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Running title

Unexpected Diversity of FHL Gene Cluster in Hz-Producing Vibrios

Abstract

An entire Hyf-type formate hydrogenlyase complex (Hyf-FHL) gene cluster was first discovered
in a marine Vibrio species, Vibrio tritonius isolated from the digestive tract of the sea hare Aplysia
kurodai [1]. The bacterium is also the first marine bacterium in which hydrogen production ability
exceeds that of Escherichia coli under saline conditions [1-2]. However, we were still unable to
answer the evolutionary question as to why only minor groups of vibrios could maintain the FHL
gene clusters and hydrogen (gas) production ability. Here, we set up comparative genomics and
fermentative hydrogen production profiling using all 16 currently known Vibrionaceae species,
which maintain FHL gene clusters and/or gas production, including 12 Vibrio and 4
Photobacterium species. Whole genome comparison using complete genome sequences revealed
unexpected diversity of FHL gene clusters, at least, with two new types of FHL gene clusters.
Additional fermentative hydrogen profiling and structure modeling of FHLs showed formate
detoxification as a part of formate and pH homeostasis could be one of the selective pressures in

the evolution of FHL gene clusters responsible for high hydrogen production in vibrios.

Keywords: vibrio, hydrogen, genome, physiology, formate, marine

Introduction

Fermentative hydrogen gas production is an atypical trait in the family Vibrionaceae [1-7]. With
the recent revolution in genome sequencing, the list of hydrogen-producing marine vibrios has
currently been updated to include 13 Vibrionaceae species; Vibrio gazogenes, Vibrio spartinae,
Vibrio ruber, Vibrio rhizosphaerae, Vibrio mangrovi, Vibrio aerogenes, Vibrio quintilis
(Gazogenes clade), Vibrio porteresiae, Vibrio tritonius (Porteresiae clade), Vibrio furnissii
(Fluvialis clade), Vibrio aphrogenes (Rumoiensis clade), Vibrio mytili (Harveyi clade) and V.
plantisponsor (Diazotrophicus clade) [3-6, 8-22]. All Gazogenes and Porteresiae clade species
possess a gene set for Hyf-FHL consisting of 20 to 21 genes encoding FHL, formate

dehydrogenase, FhlA activator protein and hydrogenase maturation (Hyp) proteins, however, only
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two species, one in the Fluvialis clade and another in the Rumoiensis clade, possess this gene set
[4-6, 23]. Interestingly, V. furnissi in the Fluvialis clade possesses a Hyc-like FHL gene cluster,
which lacks three transmembrane protein genes, AyfDEF, similar to the Hyc-FHL gene cluster of
E. coli [5-6]. More interestingly, V. aerogenes in the Gazogenes clade possesses a separated FHL
gene cluster [6] and formate dehydrogenase (FDH-H) of V. furnissii and V. aphrogenes is a
selenoprotein, which is the same type as in E. coli, using the UGA stop codon as the codon for

selenocysteine (U) [4,24].

Furthermore, the structure of Hyc-FHL in E. coli has recently been determined using cryo-electron
microscopy, which clearly shows it is a member of the complex I-like respiratory complexes [25-
26]. However, the part of the membrane arm HycC of Hyc-FHL is 180°C rotated to the membrane
anchor subunit (HycD). Such a structural uniqueness of the membrane arm rotation has already
been observed in the membrane-bound [NiFe] hydrogenase complex (MBH) and the membrane-
bound sulfane sulfur reductase complex (MBS) [25-26]. As it is proposed that complex I has
evolved from an ancestral [NiFe] hydrogenase and multiple resistance and pH (Mrp) complex,
Hyf-FHL could be the most important molecules to elucidate the evolution of complex I family
molecules and its related gene arrangements because of more structural resemblance to the
complex I with the longer membrane arm than those of Hyc-FHL, MBH and MBS. Therefore,
evolutionary questions on how the FHL gene cluster diverged, maintained and functioned to affect

the atypical gas producing phenotype in the family Vibrionaceae are still under debates [6,25].

Among the Vibrionaceae species, V. porteresiae and V. tritonius in the Porteresiae clade show
particularly high hydrogen production ability, with a maximum hydrogen production of 1.7 mol
H>/mol mannitol, exceeding that of E. coli even under saline conditions [2,6]. Compared to the
hydrogen production efficiency of around 0.5 mol H>/mol mannitol in the Gazogenes clade species
[2,5-6], the hydrogen production ability of the Porteresiae clade species is high, however, genome
structural differences are found in the presence of the different type of nickel transport-related
genes such as the hydrogenase/urease accessory protein gene (hupE/ureJ) encoding a
transmembrane nickel permease, nikR-nikABCDE encoding nickel-responsive regulators and
nickel ABC transporters, and nickel/cobalt transporter NiCoT permease genes [6]. It remains
difficult to answer the question why the Porteresiae clade species maintain high hydrogen

production ability using the partial data set used in previous studies [6].

