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Abstract: [Objective] Bacteria of Exiguobacterium are ubiquitous in marine and non-marine
environments and display versatile metabolism pathways to adapt to complex and diverse
habitats. In this study, we explored the adaptability of Exiguobacterium to different habitats
from the perspective of energy metabolism pathways. [Methods] The genomes of a total 146
Exiguobacterium strains available at National Center for Biotechnology Information (NCBI)
database were downloaded for the mining of the genes encoding key enzymes of multiple
energy metabolism pathways. The encoded enzymes mainly included rhodopsin for
phototrophy, molybdenum cofactor synthesis protein for anaerobic respiration, and isocitrate
lyase and malate synthase for glyoxylate shunt. We then built the phylogenetic trees based on
the amino acid sequences of rhodopsin, MoaC, and isocitrate lyase to analyze the conservation
of different energy metabolism pathways. [Results] Fifty percent of Exiguobacterium species
possessed rhodopsin gene. The strains isolated from non-marine habitats tended to carry
rhodopsin gene, accounting for about 70%, while the strains carrying rhodopsin gene from
marine habitats accounted for only 19%. Approximately 27% of species possessed the gene
encoding molybdenum cofactor synthesis protein, and the strains isolated from marine habitats
(32%) carrying this gene were more than those from non-marine habitats (21%). The strains
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with complete molybdenum cofactor synthesis pathway concentrated in several species, sharing
the same branch on the phylogenetic tree. The glyoxylate shunt existed in approximately 61%
of the species, which clustered in the same branch of the phylogenetic tree. All the strains of
such species possessed related genes, which indicated that this pathway had species specificity
in Exiguobacterium. [Conclusion] The key genes for energy metabolism vary in different
species or different strains of Exiguobacterium. The diversity of energy metabolism pathways
may, to some extent, facilitate the adaptation of these bacteria to complex habitats.
Furthermore, the distribution of most energy metabolism pathways is not species-specific for
this genus. This finding suggests that the prediction of metabolic types of targeted strains by
16S rRNA gene-based species identification alone may be biased and limited.

Keywords: Exiguobacterium; energy metabolism; rhodopsin; molybdoenzyme; molybdenum

cofactor; glyoxylate shunt
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Three common energy metabolism pathways in bacteria. A: Phototrophic metabolism pathway, in

which the left pattern depends on rhodopsin and the right patterns on chlorophyll. Light drives the translocation
of protons across the cytoplasmic membrane to form a proton motive force, which is used for ATP synthase,
flagella rotation and other cell processes. B: Oxidative phosphorylation, via respiratory electron transport chain,
which also generates the proton motive force. C: A series of reactions in TCA cycle, contributing to substrate
phosphorylation. In the process of substrate metabolism, enzymes directly transfer phosphate group to ADP to
form ATP. When the cellular energy attends a certain level, isocitrate is derived to glyoxylate shunt (red arrows)

to increase carbon-biomass conversion, instead to release two carbons in form of CO,.
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Figure 2 Distribution of rhodopsin genes and 9 genes involved in molybdenum cofactor synthesis, 2 genes required
for glyoxylate shunt in Exiguobacterium genus. Phylogenetic tree was built using 120 essential single copy protein of
146 Exiguobacterium strains and 2 other phyla strains that working as the outgroup. The branch lengths are not
proportional to the distance of evolution relatedness for the purpose of a clear view of the branches. The genomes
containing rhodopsin and different genes are indicated by different color stars, shown in three outer circles. The
non-marine and marine strains are shown by green and blue color in the 4th outer circle, respectively. The genomes
belonging to the same species are indicated by the same color in 5th outer to inner circle. The group I genomes have bigger
genome size than those of the group II. They are indicated by pink and blue color on the inner circle, respectively.
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I Indibacter alkaliphilus
Dokdonia eikasta
" Gillisia limnaea
. Halomicroarcula salinisoli
Nonlabens dokdonensis
E. profundum

[ N6

[ E. chirighucha

N8

E. aurantiacum

B ~;

B E alkaliphilum

E. antarcticum
. E. undae
[ E. sibiricum
B v

E. indicum
[ E acetylicum
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Figure 3 The phylogenetic tree of rhodopsins in the genus Exiguobacterium. This tree contains 57 rhodopsin
sequences of 2 rhodopsin types from Exiguobacterium strains and 9 sequences of 4 other rhodopsin types from
different phyla. The branch lengths are not proportional to the distance of evolution relatedness. The outer red “¥”
represents two strains with two different rhodopsins. Different rhodopsin types (classified by conserved amino acid
85, 89, 96) are indicated by different colors, shown in the outer circle. The non-marine and marine strains are shown
by green and blue color respectively in the 2nd outer circle, with yellow and orange circles showing four bacteria
isolated from deep-sea environments. The strains belonging to the same species are indicated by the same color in
3rd outer circle, and the same species is indicated in the same color in this tree and in figure 2. The inner circle
represents the classification of the 55 strains, pink represents Group I, while blue represents Group II.
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4 Exiguobacterium & 146 HREHPMERLLR. HIMEFEMEH MoaC. FITIEIR A FEEAEE

7

Figure 4 Gene gain and loss of rhodopsin, MoaC and isocitrate lyase in 146 Exiguobacterium strains. The
boxes on the top represent the gene families of H-DTK rhodopsin (red), heliorhodopsin (yellow), MoaC (blue)
and isocitrate lyase (green). Solid and hollow boxes indicate the existence or absence of corresponding gene
families, respectively. The dots at the nodes indicate the occurrence of gene gain (green) or loss (orange)
events. The numbers on the branches indicate the number of genes gained or lost at that node, with the color
of number corresponding to the gene family. The tree topology is based on maximum likelihood tree

generated from FastTree.
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Figure 5 The phylogenetic tree of MoaC in the genus Exiguobacterium. This tree contains 40 MoaC
sequences from Exiguobacterium strains and 2 from different phyla as the outgroup. The branch lengths are not
proportional to the distance of evolution relateness. The non-marine and marine strains are shown by green and
blue color respectively in the outer circle. The strains belonging to the same species are indicated by the same
color in 2nd outer circle, and the same species is indicated in the same color in this tree and in figure 2. The
inner circle represents the classification of the Exiguobacterium strains, indicating that all of the 40 strains
belong to Group II.
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Figure 6 The phylogenetic tree of isocitrate lyase (coded by aceA) in the genus Exiguobacterium. This tree
contains 91 isocitrate lyase sequences from Exiguobacterium strains. The branch lengths are not proportional to
the distance of evolution relatedness. The non-marine and marine strains are shown by green and blue color
respectively in the outer circle. The strains belonging to the same species are indicated by the same color in 2nd
outer circle, and the same species is indicated in the same color in this tree and in figure 2. The inner circle
represents the classification of the Exiguobacterium strains, pink represents Group I, while blue represents

Group II.
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