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Copper, along with iron and zinc, is among the
most common metals that occur in metalloproteins of
prokaryotic and eukaryotic cells [1]. Copper is con�
tained, as a cofactor, in such prokaryotic proteins as
cytochrome oxidases, superoxide dismutases, amine
oxidases, methane monooxygenases, and other cop�
per oxidases and laccases. Geochemical calculations
show that, under anaerobic conditions, copper is, for
the most part, present in the form of sulfides with an
extremely low solubility, which are unavailable for liv�
ing cells [2]. Presumably, the copper utilizable by liv�
ing cells appeared in significant quantities in the ocean
only after its oxygenation, which started between two
and three billion years ago. Therefore, copper is envi�
sioned as a “modern” metal [3]. The analysis of the
complete genomes of bacteria and archaea demon�
strated that most of anaerobes do not use Cu as an
enzyme cofactor. In contrast, genes encoding copper
proteins are widespread in the genomes of aerobes [1].
Thus, genomic research has confirmed the idea that
protein�encoded geochemical environmental signals
are conserved on the geological time scale, and the
investigation of them can help us retrace the time

course of some evolutionary events in living organisms
[2].

Although copper occurs in the composition of bio�
logical molecules, it is toxic for living cells at high con�
centrations (>1 mg/L). Presumably, the biochemical
mechanisms that protect the cell from copper ions
emerged in the evolution much earlier than the first
copper proteins [3, 4]. The main mechanism of copper
detoxification involves pumping excess copper out of
the cytoplasm by copper ATPases of the P type [5].
Along with the ATPases, other enzymes were revealed
in proteobacteria. They include RND efflux trans�
porters, which usually transfer copper from the peri�
plasmic space, sequestering copper oxidases, and
polyphosphate�forming polyphosphate kinases.
Unlike copper ATPases, RND transporters extrude
the ions of copper and other metals using the antiport
principle. Presently, this group of transporters is clas�
sified as superfamily 2.A.6 of the TCDB database [6];
this superfamily contains a great number of trans�
porter proteins detected in all domains of life [7].
Within this superfamily, copper transporters belong to
the HME (heavy metal efflux, 2.A.6.1) family.

Oxygenated aquatic ecosystems with high Cu2+

solubility and marine hydrotherms, where, due to the
high temperature and high concentration of heavy
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metals, sufficient amounts of dissolved copper sulfides
occur under anaerobic conditions, are regarded as
possible habitats of microorganisms in which various
copper detoxification mechanisms, including those
based upon copper ATPases, could have emerged [1].

The recently described facultatively anaerobic,
moderately thermophilic bacterium Melioribacter
roseus [8] represents a suitable model for elucidating
the relationship between the presence of the cupro�
proteome (the totality of copper�containing proteins)
in an organism and its aerobic or anaerobic lifestyle.
Melioribacter roseus gen. nov., sp. nov. [8] was charac�
terized as a representative of the new family Meliorib�
acteraceae within the new phylum Ignavibacteriae.
This phylum belongs to the group of closely related
phyla that also includes the phyla Chlorobi and
Bacteroidetes [8, 9]. Apart from M. roseus, the phylum
Ignavibacteriae includes one more culturable repre�
sentative, Ignavibacterium album [10, 11]. Both organ�
isms, M. roseus and I. album, are facultative anaerobes
and organoheterotrophs [8]. According to the
genomic and phenotypic characteristics of the repre�
sentatives of Chlorobi, Bacteroidetes, and Ignavibacte�
riae, the following sequence of evolutionary events was
suggested: (i) the separation of the common ancestral
aerobic lineage into the branches of Bacteroidetes and
the common ancestor of Ignavibacteriae and Chlorobi
and (ii) the subsequent cleavage of the latter branch
into Ignavibacteriae and Chlorobi, which was due to
the new ecological niche occupied by Chlorobi and to
the major changes in their metabolism [8].

M. roseus was isolated from a sample of the micro�
bial biofilm that develops in the geothermal water out�
flow from the well 3P (Parabel District, Tomsk oblast),
discharging deep subsurface aquifer from a depth of
ca. 2700 m. Presumably, M. roseus migrated to the sur�
face mat from the deep strata characterized by ele�
vated concentrations of metals and metalloids [8].
Therefore, M. roseus should harbor a set of systems
that control the intracellular content of toxic metals,
including copper.