In this study, we compare all available hydrogen producing vibrios focusing on both genomic and
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physiological comparisons, in particular, elucidating (1) structural diversity of the FHL complex
gene cluster based on the complete genome sequences of 16 major hydrogen-producing and/or
FHL gene cluster retaining marine vibrios species, and (2) fermentative hydrogen production
profiling using the same strain set. Here, we report for the first time a strong positive correlation

between high ability of formate re-import and hydrogen production in hydrogen-producing vibrios.

Materials and Methods

Bacterial Strains and Culture Conditions

A total of 17 strains was examined in this study (Table S1). All strains were grown on ZoBell
2216E medium at 25°C with minor modifications according to Matsumura et al. [6] except Vibrio

quintilis at 33°C [16], Photobacterium carnosum at 15°C [19].

Complete Genome Sequences

Complete genomes of bacterial strains have been sequenced previously [23]. Accession numbers
of genome assembly are indicated in Table S1. In brief, after purification of genomic DNA,
libraries were prepared using the Rapid Barcoding Sequencing Kit (SQK-RBKO004, Oxford
Nanopore Technologies, Oxford, UK), and sequenced using the MinlON device installed with
MinKNOW ver. 19.05 and Flow Cell (R9.4.1) (Oxford Nanopore Technology). The basecalling
was performed using Guppy v3.4.4 (Oxford Nanopore Technology). Flye version 2.8.3 [27],
Racon v1.4.20[28], Medaka v1.0.1 (Oxford Nanopore Technology) and/or Unicycler version 0.4.7
[29] were used to obtain the complete genome with a hybrid assembly approach using Illumina

and Nanopore reads.

Genome Analyses

DFAST [30], BLAST [31] and InterProScan [32] were used to annotate complete genome
sequences. The Artemis Comparison Tool [33-34] was used to visualize rearrangements. In silico
MolecularCloning (In Silico Biology Inc., Yokohama, Japan) and anvi'o v5.5.0 [35] were used for
gene structure comparison and pan-genomic analysis, respectively. ClustalX [36] was used to align
the four house-keeping gene (fisZ, mreB, pyrH and topA) sequences and seven FHL gene
(hyfABCGHL)) sequences. Molecular networks and phylogenetic trees were reconstructed using
SplitsTree version 4 [37] and MEGAX [38], respectively.

Hydrogen Production Profiling

Hydrogen production profiling was performed according to Matsumura et al. [6] with minor
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modifications. In brief, ZoBell 2216E liquid medium was used as the basal medium for hydrogen
production by adding 2-morpholinoethanesulfonic acid (MES) (Dojindo, Kumamoto, Japan) to a
final concentration of 0.1 M (pH 6.0) and adding filter-sterilized D-glucose (Glc) to a final
concentration of 3% (w/v). A total of 1 mL preculture was inoculated to 99 mL of the fermentation
medium in a reactor (100 mL medium bottle, Corning, USA) sealed with silicon equipped with a
pH electrode (FermProbe pH electrodes, Broadly-James Corp., Branford, USA) and a gas
collection aluminum bag (GL Sciences, Tokyo). The pH electrode was connected to a pH controller
system (DJ-1023P, ABLE, Tokyo, Japan), which was able to pump an alkaline (5 M NaOH)
solution. The reactor was maintained at optimum temperatures for each strain with stirring (480
rpm) using a magnetic stirrer (RO 5 power IKAMAG, IKA, Staufen, Germany). At 24-hour
intervals, culture medium and gas were collected to determine turbidity (ODe2o), organic acid

production, hydrogen production and Glc consumption.

The profiling was repeated twice for each strain. Turbidity (OD¢20) was measured using a plate
reader (Infinite F200, Tecan, Switzerland). Organic acids and Glc were determined by high-
performance liquid chromatography (SHIMADZU, Kyoto, Japan). For organic acids, the detector
was CDD-10A vp (SHIMADZU) and the column was Shim-Pack SCR-102H (SHIMADZU) at an
analytical flow rate of 0.8 mL/min for 40 minutes. For Glc measurement, the detector was set to
RID-10A (SHIMADZU) and the Shodex Asahipak NH2P-50 4E column (Showa Denko, Tokyo,
Japan) was selected. Hydrogen production was determined by the amount of gas collected in an
aluminum bag (GL Sciences, Tokyo, Japan) using the water displacement method and the ratio of
hydrogen in the gas was determined using gas chromatography GC-2014 (SHIMADZU) equipped
with a ShinCarbon ST column (Chemical Industries Ltd., Kyoto, Japan).

Statistics
Bayesian statistics to evaluate correlation between hydrogen production and formate re-import

was performed using JASP 0.18.3.0 (https://jasp-stats.org/).

Structural Prediction of Vibrio FHL Complex

Structure of vibrio FHL complex was predicted using AlphaFold-multimer 2.3.2 [39] with options
to uses a best relax mode, a PDB database release till 1 August 2024 and three predictions for each
model implemented in the supercomputing system in National Institute of Genetics (Mishima,
Japan). To reduce the time for prediction, structures of soluble arm with a membrane anchor and

membrane arm were predicted, separately, and superposed at the membrane anchor unit. Predicted
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structures were visualized and analyzed using ChimeraX version 1.8 [40]. In preliminary analyses
using the E. coli Hyc-FHL PDB data (7Z0S), root mean square deviation (RMSD) of each subunit

between the 7Z0S and a predicted structure were measured within 0.5 to 0.8 A.

