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Chapter 8 
 

Tricksy business: transcriptome analysis reveals 
the involvement of thioredoxin A in redox  
homeostasis, oxidative stress, sulfur metabolism 
and cellular differentiation in Bacillus subtilis

Thioredoxins are important thiol-reactive proteins. Most knowledge about this class of 
proteins is derived from proteome studies, and little is known about the global transcrip-

tional response of cells to varying thioredoxin levels. In Bacillus subtilis, thioredoxin A is 
encoded by trxA, and is essential for viability. In this study we report the effects of minimal 
induction of a strain carrying an IPTG-inducible trxA gene (ItrxA) on transcription levels, as 
determined by DNA macro-arrays. The effective depletion of thioredoxin A leads to induc-
tion of genes involved in the oxidative stress response (but not those dependent on PerR), 
phage-related functions, and sulfur utilization. Also, several stationary phase processes, 
such as sporulation and competence, are affected. The majority of these phenotypes are 
rescued by a higher induction level of ItrxA, leading to an approximate wild-type level of 
thioredoxin A protein. Comparison with other studies shows that the effects of thioredoxin 
depletion are distinct from, but show some similarity to, oxidative stress and disulfide stress. 
Some of the transcriptional effects may be linked to thioredoxin-interacting proteins. Finally, 
thioredoxin-linked processes appear to be conserved between prokaryotes and eukaryotes. 
 
Introduction

Thioredoxins 
Thioredoxins are relatively small (~13 kDa), heat-stable, ubiquitous proteins, characterized by 
the presence of a conserved amino acid motif, WCGPC. In the bacterial cell, thioredoxins are 
involved in a number of important reactions (for reviews see Arner and Holmgren, 2000; Danon, 
2002; Gleason and Holmgren, 1988). First of all, they are implied in the maintenance of the 
intracellular redox state. Secondly, thioredoxins are involved in the response of cells to oxida-
tive stress. Thirdly, this class of proteins can serve as efficient oxidoreductases of disulfides in 
low MW compounds and proteins, through thiol-disulfide exchange reactions. In this respect, 
thioredoxins are thought to be key-players in the prevention of the formation of disulfide bonds, 
especially for cytoplasmic proteins. Finally, thioredoxins can exert an effect through functional 
association with other proteins. Many of these functions depend on the reducing potential of 
thioredoxin. Recycling of this reducing potential of thioredoxins is mediated by a thioredoxin 
reductase in a NADPH-dependent manner.
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Thioredoxin A (TrxA)
In the Gram-positive bacterium Bacillus subtilis, thioredoxin A is encoded by the trxA gene. Its 
product is essential for cell viability (Kobayashi et al., 2003), and is induced by multiple kinds 
of stresses (Scharf et al., 1998). Expression of the gene is driven from a sigma A (housekeeping) 
or sigma B (general stress) promoter (Scharf et al., 1998). Although thioredoxin has been rather 
well studied in several other organisms, little is known about the B. subtilis protein and its func-
tion. Interestingly, none of the other  9 thioredoxin-like genes (ybdE/skfH; Gonzalez-Pastor et al., 
2003), ydbP, ydfQ, ykuV, ykvV (spoIVH/stoA; Imamura et al., 2004; Tanaka et al., 2004; Erlends-
son et al., 2004), yneN, yosR, ytpP, yusE) encoded on the genome of this bacterium is essential, 
indicating a critical role for thioredoxin A in the cell (J-Y.F. Dubois, unpublished observations). 

Aim of this study
Most of the knowledge about thioredoxin A is inferred from proteome studies in other organisms 
than B. subtilis. Furthermore, little is known about the possible pleiotropic effects of thioredoxin-
depletion on global transcription levels. In this study, we assessed the effects of thioredoxin A 
levels on transcription when B. subtilis is grown in minimal medium, by comparing the gene 
expression profiles of an IPTG-inducible trxA strain (ItrxA) with those of a wild type strain in 
the early stationary growth phase. This analysis was primed by the observation that several sta-
tionary phase processes seemed affected in the ItrxA mutant in a phenotype screen. The minimal 
medium is frequently used in B. subtilis research and contains a low amount of redox active 
compounds, if any. By inducing with minimal amounts of IPTG (25 µM), thioredoxin A is effec-
tively depleted, whereas induction with 100 µM of IPTG restores the protein to an approximately 
wild-type level (Figure 1 and J.-Y.F. Dubois, unpublished observations). To our knowledge this 
is the first assessment of the transcriptional effects of thioredoxin depletion in bacteria, which 
contributes to the understanding of the cellular functions of the thioredoxin protein.

Results and discussion

Changes in global transcription levels
In this study we present the first overview of the global effects of thioredoxin A levels on tran-
scription in the Gram-positive bacterium B. subtilis. To this end, we made use of the strain ItrxA 
harbouring an IPTG-inducible variant of trxA, encoding thioredoxin A. Induction with 25 µM of 
IPTG permits wild-type growth, yet levels of thioredoxin A are below the detection limits of a 
Western blot. In contrast, when the strain is induced with more than 100µM of IPTG, thioredoxin 
A levels are similar to wild type (Figure 1). Hence, comparison of the transcription profiles of the 
ItrxA strain grown in 25 µM or 100 µM of IPTG to those of a wild type B. subtilis strain allows 
the assessment of the transcriptional response to thioredoxin A depletion, and indicates if these 
can be reverted to wild-type by inducing to near-wild type levels of thioredoxin A.

Figure 1. Western blot detection of TrxA protein in a wild-type B. sub-
tilis 168, and the ItrxA strain grown in the presence of 25 or 100 µM 
IPTG.

