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metabolic activity of microbial consortia within hot sea 
water ecosystems. Indeed, an obvious feature of the P. 
chitonophagus genome is that it carries proteins show-
ing complementary activities for chitin degradation, i.e. 
endo- and exo-chitinase, diacetylchitobiose deacetylase 
and exo-β-d glucosaminidase activities. This finding 
supports the hypothesis that compared to other Thermo-
coccales species P. chitonophagus is adapted to chitin 
degradation.

Keywords  Genome analysis · Pyrococcus 
chitonophagus · Chitinolytic activity · Hyperthermophilic 
archeon

Abstract  Here we analyze the first complete genome 
sequence of Pyrococcus chitonophagus. The archaeon 
was previously suggested to belong to the Thermococ-
cus rather than the Pyrococcus genus. Whole genome 
phylogeny as well as whole proteome comparisons 
using all available complete genomes in Thermococca-
les clearly showed that the species belongs to the Pyro-
coccus genus. P. chitonophagus was originally isolated 
from a hydrothermal vent site and it has been described 
to effectively degrade chitin debris, and therefore is con-
sidered to play a major role in the sea water ecology and 
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Abbreviations
ORBs	� Origin recognition boxes
HGT	� Horizontal gene transfer
CRISPRs	� Clustered regularly interspaced short pal-

indromic repeats
Cas	� CRISPR-associated sequences
GIs	� Genomic islands
GlcNAc2	� N,N’-Diacetylchitobiose
GlcNAc	� N-Acetylglucosamine
Dac	� Diacetyl-chitobiose diacetylase
GlmA	� Exo-β-d-glucosaminidase
GlcN-GlcNAc	� N-Acetylchitobiose
Glk	� d-Glucosamine kinase
Pfk	� Phosphofructokinase
GAP	� d-Glyceraldehyde 3-phosphate
Fba	� Fructose-biphosphate aldolase
TpiA	� Triose-phosphate isomerase
GAPOR	� Glyceraldehyde-3-phosphate-ferredoxin 

oxidoreducatse
Pps	� Phosphoenolpyruvate synthase
Pyk	� Pyruvate kinase
POR	� Pyruvate:ferredoxin oxidoreductase
ACS	� Acetyl-CoA synthetase
MBH	� Membrane-bound hydrogenase
Nsr	� NADPH S0 reductase

Introduction

Thermococcales have attracted consistent attention from 
researchers because of their evolutionary significance as 
well as their biotechnological potential, linked to the pro-
duction of thermostable enzymes (Atomi 2005). Ther-
mococcales are strictly anaerobic and hyperthermophilic 
archaea belonging to the Euryarchaeota phylum. In this 
order, three genera are distinguished: Pyrococcus (Fiala 
and Stetter 1986), Τhermococcus (Zillig et  al. 1983) and 
Palaeococcus (Takai et al. 2000). Most of these hyperther-
mophilic archaea are organoheterotrophs that utilize pro-
teins, starch and maltose with elemental sulfur (S0) or pro-
tons as electron acceptors (Sapra et al. 2003).

The members of Pyrococcus, with higher optimum 
growth temperature (95–103 °C) than Thermococcus (75–
93 °C) are ubiquitously present in natural high-temperature 
environments, and are therefore considered to play a major 
role in the ecology and metabolic activity of microbial 
consortia within hot-water ecosystems. Complete genome 
sequences are available for six Pyrococcus species (Cohen 
et al. 2003; Jun et al. 2011; Jung et al. 2012; Kawarabayasi 
et al. 1998; Lee et al. 2011; Robb et al. 2001).