The goal of this work was to screen the genome of
M. roseus for genes encoding copper proteins and cop�
per homeostasis systems and to test the previously pro�
posed hypothesis that the metabolism of Ignavibacte�
riae was primordially aerobic.

MATERIALS AND METHODS

Strain Melioribacter roseus P3M�2T was from the
culture collection of the Laboratory of Hyperthermo�
philic Microbial Communities of Winogradsky Insti�
tute of Microbiology, Russian Academy of Sciences.
The resistance of the strain to Cu2+ ions was tested by
cultivating it on the modified Widdel medium [8] sup�
plemented with copper: sterile CuCl2 solution was
added to a final concentration of 10, 20, 30, or
50 mg/L.

The complete genome of M. roseus P3M�2T,
deposited at the NCBI GenBank (CP003557.1), was
screened for the genes related to copper homeostasis.
The target genes were identified from their similarity
to the sequences specified for Bacteria and Archaea by
Ridge et al. [1]. In addition, the conserved sequences
of transmembrane α spiral IV of RND transporters [7]
and the conserved domains of copper ATPases [12]
were tested. The homologs of the genes detected in the
M. roseus genome were found using the blastp algo�
rithm with standard parameters [13]. The sets of
M. roseus proteins and their retrieved homologs were
used for phylogenetic analysis, performed with the
MEGA5 software package [14]. The closest
100 homologs of each protein were chosen; thus, the
total initial sequence array for the phylogenetic analy�
sis consisted of 3 ATPases of M. roseus and 297 of their
closest homologs. Using the CD�hit server [15],
100%�identical sequences (duplicates) were removed.
270 sequences remained, and the 3 incomplete
sequences present among them (two Firmicutes
sequences and one Bacteroidetes sequence) were
deleted manually.The final sequence set comprised
267 sequences. The dendrograms were constructed
using the Neighbor�Joining and Maximum Likeli�
hood methods.

RESULTS

Genes encoding copper proteins are present in the
Melioribacter roseus genome. In the M. roseus
genome, several genes were revealed that encode vari�
ous copper�containing proteins, including cbb3

(MROS_1513) and cc(o/b)o3 (MROS_0038) cyto�
chrome c oxidases (oxygen reductases), an N2O
reductase (MROS_1106), and a laccase
(MROS_0146) (Table 1). The closest homologs of
these copper proteins were found to be encoded in the
I. album genome. In particular, the identity level
between the amino acid sequences of the copper�con�
taining laccases of the two species, representing differ�
ent families of the Ignavibacteriae phylum, was 52%.
Laccase genes were identified in the genomes of many
representatives of the Chlorobi phylum. Apart from
Chlorobi, relatively close laccase amino acid sequences
are present in representatives of the Bacteroidetes phy�
lum, in Caldithrix abyssi (one of the two cultured rep�
resentatives of the phylogenetically deep bacterial lin�
eage close to Chlorobi�Bacteroidetes�Ignavibacteriae),
and in Firmicutes representatives (the identity of lac�
case sequences of all the above mentioned groups to
M. roseus laccases is 30�37%).

Five representatives of the phylum Chlorobi possess
the genes of the copper�containing subunits of the cbb3

type cytochrome c oxidases. However, the corre�
sponding gene clusters are incomplete in all of the five
species. Chlorobium chlorochromatii lacks the struc�
tural subunit IV gene, whereas C. phaeobacteroides,
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C. limicola, Chlorobaculum parvum, and Pelodictyon
phaeoclathratiforme lack, in addition, the genes of the
functional subunit III. Chlorobium ferrooxidans only
possesses the gene of the copper subunit, which is
equidistant from all of the known types of copper�con�
taining oxygen reductases.

Homologs of the cc(o/b)o3 type copper�containing
cytochrome c oxidase are present in the genomes of
Bacteroidetes and of one of the Chlorobi species, Chlo�
robaculum parvum. However, the gene cluster of this
oxidase in Bacteroidetes differs in terms of its organiza�
tion from the gene cluster of M. roseus. In Chlorobac�
ulum parvum, it lacks the genes of two subunits (II and
IV) of the enzyme.

M. roseus possesses several copper transport sys�
tems. Cultivating of M. roseus at elevated Cu(II) con�
centrations revealed that the maximum copper con�
centration in the medium at which growth still
occurred was 30 mg/L. The growth of M. roseus was
completely inhibited by 50 mg/L Cu2+ in the culture
medium.