Results

Gap-Closed Complete Genome Sequences Comparison Reveal Unexpected Diverse
Structures in Vibrio FHL Complex Gene Clusters

All strains except V. palustris and V. zhugei, which are reported to be non-gas-producing species
[17-18], possessed the FHL complex gene cluster (Fig. 1). When comparing the franking region
of the FHL gene cluster among four species belonging to the Porteresiae clade (V. porteresiae, V.
tritonius, V. palustris and V. zhugei), conserved homologous regions in both upstream and
downstream were observed in all species (Fig. S1). Neither a FHL gene cluster or any hydrogenase
genes including [FeFe] hydrogenase were found in V. plantisponsor in the Diazotrophicus clade,
nevertheless, this species is known to be gas-producing [15]. Core gene assessments revealed all
strains possessed the formate dehydrogenase related (fdhD) gene and the major formate channel
(focA) gene (Fig. S2). The fdhF gene responsible for FDH-H was conserved on the genomes of all
hydrogen producing vibrios, in more precisely, in their FHL gene cluster (Fig. 1). No formate
dehydrogenase-O (FDH-O) and FDH-N homologues genes [24,41] were not found in the genomes

of the Porteresiae and Gazogenes clade species except in V. quintilis.

In addition to the three previously reported FHL gene clusters on Chromosome (Chr.) 1 including
1) the Porteresiae-type typical hyf-FHL with an entire hypFFCDEAB gene cluster present in the
Porteresiae clade species, V. porteresiae and V. tritonius, 2) the Gazogenes-type typical hyf-FHL
gene cluster with hupE present in V. gazogenes, V. mangrovi, V. rhizosphaerae, V. ruber and V.
spartinae and 3) Furnisii-type hyc-like FHL with Ayp [6], several more atypical FHL gene clusters
were observed (Figs. 1 and S3).

An atypical Gazogenes-hyt gene cluster, which had previously been discovered in V. aerogenes
was also confirmed in V. quintilis (Fig. 1). The atypical FHL gene cluster was separated into two
regions in hyfABCDEFGHIJ-hycH and hydN-fdhF-fhlA-fdhD-hupE-hypFCDEAB on Chr. 1 (Fig.
S3), and these gene structures were shared between those two species (Fig. 1). The
hyfABCDEFGHIJ-hycH was located approximately 513 kb and 584 kb downstream of hydN-fdhF-
fhiA-fdhD-hupE-hypFCDEAB gene cluster in V. aerogenes and V. quintilis, respectively. Loci of

the FHL gene clusters were related to dynamic genome re-arrangements of Chr. 1 in the Gazogenes
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clade species (Figs. S3 and S4).

More diverse FHL gene clusters were discovered in Photobacterium species, and those were likely
to be shuffled (Figs. 1 and S3). In P. swingsii and P. sanguinicancri in the Jeanii clade [21-23],
hypAB genes were located upstream of the FHL gene clusters and the rest of /ypFCDE genes were
separated by the core of FHL gene clusters (Figs. 1 and S3). More interestingly, these FHL gene
clusters were found on Chr. 2 (Figs. 1 and S3). P. carnosum and P. toruni in the Phosphoreum
clade [19-20,23] possessed a hyc-FHL-like gene cluster, which lacks hyfDEF transmembrane
genes on Chr. 2 (Figs. 1 and S3). A separated hiypBCDEA gene cluster was found on Chr. 1 (Figs.
1 and S3). These Photobacterium HypA on Chr. 2 (341 bp) showed a rather high amino acid
sequence identity of 56-57% to V. gazogenes HypA, while the HypA on Chr. 1 showed only 29%
identity. Similarly, the HypB on Chr. 2 showed 57-59% identity to V. gazogenes HypB, while the
HypB on Chr. 1 showed only 29% identity.

Surprisingly, an extended genome survey on how those FHL gene cluster are widespread in the
genus Photobacterium using a draft genome sequence collection of Photobacterium type strains
established by Jiang et al. [23] revealed some evolutionary laws and more discovery for FHL gene
cluster diversity (Fig. S5): (1) all Phosphoreum clade species except P. angustum possessed the
Phosphoreum-type FHL gene cluster, but P. angustum might possess a typical Gazogenes-type
FHL gene cluster. All Phosphoreum clade species also might possess hyd2-related uptake
hydrogenase gene clusters on those genomes. The separated hypBCDEA cluster in the
Phosphoreum-type FHL was adjacently located to those uptake hydrogenase genes. (2) P. jeanii
also possessed a FHL gene cluster, so all the Jeanii clade species possessed the Jeanii-type of the
FHL gene cluster. (3) P. indicum in the Profundum clade might possess the Fluvialis type FHL
gene cluster, but this is not the case in other members of the Profundum clade such as P.
frigidiphilum, P. lipolyticum and P. profundum. (4) Only two species, P. chitinilyticum and P.
marinum, in the Proteolyticum clade, possessed duplicated FHL gene clusters, one related to the
Fluvialis-type FHL and the other a shuffled FHL gene cluster which have never been observed
before. (5) P. damselae subsp. damselae possessed the Fluvialis-type related FHL gene cluster but

hyp gene clusters were re-shaped.