168 I
0 25 500

trxA

TrxA
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A total number of 636 genes showed a greater than 2-fold change in transcription level, com-
bined with a p-value below 0.025, in at least one of the conditions tested. This list is available 
as Supplementary material from the journal’s website (Table S1). The number of affected genes 
corresponds to about 15% of all the open reading frames of the B. subtilis genome. Of these, 
435 were only affected in the ItrxA cells induced with 25 µM of IPTG (hereafter referred to as 
ItrxA 25 cells), in which thioredoxin A is effectively depleted, and these are hereafter referred 
to as class I. A small group, class II (consisting of 63 genes), was only affected in the ItrxA cells 
induced with 100 µM of IPTG (hereafter referred to as ItrxA 100 cells). The third group (class 
III), of 138 genes, contains genes that have p-values below 0.025 for both conditions tested, and 
show a greater than 2-fold change in transcription in at least one of the ItrxA transcription pro-
files. In fact, the majority of the genes from this class shows a greater than 1.5-fold restoration of 
transcription levels in the direction of a wild-type strain in the ItrxA 100 cells, suggesting that the 
phenotype associated with thioredoxin depletion might be rescued by higher induction levels of 
the ItrxA strain. Remarkably, only a small group of genes shows an increase in fold-difference in 
expression in the ItrxA 100 cells, compared to the ItrxA 25 cells. Together, these results indicate 
that the thioredoxin A levels rather than constitutive expression cause the transcriptional changes 
in the ItrxA mutant. 

Thioredoxin-related proteins
In response to the depletion of thioredoxin A, caused by the minimal induction of ItrxA, it can 
be expected that B. subtilis employs a strategy to counter the effects of the resulting stress. Other 
thioredoxins or thioredoxin-related proteins are excellent candidates for this response. Indeed, in 
the ItrxA 25 cells, transcription of the thioredoxin B gene, encoding the thioredoxin reductase, 
is about 8-fold increased. Thioredoxin reductase (trxB) is required to recycle the reducing po-
tential of thioredoxin, and increased transcription of trxB could therefore indicate a high ratio of 
oxidized TrxA compared to its reduced form, or low availability of TrxA in general. In the ItrxA 
100 cells, the difference in transcription of trxB between wild-type and mutant is reduced to 2.3-
fold. Another gene, ydbP, encodes a thioredoxin A-like protein. The transcription of this gene is 
increased moderately in the ItrxA 25 cells (2.3-fold), but shows no significant difference in ex-
pression level in the ItrxA 100 cells. Interestingly, a gene encoding a protein with high homology 
to glutaredoxin (PFAM000462, COG0695), ytnI, is up-regulated about 450-fold in ItrxA 25 cells, 
whereas the difference with wild type in the ItrxA 100 cells is only 5-fold. The ytnI gene is part 
of the putative ytmI operon, encoding a transporter for L-cystine uptake (Burguière et al., 2004). 
It has also been reported that ytnI (renamed moxB in that study, for methionine sulfoxide oxidase) 
is part of a transcript containing ytmO (Sekowska et al., 2001). The genes in this region show 
similar up-regulation (see Stationary-phase processes below). As B. subtilis lacks the enzymes 
to synthesize glutathione (Kunst et al., 1997), an increase of the glutaredoxin-like protein YtnI 
could serve to reduce oxidized disulfides. Alternatively, it can be envisaged that glutathione from 
the medium is taken up and used as cellular reductant, as has been suggested for L. lactis SK11 
(Li et al., 2003). In this case the YtnI could serve to regenerate functional glutathione.
Thioredoxin A is thought to be a key-player in maintaining the intracellular redox state. Since no 
obvious effect of minimal induction of trxA on growth or viability was observed, we wondered 
whether the observed up-regulation of the thioredoxin-like genes might restore the intracellular 
redox state to levels that approximate those observed in wild-type B. subtilis. To investigate 
this, a xylose-inducible redox-sensitive variant of GFP was introduced in the amyE-locus of the 



140

Chapter 8

B. subtilis chromosome. Previous work has demonstrated that the fluorescent properties of this 
variant of GFP change depend on the bonding state of the cysteines that have been introduced 
(Dooley et al., 2004; Hanson et al., 2004). The mean fluorescence of the cells, when analyzed by 
flow cytometry, increases as the cytoplasm becomes more oxidized. From Figure 2 it can be seen 
that fluorescence in the ItrxA 25 cells is significantly higher than in the same strain induced with 
100 or 500 µM IPTG. Thus, despite the up-regulation of thioredoxin-like genes, the cytoplasm in 
the ItrxA 25 cells is more oxidized than in the ItrxA 100 cells. There is no appreciable difference 
between the ItrxA 100 and 500 cells, consistent with biochemical data that shows that levels of 
TrxA are similar to wild-type in both cases (data not shown). 
The results above demonstrate that although depletion of thioredoxin A leads to increased tran-
scription of trxB, ydbP and ytnI, encoding (putative) thiol-reactive proteins, this up-regulation is 
insufficient to restore the cytoplasmic redox state of TrxA-depleted cells to that observed in cells 
with wild-type levels of thioredoxin. Thioredoxin A thus plays a critical role in maintaining the 
intracellular redox state of B. subtilis.

Redox catalytic proteins
For several enzymes it has been demonstrated that transiently formed disulfide bridges are part 
of their catalytic cycle. These proteins include ribonucleotide reductases, methionine sulfox-
ide reductases and phosphoadenosyl phosphosulphate (PAPS) reductases. The thiol-dependent 
oxido-reductase activity of thioredoxin is thought to be of importance for the functionality of 
these enzymes. Therefore, we examined the effects of thioredoxin depletion on the genes coding 

Figure 2. Flow cytometric analysis of xylose-in-
duced expression of a redox-sensitive GFP in 
the ItrxA mutant upon induction with 25, 100 or 
500 µM of IPTG. A. Fluorescence distribution of 
a typical experiment; B. Mean fluorescence of a 
culture based on flow cytometric data.
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for these proteins. In B. subtilis, nrdEF codes for ribonucleoside diphosphate reductase (Scotti 
et al., 1996). A putative homologue of these genes, yosP, is also found in the ItrxA results. The 
genes behave like class I genes in the transcriptome experiments with the ItrxA strain, showing 
a 3.2-3.5-fold up-regulation in ItrxA 25 cells. Methionine sulfoxide reductases are encoded by 
the msrA gene (Hayes et al., 1998), and its putative homologue yppQ. Both genes show a greater 
than 2-fold up-regulation only in the ItrxA 25 cells. cysH, finally, was identified as the gene 
encoding the PAPS sulfotransferase or thioredoxin-dependent PAPS reductase (Berndt et al., 
2004; Mansilla and de Mendoza, 1997). Upon depletion of thioredoxin A, this gene is 7.7-fold 
up-regulated.