Pyrococcus chitonophagus is a hyperthermophilic anaer-
obic archaeon, isolated from a deep sea hydrothermal vent 
site off the Mexican west coast at a depth of 2600 m (Huber 

et  al. 1995). In its original description, P. chitonophagus 
was shown to grow chemoorganoheterotrophically by fer-
menting chitin as a sole carbon source or peptide mixtures 
like yeast extract, meat extract, etc. (Huber et  al. 1995). 
It can also perform S0 respiration producing H2S. P. chi-
tonophagus seems to be unable to utilize simple sugars 
like glucose, N-acetylglucosamine, maltose or to degrade 
complex polysaccharides like pectin, glycogen, agar, chi-
tosan, cellulose some of which can be catabolized by other 
pyrococci and thermococci. P. chitonophagus was misclas-
sified at the genus level and it has now been suggested to 
belong to the Pyrococcus rather than the Thermococcus 
genus (Lepage et al. 2004). Here we describe the analysis 
of the first complete genome sequence of P. chitonophagus, 
as well as a comparison with all available complete genome 
sequences in Thermococcales.

Materials and methods

Sequencing and assembly

The library of P. chitonophagus was prepared using Nex-
tera DNA Sample Preparation Kit (Illumina) following 
the manufacturer’s user guide. The initial concentra-
tion of gDNA was measured using the Qubit® dsDNA 
HS Assay Kit (Life Technologies). The sample was then 
diluted accordingly to achieve the recommended DNA 
input of 50  ng at a concentration of 2.5  ng/µL. Subse-
quently, the sample underwent the simultaneous fragmen-
tation and addition of adapter sequences. These adapt-
ers are utilized during a limited-cycle (5  cycles) PCR in 
which unique index was added to the sample. Follow-
ing the library preparation, the final concentration of 
the library was measured (6.52  ng/µL) using the Qubit® 
dsDNA HS Assay Kit (Life Technologies), and the aver-
age library size (1020 bp) was determined using the Agi-
lent 2100 Bioanalyzer (Agilent Technologies). The library 
(12.5  pM) was sequenced using 600 Cycles v3 Reagent 
Kit (Illumina) in MiSeq (Illumina). Genome was assem-
bled using NGEN (DNAstar) by Molecular Research LP 
(MR DNA Shallowater, TX USA).

Annotation and comparative analysis of the P. 
chitonophagus genome

The genome sequence of P. chitonophagus was annotated 
using the RAST server (Overbeek et al. 2014). Full chro-
mosome alignments were performed using Kodon (Applied 
Maths) and ProgressiveMauve (Darling et  al. 2010). Core 
genome and singletons determination as well as whole 
genome phylogeny were performed with the EDGAR plat-
form (Blom et al. 2009).
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Additional analysis

The map of the P. chitonophagus genome was constructed 
using DNAPlotter software (Carver et al. 2009). The OriC 
of P. chitonophagus was predicted using the Ori-Finder 2 
tool (Luo et al. 2014). Clustered regularly interspaced short 
palindromic repeats (CRISPRs) were analyzed within the 
CRISPRcompar web-service (Grissa et  al. 2008). When-
ever necessary, the BLAST suite was used for sequence 
similarity searches (Altschul et  al. 1990). Functional 
annotation was performed using the eggNOG database 
(Powell et  al. 2012). Metabolic networks of the archaeon 
were automatically constructed using the KAAS (Moriya 
et  al. 2007). The pathways presented in this study were 
also manually curated. PanFunPro was employed for pan-
genome analysis (Lukjancenko et al. 2013).

Results and discussion

General properties of the P. chitonophagus genome

The map of the P. chitonophagus genome is shown in 
Fig. 1. The genome is a circular molecule of 1,969,648 bp 
with a GC content of 44.92  %. The archaeon contains 

2,153 protein coding genes covering more than 90  % of 
the genome sequence. The genome also carries 48 tRNA 
and 4 rRNA genes (2 copies of 5S rRNA, 1 copy of 16S 
rRNA and 1 copy of 23S rRNA genes). A single OriC was 
identified using the Ori-Finder 2 tool at regions spanning 
positions 247,894 and 248,700, right upstream of the cdc6 
and DNA pol II genes. Manual investigation indicated the 
presence of two origin recognition boxes (ORBs) inverted 
repeats showing high similarity to ORBs described previ-
ously for Pyrococcus abyssi (Matsunaga et al. 2003) (Sup-
plementary Fig. 1).

