic dormancy at day 6 or �dosR mutant strain aerobic growth
and anaerobic dormancy at day 6.
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in an adaptive response that aids the bacteria in anaerobic
survival. It also provides an explanation for the presence of two
sensors and indicates that they are not merely redundant or
additive.

Single mutants were unable to fully induce the DosR regu-
lon to wild-type levels, nor were they able to survive as well as
wild-type M. tuberculosis. Interestingly, the drop in survival
correlated with each strain’s ability to induce the DosR regu-
lon—the dosS mutant, for example, was more defective in
survival than the dosT mutant and was also less able to induce
the DosR regulon.

Temporally, DosT was responsible for early induction of the
genes as the bacilli entered anaerobic dormancy. Real-time
PCR data indicated that dosT is transcribed constitutively dur-
ing aerobic growth and during anaerobic dormancy, and the
presence of DosR had no effect on its expression. This is
interesting, considering that dosT is located at the end of a
highly induced cluster of genes all regulated by DosR. DosT is
likely highly sensitive to the concentration of oxygen and may
respond to fluctuations in the oxygen concentration that are
insufficient to activate DosS. The feasibility of this idea is
supported by various biochemical differences between the two
sensors (9, 20, 21, 33). This difference in functionality between
the two sensors is further underscored by the fact that DosT is
not able to signal efficiently under the low-oxygen or anaerobic
conditions present at later time points in the dormancy model.
Thus, the window of DosT activity appears to be a narrow one
under the conditions of the anaerobic dormancy model. It
occurs at some point between day 4, when the DosR regulon
genes are not yet induced, and day 5, when DosS already plays
the predominant role (data not shown). Under the conditions
in an anaerobic chamber, where hypoxia is more controlled
and clearly defined temporally, the role of DosT became more
apparent and could be more accurately observed. After 4 h in
the chamber, at which point oxygen still exists in the culture
medium (although not in the anaerobic chamber itself), DosT
is responsible for half of the DosR regulon induction. This
effect is clearly important, considering that at 24 h the effect of
not having DosT can be observed in the dosT mutant, where
induction by DosS is only 32% of that of the wild type.

A previous study by Dick and Boon with Mycobacterium
bovis bacillus Calmette-Guérin (BCG) reported a much less
substantial growth defect in their dosS mutant than that ob-
served in our model (5). This study concluded that DosS plays
only a “minor role” in the induction of the DosR regulon. The
probable explanation for this discordance is that their pheno-
type is likely due to an increased role for DosT under the
extended hypoxic conditions (5 days) present in their model,
compared to 1 day of hypoxia in the model presented here.
However, the difference could also be due, in part, to the
behavior of BCG, which was used in their study, as opposed to
that of M. tuberculosis.

In our model system, the early activity by DosT is likely
important to kick start induction of DosR regulon genes,
among them dosS. As the DosR regulon is expressed, levels of
dosS become elevated, enabling further induction of the regu-
lon. DosS is able to maintain its own transcription at this point
and concomitantly maintains sustained induction of the regu-
lon. DosT plays no role at this point, likely as a result of the
high level of dosS (more than 2 logs higher than that of dosT at

day 6 of the model). It is also possible that DosT is inefficient
under anaerobic conditions, and far higher levels (such as
those present in the constitutively expressing strain) are re-
quired to observe appreciable DosT activity. These data sug-
gest separate but overlapping roles for the two sensors that
correspond to physiologically different conditions in the host in
which the DosR regulon is induced.

It is interesting that despite a constitutive level of expression,
in the wild type, DosT alone is unable to induce the expression
of the DosR regulon in the anaerobic dormancy model
(Fig. 1A). Contrarily, when highly overexpressed in the �dosS/
T(pdosT) strain, DosT is able to function and restore expres-
sion of the genes, indicating that the sensor is physically able to
function to some degree at this time point. It is possible that a
mechanism of posttranslational regulation exists which renders
the sensor nonfunctional and that this system is saturated by
the overabundance of protein in the constitutive strain. It is
also possible than under anaerobic conditions, DosT is simply
not efficient. This lack of efficiency would be the inverse of its
functionality under hypoxic conditions, where its efficiency ap-
pears to be quite high, as shown by its ability to induce the
DosR regulon (Fig. 1B), despite the fact that it is present at a
much lower level than DosS (Fig. 3). Supportive of this idea is
the higher efficiency of DosT than DosS reported for the pu-
rified protein (26).

The role of DosS/T in NO signaling was predicted via bio-
chemical analysis to involve both sensors, as NO is a ligand for
both (20). This was recently shown by microarray and reverse
transcription-PCR analyses (31) and was confirmed by mi-
croarray analysis in this study. Thus, it appears that the bacte-
rium has mechanisms in place to always be able to induce the
genes when NO is present, indicating the important role of this
signal. It is interesting that NO signaling through each individ-
ual sensor is approximately the same despite the different
amounts of transcript present for them during aerobic growth
and that this level of induction is roughly half of the previously
reported wild-type level (36). This indicates that NO and CO
likely play key roles in activating the DosR regulon during
infection. However, the unique roles of DosT and DosS during
anaerobic adaptation, but not in their response to NO, indicate
that adaptation to anaerobiosis is evolutionarily conserved and
thus likely important during infection.
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