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A B S T R A C T

Hemerythrins (Hrs) are non-heme oxygen-binding proteins which act as carriers of di-oxygen. Hrs were earlier
thought to be present only in marine invertebrates. Bacteriohemerythrins were discovered for the first time in
two prokaryotes, of which one was a methanotroph, Methylococcus capsulatus and later found to be present in
many bacterial and archaeal families. The role of hemerythrin in Methylococcus had been predicted to be in
transporting oxygen to the particulate methane monooxygenase enzyme (pMMO). In our present study, we
investigated the presence of Hrs as well as Hr-like domains in the sequenced genomes of methanotrophs. We
found that most of the methanotrophs (80%) have a single and up to three variants of Hr and a few possess
additional or exclusively Hr containing domain/s. Phylogenetic analysis showed that Hr from all the metha-
notrophic guilds (i.e. alpha-, gamma-proteobacterial and Verrucomicrobial) grouped together. The phylogeny of
Hr showed two main clusters and two small branches. The phylogeny of pMMO and Hr Cluster I showed con-
gruence. Three novel methanotrophic genera isolated from rice fields showed the presence of multiple and
divergent copies of Hrs. Hr and Hr domain was found to be absent in Methylocella silvestris a facultative me-
thanotroph which lacks pMMO and intracytoplasmic membranes (ICM). Single domain Hr may have relevance
with the pink or brown coloration seen in methanotrophs as almost all of the colored methanotrophs showed
single domain Hr in their genomes.

1. Introduction

Oxygen-dependent metabolism originated in prokaryotes and later
became pervasive in eukaryotes (Alvarez-Carreño et al., 2016). In me-
tazoans it became absolutely crucial to maintain a continuous delivery
of oxygen and avoid auto-oxidation or formation of reactive oxygen
species (Alvarez-Carreño et al., 2016). Four evolutionary independent
families of oxygen carrier proteins originated in eukaryotes: he-
moglobin, hemerythrins and two families of hemocyanins (Alvarez-
Carreño et al., 2016). Hemerythrins (Hr) are non-heme oxygen-binding
proteins earlier thought to be present only in marine invertebrates
(Chen et al., 2012). The discovery of Hr-like domains in prokaryotes
was first done in a sulphate reducer, Desulfovibrio vulgaris (J X and J A,
2000). Later on, in a proteomics study of a methanotroph, Methylo-
coccus capsulatus, Bath, hemerythrin was detected under high Cu con-
ditions (Kao et al., 2004). Later on cloning and description of a pro-
karyotic Hr was done from the same methanotroph (Methylococcus
capsulatus) (Karlsen et al., 2005) and the protein was found to be of 131
amino acid length with a single oxygen binding domain. Thereafter the
protein has been discovered in several other prokaryotic phyla (Bailly

et al., 2008; French et al., 2008). It has been hypothesized that the
distinctive iron-binding coordination site of oxygen-binding hemery-
thrins evolved first in prokaryotes, very likely prior to the divergence of
Firmicutes and Proteobacteria, and spread into many bacterial, archaeal
and eukaryotic species (Alvarez-Carreño et al., 2016). The evolution of
reversible oxygen binding Hr occurred as a result of increasing oxi-
dizing environment (Alvarez-Carreño et al., 2016; Alvarez-Carre et al.,
2018). The prokaryotic hemerythrin protein contains the hemerythrin
signature typical for members of this family and encodes a protein of
131 amino acid residues with the pfam domain: pfam01814 (Karlsen
et al., 2005). Particulate methane monooxygenase (pMMO) is present in
almost all known methanotrophs and the enzyme is located on the in-
tracellular membrane folds (ICM) of the cells (Ross and Rosenzweig,
2017). The function of hemerythrin in methanotrophs has been un-
equivocally (Kao et al., 2004; Ross and Rosenzweig, 2017; Kao et al.,
2008) attributed to scavenging and delivering oxygen to pMMO. Me-
thanotrophs exist in habitats where methane and oxygen gradients
overlap, i.e. oxic-anoxic interfaces of lake sediments (Bussmann et al.,
2006), marine sediments (Schubert et al., 2006) rice rhizospheres (Luke
et al., 2010) where micro-oxic conditions prevail (Deutzmann, 2011).
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Oxygen plays a vital role in methanotrophic bacteria. On the one hand,
it is required for the oxidation of methane to methanol by methane
monooxygenases (soluble or particulate) and, on the other hand, it also
serves as the terminal electron acceptor (Hanson and Hanson, 1996).
Although Hrs were detected in various bacterial and archaeal families
their evolution and relationship to the biogeochemical history of the
Earth has been un-deciphered (Alvarez-Carreño et al., 2016; Bailly
et al., 2008). Hr has been shown to play different roles in different
microbes basically in oxygen transport to the membranes, protection
from reactive oxygen species and chemotaxis (Alvarez-Carreño et al.,
2016). In methanotrophs, the pMMO expression was found to be di-
rectly related to Hr expression in Methylococcus capsulatus (Chen et al.,
2012).