As the FHL pathway has genetic link amongst hyf, hyp, fdhF, focA and pfl (pyruvate formate lyase
and the related protein genes) genes [24,41], we further assessed the status of co-localization of

hyf, hyp, fdhF, focA and pfl genes. focA-pfIBA clusters, at least, were observed in P. toruni, P.
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carnosum and P. phosphoreum. pfIB gene was not clustered neither to focA and pfi4 in the genus
Vibrio: e.g. pfIB, pfl4 and focA at around 2,286,997, 2,291,660 and 1,375,018 nucleotide positions
on Chr. 1 in V. tritonius, respectively, and pfIB and pfiA at around 1,585,309 and 158,2270on Chr. 1
in V. aerogenes, respectively, and foc4 and 869,729 on Chr. 2 in V. aerogenes. No confidential
evidence in lack of hypF gene or presence of hypF gene alone separated from /yp gene clusters in

Vibrionaceae type strain genome collection was obtained.

Assessment of Fermentative Hydrogen Production Profile

As unexpectedly diverse FHL gene clusters were discovered in the hydrogen-producing
Vibrionaceae, we performed fermentative hydrogen production profiling on the same strain set as
the genome comparison to assess whether the dynamic rearrangements of the FHL gene cluster

are related to hydrogen production ability (Figs. 2 and S6-S7).

No hydrogen production was observed in V. palustris, V. zhugei, V. plantisponsor and P. carnosum
(Figs. S6-S7). P. carnosum possessed the atypical FHL gene cluster related to that of P. foruni but
no hydrogen produced. Hydrogen production was high in V. porteresiae and V. tritonius, moderate
in Gazogenes clade species and low in P. swingsii and P. sanguinicancri (Figs. S6-S7). The trends
in hydrogen production were high in the Porteresiae clade species and less than half in the
Gazogenes clades species (Figs. 2 and S6-S7). The hydrogen production of the three
Photobacterium species was lower than that of V. aerogenes, which was the lowest hydrogen

producer in the Gazogenes clade (Figs. 2 and S6-S7).

Formate production was high in the Porteresiae clades species and medium to low in the other
Vibrionaceae species (Figs. 2 and S7TBDF). Notably, formate re-import was observed in higher
hydrogen-producing species. A strong positive correlation between hydrogen production and
formate re-import was observed (Pearson’s » was 0.969 supported with BF19 3.646x10'7. Lower
95%,; CI1 0.930, Upper 95%; CI 0.984) (Fig. 3). Higher hydrogen production was related to higher

formate re-import in the Porteresiae clade species (Fig. 3).

Inferring The Evolution of FHL Gene Cluster in Vibrionaceae

Molecular networks revealed that common ancestry of house-keeping genes and FHL genes were
likely to be matched (Fig. 4AB). FHL gene cluster type was related to the clade in Vibrionaceae.
Comparison of maximum likelihood tree topology also suggests divergence of FHL genes along

with the Vibrionaceae speciation (Fig. S8). The entire set of the vibrio FHL gene cluster, consisting
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of hyfABCDEFGHIJ, fdhF, fhiA and hypFCDEAB was found in both the Gazogenes and
Porteresiae clades, and hupE gene was also observed in the Photobacterium species, nevertheless

FHL gene clusters were shuffled (Fig. S8).

Modeling of Representative FHL Complex of Vibrios

Three dimensional (3D) structures of soluble arm consisting of HyAGHI and FDH-H and
membrane arm consisting of HyfBCDEF of vibrio FHL complex were first predicted (Fig.
S9CDEFG). The overall structure of Hyf-FHL of V. tritonius strain AM2 was reconstructed based
on L-shaped complex I of Thermus thermophiles (AHEA) (Fig. S9A) with a long Helix HL at the
side of membrane arm [25] by superposed at the membrane anchor HyfC. Three transmembrane
proteins HyfBDF were predicted to be 180°C rotated compared to that of complex I based on the
membrane anchor (HyfC) position (Fig. SYABCD). Reconstructed overall structures, active sites
and a putative path of electron flow and proton paths of Hyf-FHL of representative vibrios, V.
gazogenes, V. aerogenes and P. swingsii, were unlikely to be different in the overall structure of V.

tritonius (Fig. S9CEFG).