Three copper ATPases were detected in the
M. roseus genome. They all have four pairs of trans�
membrane helices characteristic of heavy metal
ATPases (families 3.A.3.5 and 3.A.3.6) and exhibit a
domain organization that is similar to that of these
ATPases (Table 2). This organization implies the pres�
ence of metal�binding sites, the stabilizing TGEA
motif of the cytosol loop in the N�terminal domain,
conserved phosphorylation and phosphate�binding

sites, and a ‘hinge’ region in the catalytic domain. The
most variable domain is the third, N�terminal mem�
brane domain [16].

Proteins IALB_0720 and IALB_2222 from
I. album are among the closest homologs of the
MROS_1511 and MROS_0327 ATPases; nonethe�
less, the I. album genome lacks a close homolog of
MROS_0791 (Fig. 1). The MROS_1511 ATPase
belongs to the operon encoding a cbb3 cytochrome c
oxidase (MROS_1513�1515) and its accessory pro�
teins (Fig. 2c). The MROS_0327 ATPase comprises
an operon (Fig. 2a) together with copper chaperone
MROS_0326 and a transporter of the MFS family
(2.A.1 according to TCDB), MROS_0328. Each of
the neighboring genes of MROS_0791 and
MROS_0790 ATPases contains one cupredoxin�like
domain.

Apart from the genes encoding copper ATPases,
the genome contains the genes of two putative copper
transporters (MROS_0577 and MROS_0773) that
transfer Cu2+ by proton antiport (the RND family,
2.A.6). The specific motifs of the conserved region of
the transmembrane α helix IV (TMH IV) (Fig. 3) pro�
vide evidence that these proteins belong to the “RND�
efflux” transporter group. The main function of RND
transporters is the efflux of copper from the periplas�
mic space, as it was shown for the proteins encoded by
cusCFBA operon in E. coli [17]. MROS_0481 and
MROS_1253, the two other related proteins, lack
characteristic motifs in the TMH IV region. Appar�

Table 1. The presence of copper protein genes in the genomes of Ignavibacteriae, Chlorobi, and Bacteroidetes representa�
tives (according to the results of the analysis of the NCBI database)

Ignavibacteriae
Chlorobi Bacteroidetes

M. roseus I. album

Enzymes of the cytochrome c oxidase family + +   –* +

Copper nitrous oxide reductase + + – +

Copper oxidoreductase, polyphenol oxidase, laccase + + + +

* Except for Chlorobaculum parvum.

Table 2. Domain structure and the main conserved motifs of the functional domains of P type copper ATPases in Meliori�
bacter roseus P3M�2

ATPase
ORF number
in the genome

N�terminal domain Catalytic cytoplasmic domain

metal�binding
motifs

stabilizing
motif

heavy
metals�binding 
membrane site

phosphory�
lation motif

phosphate�
binding
motif

motif of the “hinge” region
which links the catalytic

and the C�terminal domain

MROS_0327 CASC TGES CPC DKTGTIT LLTGD VAMVGDGINDAPALAQADLSIAI

MROS_0791 CSTC…CASC TGEP CPC DKTGTIT MITGD VAMVGDGINDAPALAQADIGLAI

MROS_1511 CFHC… 
CNGC…CSSC TGES CPC DKTGTIT LLTGD VMMIGDGLNDAGALQKSD

Note: Bold type marks amino acid residues that are the most conserved according to Chan et al. [16].
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ently, these proteins belong to the HAE4 group of the
HAE (hydrophobic and amphiphilic compounds
efflux, 2.A.6.2, 2.A.6.5, 2.A.6.7) family of RND trans�
porters transferring organic molecules [7].