In our present investigation, we have studied whether Hr and/or Hr
containing domains exist in various methanotrophs whose whole gen-
omes are available. Methanotrophic metabolism is spread into various
phylogenetic groups, which include the canonical methanotrophs from
gammaproteobacteria (Methylococcaceae) and alphaproteobacteria
(Methylocystaceae) (Garrity et al., 2005). Methanotrophs have also been
detected in the verrucomicrobial phylum (Pol et al., 2007) and Beijer-
inckiaceae family of alphaproteobacteria, a family in which both me-
thanotrophs and heterotrophs exist (Semrau et al., 2010). If Hr and Hr-
like domain containing proteins are present in methanotrophs, our aim
was also to study the phylogeny of Hr and correlate with the phylogeny
of pMMO.

2. Data description

2.1. Bacteriohemerythrins are widespread and conserved within
methanotrophs guilds (gammaproteobacterial, alphaproteobacterial and
Verrucomicrobial)

We initiated our study by investigating the presence of Hr and Hr-
domain containing proteins separately, in the genomes of sequenced
methanotrophs. Data mining and gene identification of Hr was done by
using the following method. Hr protein sequence of Methylococcus
capsulatus (131 amino acid residues) WP_010960053 was used as a
reference and a position-specific iterated BLAST; (PSI blast) of the
protein was conducted. As bacteriohemerythrin in Methylococcus cap-
sulatus (131 amino acid protein) is the first hemerythrin identified in
prokaryotes and has been cloned, purified and characterized (Chen
et al., 2012), this sequence was used for the BLAST. Protein sequences
originating from all the organisms showing hit with the query sequence
were retrieved. We detected the following conserved domains:
TIGR02481, pfam 01814, conserved protein domain cd12107 (hemer-
ythrin) in all the retrieved protein sequences which were 130–135
amino acids in length. A few hypothetical proteins annotated as he-
merythrins were also retrieved by this method. Additionally, a search
was done in the NCBI genome database from all the valid species of
methanotrophs by using a keyword ‘hemerythrin’ which detected all Hr
and Hr-domain containing proteins. Our analyses recovered a total of
47 unique protein sequences of single domain hemerythrin proteins
(Hrs) from cultivated methanotrophs species with 130–135 amino acid
residue length and one sequence was retrieved from the genus Geo-
bacter. Sequences of variable length (167–185 amino acid length) were
also recovered as hemerythrin-like domains (13 sequences), and these
are further described in a subsection. All the retrieved Hr and Hr-like
domain sequences from methanotrophic species are shown in Table 1
along with their NCBI accession numbers. Molecular phylogenetic
analyses of Hr and Hr-like domain were done separately using the
maximum likelihood method as implemented in MEGA 6.0. The evo-
lutionary history was inferred based on the Poisson correction model
using 1000 bootstraps (Tamura et al., 2013).