Phage-related functions
A single group of genes stood out clearly, being strongly induced upon thioredoxin A depletion. 
In the ItrxA 25 cells, operons and genes with annotated phage-related functions (xhlAB, yqaK 
and the xkd-, xtm-, xtr-, yqb-, yqc-, and yqx-operons), in general show an up-regulation of 2-72 
fold, whereas these genes are not affected in the ItrxA 100 cells. Most of the genes belong to the 
PBSX prophage that is present in the B. subtilis chromosome (Wood et al., 1990). Thus, it seems 
that thioredoxin A depletion stress is a novel trigger for the induction of the PBSX prophage 
located in the B. subtilis genome. Despite the transcriptional response of the PBSX genes, we 
observed no lysis of ItrxA 25 cells in the timeframe of our transcriptome study, nor under any 
other condition of growth tested. At least partially, the induction of the prophage genes can be 
explained by the fact that PBSX induction is part of the so called SOS-response (McDonnell et 
al., 1994). However, the severity of the transcriptional up-regulation of (pro)phage-related genes 
in general is much greater than the other SOS-related genes (uvrA, dinB, tagC), indicating that 
another regulatory mechanism may be involved. A known transcriptional repressor of the PBSX 
prophage, Xre (McDonnell and McConnell, 1994), contains no cysteines. A positive regulator 
of PBSX, Xpf (McDonnell et al., 1994), contains a single cysteine residue, but this residue is 
predicted to be in a non-bonded state based in a CysPred analysis (http://gpcr.biocomp.unibo.it/
cgi/predictors/cyspred/pred_cyspredcgi.cgi). This indicates that, if thioredoxin should have an in-
teraction with either one of these regulators, it is not likely to be due to thiol-reactivity. Together, 
these results indicate that thioredoxin stress-dependent induction of (pro)phage genes, may rely 
on a yet unknown mechanism, in addition to the SOS-response.

Stationary phase processes
Amongst the genes that are most strongly repressed in the ItrxA 25 cells, a large group is formed 
by those involved in competence for genetic transformation. Expression of late competence genes, 
and therefore competence development as a whole, is governed by the key-regulator ComK (van 
Sinderen et al., 1995b). The macroarray results from the ItrxA strain clearly reveal that the low 
expression of the late-competence genes in the ItrxA 25 cells is due to low expression levels of the 
gene encoding the key-regulator for competence, ComK. The comK gene is over 8.5-fold lower 
expressed in the ItrxA 25 cells compared to wild type, which is similar to the results obtained 
with a comK disrupted strain (Hamoen et al., 2002). All but three genes of the so called core 
ComK-regulon, defined in the same study, were similarly repressed in the ItrxA 25 cells. Moreo-
ver, several other genes for which ComK-dependency was demonstrated were also represented 
in the results from this study (Table 1). In the ItrxA 100 cells, transcription levels of most of the 
late competence genes were comparable to wild type, or showed at least a substantial correction 
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towards wild type levels. Consistent with these findings, transformation frequencies of ItrxA 25 
cells as tested in a standard assay (Hamoen et al., 2002) were extremely low, whereas ItrxA 100 
cells were readily transformed (data not shown). Further characterization of the level at which 
thioredoxin A acts in the competence signal transduction cascade is currently in progress (see 
Chapter 9). 
Comparison of the results from the DNA macroarrays carried out with a comK disruption mutant 
(Hamoen et al., 2002) and the ItrxA strain, leads to some additional interesting observations. For 
instance, it was reported that the nucA-nin region of the genome of B. subtilis contains several 
ComK-dependent genes. Yet, based on the ComK-regulon study it was difficult to comment 
on transcriptional organization, possibly because of the presence of anti-sense RNA detection 
(Baerends et al., 2004; Hamoen et al., 2002) and indirect effects. In the ItrxA arrays, most of the 
genes in this region behave like ComK-regulated genes (i.e. severely down-regulated in the ItrxA 
25 cells, see Figure 3 and Table 1). However, two genes, yckG and yckF (hxlA and hxlB (Yasueda 
et al., 1999)) show opposite behavior. This indicates that these genes do not strictly depend on 
ComK for their regulation, or that they are subject to regulation by another factor. A logical 
candidate (yckH, or hxlR), which has been shown to positively regulate these genes (Yasueda 

Similar to comK Similar to comK

Classb Gene namec Classb Gene namec

I bmrU III yhxD

III comC III ykzA

III comEABC I yqgJ

III comER III yqzE

III comFABC III yrhL

III comGABCDEFG III ysxA

I comK I yvrNM

I cwlJ I yvrP

II maf III ywfL

III med III ywfM

I nin III ywpH

III nucA I yxiP

I rapH III yyaF

I sacX

III sacY

III spoIIB

I sucC Not similar to comK

I tlpC Class Gene name

III ybdK I dinB

I ybyB I tagC

III ycbP I trpC

III ycbR I yckF

III yckBA I yckG

III yckCDE I yorB

I yckH III yqeN

Table 1. ComK-regulated genes affected in the ItrxA mutanta

a The study of Hamoen and colleagues (2002) was used as 
reference because of similarities in experimental procedures

b I) significantly affected in ItrxA 25, II) significantly affected in 
ItrxA 100, III) significantly affected in both ItrxA 25 and 100 