The active site molybdopterin guanine dinucleotide (Mo-bis-PGD) cofactor (C8/11/15/42
quadrad) and the active site selenocysteine SeCys(U)140/H141/R333 at the E. coli FdhF position
(SeCys140 was Cys in FHL models of V. tritonius, V. gazogenes and V. aerogenes) [24] and an
iron-sulfur cluster relay [26] were conserved in the predicted structure of vibrios. In addition to
the terminal cysteine (C531) and the conserved B1-2 loop glutamate (E193) in at the HycE, the
canopy residues R478/C529/S283 and proton paths extend from the active site of hydrogenase to
the bulk via conserved residues (R478/D529/H284/E437/R395) at the HycE position were
conserved in HyfG of representative vibrio Hyf-FHL models [26]. Putative substrate proton paths
predicted in Hyc-FHL of E. coli were also conserved in those vibrio Hyf-FHL models located in
the E-channel Y102/R108/E130/E138/D196/E199/E201/E203/E206/E280 at HycD position in
HyfC and
E135/L.208/H222/A230/S234/K239/H291/E294/T292/H328/H332/K336/D354/E391/K433/C430
except Q285K and R353K at HycC position in HyfB [25-26].

Discussion
Evolutionary history and functional constraints of Hyf-FHL complex have been discussed based
on the structural similarity of complex I since the first proposal of structural model of Hyf-FHL of

E. coli [42]. However, due to the faint activity of Hyf-FHL (FHL-2) in E. coli [43], evolutionary
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and structural elucidation has been less successful until the discovery of hydrogen producing V.
tritonius possessing the Hyf-FHL gene cluster as the sole FHL machinery [1,6] and a series of
molecular genetics and biochemical studies on FHL-2-related complexes of Trabulsiella
guamensis [44] and Pectobacterium atrosepticum [45]. Here, we update knowledge on diversity
of Hyf-FHL gene clusters using all available hydrogen producing Vibrionaceae species based on
genome comparison using gap-closed complete genomes and comparative fermentative hydrogen
production profiling. These analyses unveil unexpected diversity of FHL gene clusters and
relationships between gene cluster and function in hydrogen production ability. This data also
provides insights into the maintenance of typical Gazogenes type Hyf-FHL complex gene clusters
that might show a common ancestry with hydrogen producing vibrios. During speciation, niche
separation and changes of ecological function, particularly in the needs of detoxification of formate
as a part of formate and pH homeostasis in certain micro-environments, where active carbohydrate
metabolisms under anaerobic conditions proceeded, such as the gut of herbivorous sea hare or
mangrove sediments and rhizosphere [1,13,46-48], as a selective pressure. A small number of
Vibrionaceae species still retain the functional Hyf-FHL gene cluster, which expresses to show gas

producing phenotypes in Vibrionaceae until today.

Comparison of tree topology between house-keeping genes and genes of interest is a simple
approach to evaluating divergence or convergence of the genes of interest [49]. Network and tree
topologies of FHL genes were unlikely to be different from that of house-keeping gene phylogeny
of Vibrionaceae species with FHL gene clusters (Figs. 4 and S8), suggesting divergence in FHL
gene clusters (Figs. 4AB and S8). It should be emphasized that observed divergence of FHL gene
clusters in not only hydrogen producing Vibrio but also in those of Photobacterium species
suggests that the common ancestor of Vibrionaceae might have possessed the functional FHL gene

clusters, but currently those genes have been lost in most of the species.

Unexpectedly, at least, two more types of FHL gene clusters were discovered in this study (Fig. 1).
In total, six types of FHL gene clusters could be described in Vibrionaceae [6]. The first type,
called Porteresiae-hyf, is retained in V. tritonius and V. porteresiae in the Porteresiae clade. These
types of gene cluster consist of 21 genes (hyfABCDEFGHIJ, hycH, hydN, fdhF, fhiA, fdhD and
hypFCDEAB) with approximately 24 kb in length on Chr. 1 in those vibrios (Fig. 1) [5-6]. V. zhugei
and V. palustris, which are recently described members of the Porteresiae clade [23], lost the gene
clusters (Figs. 1 and S8). The second type, designated as typical Gazogenes-hyf, is retained in V.

gazogenes, V. spartinae, V. ruber, V. rhizosphaerae and V. mangrovi in the Gazogenes clade (Fig.
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1). In the typical Gazogenes-hyf, hupE gene is located upstream of Ayp genes (Fig. 1). The length
of this gene cluster is ca. 24 kb on Chr. 1 (Fig. 1) [5-6]. The third type, designated as atypical
Gazogenes-hyf, formed separated gene clusters after 4ydN on Chr. 1 (Fig. 1). Those atypical gene
clusters are reported in V. aerogenes [6] and further confirmed in V. quintilis in this study (Fig. 1).
The fourth type, designated as Jeanii-hyf, forms rearranged and separated gene clusters of typical
Gazogenes-hyf, in particular, in 4yp gene cluster (Figs. 1 and S5). The Jeanii-hyf'is located on Chr.
2. The fifth type, designated as Furnisii-hyf, shows lack of 4y/DEF from typical Gazogenes-hyf,
previously reported [6]. The Furnissi-hyf was previously assigned as hyc-FHL, but molecular
network clearly shows lower relation to E. coli Hyc (Fig. 4). The sixth type, designated as
Phosphoreum-hyf, is atypical Furnisii-hyf, in which hypBCDEA is separated and located on Chr.
1 (Figs. 1 and S5). The atypical Gazogenes-hyf is confirmed (third type), and the Jeanii-hyf (fourth
type) and Phosphoreum-hyf (sixth type) are newly observed in this study. Surprisingly, a further
gene search suggested a more diverse world of FHL gene clusters in the genus Photobacterium
(Fig. S5), which may trigger complete genome reconstruction and evolutionary studies for all

Photobacterium species in future.