Most of the sequenced genomes from methanotrophs showed at
least one hemerythrin or Hr-like domain (Table 1). Methylocella showed
the absence of Hr and Hr-containing domains. It was observed that two

genera from Type I methanotrophs showed the presence of three and
four variants of Hr (Table 1), Methyloterricola oryzae and Methylo-
coccaceae bacterium Sn10-6. Gammaproteobacterial or Type I metha-
notrophs more prominently showed the presence of Hr as per our data
(Table 1). Relatively fewer number of Type II methanotrophs with Hr
genes were detected perhaps due to the fact that less number of me-
thanotroph genomes been sequenced. Hr was detected in one of the
verrucomicrobial methanotrophs, Methylacidimicrobium fagopyrum 3C
(MCFv et al., 2014) (Table 1). Methylacidimicrobium fagopyrum 3C is
known to possess stacks of intra-cytoplasmic (ICM) membranes, a fea-
ture similar to gammaproteobacterial methanotrophs (MCFv et al.,
2014) and none of the other verrucomicrobial methanotrophs are
known to have this feature. Crenothrix, a filamentous methanotroph
which is one of the major methane consumers in stratified lakes
(Oswald et al., 2017) also showed the presence of one or two Hrs. PSI

Table 1
Hemerythrin sequences (Hr and Hr-containing domains) with their accession
numbers from known methanotrophs species. Methanotroph colonies or bio-
mass are colored and this is shown in are shown in color fonts as per (Bowman,
2016a; Bowman, 2016b) where final color of a mature colony is indicated.

Numb

er

Methanotroph species Ty

pe

I/II 

Hr, Hr-

containing 

domains

Hr protein 

accession number

Hr domain protein 

accession number

1 Methylococcus 
capsulatus

Ib 1, 0 WP__010960053

2 Methylocaldum 
szegediense O-12

Ib 1, 0 WP__026610921

3 Methylocaldum 
marinum

Ib 1, 0 BBA35944.1

4 Methylomagnum 
ishizawai

Ib 2, 0 WP__085210692, 

WP__085216076

5 Methyloterricola 
oryzae

Ib 2,1 WP__045225202, 

WP_045226688

WP_0452223599

6 Methylomonas 
methanica S1

Ia 2, 0 WP_0664037645, 

WP_064010614

7 Methylomonas 
koyamae

Ia 2, 0 WP_064025976, 

WP_064040846

8 Methylococcaceae 
bacterium Sn10-6

Ia 3, 1 WP_045778656, 

WP_045780631, 

WP_045779470

WP_045779320

9 Methylobacter 
marinus

Ia 1, 0 WP_020159773

10 Methylobacter luteus Ia 1, 0 WP_027160007 WP_027157941

11 Methylobacter 
whittenburyi

Ia 0, 1 WP_036294841

12 Crenothrix sp. D3 Ia 2, 0 OTE95749, 

OTE97764, 

13 Crenothrix polyspora Ia 1, 0 WP_087145523

14 Methylobacter 
tundripaludum SV96

Ia 2, 0 WP_006889362,

WP_006892535

WP_006892823

15 Methylomarinum vadi Ia 2, 0 WP_031435085, 

WP__031433074

16 Methylovulum 
miyakonese

Ia 1, 0 WP_019868108

17 Methylovulum 
psychrotolerans

Ia 2, 0 WP_088617524

WP_088620728

18 Methyloglobulus 
morosus KoM1

Ia 1, 0 WP_023493459

19 Methylomicrobium 
alcaliphilum 20Z

Ia 1, 1 WP_014148778 WP_014149018

20 Methyloprofundus 
sedimenti

Ia 1, 1 WP_080521603 WP_080523938

21 Methylosarcina lacus Ia 1, 0 WP_024297072

22 Methylosarcina fibrata Ia 1, 1 WP_020565874 WP_020565466

23 Methylocystis parvus II 1, 0 WP_026016384

24 Methylocystis 
bryophila

II 1, 0 WP_085773221

25 Methylocystis 49242 II 1, 0 WP_036285559

26 Methylocystis rosea II 0, 1 absent WP_026222550

27 Methylosinus 
trichosporium

II 0, 0 absent

28 Methylocella silvestris II 0, 0 absent 0

29 Methylocapsa 
acidiphila

II 0, 1 absent WP_051335513

30 Methylocapsa 
palsarum

II 0, 1 absent WP_091680342

31 Verrucomicrobium sp. 
3C/ 
Methylacidimicrobium 
fagopyrum 3C

V 1, 0 WP_018290618
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