Genes encoding all of the four transporters dis�
cussed above were included in the operons that also
contained the genes of MFP (membrane fusion pro�

tein) and OMF (outer membrane factor) (Fig. 4). This
allows prediction of localization of the transporters in
the outer membrane. All proteins encoded by the
operons that contain the MROS_0481 and
MROS_0577 transporter genes displayed maximum
similarity to those of Caldithrix abyssi. Sequence iden�
tity between MROS_0481 and MROS_0577 and their

Firmicutes (95 sequences)

gi_544919251_ref_WP_021328727.1_hypothetical_protein_candidate_division_ZIXI_bacterium_RBG�1 Cand. Div. ZIXI

gi_169832022_ref_YP_001718004.1_heavy_metal_translocating_P�type_ATPase_Candidatus_Desulforudis_audaxviator Firmicutes

gi_496144336_ref_WP_008868843.1_ATPase_Desulfonatronospira_thiodismutans_ASO3�1 Proteobacteria

Firmicutes (7 sequences)

gi_328951697_ref_YP_004369032.1_heavy_metal_translocating_P�type_ATPase_Marinithermus_hydrothermalis_DSM_14884 Deinococcus/Thermus

gi_499456571_ref_WP_011144035.1_ATPase_Gloeobacter_violaceus_PCC_7421 Cyanobacteria

gi_320160669_ref_YP_004173893.1_heavy_metal_translocating_P�type_ATPase_Anaerolinea_thermophila_UNI�1 Chloroflexi

gi_392373172_ref_YP_003205005.1_copper�transporting_P�type_ATPase_Candidatus_Methylomirabilis_oxyfera Cand. Div. NC10

gi_495751995_ref_WP_008476574.1_copper�transporting_P�type_ATPase_Nitrolancea_hollandica

gi_159900839_ref_YP_001547086.1_copper�translocating_P�type_ATPase_Herpetosiphon_aurantiacus_DSM_785
Chloroflexi

gi_519104600_ref_WP_020260475.1_hypothetical_protein_unclassified_Aminicenantes Unclassified bacteria

gi_521073069_ref_WP_020404853.1_hypothetical_protein_partial_Gracilimonas_tropica Bacteroidetes

gi_374856552_dbj_BAL59405.1_Cu(2+)�binding/translocating_P�type_ATPase_Candidatus_Acetothermus_autotropicum Cand. Acetothermia

gi_147920132_ref_YP_686104.1_Cu(2+)�binding/translocating_P�type_ATPase_Methanocella_arvoryzae_MRE50

Euryarchaeotagi_383320823_ref_YP_005381664.1_copper�(or_silver)�translocating_P�type_ATPase_Methanocella_conradii_HZ254

gi_282163054_ref_YP_003355439.1_copper�transporting_P�type_ATPase_Methanocella_paludicola_SANAE

gi_517454077_ref_WP_018624865.1_copper�exporting_ATPase_Kangiella_aquimarina

gi_256822574_ref_YP_003146537.1_copper�translocating_P�type_ATPase_Kangiella_koreensis_DSM_16069 Proteobacteria

gi_495385032_ref_WP_008109735.1_Cu2+�exporting_ATPase_Pseudoalteromonas_sp._BSi20311

gi_429221831_ref_YP_007174157.1_heavy_metal_translocating_P�type_ATPAse_Deinococcus_peraridilitoris_DSM_19664 Deinococcus/Thermus

gi_488761234_ref_WP_002684442.1_copper/silver�translocating_P�type_ATPase_Beggiatoa_alba Proteobacteria

Proteobacteria

Mros_0791[Ignavibacteriae

gi_317122394_ref_YP_004102397.1_ATPase_P_Thermaerobacter_marianensis_DSM_12885_ATPase Firmicutes

gi_390189803_emb_CCD32036.1_Copper�transporting_P�type_ATPase_Methylocystis_sp._SC2

gi_517128309_ref_WP_018317127.1_hypothetical_protein_Bradyrhizobium_japonicum

gi_517082840_ref_WP_018271658.1_hypothetical_protein_Bradyrhizobium_elkanii

gi_406981557_gb_EKE03013.1_hypothetical_protein_ACD_20C00293G0005_uncultured_bacterium

Cyanobacteria (29 sequences)

gi_516341067_ref_WP_017731100.1_hypothetical_protein_Nafulsella_turpanensis Bacteroidetes

Mros_0327

IALB_2222 gi_385810797_ref_YP_005847193.1_cation_transport_ATPase_Ignavibacterium_album_JCM_16511
Ignavibacteriae

gi_269926835_ref_YP_003323458.1_heavy_metal_translocating_P�type_ATPase_Thermobaculum_terrenum_ATCC_BAA�798 Unclassified bacteria

gi_57234243_ref_YP_181678.1_copper�translocating_P�type_ATPase_Dehalococcoides_mccartyi_195

gi_270308224_ref_YP_003330282.1_cation_transport_ATPase_Dehalococcoides_mccartyi_VS

gi_561113019_ref_YP_008856080.1_copper�exporting_ATPase_Dehalococcoides_mccartyi_GY50

gi_289432747_ref_YP_003462620.1_ATPase_P_Dehalococcoides_mccartyi_GT

gi_147669480_ref_YP_001214298.1_heavy_metal_translocating_P�type_ATPase_Dehalococcoides_mccartyi_BAV1