Comparative and evolutionary genomics

Thermococcus chitonophagus was suggested to belong 
to the Pyrococcus rather than the Thermococcus genus 
(Lepage et al. 2004). To further investigate this matter we 
performed full chromosome alignments using all avail-
able complete genome sequences in Thermococcales. The 
genome did not align with Thermococcus spp. (Supplemen-
tary Fig. 2), but it showed extensive regions of alignment 
solely with some of the Pyrococcus genomes, especially 
with Pyrococcus sp. ST04 (Fig. 2a). The relatedness of P. 
chitonophagus to other Pyrococcus strains was also sup-
ported based on whole proteome comparisons generated by 

Fig. 1   Genome map of P. 
chitonophagus. Tracks from the 
periphery of the map towards 
the center: CDSs in the forward 
strand (red), CDSs in the 
reverse strand (blue), GC plot, 
GC skew
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the PanFunPro (Fig. 2b). Whole genome phylogeny using 
all available complete genomes in Thermococcales showed 
that indeed P. chitonophagus belongs to the Pyrococcus 
genus (Fig. 3). Interestingly though, thermococci were split 
in two branches one of which also included the Palaeococ-
cus pacificus DY20341. Similar results were also obtained 
by 16S rDNA phylogenetic analysis suggesting that reas-
sessment of the current taxonomy within Thermococcales 
may be necessary (data not shown).

Comparative analysis of P. chitonophagus to its closest 
relative available today, i.e. Pyrococcus sp. ST04 indicated 

an intermediate degree of conservation that varied along 
the two chromosomes (Fig.  4a). According to the orien-
tation of the two genomes as deposited in the databases, 
the highest degree of conservation was evident at the two 
extremities of the genomes while the central part was less 
conserved. The two archaea share around 72 % of P. chi-
tonophagus genes, i.e. 1558 genes (Fig.  4b). Comparison 
of all complete Pyrococcus genome sequences revealed a 
core genome of 1072 genes (Supplementary Table 1), while 
the singletons of P. chitonophagus accounted to 282 genes 
(Supplementary Table  2). The Pyrococcus core genome 

Fig. 2   Full chromosome 
alignments of P. chitonopha-
gus against other Pyrococcus 
genomes with complete genome 
sequences using the Kodon tool 
(a). The comparative chro-
mosome mapping in Kodon 
allows alignment of homolo-
gous regions between pairs of 
chromosomes. The mapping of 
each pair of chromosomes is 
presented as a dot plot based on 
the DNA sequence homology. 
Blue stretches represent homol-
ogy between both sequences in 
the direct orientation, whereas 
red stretches represent homol-
ogy with one sequence inverted. 
Comparison of similarity at 
the proteome level among the 
aforementioned strains (b). 
The triangle shaped matrix 
represents pairwise comparisons 
between or within genomes. 
Each blue box shows the num-
ber of shared protein families in 
the two different genomes under 
comparison as a percentage 
and as an absolute number. The 
number of total protein families 
found in the two genomes is 
also indicated. Red boxes cor-
respond to pairwise genome 
comparisons of strains against 
themselves and the numbers 
represent protein families with 
more than one members
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consisted of genes involved in central processes (Table 1). 
The majority of the singletons of P. chitonophagus were 
mostly of unknown function, however, some of them could 
be identified as glycosyltransferases, type I restriction mod-
ification system proteins, OppAB oligopeptide ABC trans-
porter components, DNA repair proteins (single-stranded 
exonuclease associated with Rad50/Mre11 complex, HerA, 
Mre11), etc.

CRISPRs and horizontal gene transfer (HGT)

Sequence analysis of the P. chitonophagus genome 
revealed the presence of 8 CRISPRs. Such a high number 
of CRISPRs has been previously predicted in at least some 
other pyrococci (Portillo and Gonzalez 2009). The larg-
est CRISPR contained 29 spacers, while all the rest con-
tained 18 down to 5 spacers in a total of 105 spacers. The 
distribution of the CRISPR systems was scattered around 
the genome (Supplementary Fig.  3). Arrays with more 
than one Cas (CRISPR-associated sequences) proteins 
were found only next to CRISPR2 [Cas1 (Chiton_0201), 

Cas2 (Chiton_0202), Cas4a (Chiton_0203), Cas3 (Chi-
ton_0204)] and CRISPR5 [Cas2 (Chiton_1030), Cas1 
(Chiton_1031), Cas4a (Chiton_1032), Cas3 (Chiton_1033), 
Cas5t (Chiton_1034)].