c Genes indicated in bold belong to the core ComK-regulon 
(Hamoen et al., 2002)
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et al., 1999), behaves like a ComK-dependent gene. The results thus point towards the latter 
mechanism, and suggest that the putative ComK-dependent induction of yckGF (hxlAB) may be 
through yckH (hxlR). Similarly, the genes dinB, tagC, trpC, yorB and yqeN do not behave like 
classical ComK-dependent genes. In the case of the first two, this may be because these are are 
members of the SOS regulon (Yasbin et al., 1991), which is induced by oxidative stress. yqeN, 
whose product shows similarity to DNA polymerase III, is a gene located downstream of comEC. 
It was suggested that the observed ComK-dependency was due to transcriptional read-through 
from the comE-operon (Baerends et al., 2004).
In our list of genes we also noted a transcriptional effect on several genes involved in sporulation, 
of which the regulatory network is closely intertwined with competence development. However, 
the directionality of the response of the sporulation genes was not conserved. For instance, the 
gene encoding the stage II protease spoIIGA, which activates sigma E (Jonas et al., 1988), shows 
a consistent up-regulation of about 12-fold in both the ItrxA 25 and the ItrxA 100 cells. Similarly, 
spo0F, spoIIP and spoVD are up-regulated. In contrast, spoIIB, spoIIIAD and spoIVCB (encod-
ing the N-terminal part of sigma K) are down-regulated. Therefore, a standard sporulation test 
was performed in sporulation medium, which revealed that in the ItrxA 25 cells no chloroform 
resistant spores are formed (data not shown). Most likely, TrxA influences spore formation at 
the later stages of sporulation. Consistent with this hypothesis, it was recently reported that the 
thiol-disulfide oxidoreductase YkvV (SpoIVH or StoA; Erlendsson et al., 2004; Imamura et al., 
2004; Tanaka et al., 2004) is essential for cortex formation, and it was suggested that its action 
depends on thioredoxin A (Erlendsson et al., 2004). Depletion of TrxA could lead to an altered 
functionality of this protein, and loss of a chloroform-resistant cortex.

Sulfur uptake and utilization
In the list of genes affected in the ItrxA 25 cells, those involved in cysteine metabolism and the 
closely related sulfur metabolism are clearly up-regulated (summarized in figure 4, for review 
see Grundy and Henkin, 2001). The effects extend to multiple pathways, such as the uptake 
and utilization of sulfates (ylnBC (now renamed sat and cysC), cysH, ylnDF, and cysK) and 
sulfonates (the ssu-operon), and the synthesis of cysteine from S-adenosyl homocysteine (SAH) 

Figure 3. A. The transcriptional 
response of the nucA-nin ge-
nome region in the ItrxA mutant 
cells. B. The transcriptional re-
sponse of the cah-ycg genome 
region in the ItrxA mutant cells. 
Thin black arrows indicate 
no significant fold-difference 
with wild-type. Thick gray ar-
rows indicate a transcriptional 
response upon thioredoxin A 
depletion (p<0.025). Fold differ-
ences in expression-levels are 
given above the gene names.

[IPTG]A

B

25uM

100 uM

[IPTG]

25uM

100 uM

nuc nin- genomic region

ycgK cah- genomic region
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via S-ribosyl homocysteine (SRH) homocysteine and cystathionine (requiring mtn (also known 
as mntN), luxS, yrhAB). In addition, recently identified uptake systems of cystine (the oxidized 
form of cysteine) and, possibly, organic sulfur-containing compounds  (ytmJKLM (also known 
as tcyJKLMN), yhcL (tcyP), yckKJI (tcyABC) and yxeMNO, respectively) show a similar pat-
tern (I. Martin-Verstraete, personal communication, and Burguière et al., 2004). ytmJKLM has 
also been implied in methionine sulfoxide degradation by Sekowska and coworkers, and was 
renamed mdgOPQT in that study (Sekowska et al., 2001). In fact, only three genes from the sulfur 
uptake and –utilization pathways are not significantly affected; cysP, and cysJI. The cysP gene 
product is the transporter involved in the uptake of sulfate from the environment (Mansilla and 
de Mendoza, 2000). Upon closer inspection, this gene showed a rather large up-regulation, but it 
was ignored because of the cut-off settings imposed in the experiment (p<0.025). The products 
of cysJI (previously known as yvgRQ) are responsible for the conversion of the sulfite pool in 
the cell into sulfide. This operon is under additional control of CysL (YwfK) (Guillouard et al., 
2002). The differential regulation of cysJI and the other sulfur related genes suggest that an ad-
ditional regulator involved in this process may exist, and that CysL is probably not a target for 
thioredoxin A in B. subtilis. 
In a number of studies a link between oxidative stress and auxotrophy for certain amino acids 
has been reported (Benov et al., 1996; Benov and Fridovich, 1999; Carlioz and Touati, 1986). 
Most notably, auxotrophy for cysteine in E. coli has been attributed to the leakage of sulfite 
from the cells (Benov and Fridovich, 1997). Based on proteome studies in other organisms (see 
Supplementary material), several candidate proteins interacting with thioredoxin, and involved 
in cysteine metabolism, were identified (cysteine synthetase, sulfite reductase and sulfate adeny-
lyl transferase). CysK, cysteine synthetase (van der Ploeg et al., 2001), is suggested to be a central 
checkpoint for sulfur metabolism (I. Martin-Verstraete, personal communication), and reduced 
activity of this enzyme is thought to be responsible for the leakage of sulfite from the cells (Ben-
ov et al., 1996). In addition, Berndt and colleagues recently reported that CysH from B. subtilis, 

Figure 4. The effect of thioredoxin A 
depletion on the transcription of genes 
involved in sulfur uptake and -utiliza-
tion. Gene names are indicated in ital-
ics. Alternative gene names for some 
of the genes are given in paragraph 
3.6. Fold regulation of genes in ItrxA 
25 cells compared to wild-type is given 
in brackets behind the gene names. 
When gene names are in brackets too, 
p-values did not meet our criteria. SAH 
= S-adenosyl homocysteine, SRH 
= S-ribosyl homocysteine. Question 
marks indicate the involvement of an 
unknown factor, or a postulated func-
tion.

sulfate (in)

APS

PAPS

sulfite

sulfide

organic compounds?

