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The DtxR family consists of metal-dependent transcription factors (DtxR-TFs) that regulate the expression of genes involved in
metal homeostasis in the cell. The majority of characterized DtxR-TFs belong to Bacteria. In the current work, we applied a com-
parative genomics approach to predict DNA-binding sites and reconstruct regulons for DtxR-TFs in Archaea. As a result, we in-
ferred 575 candidate binding sites for 139 DtxR-TFs in 77 genomes from 15 taxonomic orders. Novel DNA motifs of archaeal
DtxR-TFs that have a common palindromic structure were classified into 10 distinct groups. By combining functional regulon
reconstructions with phylogenetic analysis, we selected 28 DtxR-TF clades and assigned them metal specificities and regulator
names. The reconstructed FetR (ferrous iron), MntR (manganese), and ZntR (zinc) regulons largely contain known or putative
metal uptake transporters from the FeoAB, NRAMP, ZIP, and TroA families. A novel family of putative iron transporters
(named Irt), including multiple FetR-regulated paralogs, was identified in iron-oxidizing Archaea from the Sulfolobales order.
The reconstructed DtxR-TF regulons were reconciled with available transcriptomics data in Archaeoglobus, Halobacterium, and
Thermococcus spp.

Transition metals, including iron, manganese, and zinc, are re-
sponsible for a diverse array of biochemical reactions and

other biological functions in prokaryotes. The particular proper-
ties of ferrous iron (Fe2�) and ferric iron (Fe3�) ions make them
widely used redox-sensing elements in many metalloenzymes,
from heme-containing cytochromes to Fe-S proteins. Manganese
is used in free radical-detoxifying enzymes, including superoxide
dismutase and catalase and some other enzymes. Zinc was found
in many proteins, including enzymes of nucleic acid metabolism
and ribosomal proteins, where it plays a role in both catalysis and
protein structure. Many transition metals are taken up by specific
transport systems, including FeoAB family transporters for fer-
rous iron (1, 2), Fbp-type ATP-binding cassette (ABC) transport-
ers for ferric iron (3), Znu family ABC transporters for zinc (4),
and NRAMP family MntR transporters for manganese (5). The
precise maintenance of metal ion homeostasis, including metal
uptake transporters, is vital for cells that have to balance between
supplying enzymes with metal ion cofactors and decreasing the
harmful effects of heavy metals (6, 7).

The regulation of gene expression by specific binding of tran-
scription factors (TFs) to their DNA sites in response to a cellular
signal (e.g., specific metal ions) is a common regulatory mecha-
nism in microorganisms. Iron, manganese, and zinc homeostasis
genes in prokaryotes are controlled by TFs from two major fami-
lies of metalloregulators, Fur and DtxR (8). The ferric uptake reg-
ulator Fur and zinc uptake regulator Zur constitute the majority of
the Fur family metalloregulators, being widely distributed in di-
verse lineages of Bacteria but not Archaea, whereas the manga-
nese- and nickel-specific regulators Mur and Nur were found in
only some bacterial lineages (9, 10). Manganese-responsive DtxR
family regulators were studied in many bacteria, including MntR
in Escherichia coli (11), Bacillus subtilis (12), Staphylococcus aureus
(13), Corynebacterium diphtheria (14), and C. glutamicum (15,
16), ScaR in Streptococcus gordonii (17), and TroR in Treponema
pallidum (18), where they mostly control genes for manganese
uptake transporters. In contrast, iron-responsive TFs from the

DtxR family were found only in Actinobacteria and include two
experimentally studied TFs, the diphtheria toxin repressor DtxR
in Corynebacterium diphtheriae (19) and the iron-dependent reg-
ulator IdeR in Mycobacterium tuberculosis (20, 21), which control
large networks of genes involved in iron homeostasis and other
cellular functions, such as the toxin gene in C. diphtheriae. The
natural ligand for IdeR/DtxR is ferrous iron, but divalent ions of
nickel, cobalt, manganese, and zinc also bind to and activate the
regulators in vitro (22). Direct sensing of cytoplasmic ferrous iron
or manganese ions by DtxR family TFs (DtxR-TFs) represses tar-
get genes by increasing affinities of TFs to their DNA sites. The
metalloregulators from the DtxR family also were implicated in
the control of iron homeostasis in several archaeal species, includ-
ing Halobacterium sp. strain NRC-1 and H. salinarium (23, 24),
Pyrococcus furiosus (25), and Thermococcus kodakaraensis (26).