IslandViewer identified eight putative genomic islands 
(GIs). In four of them we could not identify the potential 
donor (GIs 1, 2, 6 and 7) based on nucleotide sequence 
similarity searches. In the remaining half potential donors 
were Thermococcus gammatolerans EJ3 (GI 3) and Ther-
mococcus barophilus (GIs 4 and 5) and Pyrococcus sp. 
ST04 (GI 8) for at least part of the GIs. Analysis of the pro-
teins in these GIs did not reveal any significant biological 
trait. Most of them were hypothetical. We could also iden-
tify some glycosyltransferases, a number of transporters 
and some glycolytic enzymes.

Chitin degradation

The preference of P. chitonophagus for chitin is a clear 
indication of the adaptation of this archaeon to the hydro-
thermal vent sites for recycling this polysaccharide. An 

Fig. 3   Whole genome phylogeny of the Thermococcales spp. with 
complete available genome sequences. The whole genome phyloge-
netic tree is constructed based on the concatenated alignment of the 

core genes of the genomes under investigation (Blom et  al. 2009). 
The three main clades were pseudocolored manually
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archaeal specific pathway for chitin catabolism has also 
been proposed for Thermococcus kodakarensis (Tanaka 
et al. 2004). Previous studies with P. chitonophagus suggest 
a chitinolytic chitonoclastic process (Huber et  al. 1995). 
Experimental evidence suggested the presence of a number 
of chitinolytic enzymes in P. chitonophagus including three 
chitinases. Chi70 a membrane bound endochitinase was 
the first to be studied (Andronopoulou and Vorgias 2003), 
followed by Chi90 a potential periplasmic chitobiase, and 
Chi50 an extracellular not bound exochitinase (Andronop-
oulou and Vorgias 2004). The synergistic function of these 
three enzymes seems to be sufficient for complete chitin 
degradation down to N,N’-diacetylchitobiose (GlcNAc2) 
and N-acetylglucosamine (GlcNAc). The chitin degrad-
ing system was induced by chitin but it was repressed by 
chitin monomers indicating a negative feedback regulation 
(Andronopoulou and Vorgias 2004).

In silico analysis of the P. chitonophagus genome (as 
shown in Fig.  5) revealed the presence of three putative 
chitinase encoding genes i.e. Chiton_1119, Chiton_1716 
and Chiton_1717. The N-terminal of Chiton_1119 

contains a cellulose-binding domain distantly related to 
the ChiA chitinase of T. kodakarensis, while the C-ter-
minal was found to be related to clostridial chitinases 
(data not shown). Chiton_1716 and Chiton_1717 are 
practically identical to the ChiA of T. kodakarensis. Chi-
ton_1716 is a truncated protein (593 out of 1289 amino 
acids) compared to ChiA probably deriving from a dupli-
cation of the original gene. As previously described for 
ChiA, Chiton_1717 has a dual catalytic domain result-
ing in exo- and endo-chitinase activities in the N- and 
the C-terminal of the enzyme, respectively (Tanaka et al. 
1999). The two domains may work synergistically liber-
ating N-acetyl-chitooligosaccharides (C-terminal) down 
to GlcNAc2 (Tanaka et  al. 2001). If Chiton_1119 and 
Chiton_1716 are functional chitinases, this is a clear 
indication of an advanced chilinolytic arsenal in P. chi-
tonophagus compared to other Thermococcales species. 
Downstream of the first step of chitin degradation, two 
important archaeal enzymes act to complete the process 
and allow the entrance of products into glycolysis. Ortho-
logues of the diacetyl-chitobiose diacetylase (Dac) and 