Interestingly, diverse FHL gene clusters are likely to be explained along with Vibrionaceae
speciation (Fig. 4B). One possible hypothesis is maintenance of typical Gazogenes-hyf gene
cluster in the ancestry of Vibrionaceae. During speciation, niche separation and adaptation, the
FHL gene clusters have evolved into diverse types of gene clusters and are maintained in a portion
of current Vibrionaceae species. Porteresiae-hyf gene cluster might be caused by lack of hupE of
the typical Gazogenes-hyf, maintained in V. tritonius and V. porteresiae, but completely replaced

by other genes in V. zhugei and V. palustris.

How does FHL gene cluster diversity affect fermentative hydrogen production of those vibrios? V.
tritonius and V. porteresiae showed the highest hydrogen production followed by V. quintilis, V.
spartinae, V. gazogenes, V. rhizosphaerae and V. ruber (Figs. 2 and S7). Faint hydrogen production
was observed in V. aerogenes and V. mangrovi (Fig. S7). Little or no hydrogen production was
recorded in Photobacterium species examined in this study (Fig. S7). Nevertheless, there were two
exceptions in V. aerogenes and V. quintilis, the separated gene cluster franking upstream of hycH
and downstream of 4ydN region observed in typical and atypical Gazogenes-hyf cluster was
unlikely to affect hydrogen production. However, in the Photobacterium FHL cluster, separation
of hyp and/or presence of Chr. 2 affected FHL gene regulation, which caused detrimental effects

on normal fermentative hydrogen production. Biosynthesis of active [NiFe] hydrogenase requires
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several mature proteins [24,50], and in E. coli, the major steps in the formation of the large subunit
precursor (pre-HycE) are known to involve the Hyp protein: 1) CN- ligand (HypFE), (2)
attachment of CN™ and CO ligands to Fe atoms (HypCD), (3) insertion of Fe-CO-(CN"), into pre-
HycE (HypC), (4) insertion of Ni*" into pre-HycE (HypAB), (5) C-terminal peptide degradation
process of pre-HycE [24]. In P. carnosum and P. toruni, hypFAB and hypBCDEA were present on
different chromosomes, and in P. swingsii and P. sanguinicancri, the presence of hypAB and
hypFCDE were in opposite directions. The latter gene structure also made us consider plasmid-
borne horizontal gene transfer of the FHL gene clusters. Moreover, all the Phosphoreum clade
including P. carnosum and P. toruni, the separated hypBCDEA gene clusters were located on a
downstream region of an uptake hydrogenase gene cluster (Fig. S5), which means effects of the
uptake hydrogenase activity on the net hydrogen production in the Phosphoreum clade species
must be re-evaluated in the future, nevertheless, faint formate re-import was observed in P,
carnosum and P. toruni (Fig. S7TF). We also consider that the origin of the uptake hydrogenase
genes should be analyzed to understand how those /#yp gene cluster shuffles are regulated on
bacterial genomes too. We took a snapshot of the way in which FHL gene clusters rearranged and
collapsed in Vibrionaceae and normal Hyp gene expression and translation could largely affect

hydrogen production in Vibrionaceae species.

Interestingly, comprehensive hydrogen profiling using all available hydrogen producing vibrios
first revealed a strong positive correlation supported by Bayesian statistics (BF19=3.646x10'7)
between hydrogen production and formate re-import (Fig. 2). Strains that possessed higher formate
re-import produced higher hydrogen production. All species in the Porteresiae clade species could
produce higher formate in glucose fermentation, but only V. tritonius and V. porteresiae performed
high levels of formate re-import (Fig. S7). In Gazogenes clade species and Photobacterium species,
low to moderate levels of formate production were observed in all species, but strains showing
formate re-import could produce hydrogen (Figs. S6-S7). One of the primary factors affecting the
high hydrogen production of V. tritonius and V. porteresiae in the Porteresiae clade is the ability
of higher formate production and re-import than the other vibrios (Fig. S7). V. tritonius was
isolated from gut of sea hare [1] and V. porteresiae was isolated as endophyte of mangrove-
associated wild rice [13]. The gut of sea hare and mangrove rhizosphere are one of the
representative marine micro-environments of active fermentation by rich carbohydrates under
anaerobic conditions [46-48]. Those micro-environments are possible formate-rich environments,
which affected the evolution of typical Gazogenes-type FHL gene cluster making them more