Chloroflexi

gi_73748721_ref_YP_307960.1_copper�translocating_P�type_ATPase_Dehalococcoides_mccartyi_CBDB1
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Fig. 1. Phylogenetic positions of the copper ATPases MROS_0327, MROS_0791, and MROS_1511 and related proteins. The
dendrogram was constructed using the Neighbor Joining method and the Poisson distribution of amino acid substitution proba�
bility [23]. The Maximum Likelihood method and the Jones�Taylor�Thornton (JTT) model of amino acid substitution yielded a
similar tree topology. Bar corresponds to substitution of 10% of amino acid residues. Numbers at the tree nodes are bootstrap val�
ues (100 iterations).
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100

Sphingobacteriales

Sphingobacterales (9 sequences)

Cytophagales (3 sequences)

gi_387790586_ref_YP_006255651.1_P�type_ATPase_translocating_Solitalea_canadensis_DSM_3403

gi_256419725_ref_YP_003120378.1_E1�E2_ATPase_domain�containing_protein_Chitinophaga_pinensis_DSM_2588

gi_517446608_ref_WP_018617439.1_hypothetical_protein_Segetibacter_koreensis
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gi_375145258_ref_YP_005007699.1_Copper�exporting_ATPase_Niastella_koreensis_GR20�10

gi_497266532_ref_WP_009580749.1_Type_cbb3_cytochrome_oxidase_biogenesis_protein_Ccol_Fulvivirga_imtechensis

gi_392390188_ref_YP_006426791.1_P�type_ATPase_translocating_Ornithobacterium_rhinotracheale_DSM_15997

gi_325954463_ref_YP_004238123.1_copper�exporting_ATPase_Weeksella_virosa_DSM_16922

gi_517504465_ref_WP_018674673.1_ATPase_Riemerella_columbina

gi_489073906_ref_WP_002983861.1_E1�E2_ATPase_Chryseobacterium_gleum

Mros_1511_Ignavibacteria

gi_332668399_ref_YP_004451187.1_P�type_HAD_superfamily_ATPase__Haliscomenobacter_hydrossis_DSM_1100

gi_522028110_ref_WP_020539319.1_hypothetical_protein_Lewinella_cohaerens

gi_517153536_ref_WP_018342354.1__hypothetical_protein_Cytophaga_aurantiaca

gi_110637541_ref_YP_677748.1_Cu(I)�translocating_P�type_ATPase_Cytophaga_hutchinsonii_ATCC_33406

gi_517289095_ref_WP_018477913.1_ATPase_Pontibacter_roseus

gi_494934078_ref_WP_007660111.1_cytochrome_cbb3_oxidase_maturation_protein_Pontibacter_sp.

gi_488781944_ref_WP_002694351.1_E1�E2_ATPase_subfamily_putative_Microscilla_marina

gi_408671806_ref_YP_006871554.1_E1�E2_ATPase�associated_domain_protein_Emticicia_oligotrophica_DSM_17448

IALB_0720_gi_385809304_ref_YP_005845700.1_Cation_transport_ATP1_Ignavibacterium_album_JCM_16511

gi_522017364_ref_WP_020528635.1_hypothetical_protein_Flexithrix_dorotheae

gi_516340899_ref_WP_017730932.1_hypothetical_protein_Nafulsella_turpanensis

gi_496485275_ref_WP_009193845.1_putative_copper�importing_P�type_ATPase_A_Cesiribacter_andamanensis

Cytophagales (8 sequences)

gi_521070679_ref_WP_020402630.1_hypothetical_protein_Gracilimonas_tropica

gi_610422581_gb_AHW59785.1_ATPase_Draconibacterium_orientale

gi_522086524_ref_WP_020597733.1_hypothetical_protein_Spirosoma_panaciterrae

gi_284038445_ref_YP_003388375.1_ATPase_P�type_(transporting)_HAD_superfamily_Spirosoma_linguale_DSM_74

Flavobacteriales (54 sequences)

0.1

Cytophagales

Flavobacteriales

Sphingobacteriales

Cytophagales

Bacteroidetes 

Ignavibacteriae

Sphingobacteriales

Bacteroidales

Cytophagales

closest homologs was 58 and 72%, respectively. The
closest homologs of all proteins encoded by
MROS_0773� and MROS_1253�containing operons
were I. album proteins; the identity level between the
transporters per se and their closest relatives was 81
and 82%, respectively.