Fig. 4   Full chromosome alignments of P. chitonophagus DSM 10152 
against Pyrococcus sp. ST04 using ProgressiveMauve (a). Colored 
blocks interconnected with lines represent stretches of homology 

between the two chromosomes. Venn diagram analysis for common 
genes and singletons of the two genomes mentioned above (b)
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exo-β-d-glucosaminidase (GlmA) originally identified in 
T. kodakarensis (Tanaka et  al. 2004) are also present in 
the genome of P. chitonophagus, that is Chiton_0574 and 
Chiton_1401, respectively. Dac activity involves the dea-
cetylation of GlcNAc2 from the non-reducing end produc-
ing N-acetylchitobiose (GlcN-GlcNAc). GlmA hydrolyses 
GlcN-GlcNAc into GlcNAc and GlcN, while Dac can 
further deacetylate the GlcNAc monomer. Subsequently, 
GlcN is phosphorylated by the ADP-dependent d-glucosa-
mine kinase (Glk, Chiton_1323) (Koga et  al. 2000; Tan-
aka et al. 2005).

Central glycolysis

The d-glucosamine 6-phosphate product is further de-ami-
nated by an archaeal glucosamine 6-phosphate deaminase 
enzyme (Chiton_1402), resulting in β-D-fructofuranose 
6-phosphate, which can enter glycolysis through the modi-
fied Embden-Meyerhof pathway (Tanaka et al. 2005). β-d-
Fructofuranose 6-phosphate is phosphorylated to fructose 

1,6-bis-phosphate through the action of the ADP-dependent 
phosphofructokinase (Pfk, Chiton_1878). The preference 
for ADP over ATP by Pfk and Glk may reflect the higher 
thermostability of ADP under high temperatures prevail-
ing in the niches of hyperthermophiles or it may provide 
a growth advantage after periods of starvation when ATP 
is relatively depleted compared to ADP (Kengen et  al. 
1996). The pathway proceeds normally to the production 
of glycerone-phosphate and d-glyceraldehyde 3-phos-
phate (GAP) through the action of the archaeal type class 
I fructose-biphosphate aldolase (Fba, Chiton_0237) (Sie-
bers et al. 2001). The triosephoshates are interconverted by 
a triose-phosphate isomerase (TpiA, Chiton_0024). GAP is 
oxidized by a tungsten-containing Fe–S enzyme glyceral-
dehyde-3-phosphate-ferredoxin oxidoreducatse (GAPOR, 
Chiton_1291) through the reduction of ferredoxin (Mukund 
and Adams 1995). According to this reaction the formation 
of 1,3-bisphosphoglycerate does not take place and GAP is 
directly converted into 3-phospho-d-glycerate. The trans-
formation of PEP to pyruvate proceeds through the action 

Table 1   Functional characterization of the core genome of pyrococci and the singletons of P. chitonophagus DSM 10152

Description of orthologous group Number of genes in the Pyrococcus core 
genome

Number of genes in the Pyrococcus chitonoph-
agus singleton

Amino acid transport and metabolism 70 4

Carbohydrate transport and metabolism 53 14

Cell cycle control, cell division, chromosome 
partitioning

19

Cell motility 14 2

Cell wall/membrane/envelop biogenesis 26

Chromatin structure and dynamics, second-
ary metabolites biosynthesis, transport, and 
catabolism

1 13

Coenzyme transport and metabolism 64 5

Defense mechanisms 14 35

Energy production and conversion 79 6

Function unknown 259 140

Inorganic ion transport and metabolism 46 7

Intracellular trafficking, secretion, and vesicu-
lar transport

10 1

Lipid metabolism, cell wall/membrane/
envelop biogenesis

5 1

Lipid transport and metabolism 18 1

Nucleotide transport and metabolism 41 2

Post-translational modification, protein turno-
ver, and chaperones

39 7

Replication, recombination and repair 62 15

Secondary structure 12 1

Signal transduction mechanisms 13 3

Transcription 62 24

Translation, ribosomal structure and biogen-
esis

155
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of phosphoenolpyruvate synthase (Pps, Chiton_0228) and/
or pyruvate kinase (Pyk, Chiton_0622). It has been previ-
ously suggested that these two enzymes act together to sus-
tain energy production under different physiological states 
of T. kodakarensis cells (Imanaka et al. 2006).