functional in V. tritonius and V. porteresiae.
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Formate is a key intermediate to enhance fermentative hydrogen production in E. coli at the
molecular level [24,41,44-45]. A pyruvate formate lyase, PfIB, and a formate channel, FocA, co-
ordinates to exclude and re-import formate in E. coli under anaerobic conditions as a bacterial
cellular formate and pH homeostasis, as so a genetic link as the focA-pflAB operon has been
suggested in E. coli and the related bacteria [24]. However, focA-pfIB operon was not observed on
genomes of the hydrogen-producing vibrios belonging to the Porteresiae and Gazogenes clades.
In E. coli, at least, pfiA is expressed constitutive [41], which was also observed in V. tritonius [6].
The structure determination of the Hyf-FHL complex described below, FocA-PfIB coordination
and the single cell-based biochemical and physiological assays could also lead us to better
understand high hydrogen production ability of the Porteresiae clade species. More interestingly,
FDH-H is likely to be the sole major enzyme for formate detoxification in the Porteresiae and
Gazogenes clade species due to lack of FDH-O and FDH-N homologes on those genomes [24,41].
These genotypes strengthen formate metabolism as a possible key factor in maintaining

fermentative hydrogen production in specific groups of vibrios.

Finally, we obtained vibrio Hyf-FHL structure models for the first time in this study (Fig. S8).
Hyf-FHL models from representative FHL gene clusters are likely to be similar conserving major
paths for electron relay and proton (Fig. S9). Due to computing limitations, those models were still
mosaic superposed at the membrane anchor. Beyond the Andrews ef al. ‘s proposal of Hyf-type
FHL [42], structural similarity of Hyf-FHL to Hyc-FHL and MBH and MBS, which major
transmembrane subunits rotated 180°C compared to complex I [25-26]. Major differences in
putative functional sites in those structural models of vibrio FHL compared to the Hyc-FHL of E.
coli have not been observed. Proton paths proposed in MBS and complex I were also likely to be
conserved in the vibrio Hyf-FHL. As proposed for Hyc-FHL structure of E. coli, proton paths to
the hydrogenase HycEG might be established to the final proton donor glutamate on B1-f2 loop
through HycD and HycC [25]. in vitro experiments using a purified Hyc-FHL of E. coli were
unable to verify the hypothesis of an energy-conserving proton pump of Hyc-FHL [24]. Removal
of HyfDEF from the Hyf-FHL complex of P. atrosepticum did not affect the physiological activity
compared to that of wild type of the protein complex [45]. Considering the same function of
antiporter-like transmembrane subunits HyfBDF as a proton translocation, HyfBDF could have an
extra-function in formate detoxification transporting substrate protons to hydrogenase. In other
words, three more transmembrane antiporter units compared to Hyc-FHL might contribute to high

proton transports and hydrogen production in vibrios, which might lack FDH-O and -N, under
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formate-rich conditions. Re-arrangements and loss of hupE gene in Hyf-FHL gene clusters in
Vibrionaceae could be related to the level of formate detoxification during speciation and
ecophysiological selection and/or adaptation of vibrios. Biochemical studies, structure
determination and in vitro evolution studies of vibrios FHLs are further needed to clarify the

formate detoxification hypothesis.

Conclusion

Using all available hydrogen producing and FHL gene cluster maintaining vibrios, a snapshot of
FHL gene dynamic evolution has been observed. As we proposed “formate detoxification
hypothesis” in maintaining Hyf-FHL in vibrios, this dynamic evolution might have been driven by
environmental formate detoxification as a result of bacterial intercellular formate and pH
homeostasis, which further evolves the Porteresiae-type gene clusters to cope with high
fermentative hydrogen production under micro-environments where active fermentation is
progressing such as the gut of herbivorous animals and mangrove sediments and rhizospheres.
Moreover, more diverse FHL gene clusters in particular group of the genus Photobacterium
including duplicated FHL gene clusters might be present. Those results might help us to further

elucidate how complex I family complex including E. coli FHL has evolved.
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Figure legends
Fig. 1. Diversity of genomic architectures of FHL gene cluster among hydrogen-producing
marine vibrios. Atypical Gazogenes-hyf type was confirmed in V. quilitilis in this study.

Phosphreum-hyf and Jeanii-hyf were newly discovered in this study.

Fig. 2. Representative fermentative hydrogen production profiles of hydrogen-producing
vibrios. (A) V. porteresiae MSSRF30", (B) V. gazogenes ATCC 29988" and (C) P. toruni CECT
9189". Orange closed diamond: cell growth (OD620), blue closed circle: hydrogen production
(mmol), yellow closed triangle formate concentration (mM) and green closed square (glucose
concentration (mM). The data from duplicate samples of each strain are shown. See all

physiological data in Fig. S5.