Previously, we applied the comparative genomics approach to
predict TF-binding sites (TFBSs) and sets of TF-regulated genes
(regulons) and finally reconstruct metal-responsive transcrip-
tional regulatory networks controlled by the Fur family regulators
in Bacteria (27–33). Here, we extended this analysis toward tran-
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scriptional regulons for the DtxR family in Archaea. As a result, we
inferred novel TF-binding DNA motifs and reconstructed regu-
lons for the majority of DtxR-TFs in available genomes of Archaea
from three phyla, Euryarchaeota, Crenarchaeota, and Korar-
chaeota, representing at least 15 taxonomic orders. The compara-
tive analysis of reconstructed regulons revealed considerable vari-
ability in gene content of the iron homeostasis FetR regulons,
whereas the manganese (MntR) and zinc (ZntR) uptake regulons
are mostly conserved but less widely distributed among archaeal
lineages. This comprehensive reconstruction of transcription reg-
ulation by the DtxR family can serve as a basis for understanding
the evolution of metal-responsive transcriptional networks in Ar-
chaea.

MATERIALS AND METHODS
Archaeal genomes were downloaded from GenBank (34). We excluded
closely related strains and selected 83 nonredundant archaeal genomes for
comparative analysis (see Table S1 in the supplemental material). Reper-
toires of TFs from the DtxR family were identified by similarity searches
and domain predictions in the Pfam database (35) (see Table S2). DtxR-
TFs consist of two characteristic domains, an N-terminal helix-turn-helix
(HTH) DNA-binding domain (PF01325) and a C-terminal metal-bind-
ing and dimerization domain (PF02742). Near one-third of all found
DtxR-TFs in Archaea (50 out of 164) contain an additional C-terminal
domain (PF04023; also known as the SH3 domain), which is shared with
the FeoA component of ferrous iron transporters. Mbur_0783 and
Tneu_0335 are truncated proteins with only the HTH domain retained;
however, their orthologs in closely related genomes are full-length DtxR-
TFs, suggesting that these truncations are caused by sequencing errors.
Multiple alignment of DtxR-TFs was constructed using MUSCLE (36)
and based on the protein sequences of only the HTH and metal-binding
domains and excluding the optional SH3 domains. The phylogenetic tree
of DtxR-TFs (see Fig. S1) was built using a maximum-likelihood algo-
rithm implemented in PhyML 3.0 (37), using bootstrapping with 100
replicates, and visualized by Dendroscope (38). The MntR regulator from
Bacillus subtilis (BSU24520) was added to the tree as an outgroup. Indi-
vidual clades of TF orthologs were selected on the phylogenetic tree using
a minimum bootstrap value of 50 for the most ancestral node in each
clade.

For the identification of TF-binding site (TFBS) motifs and regulon
reconstruction, we used a previously established comparative genomics
approach (39) implemented on the RegPredict Web server (40) and the
GenomeExplorer software (41). Orthologs were defined by the bidirec-
tional best-hit criterion in GenomeExplorer and validated by phyloge-
netic trees from the MicrobesOnline database (42). We started regulon
reconstruction from genome context analysis of DtxR-TF gene neighbor-
hoods using MicrobesOnline (42). As a result, for each clade of DtxR-TFs,
we collected an initial training set of potentially coregulated genes that
mostly encode metal ion transporters and other metal homeostasis genes.
For de novo identification of a candidate TFBS motif in the training set of
potential upstream regions, we used the Discover Profile tool in Reg-
Predict (40). A search for palindromic DNA motifs of 16 to 18 bp in length
was carried out within putative promoter regions from �300 to �25 bp
relative to the translational gene start. Motifs were further validated by the
construction of multiple alignments of orthologous DNA fragments using
MUSCLE (36). Conservative palindromic sites were selected as potential
binding sites for DtxR-TFs and included in final training sets used for the
construction of positional weight matrices (PWMs). Sequence logos for
the derived clade-specific DNA motifs were drawn using WebLogo (43)
and compared to each other. Highly similar motifs were unified, resulting
in the final selection of 10 distinct motifs. The constructed final motif
PWMs were further used to search for additional regulon members using
the Run profile tool in RegPredict and GenomeExplorer. The lowest score
in the final TFBS training set was used as the threshold for a site search.

