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Diversity, biomineralization, and metabolic characteristics of
neutrophilic microaerophilic iron-oxidizing bacteria in
seafloor hydrothermal environments
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Abstract: Iron is one of the main components of deep-sea hydrothermal activity products and an
important driving element for the chemoautotrophic microbial ecosystems at hydrothermal vents. The
neutrophilic microaerophilic iron-oxidizing bacteria, represented by Zetaproteobacteria, are the main
drivers of biomediated Fe** oxidation in hydrothermal vents and their surroundings. Iron-oxidizing
bacteria acquires the energy essential to maintain their metabolism through Fe*" oxidation, while
secrete organic matter to precipitate the oxidized insoluble iron (oxides or hydroxides) outside the cells,
forming microstructures with twisted stalks, hollow sheaths, branching hollow tubes or other special
morphological features. These microstructures accumulate into iron-rich oxides/hydroxides widely
distributed on the seafloor. Increasing studies have demonstrated that cyc2, encoding cytochrome-porin,
is the key gene of Fe*" oxidation by Zetaproteobacteria, while c-type cytochromes or other periplasmic
cytochromes are the main electron transport carriers in Fe’" oxidation. The metagenome-based studies
reveal that Zetaproteobacteria generally possess multiple functional genes and metabolic pathways
associated with nitrogen, sulfur, hydrogen, and arsenic cycling, suggesting the potential role of
Zetaproteobacteria in the cycling of the above elements. In this paper, we systematically summarized
the diversity, physiological characteristics, biomineralization-formed microstructure records, and key
genes and electron transport pathways that mediated Fe’" oxidation of neutrophilic microaerophilic
iron-oxidizing bacteria in hydrothermal environments. This review facilitates the systematical
understanding about the role of these microorganisms in the migration and enrichment of key
ore-forming elements, balance,

the maintenance of ecological and the mineralization by

microorganisms in submarine hydrothermal vents.

Keywords: submarine hydrothermal systems; neutrophilic microaerophilic iron-oxidizing bacteria;
Zetaproteobacteria; iron-rich microstructure; iron oxidation mechanism; metabolic characteristics
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Figure 1 Common habitats of neutrophilic,
microaerophilic Fe( II )-oxidizing bacteria in
seafloor hydrothermal vents. A: iron microbial mats
on the surface of sulfide chimney (yellow)!"*); B:
curd-type mats formed by FeOB around the
hydrothermal vents!"*); C: veil-type mats formed by
FeOB around the Ventsm]; D: iron-silica-rich
low-temperature hydrothermal precipitates formed

by FeOB. A from the Urashima vent site, Mariana

Trough[ls]; B—C from Lo6’ihi seamount in Hawaiim];

D from the Longqi hydrothermal field, the
Southwest Indian ridge, photographed by authors’

group.
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VB4 I0(ZetaOTU - OTUGO) , X UL/ HIEN. BRI IR M & A/ K |t , W
e —2E )53 AAEL, 43508 Mariprofundaceae  ZetaOTU1-4 i £77E F A [A] IX 3 i) K 2 B
MERELAN family 2P BRI, #4 APl M2 T, B —2 ZetaOTUs fif
ZetaOTUs FrURMSEALTE 2o T4 AR A8k S A TR 0] J 30— 2 72 B %) 21 5% I

R1 BHEDBIEF Zetaproteobacteria Sk E W B (FF S 2 LA [13]11824. %M %)
Table 1 Isolates of the Zetaproteobacteria (modified and supplemented after reference [13])

Primary biomineral Sole electron

Isolate Isolation source ZetaOTU References
morphology donor

Mariprofundus Lo’ihi hydrothermal vents ZetaOTUI11 Stalk Fe [20]

ferrooxydans PV-1

Mariprofundus Lo’ihi hydrothermal vents ZetaOTUI11 Stalk Fe? [20]

ferrooxydans JV-1

Mariprofundus Lo’ihi hydrothermal vents ZetaOTUI1 Stalk Fe?* [34]

ferrooxydans M34

Mariprofundus sp. Lo’ihi hydrothermal vents ZetaOTU36 Stalk Fe?* [36]

EKF-M39

Mariprofundus micogutta Bayonnaise hydrothermal ZetaOTU18 Thin filaments Fe? [39]

ET2

Ghiorsea bivora TAG-1 Mid-Atlantic ridge hydrothermal vents ZetaOTU9 None Fe?" or H, [14]

Ghiorsea bivora SV-108 Mariana hydrothermal vents ZetaOTU9  None Fe** or H, [14]

Mariprofindus Chesapeake Bay stratified water column ZetaOTU18 Dreads only Fe** [29]

ferrinatatus CP-5

Mariprofindus Chesapeake Bay stratified water column ZetaOTU37 Dreads only Fe** [29]

aestuarium CP-8

Mariprofundus sp. Great Salt Bay salt marsh Fe mat ZetaOTU23 Stalk Fe? [54]

GSB-2

Zetaproteobacteria sp.  Norsminde Fjord estuary sediments  ZetaOTU3  Stalk Fe [9]