Fig. 3. Bayesian correlation between hydrogen production and formate re-import. Pearson’s
r was 0.969 supported with BF19 3.646x1017. Lower 95% CI: 0.930, Upper 95% CI: 0.984. Red

closed circle indicates V. tritonius and V. porteresiae.
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Fig. 4. Splitstree networks based on nucleotide sequences of four housekeeping genes and
FHL genes (hyfABCGHI1J). (A) Network based on four housekeeping genes (ftsZ, mreB, pyrH
and topA) (data from Jiang et al. (2022) [23]. (B) Network based on hyfABCGHIJ. hyfABCGHIJ
genes were likely to be radiated before Vibrio, Photobacterium and E. coli radiations. Predicted

common ancestry was supported in each Vibrio clade.

Supplementary figures

Fig. S1. A local rearrangement map of FHL gene cluster region among the Porteresiae clade
species. From the top, V. porteresiae, V. tritonius, V. palustris and V. zhugei are compared. Red
lines indicate homologous nucleotide sequence matches. Blue lines indicate reverse complement
nucleotide sequence matches. Black encloses the FHL gene sequence, and yellow encloses

homologous nucleotide sequence upstream and downstream of it.

Fig. S2. Pangenome of marine vibrio genomes used in this study. The colors represent the
clades: orange represent Gazogenes clade, light blue represent Porteresiae clade, red represent
Diazotrophicus clade, black represent Phosphoreum clade, and blue represent Jeanii clade. From
the top to bottom; V. gazogenes, V. spartinae, V. ruber, V. rhizosphaerae, V. mangrovi, V. aerogenes,
V. quintilis, V. porteresiae, V. tritonius, V. palustris, V. zhugei, V. plantisponsor, P. carnosum, P.
toruni, P. swingsii and P. sanguinicancri. The red heatmap represents ANI; the darker color

indicates closely related species.

Fig. S3. Loci of representative FHL gene clusters of Vibrionaceae genomes.

Fig. S4. Genome wide rearrangement map among the seven Gazogenes clade species. From
the top, V. gazogenes, V. spartinae, V. ruber, V. rhizosphaerae, V. mangrovi, V. aerogenes and V.
quintilis are compared. Red lines indicate homologous nucleotide sequence matches. Blue lines
indicate reverse complement nucleotide sequence matches. Yellow lines indicate FHL gene

sequence matches.

Fig. S5. Mining of FHL gene clusters among Photobacterium species. All Phosphoreum and
Jeanii clade species possessed FHL gene clusters using draft genome data. In Phosphoreum calde
species, genes responsible to uptake hydrogenases were found on a region franking to the

separated hiypBCDEA gene cluster in all Phosphoreum clade species except the P. piscicola™*
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due to too fragmented genome. P. chitinilyticum and P. marinum in the Proteolyticum clade
possessed a Furnissii-type FHL gene cluster and an incomplete second FHL-like gene cluster. *
and ** indicates data from draft genome sequences. Colors on species names correspond to those

of Fig. 1.

Fig. S6. Fermentative hydrogen production profiles of 17 vibrio strains. (A) V. gazogenes
ATCC 29988", (B) V. spartinae CECT 9026, (C) V. ruber LMG 23124", (D) V. rhizosphaerae
MSSRF3", (E) V. mangrovi CECT 79277, (F) V. aerogenes LMG 19650", (G) V. quintilis CECT
77347, (H) V. porteresiae MSSRF30", (1) V. porteresiae MSSRF31, (J) V. tritonius MA35, (K) V.
palustris CECT 90277, (L) V. zhugei KCTC 62784, (M) V. plantisponsor CECT 7581T, (N) P
carnosum CECT 93947, (O) P. toruni CECT 91897, (P) P. swingsii CECT 7576", (Q) P.
sanguinicancri CECT 7579, The correspondence between each color, shape and profile is

shown below. The data from duplicate samples of each strain are shown.

Fig. S7. Clade-by-clade comparison of hydrogen production. of formate concentration. Left
(A, C and E): hydrogen production, right (B, D and F): formate production. A and B: Porteresiae
clade, C and D: Gazogenes clade and E and F: the others (Diazotrophicus, Phosphoreum, Jeanii
clades). High hydrogen production of the V. tritonius and V. porteresiae in the Porteresiae clade

was suggested with BFio> 4 based on Bayesian ANOVA test (n=2). Error bar: SD.

Fig. S8. Divergent evolution hypothesis of FHL gene structure in the genera Vibrio and
Photobacterium. Left and right tree is based on ML tree (GTR + GI model) based on nucleotide
sequences of four housekeeping genes and FHL genes, respectively. The same data set in Fig. 4

was used.

Fig. S9. 3D models of vibrio FHLs. AlphaFold-multimer 2.3.2 was used for structure
predication. Membrane arm and soluble arm were superposed at HyfC. A & C: Complex I, B &
D: V. tritonius AM2" FHL, E: V. gazogenes ATCC 29988" FHL, F: V. aerogenes LMG 19650"
FHL, G: P. swingsii CECT 7576" FHL. In A and C, homologous subunits on the membrane arm
were indicated with asterisks. N- and C-terminal regions were not trimmed in this prediction. As

selenocysteine in the FDH-H of P. swingsii was replaced by cysteine for the prediction.

Table S1. List of strains and genome sequences used in this study
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