False-positive TFBS predictions were eliminated using the consistency
check approach (31, 39). For reconstructed regulons, we selected genes
that were preceded by a candidate TFBS in three or more genomes. New
sites were selectively added to training sets to improve PWMs. For clades
consisting of a single DtxR-TF, we looked for known metal-associated
genes in its close gene neighborhood (less than 10 genes upstream and
downstream) and searched for putative TFBSs within upstream regions of
these genes using all known DtxR-TF motifs. We assigned TFBSs to a
specific DtxR-TF using (i) their mutual colocalization on the chromo-
some and (ii) the co-occurrence of TFBSs for orthologous candidate tar-
get genes with DtxR-TF orthologs for the studied clade on the tree. Po-
tential TFBSs of paralogous DtxR-TFs were combined into one regulon.
In the Halobacteriales, predicted targets of FetR TFs from clades 23 and 24
also were assigned to the combined FetR regulon, as their TFBS motifs
were indistinguishable.

Biological functions of predicted target genes were assigned by com-
bination of similarity searches against the Swiss-Prot/UniProt database
(44) and domain architecture analysis in Pfam (35). Genome context
analysis of regulators and candidate target genes was performed using
MicrobesOnline (42). Transmembrane segments in metal transporters
were predicted using TMPred (45).

RESULTS AND DISCUSSION
Repertoire of DtxR family transcription factors in Archaea. To
analyze variances in regulons controlled by DtxR-TFs in the
domain Archaea, we collected a set of 164 DtxR family proteins in
83 archaeal genomes (see Table S1 in the supplemental material).
These genomes belong to four phyla: Euryarchaeota (56 genomes),
Crenarchaeota (25 genomes), Korarchaeota (1 genome), and
Thaumarchaeota (1 genome). The number of DtxR family pro-
teins varies significantly with taxonomy. The Halobacteriales, Ar-
chaeoglobales, Methanomicrobiales, Methanosarcinales, and Ni-
trosopumilales orders have from three to five DtxR-TF genes per
genome, whereas the other studied taxa have only one or two
regulators.

To identify orthologous groups of archaeal DtxR-TFs, we built
a phylogenetic tree of these proteins and divided it into 39 clades
(see Fig. S1 in the supplemental material). Nine of these clades
were singletons, whereas the remaining 30 clades contain 2 to 13
proteins per group (see Table S2). In a few cases, a phylogenetic
clade contains regulators from different archaeal lineages. For in-
stance, clade 2 includes seven proteins from the Methanomicrobia-
les order and two other proteins from the Methanosarcinales and
Thermoproteales. Clades 17, 18, and 32 are composed of proteins
from various orders that all belong to the Methanomicrobia class.
Interestingly, DtxR-TFs from the Desulfurococcales order (8 ge-
nomes, each containing a single regulator) are not monophyletic
but were distributed between two singleton clades and three clades
that each contained a pair of orthologous regulators.

Reconstruction of DtxR family regulons in archaeal ge-
nomes. For the reconstruction of regulons controlled by these
DtxR-TFs, we started from the comparative genomic analysis of
regulators from clades containing two or more proteins and then
proceeded with regulon inference for the remaining singleton
DtxR-TFs. The genome context analysis revealed that most of the
DtxR family genes are neighbors with genes encoding uptake
transporters for metal ions or iron siderophores. Alternatively,
some DtxR-TF genes are colocalized with other iron homeostasis
genes, e.g., the FeS assembly suf genes.