L-cystine

cysteinecysteinylglycine cystathionine

homocysteine

aliphatic sulphonates (out)

aliphatic sulphonates (in)

SRH

SAH

sulfate (out)

( ,+9.6)cysP

ylnB yitA(+14.2), (+7.1)

ylnC (+14.0), yisC (+5.3)

cysH yitB(+7.7), ( , +1.3)

cysH (+7.7)

ylnD ylnF(+10.8), (+10.6)
( +1,0)cysJI,

cysK (+14.9)

hipO? (+58.1)

ssuD (+856.9)

ytmJ(K)LM (+142.4, +198.3, +81.2, +11.4)

yhcL (+22.3)

yckKJI (+3.6, +2.9, +2.7)

mtn (+2.8)

luxS (+2.8)

?

yrhA (+42.6)

ssuBAC (+15.8, +2190.1, +1433.2)

yrhB (+13.0)

yxeMNO?
(+12.5, +2.4, +6.6)
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a 3’-phospho/adenosine-phosphosulfate-sulfonucleotide reductase complex (Figure 4), can use 
thioredoxin as reductant (Berndt et al., 2004). CysJI is the B. subtilis sulfite reductase (Guillou-
ard et al., 2002; van der Ploeg et al., 2001). Although transcription of the genes encoding this en-
zyme complex is not affected in the ItrxA mutants, this does not exclude an interaction between 
the protein(s) and thioredoxin A. Finally, a TRX1/2 double mutant of yeast has been proved to be 
unable to grow in a defined medium without methionine or cysteine (Muller, 1991). Considering 
this information, we wondered whether the ItrxA 25 cells would be auxotrophic for cysteine. To 
test this hypothesis, we grew the ItrxA strain in a chemically defined medium, containing either 
25 or 100 µM of IPTG, and with or without cysteine (Figure 5). The results demonstrate that the 
ItrxA strain with 100µM of IPTG shows similar growth characteristics in the medium with or 
without cysteine. However, the ItrxA 25 cells is severely impaired in growth in this CDM. Note, 
however, that in the minimal medium used for the array experiment, no significant difference in 
growth was observed. The growth defect of the ItrxA 25 cells in CDM is partially restored when 
the cells are grown in the presence of cysteine, yet, it does not reach ItrxA 100 levels. The fact 
that no absolute auxotrophy is observed can be due to the small amount of thioredoxin that is still 
present in the ItrxA 25 cells (the thioredoxin A gene is essential; Kobayashi et al., 2003). 
In conclusion, the results from this study suggest a critical role for thioredoxin A in sulfur utiliza-
tion of B. subtilis. This characteristic might contribute to the essentiality of the TrxA protein.

Comparison with transcriptome results from related stresses in B. subtilis
The results from the DNA macroarray analysis of ItrxA show substantial similarity to the results 
from studies on the transcriptional response of B. subtilis to related stresses. Therefore, a more 
careful comparison seems to be justified.
Thioredoxin A is involved in maintaining the intracellular redox state, which is greatly influ-
enced by the presence or absence of intracellular reactive oxygen species (ROS).  ROS in the cell 
can be formed as a byproduct of natively occurring chemical reactions, such as the respiratory 
chain reactions, or as a results of exposure of the cells to ionizing radiation or chemicals, such 
as hydrogen peroxide. Also, thioredoxin A of B. subtilis has been implied in the oxidative stress 
response (Scharf et al., 1998). In B. subtilis, Mostertz and colleagues performed transcriptome 
and proteome analyses of cells in response to superoxide and peroxide stress (oxidative stress), 
induced by treatment with paraquat and hydrogen peroxide, respectively (Mostertz et al., 2004). 
When the data from the ItrxA strain is compared with the list of 355 genes identified in the study 

Figure 5. Growth of the ItrxA mutant in chemi-
cally defined medium with cysteine (squares), 
or without cysteine (triangles). Medium supple-
mented with 25 µM (open symbols) or 100 µM 
(closed symbols) of IPTG. Time in hours after 
inoculation.
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by Mostertz and colleagues, 94 genes were found to be in common between the two datasets. 
Interestingly, these genes do not include the PerR regulon (Chen et al., 1995; Fuangthong et al., 
2002), or genes involved in the stringent response (Eymann et al., 2002). On the other hand, we 
observed a similar effect with respect to some genes from the SOS-regulon (dinB, tagC, uvrA), 
Fur regulon (ydbN, yuiI, dhbACE, ykuNOP), and many genes involved in sulfur metabolism. 
Thioredoxin A is thought to keep cytoplasmic proteins in a reduced state (Prinz et al., 1997). 
Loss of the reducing potential by depletion of thioredoxin A could therefore lead to illegitimate 
disulfide bond formation. This is also observed when cells are treated with thiol-crosslinking 
agents, such as diamide. Leichert and colleagues performed transcriptome and proteome analy-
ses of B. subtilis upon treatment with diamide (disulfide stress; Leichert et al., 2003). Comparison 
of the data from the disulfide stress experiments with the data obtained from the ItrxA arrays 
shows that 170 genes are identified in both experiments. Interestingly, more than half of these 
are genes with no annotated function (so called y-genes). It is striking that also in this case, some 
of the major effects of disulfide stress, such as induction of the canonical oxidative stress genes 
(PerR regulon), induction of class III heat shock and stringent response genes, are absent from 
the ItrxA dataset.
Recently, it was reported that transcriptional control by the protein Spx is induced by thiol-spe-
cific oxidative stress (Nakano et al., 2003a). spx is a gene initially identified as a bypass mutation 
for the competence-deficient phenotype of a clpP or clpX mutant strain (Nakano et al., 2001). 
Furthermore, Nakano and colleagues identified genes that are affected by an interaction between 
Spx and RNAP, and it was shown that Spx is responsible for the induction of genes involved 
in thiol-homeostasis, including thioredoxin A and B (Nakano et al., 2003b). The transcription 
activation of trxA and trxB by Spx was subsequently shown to depend on the formation of an in-
tra-molecular disulfide bond under oxidizing conditions, making Spx a redox-sensitive regulator 
(Nakano et al., 2005). Considering the above, we also made a comparison of the ItrxA macroar-
ray data with the results from the study of Nakano and colleagues. A total of 81 genes from this 
study are also found in the thioredoxin A array studies. The most striking similarities are the 
down-regulation of several so called rap/phr-modules, involved in cell-cell signaling, and the up-
regulation of trxB, ydbP and the L-cystine transporter yckIJK (tcyABC; Burguière et al., 2004). 