NF

Zetaproteobacteria sp.  Kale Vig beach sediments ZetaOTU3  Stalk Fe?* [9]

KV

Zetaproteobacteria sp.  Coastal sediment bloodworm microcosm ZetaOTU14 Stalk Fe?* [28]

CSs-1

Zetaproteobacteria sp.  Worm burrow in Sheepscot estuary ~ ZetaOTU3  Stalk Fe** [28]

SR-1* sediments

Zetaproteobacteria sp.  Worm burrow in Sheepscot estuary  ZetaOTUS5 None Fe** [28]

ECHO-1* sediments

Mariprofindus Big Fisherman’s Cove pyrrhotite ZetaOTUI11 Stalk Fe** [55]

ferrooxydans SC-2 colonization

Mariprofindus sp. Damariscotta estuary pyrrhotite ZetaOTU14 Stalk Fe** [40]

EBB-1 colonization

Mariprofundus sp. DIS-1 West Boothbay Harbor mild steel ZetaOTU18 Stalk Fe? [56]
incubation

Mariprofundus erugo P3 Mallard Creek 316 stainless steel New Stalk Fe?* [37]
incubation ZetaOTU

Mariprofundus erugo P7 North Creek 316 stainless steel New Stalk Fe?* [37]
incubation ZetaOTU

Mariprofundus Pamlico Sound steel-hulled shipwreck ZetaOTU11 Stalk Fe** [41]

ferrooxydans O-1

*: reference from [28], but there was no named description in this paper, and the named description information reference from
[13,57].
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Mariprofundus ferrooxydans PV-1 (639880882)
71 Mariprofiundus ferrooxydans JV-1 (2651850539)
100} Mariprofundus sp. M34 (JF317957.1)
69 Mariprofundus ferrooxydans O-1 (MT238205.1)
Mariprofundus sp. SC-2(KX516726.1)
55 Mariprofundus sp. EKF-M39 (2572241983)
64— Mariprofundus sp. GSB2 (HQ206653.1)
Mariprofundus erugo P3 (MK554583.1)
100" Mariprofundus erugo P7 (MK554584.1)
Mariprofundus aestuarium CP-8 (2776476013)
Mariprofundus ferrinatatus CP-5 (2776476785)
94| r Zetaproteobacteria sp. KV (2758366973)
99 Zetaproteobacteria sp. NF (2758365209)
Mariprofundus sp. DIS-1 (2572238899)
Mariprofundus micogutta ET2 (LC107871.1)
Mariprofundus sp. EBB-1 (2781350842)
85— Zetaproteobacteria sp. CSS-1 (KX078246.1
Ghiorsea bivora TAG-1 (2583143813)
0% Ghiorsea bivora SV-108 (2617
97— Leptothrix discophora SS-1 (L33975.1)
ﬂ‘f Leptothrix mobilis Feox-1 (NR 026333.1)
Leptothrix ochracea (HQ290516.1)
100 100 [ Gallionella capsiferriformans ES-2 (648147649)
Gallionella ferruginea (L07897.1)
100 Sideroxydans lithotrophicus ES-1 (646687999
- r Ferriphaselus amnicola OYT1 (2. 14
100 Ferriphaselus sp. R-1 (2576789966)
Chloroploca sp. M-50 (2887500697)

Zetaproteobacteria

Gammaproteobacteria

Outgroup

—_—

0.1

&2 BZIKEAEIEF Zetaproteobacteria SR LEMN AR KA BN

Figure 2 Phylogenetic tree of Zetaproteobacteria isolates. The tree constructed by MEGA X maximum
likelihood method!®*; bootstrap values were calculated from 1 000 replications, and only >50% were reported;
the codes in the parentheses represent the sequence record numbers in the common database; 16S rRNA gene
sequences were obtained from NCBI and JGI databases.
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Figure 3

Common characteristic microscopic structures formed by Zetaproteobacteria in seafloor

hydrothermal vents and their surroundings. A: twisted stalks with directional arrangement[lo]; B:
semi-parallel directional long hollow sheaths; C: short branching hollow tubes; D: nest-type biominerals
attached to long sheaths!'”; E: filaments structures’®”®); F: short dreads structures (inferred cell position
indicated by the yellow oval)®”); G: the fibrils on the surface of long hollow sheaths!'*); H: transmission
electron microscopy image of twisted stalk, which are composed of multiple parallel fibrils, and the white
arrow indicating the cell of FeOB!"'); I: Y-shaped hollow tube, made up of multiple parallel fibrils, and the
white arrow points to cells!'”’; J: amorphous oxides formed by FeOB, shown in green as FeOB cells!"*.
Images A, D, G, I from L&’ihi seamount in Hawaii; B-C from Lau Basin, photographed by our research
group®®”); E-F, H-I were the microstructure images of isolated strains M. micogutta ET2, M. aestuarium CP-8,
M. ferrooxydans PV-1 and G. bivora TAG-1, respectively.
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