To find putative TFBS motifs, we searched upstream regions of
these potentially coregulated genes for conserved palindromic
DNA motifs across related genomes that contain DtxR-TFs from
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the same clade. By utilizing the de novo regulon reconstruction
procedure, as described in Materials and Methods, we identified
575 putative TFBSs for 139 studied regulators unevenly distrib-
uted across 77 genomes from 15 taxonomic orders of Archaea (see
Table S3 in the supplemental material). We grouped these puta-

tive TFBSs into 10 distinct DNA motifs that were designated mo-
tifs I to X (Fig. 1A). All binding motifs of DtxR-TFs in Archaea
have a common palindromic structure, which is consistent with
previous studies of DtxR-TFs in Bacteria (12, 14, 15, 31, 46). The
overwhelming majority of putative DtxR-TF binding sites in Ar-

FIG 1 Predicted DNA-binding motifs for DtxR family regulators in Archaea (A) and Bacteria (B). Ten major groups of archaeal DNA motifs are shown by roman
numerals. The number of candidate binding sites used to build a motif logo is shown below the roman numeral. Known DNA motifs of DtxR-TFs from different
taxonomic groups of Bacteria were collected from the RegPrecise database (65).
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chaea are even palindromes (16 or 18 nucleotides [nt] long),
whereas noncanonical palindromes (17 nt long) were found for
only 8% of regulators (motifs VI, VII, and IX). Based on the pre-
dicted TFBS motifs, we searched for additional sites in archaeal
genomes and applied the comparative genomics approach for
regulon reconstruction (see Table S3).

The reconstructed regulons demonstrate significant differ-
ences in the number of predicted target genes and operons. The
majority of archaeal DtxR-TF regulons include one to three target
operons that contain 10 or fewer genes. Large- and midsize regu-
lons involved in iron homeostasis were identified in the Halobac-
teriales, Thermococcales, Sulfolobales, and Methanobacteriales or-
ders. By assessing the functional content of the reconstructed
regulons, we tentatively predicted biological functions and effec-
tors of DtxR-TFs (Table 1). These include 93 FetR regulons po-
tentially involved in iron uptake and homeostasis (from 22
DtxR-TF clades), 36 MntR regulons for manganese uptake trans-
porters (representing six clades), and 10 ZntR regulons containing
potential zinc uptake transporters that correspond to a single
clade on the DtxR-TF phylogenetic tree (see Table S1 in the sup-
plemental material). Below we present the detailed functional
analysis of the reconstructed metal uptake and homeostasis regu-
lons in archaeal genomes.

Iron regulons. (i) Iron uptake transporters. In all recon-

structed FetR regulons, we observed that the majority of target
genes constitute metal ion transporters from different families.
The most widely distributed transporter under the predicted FetR
regulation is the ferrous iron transporter FeoAB, which was ob-
served in 56 reconstructed iron regulons. The FeoAB transporter
is predicted to be regulated by FetR in all studied archaeal lineages
except the Halobacteriales and Sulfolobales (Table 1). The recon-
structed FetR regulons in the Halobacteriales include the ferric
iron ABC transporter fbpABC and multiple paralogs of the sidero-
phore ABC transporter genes fhuCDG. In the Thermococcales and
Halobacteriales, the FetR regulons include COG0428, encoding
the ZIP family metal ion transporters that are known to take up
ferrous iron, manganese, zinc, and cadmium ions (47). In the
Sulfolobales order, the reconstructed FetR regulons contain up to
six paralogs of novel putative iron transporters (named Irt, for
iron-regulated transporters). The novel Irt transporters are most
similar to the DHA2 family of drug-H� antiporters from the ma-
jor facilitator superfamily (MFS) according to the TCDB database
(48). The exact function of Irt transporters remains to be eluci-
dated.

Additional transporters were found in several FetR regulons. In
the Thermococcales genomes, the regulons include proteins ho-
mologous to the ferrous iron transporter EfeU, characterized in
bacteria (49), and proteins from the COG0803 family of metal-

TABLE 1 Content of reconstructed DtxR family regulons in Archaea

Clade Archaeal phylum/order(s)a Regulonb TF no. Motif Target operon(s)c

2 E/Methanomicrobiales FetR 8 I feoAB, fetR
3 E/Methanosarcinales FetR 7 I feoAB, fetR
4 E/Methanomicrobiales FetR 2 I fepBCD, fetR, and 3 other targets
5 E/Archaeoglobales FetR 3 I feoAB, fetR
6 C/Desulfurococcales FetR 2 I feoAB, fetR, cl00388
7 E/Thermococcales FetR 7 I feoABC, fetR, efeU, sufCB, COG0803, COG0428, COG1433, COG1149,