The fate of pyruvate

Pyruvate can be oxidized to acetate or aminated to ala-
nine. In the first case, ATP is produced while in the second 
NADP+ is regenerated. Pyruvate is decarboxylated by the 

Fig. 5   Pathways for chitin 
degradation and central energy 
production of P. chitonopha-
gus. Enzymatic activities are 
presented in the following 
order: chitinase (1), diacetyl-
chitobiose diacetylase (2), 
exo-β-d-glucosaminidase (3), 
ADP-dependent d-glucosamine 
kinase (4), glucosamine 6-phos-
phate deaminase (5), ADP-
dependent phosphofructokinase 
(6) fructose-biphosphate 
aldolase (7), triose-phosphate 
isomerase (8), glyceraldehyde-
3-phosphate-ferredoxin oxidore-
ductase (9), phosphoglycerate 
mutase (10), CoASH-dependent 
NADPH S0 reductase (11), eno-
lase (12), pyruvate kinase (13A), 
phosphoenolpyruvate synthase 
(13B), pyruvate:ferredoxin 
oxidoreductase (14), acetyl-
CoA synthetase (15), 
glutamate:pyruvate transami-
nase (16), NADP-dependent 
glutamate dehydrogenase (17)
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pyruvate:ferredoxin oxidoreductase (POR, Chiton_0670, 
Chiton_0671, Chiton_0665, Chiton_0669) and oxidized to 
acetyl-CoA (Blamey and Adams 1993; Schäfer and Schön-
heit 1991). In turn ADP-forming acetyl-CoA synthetase 
(ACS) undertakes the unusual conversion of acetyl-CoA to 
acetate and ATP (Schäfer and Schönheit 1991). We found a 
number of potential ACS subunits scattered in the genome 
of P. chitonophagus including Chiton_1063, Chiton_1237, 
Chiton_1746 and Chiton_2077 (potential α subunits) and 
Chiton_2025 and Chiton_2076 (potential β subunits). The 
exact proteins forming the ACS enzyme in P. chitonopha-
gus need experimental validation. Alternatively, alanine can 
be produced by the action of a glutamate:pyruvate transam-
inase (Chiton_1593) and glutamate must be continuously 
provided by the action of a NADP-dependent glutamate 
dehydrogenase (Chiton_1829). In Pyrococcus furiosus this 
pathway is active in the absence of S0 but if S0 is available 
almost no alanine is produced (Kengen et al. 1996).

The ferredoxin respiratory system

As mentioned above, the net yield of the modified Emb-
den–Meyerhof pathway was thought to be zero. However, 
a study by Sapra et al. (2003) demonstrated a simple res-
piratory system in P. furiosus involving ferredoxin and a 
membrane-bound hydrogenase (MBH) complex (Sapra 
et  al. 2003). In this anaerobic respiration scheme, the H+ 
from ferredoxin are directly reduced to H2 or exported 
by the MBH complex. The exported H+ (or Na+) gener-
ates a gradient that when used by an A1A0-ATPase can 
further generate ATP. The oxidation of ferredoxin coupled 
with the reduction of H2 can take place either during the 
oxidation of GAP by GAPOR or during the oxidation of 
pyruvate to acetyl-CoA by POR (Sapra et al. 2003). These 
findings support the use of ferredoxin in the place of NAD 
as an electron acceptor in P. furiosus. The MBH complex 
is present in P. chitonophagus as well (Chiton_1642–Chi-
ton_1654). For other cytosolic functions, reducing equiva-
lents of NADPH may be generated by [NiFe] cytosolic 
hydrogenases SHI (Chiton_1017–Chiton_1020) and SHII 
(Chiton_0947–Chiton_0950) as previously suggested for T. 
kodakarensis (Kanai et  al. 2011; Santangelo et  al. 2011), 
but these pathways need further investigation (Schut et al. 
2013).

P. chitonophagus also owns an MBX complex (Chi-
ton_1625–Chiton_1637). In P. furiosus the MBX complex 
has FeS binding motifs similar to MBH, indicating that it 
can act as electron acceptor from ferredoxin and generate 
ion gradients like MBH. MBX has been shown to play an 
important role in the reduction of S0 (Schut et  al. 2007). 
Addition of S0 in P. furiosus led to the up-regulation of a 
number of genes including those of the MBX complex, a 
CoASH-dependent NADPH S0 reductase (Nsr) and others. 