DISCUSSION

Our work demonstrated the presence of the genes
encoding copper proteins in the genomes of two
Ignavibacteriae representatives. All these genes have
numerous homologs among representatives of
Bacteroidetes (Table 1). Although a large number of
Chlorobi species contain homologs of laccase genes,
and some of them possess incomplete gene clusters of
copper�containing cbb3�type cytochrome c oxidases,
only one of them, Chlorobaculum parvum, has a gene
cluster of the copper�containing cc(o/b)o3�type cyto�
chrome c oxidase. However, it lacks the genes of two
subunits of the enzyme, which allows suggesting the
loss of the gene cluster of the cc(o/b)o3�type oxygen
reductase in representatives of Chlorobi. In Ignavibac�
teriae species this gene cluster possesses the same
structure as in the representatives of the proteobacteria
Desulfovibriales and Desulfuromonadales [8]. In Des�

ulfovibrio vulgaris, the involvement of a cc(o/b)o3 type
cytochrome c oxidase in the generation of transmem�
brane potential was revealed [18]. Taking into account
the high level of identity of the amino acid sequences
of the copper�containing subunits of the oxidases of
M. roseus and I. album with those of D. vulgaris (47%
and 45%, respectively), it seems likely that this
enzyme is involved in energy metabolism in Ignavibac�
teriae representatives.

Five representatives of the Chlorobi phylum (Chlo�
robium phaeobacteroides, C. limicola, C. chlorochro�
matii, Chlorobaculum parvum, and Pelodictyon phaeo�
clathratiforme) possess the genes of copper�containing
cbb3 type oxidoredutases. However, the gene cluster is
incomplete in all of them. In addition, C. ferrooxidans
contains one gene of the copper subunit of the oxygen
reductase, equally distant from copper domains of
cbb3� and cc(o/b)o3�type oxygen reductases. In com�
pliance with the proposed hypothesis on the “second�
ary” anaerobiosis of Chlorobi, a possible evolutionary
scenario is the loss of both accessory and catalytic cop�
per�containing subunits by the organisms that have
moved into a new anaerobic niche, while the bacteria
that stayed in aerated environments retained the com�
plete set of genes necessary for aerobic respiration.

Fig. 1. (Contd.)
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It should be noted that normal functioning of the
copper proteome requires that the organism possesses
a ramified copper homeostasis system involved in pro�
cessing of copper�containing enzymes, as well as in
the control of intracellular copper content during
growth in a medium with dissolved Cu2+ compounds.
Copper readily forms complexes and is chelated by
organic compounds. Therefore, the concentration of
bio�accessible copper depends on the composition of
the culture medium used in the experiments on copper
resistance evaluation. For instance, the Cu(II) con�
centration in the solution decreased from 200 to
150 mg/L immediately after adding CuSO4 to the
freshwater Widdel medium with lactate in the experi�
ments aimed at determining the maximum copper
concentration allowing the growth of copper�tolerant
Desulfovibrio isolates [19]. Hence, it is impossible to

make reasonable comparisons of the tolerance thresh�
old values obtained in different laboratories with dif�
ferent culture media. Overall, the maximum estimated
Cu2+ concentration at which M. roseus can grow
(30 mg/L) is of the same order of magnitude as the val�
ues determined for the copper�intolerant but copper
oxidoreductase�containing representatives of sulfate�
reducing bacteria of the genera Desulfovibrio and Des�
ulfotomaculum [20] grown in the same freshwater Wid�
del medium. The same soluble copper concentration
range (tens of milligrams per L) is characteristic of
anaerobic environments of deep subsurface biosphere.
The inhibitory effect of 50 mg/L Cu2+ on M. roseus
growth suggests either (i) that the copper transporters
identified in the M. roseus genome are characterized
by a high affinity to copper and are active at very low
copper concentrations or (ii) that they can perform
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Fig. 2. Genomic context of the copper ATPases MROS_0327 (a), MROS_0791 (b), and MROS_1511 (c). The graphic image was
obtained using Geneious software,version 4.8.5 (http://www.geneious.com).
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other functions apart from providing for copper toler�
ance, e.g. Cu2+ assimilation for the biosynthesis of
copper�containing enzymes. Detailed analysis of the
copper homeostasis systems identified in M. roseus is
given below.