and 12 other targets
8 E/unclassified FetR 2 I feoABC, COG1433, COG1149, and 3 other targets
9 C/Thermoproteales MntR 7 II mntH, mntR, COG0428
10 C/Desulfurococcales FetR 1 I feoAB
11 E/Methanopyrales FetR 1 I feoAB
12 E/Methanomicrobiales FetR 1 I feoAB, fetR
13 K/unclassified FetR 1 I feoAB
15 E/Methanococcales FetR 8 III feoAB, fetR, hdrA, COG1142
16 E/Archaeoglobales FetR 5 I cfd, COG1433, COG1149
17 E/Methanobacteriales FetR 6 I feoAB, fetR, copA
18 E/Methanosarcinales FetR 6 I feoAB, fetR
21 E/Halobacteriales MntR 13 IV mtsABC, mntR, COG0428, UPF0016
23, 24 E/Halobacteriales FetR 17 I fbpABC, fhuGCD, fetR, sufCB, dps, rhbA-ddc-rhbCDEF, COG0428,

and 16 other targets
26 C/Sulfolobales FetR 8 V irt, doxDA, COG1131-COG0843, PF1925, and 6 other targets
27 C/Desulfurococcales FetR 2 V feoAB, fetR
29 E/Archaeoglobales FetR 3 I feoB, fetR
30 E/Methanosarcinales FetR 2 I feoB, fetR
31 E/Methanobacteriales FetR 1 I feoB
32 E/Methanosarcinales, Methanomicrobiales,

Methanocellales
ZntR 10 VI znuABC, nikQOM, zntR, COG4430

35 C/Sulfolobales MntR 8 VII mntH, vit, COG0428
37 E/unclassified MntR 2 VIII mtsABC, mntR
38 E/Thermoplasmatales MntR 4 X mntH
39 E/Archaeoglobales MntR 2 IX mtsABC, mntR
a Phyla are indicated by one-letter acronyms: E, Euryarchaeota; C, Crenarchaeota; K, Korarchaeota.
b Functional roles of target genes were homeostasis of iron (FetR), zinc (ZntR), and manganese (MntR) ions.
c Detailed information on studied genomes, regulators, and identified target operons can be found in Tables S1 and S2 in the supplemental material.
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binding components of ABC transporters. Members of the latter
family are known to transport manganese (12) and zinc (50). In the
Sulfolobales, we found a conserved FetR-regulated operon encod-
ing a hypothetical ABC-type exporter (COG1131-COG0842). The
siderophore transporter FepBCD was observed in the Methano-
spirillum hungatei FetR regulon, whereas in the Methanobacteria-
les genomes it includes the copA genes, encoding the heavy-metal
transport ATPase (�70% similarity to CopA from Archaeoglobus
fulgidus [51]).

(ii) Other iron homeostasis genes. Besides iron and other
metal transport systems, the reconstructed FetR regulons contain
other genes potentially involved in iron homeostasis. In five Halobac-
teriales genomes, FetR presumably controls the rhbA-ddc-rhbC-
DEF operon encoding the rhizobactin siderophore biosynthesis
pathway. In the Thermococcales, Archaeoglobales, and Acidulipro-
fundum spp., the FetR regulons contain several genes encoding
potential Fe-S cluster assembly enzymes, including the SufB and
SufC proteins (52), 4Fe-4S cluster binding proteins from the
COG1149 family, the Fe/Mo-cofactor binding proteins from the
COG1433 family, and homologs of eukaryotic CFD1, encoding an
Fe-S cluster assembly protein (53). Moreover, the extended FetR
regulons in the Thermococcales include genes encoding proteins
with either metal-binding or Fe-S cluster sites: metal ion-binding
endonuclease Nfo, metal-dependent hydrolase COG1237, Fe-S
cluster tRNA wyosine derivative biosynthesis protein Taw1, Fe-S
cluster sarcosine oxidase SoxAB, iron-binding methionine amino-
peptidase Map, and Fe-S cluster oxidoreductase COG0731. In the
Methanococcales, we found a conserved FetR regulon member, the
hdrA gene, encoding a close homolog of the CoB-CoM heterodis-
ulfide reductase subunit from Methanothermobacter marburgensis
(�75% similarity) that contains a 4Fe-4S cluster and catalyzes the
final step in the methanogenic pathway (54). FetR regulons in
eight Halobacteriales members contain dps genes encoding ferritin
proteins that are capable of assembling into homopolymeric
spheres and store ferrous iron (55). In two Metallosphaera and one
Sulfolobales genome, the FetR regulons contain the doxDA
operon, encoding a terminal quinol oxidase involved in electron
transfer from sulfur oxidation, as well as genes encoding the pu-
tative sulfite exporter PF01925 (56).