It has been proposed that MBX oxidizes ferredoxin and 
reduces NADP to NADPH, allowing Nsr (Chiton_0620) to 
generate H2S. However, deletion of Nsr did not show obvi-
ous growth defects on S0 and only deletion of MBXL (the 
catalytic subunit of the MBX complex) significantly influ-
enced the growth of the archaeon (Bridger et al. 2011). In 
general, it is believed that both MBH and MBX play a role 
in re-oxidizing ferredoxin produced during the modified 
Embden–Meyerhof pathway irrespective of the presence of 
S0.

It has been shown in P. furiosus that SurR (Chiton_0314) 
regulates responses to the availability of S0 (Schut et  al. 
2013). In a reduced state and in the absence of S0, SurR 
upregulates the transcription of genes coding for hydroge-
nases SHI and SHII, MBH and other H2 metabolism related 
proteins. Simultaneously reduced SurR inhibits the expres-
sion of proteins involved in the reduction of S0 like MBX, 
Nsr, etc. Addition of S0 to the system alters the situation. 
Reduced SurR is oxidized at its CXXC motif and alters its 
behavior by abolishing expression of the genes involved in 
H2 metabolism mentioned above, but it now allows expres-
sion of the genes involved in S0 metabolism (Lipscomb 
et al. 2009; Yang et al. 2010).

Conclusions

Chitin, designated “animal cellulose” in the early literature, 
is the major component of the exoskeleton of insects and 
crustacea and this explains its wide distribution and great 
natural abundance. Only copepodes produce billions of tons 
of the polysaccharide annually, resulting in a continuous 
rain of chitin on the ocean floor (Gooday 1996; Muzzarelli 
1977). It is estimated that, in the aquatic biosphere alone, 
more than 1011 metric tons of chitin are produced annually. 
If this enormous quantity of insoluble source of carbon and 
nitrogen was not converted to biologically useful material, 
the oceans would be depleted of these elements, in a few 
decades. Despite the continuous deposition of this highly 
insoluble polymer, marine sediments contain, in fact, only 
traces of chitin and the turnover of the polysaccharide is 
attributed primarily to marine bacteria, which are very 
abundant, widely distributed, can live under extreme condi-
tions and are responsible for the bulk of the chitin recycling 
process (Gooday 1996; Keyhani and Roseman 1999; Muz-
zarelli 1977). We have decided to study the P. chitonopha-
gus genome because it was reported that the species is an 
efficient chitinolytic archeon (Huber et  al. 1995). Studies 
on archaeal or hyperthermophilic chitinases have been 
rather limited. Chitinases have been determined and stud-
ied in T. kodakarensis KOD1 (Tanaka et  al. 1999, 2001), 
P. furiosus (Gao et  al. 2003; Nakamura et  al. 2005; Oku 
and Ishikawa 2006) and P. chitonophagus (Andronopoulou 
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and Vorgias 2003). In a previous work, we have presented 
data on the multiple components of the chitinolytic sys-
tem, as well as, the inducing and repressing mechanisms 
regulating the production of chitinolytic enzymes of this 
archaeon (Andronopoulou and Vorgias 2004). The cur-
rently presented genome data clearly demonstrate that P. 
chitonophagus contains an exceptional chitinolytic sys-
tem, similar to T. kodakarensis (Tanaka et al. 1999, 2001, 
2004). The extensive, multi-component chitinolytic system 
of P. chitonophagus provides an interesting model to eluci-
date the biodegradation of chitin in environments of high 
temperatures. Modification of carbohydrates at elevated 
temperatures is of particular biotechnological interest. The 
existence of the complete genome of P. chitonophagus will 
certainly allow better functional characterization of its chi-
tinolytic arsenal.

Data deposition

The genome sequence of P. chitonophagus DSM 10152 has 
been deposited in the DDBJ/EMBL/GenBank databases 
under the project accession number PRJEB12305.
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