The main enzymes that transfer copper ions in/out
of the cell are P�type copper�transporting ATPases
(family 3.A.3 according to the TCDB database) [18],
which have been revealed in all the three domains of
life. In the M. roseus genome, three copper ATPases
(copper�transporting ATPases) belonging to topologi�
cal type I of P�type ATPases (family 3.A.3.5 according
to TCDB) have been identified. The MROS_1511
copper ATPase is encoded in the operon with the
genes of cbb3 cytochrome c oxidase (MROS_1513�
1515) and the genes related to its processing (Fig. 2c).
This gives grounds for the suggestion that the
MROS_1511 ATPase actually pumps Cu not out of
the cytoplasm but in the opposite direction and, apart
from the transport, it is possibly involved in assembling
the cytochrome c oxidase. A number of gram�positive
bacteria contain ATPases that transfer copper in dif�
ferent directions. A classic example is copper transfer
in Enterococcus hirae, where the ATPase CopA is
responsible for copper transfer into the cytoplasm and
the ATPase CopB is responsible for excreting Cu into
the periplasmic space. [3]. Phylogenetic analysis
revealed that the MROS_1511 copper ATPase,
together with IALB_0720, is located within a phyloge�
netic cluster of homologous proteins of Bacteroidetes
representatives. However, these two ATPases belong to
two remote branches of this cluster (Fig. 1). Both pro�
teins apparently perform similar functions because
their genes are located in operons that also contain
cytochrome c oxidase genes. The close relationship of

MROS_1511 and IALB_0720 with copper ATPases of
different branches of Bacteroidetes probably results
from independent horizontal transfer events of these
genes in M. roseus and I. album. These transfers appar�
ently occurred at a rather early evolution stage, before
the split of Bacteroidetes phylum into four classes.

In contrast to MROS_1511, MROS_0791 is the
only representative of Ignavibacteriae ATPases in a
separated cluster of proteins. This points to the possi�
bility that MROS_0791 could have been horizontally
transferred to M. roseus (Fig. 1) or to its close ancestor
after the separation from I. album, because the
genome of the latter lacks close homologs of
MROS_0791. The function of MROS_0791 is obvi�
ously related to the transfer of copper ions (suppos�
edly, their excretion) and, presumably, silver ions. The
domain structure of MROS_0791 is characteristic of a
large number of known copper�transporting ATPases
present in Pfam database. The neighboring gene
MROS_0790 (Fig. 2c) contains a copper�binding
cupredoxin�like domain and also seems to be involved
in copper transport, although its exact role is yet
unclear. Presumably, it acts analogously to the nonho�
mologous copper chaperone CopZ of the cop operon
of Enterococcus hirae [2]. No MROS_0790 homologs
have been identified in the I. album genome.

MROS_0327 and IALB_2222 constitute a clearly
separated branch in the copper ATPases tree. The
sequence belonging to a representative of Bacteroidetes
is the homolog most closely related to this cluster.
Along with the lack of other close homologs belonging
to Bacteroidetes, this fact gives grounds for the sugges�
tion that the MROS_0327 and IALB_2222 genes are
vertically inherited. The genomic context of the
ATPase MROS_0327—the copper chaperone

536.115 536.614 537.614 538.114

MROS_0485 (transcriptional regulator, TetR family)

MROS_0484 (TonB�dependent receptor plug)

(а)

(b)

(c)

537.114 538.614 539.114 539.614 540.114 540.614 541.114 541.614 542.114 542.614 543.114 543.614 544.114 544.614 545.114 545.801

MROS_0483 (outer membrane efflux protein)

MROS_0481 (acriflavin_resistance protein)

MROS_0487 (thioredoxin)MROS_0482 (efflux transporter, RND family, MFP subunit)

648.603 649.102 649.602 650.102

MROS_0577 (heavy metal efflux pump, CzcA family)

MROS_0574 (hypothetical protein)