Manganese and zinc uptake regulons. (i) TroA family man-
ganese and zinc transporters. The reconstructed MntR and ZntR
regulons in most lineages contain metal uptake ABC transporters
from the TroA family. In Bacteria, this family is known to include
transporters with different metal ion specificities. Most of the
characterized members are specific to either zinc (ZnuABC) (4,
50, 57–59) or manganese (MtsABC) (60). The predicted ZntR-
regulated ABC transporters in the Methanosarcinales and Metha-
nomicrobiales orders are most similar to the zinc-specific trans-
porter P73085_SYNY3 from Cyanobacteria (57); thus, they were
named ZnuABC. The TroA family proteins from the Archaeoglo-
bales and Aciduliprofundum spp. belong to the MntR regulons;
thus, they were named MtsABC. One of these MntR regulators,
AF_1984 in A. fulgidus, previously was shown to bind manganese
as an effector (61). The MntR-regulated transporter from the
TroA family in the Halobacteriales previously was shown to be
differentially expressed in Halobacterium sp. strain NRC-1 in re-
sponse to manganese (23); thus, it was named MtsABC.

(ii) Predicted manganese transporters from other families.
The reconstructed MntR regulons in three archaeal lineages (Sul-
folobales, Thermoproteales, and Thermoplasmatales) include the

mntH gene, encoding an NRAMP family divalent metal trans-
porter. The closest characterized homologs of these archaeal
transporters are the MntH manganese transporters from B. subti-
lis and E. coli (5, 12, 62). In four Halobacteriales genomes, the
inferred MntR regulons include the UPF0016 gene, encoding a
hypothetical protein from an uncharacterized family (PF01169),
which is predicted to contain seven transmembrane helixes, sug-
gesting its localization within the cytoplasmic membrane. In Ha-
lorhabdus utahensis and Haloquadratum walsbyi, UPF0016 is the
only predicted member of the MntR regulons; thus, it was pre-
dicted to function as a manganese transporter. The COG0428 ZIP
family transporters were observed in the predicted MntR regu-
lons in five Sulfolobales genomes, one Thermoproteus neutrophilus
genome, and two Halobacteriales genomes. Finally, all recon-
structed MntR regulons in the Sulfolobales genomes contain a sec-
ond type of predicted manganese transporter from the VIT family
(63).

Refinement of reconstructed regulons with experimental
data. To confirm our regulon reconstructions, we compared them
with previously published experimental studies of DtxR-TFs in
Archaea. In A. fulgidus, electromobility shift assay (EMSA) and
DNase footprinting have confirmed the binding ability of
AF_1984 (MntR, clade 39) to its own promoter region (61), which
is consistent with our data. In P. furiosus, the quantitative PCR
analysis of the PF0851 (FetR, clade 7) deletion mutant has de-
tected the differential expression of genes PF0723 (efeU or ftr1)
and PF0858 (feoA) under iron-limiting conditions compared to
the wild type (25). Both of these genes are preceded by the pre-
dicted FetR binding sites (see Tables S3 in the supplemental ma-
terial). Specific binding of the PF0851 protein to the ftr1 and feoA
promoter regions was further confirmed using EMSA (25). In
Thermococcus kodakaraensis, the global transcriptional analysis of
the TK0107 (FetR, clade 7) mutant has revealed 5- to 27-fold
changes for the TK0652 (COG0428), TK0714-16 (feoAAB), and
TK0958-57 (feoAB) operons under iron-limited conditions (26),
confirming the predicted FetR-binding sites in the upstream re-
gions of these three operons (see Table S3). In Halobacterium sp.
strain NRC-1, the analysis of VNG_0536G (MntR, clade 21; also
named SirR) mutant has revealed the involvement of this regula-
tor into manganese-dependent repression of the mtsABC (or zu-
rAM-ycdH) operon (23). The c 2.0 database for systems-level
models of gene regulation in prokaryotes contains groups of coregu-
lated genes predicted by analysis of combined gene expression and
conditional data (64). One of these groups, represented by the con-
dition-dependent coregulated module hc38890 in Halobacterium
sp. strain NRC-1, contains the following 10 operons from FetR
regulon the reconstructed in this work: VNG_6210G (rhbA-ddc-
rhbCDEF), VNG_0249G (PF00127-hyp4), VNG_0924G (fbpABC-
hyp7), VNG_0925C (rgp), VNG_1036H (PF13618-COG2303),
VNG_1720H (fhuD), VNG_2299H (X-COG0492), VNG_2442H
(hyp6), VNG_2549C (fhuDGC), and VNG_2562H (fhuDGC).
The regulatory motif inferred for the hc38890 module in EGRIN
also is consistent with the FetR binding motif predicted in our
work (Fig. 1A, motif I). In summary, several of the regulons and
DNA-binding motifs predicted in this work are consistent with
previous experimental results for DtxR-TFs, confirming that the
comparative genomics techniques can be applied successfully for
reconstruction of transcription regulation in Archaea.