Type of stressa  
 Directionb  

 ItrxA 25 mMc  
 ItrxA 100 mMc

   down up down up

Diamide down [64] 38 21 13 5

[170; 18%] up [106] 9 94 4 13

ROS down [23] 8 4 10 3

[94; 26%] up [71] 7 62 3 7

Spx down [49] 34 12 8 3

[81; 29%] up [32] 1 30 0 7

Unique   164 195 83 64

Table 2. Comparison of thioredoxin depletion stress with related stresses in B. subtilis
a numbers and percentages indicate the overlap in the results of the studies on diamide stress (Leichert et al., 2003), oxidative 
stress (ROS; Mostertz et al., 2004) and Spx overproduction (Nakano et al., 2003b) and this study
b down = lowered expression; up = elevated expression; in response to the specific stresses (Leichert et al., 2003; Mostertz et 
al., 2004; Nakano et al., 2003b) 
c 25 and 100 mM correspond to the concentration of IPTG in the medium. Down and up indicate the directionality of the re-
sponse in the ItrxA array experiments



147

Transcriptome analysis of thioredoxin depletion stress

It is likely to assume that part of the transcriptional response of cells to thioredoxin A depletion, 
resulting in more oxidizing conditions, is mediated through the redox-sensitive Spx protein.
In Table S1, available as Supplementary material from the journal’s website, it is indicated wheth-
er or not the genes showing altered transcription patterns in the ItrxA macroarray study were also 
identified in the related studies discussed above. The comparison is numerically summarized in 
Table 2. This data indicates that, although there is generally a good correlation between the be-
havior of genes in response to diamide, reactive oxygen species, Spx-overproduction and thiore-
doxin depletion, in some cases they react oppositely. 402 of the affected genes upon thioredoxin 
depletion stress do not seem to be affected by any of the other afore-mentioned stress conditions. 
This may be in part due to differences in experimental setup and criteria for calling a gene dif-
ferentially expressed, but could also indicate that some of the effects are specific for thioredoxin 
depletion stress. In this respect, it is interesting to note that an ItrxA spx double mutant strain dis-
plays a severe growth defect, whereas the corresponding single mutant strains show no growth 
defects. Moreover, thioredoxin A is indispensable for growth and viability of B. subtilis, whereas 
Spx is not (Kobayashi et al., 2003). These findings underscore the view that the effects of the in-
dividual ItrxA and spx mutations are not identical. Accordingly, it is well conceivable that the cel-
lular responses to thioredoxin A depletion and the absence of Spx are at least partially different.
The largest groups of genes unique to thioredoxin stress are those involved in stationary phase 
processes (especially competence and sporulation) and the group of prophage and phage-related 
genes. About half of the genes uniquely identified in this study belong to the group of genes with 
no defined function, yet many have putative functions which fall into one of the categories al-
ready discussed. In Table S2, available as Supplementary Information, y-genes are summarized 
for which a function could be inferred or a Cluster of Orthologous Groups (COG) class was 
described. Interestingly, many genes encode proteins with thioredoxin-related functions, such as 
a predicted oxidoreductase (yvaA), a putative tRNA 5-methylaminomethyl-2-thiouridylate meth-
yltransferase (yrrA, or trmU on basis of homology), a flavodoxin (yhcB), a NADH dehydroge-
nase (yumB), and a gene encoding a protein with similarity to organic hydroperoxide resistance 
proteins (ykzA). The fact that the transcription of these genes is altered by thioredoxin A levels 
supports their putative or inferred functions. Further experiments will be needed to confirm the 
functions of these proteins biochemically, as was recently done for ykzA (now renamed ohrB; 
Fuangthong et al., 2001).