650.602 651.102 651.602 652.102 652.602 653.102 653.602 654.102 654.602 655.293

MROS_0486 (transcriptional regulator, TetR family)

MROS_0576 (secretion protein HlyD)

MROS_0573 (TetR family transcriptional regulator) MROS_0575 (outer membrane efflux protein)

1.451.147 1.451.646 1.452.146 1.452.646

MROS_1253 (Cation/multidrug efflux pump)

MROS_1252 (cation efflux system protein)MROS_1250 (transcriptional regulator, TetR family)

MROS_1251 (outer membrane efflux protein)

1.453.146 1.453.646 1.454.146 1.454.646 1.455.146 1.455.646 1.456.146 1.456.646 1.457.344

899.310 899.809 900.309 900.809

MROS_0773 (heavy metal efflux pump, CzcA family)

901.309 901.809 902.309 902.809 903.309 903.809 904.309 904.809 905.309 905.809 906.309

MROS_0772 (cation efflux system transmembrane protein)
MROS_0771 (outer membrane efflux protein precursor)

(d)

MROS_0774 (nitrogen regulatory protein p�ii)

Fig. 4. Genomic context of the RND transporters MROS_0481 (a), MROS_0577 (b), MROS_1253 (c) and MROS_0773 (d).
The graphic image was obtained using Geneious software,version 4.8.5 (http://www.geneious.com).
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MROS_0326 and a transporter of the MFS family
MROS_0328 (Fig. 2a)—is characteristic of detoxify�
ing ATPases.

Thus, the phylogenetic analysis of the three copper
ATPases of M. roseus and their genomic contexts indi�
cate their different origins and different roles in the
metabolism of the bacterium. It is highly probable that
two of them were inherited horizontally, which is no
surprise given the reported evidence that P�type
ATPases are prone to horizontal transfer among
prokaryotic organisms [18]. It seems likely that these
ATPases were obtained from microorganisms belong�
ing to Firmicutes and Bacteroidetes, widespread in
M. roseus habitats, which facilitates horizontal gene
transfer between them. The capacity of M. roseus to
form biofilms is an additional factor that promotes the
transfer [21]. Presumably, the MROS_0327 gene was
vertically inherited from the common ancestor of
Ignavibacteriae, Chlorobi, and Bacteroidetes. The lack
of close MROS_0327 homologs in the representatives
of the latter two phyla (except for one sequence in
Nafulsella turpanensis, belonging to Bacteroidetes)
suggests that they have lost these genes during the
course of evolution. The retention of the putative
operon of Cu2+ detoxification system in M. roseus
emphasizes the importance of maintaining copper
homeostasis in geothermal water ecosystem charac�
terized by elevated heavy metal content. However, it
should be noted that in Bacteroidetes a fairly large
number of copper ATPases are known, which may
result from their metabolic versatility, as well as may be
due to the large number of sequenced genomes of the
representatives of this phylum. At the same time, only
15 homologs of copper�transporting ATPases have
been revealed so far in the 12 publicly available (as of
November 21, 2014) genomes of Chlorobi representa�
tives. All these homologs are phylogenetically distant
from the copper ATPase genes of Ignavibacteriae.
None of them contains genes of copper�containing
cytochrome c oxidases in the genomic context, which
confirms participation of these ATPases in detoxifica�
tion (excretion) of copper ions but not in the process�
ing of oxidoreductases. This correlates with the strictly
anaerobic mode of metabolism of Chlorobi. The same
function is performed by the RND�transporters
revealed in both Ignavibacteriae and Chlorobi repre�
sentatives.

In general, identification of copper oxidoreduc�
tases (laccases and cc(o/b)o3� and cbb3�type cyto�
chrome c oxidases) and several copper homeostasis
systems in M. roseus, as well as the results of their phy�
logenetic analysis allow an assumption to be made that
the ancestral forms of Ignavibacteriae evolved in aero�
bic ecological niches containing soluble copper com�
pounds. Thus, our data are consistent with the
hypothesis about “aerobic roots” of the phylum
Ignavibacteriae, supporting the idea that the common
ancestor that gave rise to Ignavibacteriae and Chlorobi
possessed aerobic mode of metabolism.

This evolutionary scenario implies the emergence
of secondary anaerobiosis in the representatives of the
phylum Chlorobi, which have drastically changed their
metabolism to anaerobic upon occupation of a novel
environmental niche in the course of evolution [22].
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