Conclusions. Transcriptional control of metal homeostasis in
Archaea is mediated by regulators from the DtxR protein family.
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By applying the comparative genomics approach, we tentatively
predicted DNA binding motifs and reconstructed DtxR-TF regu-
lons in 77 archaeal genomes. Functional analysis of the recon-
structed regulons allowed us to predict potential functions of TFs
and coregulated genes. Three major functional groups of DtxR-
TFs in Archaea are FetR, MntR, and ZntR, controlling the homeo-
stasis of iron, manganese, and zinc, respectively.

The identified DtxR-TF binding motifs in Archaea have a
common palindromic structure but are characterized by different
consensus sequences; thus, they were classified into 10 distinct
motifs (Fig. 1). Some of these archaeal motifs are similar to known
DtxR-TF motifs in Bacteria. For instance, the group I FetR motif is
similar to the MntR motifs in Chloroflexi and Staphylococcaceae
and the group III FetR motif resembles the MntR motif in Strep-
tococcaceae, whereas the MntR motifs from groups II, IV, and VIII
are partially similar to the FetR motif in Chloroflexi (Fig. 1). Con-
servation of the DtxR-TF motifs across large phylogenetic dis-
tances allowed us to suggest that DtxR is an ancient family of TFs
common to Bacteria and Archaea. A large-scale phylogenetic anal-
ysis of the previously studied DtxR family proteins from Bacteria
(as captured in the RegPrecise database of transcriptional regu-
lons [65]) and the archaeal DtxR-TFs (data not shown) identifies
multiple branches of bacterial regulators that mixed with numer-
ous groups of archaeal regulators, suggesting that the DtxR family
was a frequent subject of various evolutionary processes, includ-
ing divergent evolution (diversification of DNA motifs and effec-
tor specificities after duplication) and convergent evolution (ap-
pearance of a similar DNA motif in distantly related branches).

The majority of predicted members of the DtxR-TF regulons
are metal transporters from the FeoAB, NRAMP, ZIP, and TroA
families and are involved in the uptake of iron, manganese, and
zinc ions. The novel Irt family of iron-regulated transporters was
identified in acidophilic iron-oxidizing microorganisms from the
Sulfolobales order. The previous transcriptomics studies in Metal-
losphaera sedula revealed that three Irt transporter genes from the
predicted FetR regulon (Msed_0907, Msed_1001, and Msed_1095)
are upregulated in the presence of ferrous iron in growth medium
(66). The Irt family transporters are similar to drug-proton anti-
porters from the MFS superfamily, suggesting they can be in-
volved in proton-dependent efflux of an excess of ferrous iron
accumulated in the cytoplasm due to its high concentration in the
environment. An additional predicted exporter of ferrous iron,
COG1131-COG0842, was identified in the reconstructed FetR
regulons in Sulfolobales.

In summary, this work demonstrates the power of the com-
parative genomics approach in applying the reconstruction of
transcriptional regulons in poorly studied archaeal genomes.
The reconstructed DtxR-TF regulons are useful for the genome
context-based prediction of novel functions of transporters in ar-
chaeal genomes. Although many of the inferred regulons are sup-
ported by available experimental data, other regulon predictions
still require experimental validation.
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