Indirect effects of thioredoxin A on transcription
So far, thioredoxin has not been reported to act as a transcription factor. As such, the severe 
transcriptional response to thioredoxin A depletion as observed in the DNA-macroarray experi-
ments shown here are likely to represent indirect effects. These may arise from transcription 
factors that show altered transcription patterns in the ItrxA strain (such as abrB, senS, or one of 
the many putative regulators – see Table S1), but if the effects on certain transcription factors are 
exerted post-translationally their role may remain undetected. The presence of almost the entire 
Fur regulon (yclP, dhbAC, ydbN, ykuNOP, yuiI, yclN and fhuB; Baichoo et al., 2002) as class I 
genes in our dataset, for instance, suggests that the activity of Fur is modulated by thioredoxin 
in B. subtilis, a supposition that is supported by the identification of Fur in a proteome analysis 
of thioredoxin-interacting proteins in E. coli (Kumar et al., 2004). Alternatively, the activity of 
redox-sensitive regulators, such as Spx for instance (Nakano et al., 2005), can be modulated by 
the more oxidized state of the cytoplasm (Figure 2, paragraph 3.1). Also, some other regulators, 
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such as the LysR-type regulator YcgK (Figure 3B) or YtlI, seem to be associated with genes that 
show a significant change in transcription in the ItrxA arrays analysis.
In addition to the effect on transcription factors described above, thioredoxin A may interact 
or influence other proteins than transcription factors by direct association (Johnson and Rich-
ardson, 2003; Singha et al., 2003), or thiol reactivity (Berndt et al., 2004; Bloomfield et al., 
2003). It would be interesting to compare an analysis of thioredoxin-interacting proteins from 
B. subtilis with the results from our transcriptome data, but currently this data is not available. 
In order to evaluate whether some of the results from the transcriptome study could be linked to 
thioredoxin-interacting proteins, we therefore took a closer look at the available proteome data 
from other organisms. Although the relationship between a direct protein-protein interaction 
and a transcriptional response of the gene encoding the protein is unclear, there is a remarkable 
overlap between the two approaches. Primarily through affinity chromatography, a substantial 
number of thioredoxin-interacting partners was identified in cereal starchy endosperm (Wong et 
al., 2003), plant chloroplasts and mitochondria (Balmer et al., 2003; Balmer et al., 2004), Syn-
echocystis (Lindahl and Florencio, 2003), Chlamydomonas reinhardtii (Lemaire et al., 2004), 
Arabidopsis thaliana cytosol (Yamazaki et al., 2004), and the E. coli cytosol (Kumar et al., 
2004; Leichert and Jakob, 2004). We compared the lists of thioredoxin-interacting proteins from 
these proteome studies to the list of genes affected by thioredoxin A levels from our study. In-
terestingly, many of the affected genes from the ItrxA array encode proteins with similarity to 
the identified thioredoxin-interacting partners. Aside from the well-characterized interactions 
(such as ribonucleoside diphosphate reductase), the similarities include dehydrogenases, (Clp-) 
proteases, chaperones, catalases, oxidoreductases, proteins involved in terrapyrrole synthesis 
and sulfur, carbon and purine metabolism, oligopeptide- and phosphate uptake systems, and 
ribosomal proteins. A detailed description of the comparison of the data from this study and the 
proteome studies is available as Supplementary material (Text S1). The possible links between 
eukaryotic and prokaryotic proteome data on the one side and our study on the other suggests 
that many thioredoxin-linked processes may be conserved between prokaryotes and eukaryotes. 
In Table S1, available as Supplementary Material, the final column indicates genes encoding 
putative thioredoxin-interacting proteins based on the proteome analyses discussed above. The 
proteins identified may account for at least part of the transcriptional response to thioredoxin A 
depletion.
Finally, two other mechanisms can be envisaged through which thioredoxin A can modulate 
transcription. Thioredoxin could alter the availability of co-factors such as NADH or metal ions, 
which are necessary for proper functioning of an enzyme. In the list of genes affected by thiore-
doxin depletion (Table S1) for instance, a zinc uptake system (ykvW/zosA; Gaballa and Helmann, 
2002) is identified, which might influence proteins that requiring zinc as a co-factor. In this 
respect, it is interesting to note that 2 genes of the Zur-regulon (yciA and ytiA), which responds 
to zinc-availability (Gaballa et al., 2002; Nanamiya et al., 2004), are among the few true class 
III genes, showing no restoration in the ItrxA 100 cells. It is also conceivable that thioredoxin A 
affects transcription by altering transcriptional or translational efficiency. It was demonstrated 
that thioredoxin modulates the processivity of T7 DNA polymerase (Johnson and Richardson, 
2003; Singha et al., 2003), and thioredoxin has been identified as RNAP interacting partner in 
Synechocystis (Lindahl and Florencio, 2003). It was reported that disulfide stress (which shows 
significant similarities to thioredoxin stress) in Streptomyces coelicolor, affects translation 
(Paget et al., 2001), and multiple proteome studies identified thioredoxin as interacting partner of 
elongation factors (Balmer et al., 2003; Balmer et al., 2004; Kumar et al., 2004; Lemaire et al., 
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2004; Lindahl and Florencio, 2003; Yamazaki et al., 2004). In our study, we identified rplA, yhzA 
and ytiA as class III genes.  All the mechanisms described above are likely to contribute to the 
pleiotropic effect of thioredoxin A on transcription.

Concluding remark
Thioredoxin A is the product of one of the 271 essential genes of B. subtilis (Kobayashi et al., 
2003). This implies that thioredoxin A is much more important for B. subtilis than for other 
organisms, such as E. coli, in which thioredoxin A is not essential. Nevertheless, very little ex-
perimental data is available concerning its physiological functions in B. subtilis. Although there 
are certainly drawbacks to the use of transcriptome analyses for the study of post-translational 
effects, like the ones caused by thioredoxin A depletion, this type of analysis gives valuable in-
sights in the resulting pleiotropic effects on transcription. Importantly, the results of the present 
transcriptome analyses will serve as leads to identify relevant targets for further research on 
thioredoxin A function in B. subtilis.

Materials and methods

Strains
The transcriptional effects of thioredoxin depletion were investigated using a derivative of B. subtilis 168 (trpC2)(Kunst 
et al., 1997), containing an IPTG-inducible trxA gene that was essentially constructed as described by Scharf et al. (53; 
J-Y.F. Dubois, laboratory strain collection). In order to compare the in vivo redox state of the cytoplasm of this strain 
using different induction levels of IPTG, a xylose-inducible redox-sensitive GFP was introduced in the amyE-locus. 
This strain was constructed as follows. Using primers rbs-gfp-f (5’- GCTCTAGAAGGAGGGCTGAATTCATGAGTAAAG-
GAGA – 3’) and GFP-R (5’- CTCGGATCCTTATTATTTGTATAG – 3’), a PCR was performed on pRSETb encoding a pre-
viously described redox-sensitive GFP (Dooley et al., 2004; Hanson et al., 2004). The resulting fragment was cleaved 
with XbaI/BamHI (the sites are underlined in the primer sequence) and ligated into SpeI/BamHI digested pX (Kim 
et al., 1996). The resulting plasmid (pXro2GFP) was checked by restriction, and introduced by transformation into B. 
subtilis 168. Transformants were selected on plates containing appropriate antibiotics, and screened for an amyE-nega-
tive phenotype on starch-containing plates. Subsequently, the ItrxA mutation was introduced by transformation with 
chromosomal DNA from the ItrxA strain. Transformants were checked for IPTG-dependency, because of the unstable 
nature of the ItrxA mutation.

Media and growth conditions
B. subtilis cells were grown in minimal medium (Venema et al., 1965) supplemented with isopropyl-b-D-thiogalacto-
side (IPTG). The ItrxA strain was grown with 25 and 100 µM of IPTG, and the control strain was cultured in medium 
containing 25 µM IPTG, since for this condition the largest effects were expected based on the phenotypic screen. 25 
ml of medium was inoculated to an OD600 of 0.01 from an overnight culture, and incubated at 37 ºC under vigorous 
shaking. Cultures were continuously monitored for OD600, and cells were harvested 3 hours after the transition point 
to stationary growth phase. For the in vivo comparison of the redox state of the ItrxA strain with a range of IPTG induc-
tion levels, cells were grown in minimal medium in which glucose was replaced by fructose, in order to alleviate the 
glucose-repression of the xylose-inducible promoter (Kim et al., 1996) of the pXro2GFP plasmid. This medium was 
supplemented with 0.5 % xylose and 25-500 µM of IPTG to induce the expression of ro2GFP and ItrxA, respectively.
For the effects of cysteine on the growth of the ItrxA strain, cells were grown in chemically defined medium (CDM), 
supplemented with 25 or 100 µM of IPTG. CDM was based on B. subtilis minimal salts (per liter); 2 g K2SO4, 10.8 g 
K2HPO4, 6 g KH2PO4, 1 g Na-citrate, and 0.02 g MgSO4. After adjustment of the pH to 7.0 and sterilization, the fol-
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lowing components were added to complete the CDM: 0.5 % glucose, 0.1 % sodium glutamate, 50 µM MnCl2, 20 mg/L 
tryptophane (Trp). For cysteine-containing medium 20 mg/L cysteine was added.

RNA isolation, cDNA preparation and hybridization
RNA was isolated by spinning down the cells from 4 ml of culture and resuspending the pellet in 300 µl of ice-cold 
starvation medium (Venema et al., 1965). The cell suspension was added to a 1.5 ml screw cap Eppendorf tube contain-
ing 1.5 g of glass beads (Sigma, 75-150 µm), 0.5 ml phenol:chloroform:isoamylalcohol (12:12:1), 50 µl 10% SDS and 50 
µl 3 M sodium acetate (pH 5.2). All solutions were prepared with diethylpyrocarbonate (DEPC)-treated water. After 
vortexing, the tube was frozen in liquid nitrogen and stored at -80ºC. Cells were broken in a Bio101 FastPrep machine 
(QBiogene) for 45 seconds at speed 6. Following 5 minutes  of centrifugation (Eppendorf centrifuge, 10,000 rpm, 4ºC), 
the water phase (0.4 ml) was transferred to a clean tube containing 0.4 ml chloroform. After vortexing and centrifuga-
tion (2 minutes, Eppendorf centrifuge, 14,000 rpm, 4ºC), the water phase was transferred to a clean tube and the RNA 
was isolated with a High Pure RNA Isolation Kit (Roche). RNA was eluted in 50 µl elution buffer and quantified with 
GeneQuant (Amersham). RNA integrity was checked with a BioAnalyzer 2100 (Agilent) according to the instructions 
of the supplier.
Reverse transcription and purification of cDNA were carried out as described previously (Hamoen et al., 2002). 32P-
labeled cDNA was hybridized to Bacillus subtilis Panorama™ Arrays (Sigma-Genosys), as described by the manu-
facturer. After hybridization and washing, Cyclone phospho-imager screens (Packard) were exposed for 46-48 hours. 
The Cyclone readouts were analyzed with Array-Pro Analyzer 4.5 (Media Cybernetics). After background subtraction, 
duplicate spots were averaged, and the signal was normalized against the total signal of all open reading frames (ORFs) 
on the array.

Data analysis and visualization
The normalized array data were subjected to a statistical analysis using Cyber-T, a program based on t-test variant 
combined with a Bayesian statistical framework as described (Hamoen et al., 2002). The raw and normalized data for 
the complete gene sets can be downloaded from http://molgen.biol.rug.nl/publication/trx_data/. Genes with p<0.025 
and a greater than 2-fold up- or down-regulation were considered to be significantly affected. Spots were associated 
with gene names using the spreadsheet “B. subtilis Array information.xls”, provided by Sigma-Genosys. Gene descrip-
tions were derived from this file, and checked against the SubtiList database (http://genolist.pasteur.fr/SubtiList/) and 
PubMed website (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi) for newer annotations. Some affected genes without 
description in either of these sources and a greater than 3-fold change in expression were used as a query in an online 
BlastP (http://www.ncbi.nlm.nih.gov/BLAST/) and checked for conserved domains with the CD-search option. Results 
from the analysis were visualized on a linear genome map using Genome2D (Baerends et al., 2004).

Flow cytometric analysis
Cells were diluted 12.5-50x in 0.2 µM filtered starvation medium (Hamoen et al., 2002) and directly analyzed on Coul-
ter Epics XL-MCL flow cytometer (Beckman Coulter, Mijdrecht, NL) operating an argon laser at 488 nm. For each 
sample 20.000 cells were analyzed.  GFP signals were collected through a FITC filter with the photomultiplier voltage 
set between 700 and 800 V. Data was captured using EXPO32 software (Beckman Coulter) and further analyzed using 
WinMDI 2.8 (http://facs.scripps.edu/software.html). Figures were prepared for publication using WinMDI 2.8, Micro-
soft Excel 2000 and Corel Graphics Suite 11.

SDS-PAGE and Western blotting analyses
The presence of TrxA in cell lysates was assayed by Western blotting. For this purpose, cellular or secreted proteins 
were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Roche Molecular Biochemi-
cals). Subsequently, TrxA was detected with specific polyclonal antibodies. The detection of bound antibodies was 
performed with horseradish peroxidase-conjugated goat anti-rabbit IgG and the Super Signal® West Dura Extended 
Duration Substrate (Pierce).
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