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Spirochaete genome identified in red abalone sample represents
a novel genus Candidatus Haliotispira gen. nov. within the
order Spirochaetales

Sharu Paul Sharma', Catherine M. Purcell?, John R. Hyde? and Andrew J. Severin'*

Abstract

Afully assembled spirochaete genome was identified as a contaminating scaffold in our red abalone (Haliotis rufescens) genome
assembly. In this paper, we describe the analysis of this bacterial genome. The assembled spirochaete genome is 3.25Mb in
size with 48.5mol% G+C content. The proteomes of 38 species were compared with the spirochaete genome and it was discov-
ered to form an independent branch within the family Spirochaetaceae on the phylogenetic tree. The comparison of 16S rRNA
sequences and average nucleotide identity scores between the spirochaete genome with known species of different families
in Spirochaetia indicate that it is an unknown species. Further, the percentage of conserved proteins compared to neighbouring
taxa confirm that it does not belong to a known genus within Spirochaetaceae. We propose the name Candidatus Haliotispira
prima gen. nov., sp. nov. based on its taxonomic placement and origin. We also tested for the presence of this species in different
species of abalone and found that it is also present in white abalone (Haliotis sorenseni). In addition, we highlight the need for
better classification of taxa within the class Spirochaetia.

INTRODUCTION

Bacteria belonging to the phylum Spirochaetota consist of a diverse group of motile bacteria that share the distinguishing physical
feature of one or more endoflagella [1]. Bacteria in this phylum occupy a broad range of environments, ranging from microbial
mats near deep-sea hydrothermal vents [2] to gingivitis-inducing oral biofilms [3] and to the gut of host organisms such as
termites [4]. Notable pathogenic spirochaete species include Borrelia recurrentis (which causes louse-borne relapsing fever) [5],
Brachyspira aalborgi (which causes human colonic spirochaetosis) [6], Treponema pallidum (whose subspecies cause syphilis
and yaws) [7] and Candidatus Maribrachyspira akoyae (which is thought to be the causative agent of the Akoya oyster disease
responsible for mass mortality events for cultured pearl oysters) [8].

There is a well-documented association between spirochaetes and molluscan hosts, particularly in bivalves and gastropods.
These spirochaetes have been identified in temperate, Antarctic and deep-sea bivalve species, including the common cockle
(Cerastoderma edule), Pacific oyster (Crassostrea gigas), saltwater clam (Laternula elliptica) [9] and in 14 species of North
American and Eurasian gastropods representing six different families of freshwater snails (Amnicolidae, Baicaliidae, Bithy-
niidae, Pyrgulidae, Lithoglyphidae and Benedictiidae), which were collected from a variety of water bodies including deep
water hydrothermal and gas hydrate zones [10]. In the above species, the spirochaetes were associated with the crystalline
styles in their hosts; these rod-shaped gelatinous styles are found in the stomach lining of many molluscs and aid in releasing
digestive enzymes ([11] and references therein). The function of the spirochaetes in the styles (if any) is uncertain but has
been proposed as providing some digestive benefit or additional nutrient absorption for their hosts; however, in these studies,
the spirochaetes were not present in every sampled specimen, thereby casting doubt on their role as an essential symbiont in
these animals [8-10].
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Spirochaetes have also been found in the gills of bivalves and gastropods, including marine clam species (Scrobucilaria species,
Laternula elliptica), soft shelled clams (Mya arenaria) and a family of cold-seep clams (Lucinidae) [9, 12]. More recently, spiro-
chaetes have been identified in several species of abalone including the giant (Haliotis gigantea), disc (Haliotis discus) and
varicoloured (Haliotis diversicolor) abalone [13]. Again, inconsistent presence and numbers of spirochaetes in the gills of sampled
specimens (including those of the same species) leaves similar questions as to any possible role the spirochaetes may serve in the
gill tissues of these hosts [13].

Very little is known about the diversity and function of these potential commensal bacteria, particularly in marine species such
as abalone. There are seven species of abalone that are native to the western coast of North America and, unfortunately, all have
undergone significant population declines due to factors including overexploitation, disease and climate change [14]. Two of these
abalone, the white (Haliotis sorenseni) and black (Haliotis cracherodii), are now endangered. Most of these North American species
are cultured either to help restore natural populations or for commercial markets to supply demand once met by wild-caught
animals. Understanding the function of various microbiota within an organism’s microbiome, whether beneficial or detrimental,
may alter husbandry approaches and could significantly improve the health and growth of these abalone in culture and when
placed back into the wild. Towards that aim, in this paper, we describe the genome of a novel spirochaete that was co-assembled
with the red abalone (Haliotis rufescens) genome reported by Masonbrink et al. in 2019 [15].

METHODS
Spirochaete genome identification

The spirochaete genome was identified during the genome assembly of the red abalone (Haliotis rufescens) described in Mason-
brink et al. [15]. Briefly, following a quality check with FastQC, the reads were assembled using MaSuRCA (version 3.2.2) then
improved using HiRise2 version 2.1.2-ad17ecf8bf57 [16, 17]. The assembled scaffolds were compared to the National Center
for Biotechnology Information (NCBI) nucleotide (nt) database (downloaded on 1 August 2022) using the NCBI Basic Local
Alignment Search Tool (BLAST)-2.13.0+. A single scaffold was identified as having sequence similarity to a spirochaete genome
and was removed from the abalone genome to be reported separately here.

Genome assembly statistics and annotation

The AssemblyStats nextflow pipeline was used to assess assembly quality (https://github.com/isugifnf/assemblystats). This work-
flow runs the assemblathon stats perl script and Busco (version 5.1.2) using the bacterial lineage dataset (created on: 6 March
2020) [18]. To annotate the spirochaete genome, the NCBI Prokaryotic Genome Annotation Pipeline (PGAP; 2022-08-11.
build6275) was used [19] following the PGAP tutorial (https://bioinformaticsworkbook.org/dataAnalysis/GenomeAnnotation/
PGAP_tutorial.html).

Phylogenetic analysis

Publicly available genome assembly data for 38 species were downloaded from NCBI; these sequences represented four orders
in the class Spirochaetia. A few non spirochaete genomes were added to the dataset based on sequence similarity found using
BLAST and PGAP taxcheck (Table S1, available in the online version of this article). Protein datasets from 38 species were used
as inputs to infer orthologous genes in the novel genome assembly. Orthofinder (version 2.5.2) ran with the Diamond option
and default parameters (dendroblast, fasttree, MCL inflation parameter=1.5) [20, 21], and generated phylogenetic trees with the
Species Tree from All Genes algorithm [21]. The 16S rRNA genes from 42 genomes were compared to the new genome and a
tree generated using fasttree (Fig. S1). The resulting species trees were visualized using iTOL [22].

Taxonomic classification

For species-level classification, average nucleotide identity (ANI) was calculated with BLAST+ using the online tool, JspeciesWS
[23]. All 16S rRNA gene sequences were extracted from the species being compared using command line tools. MUSCLE (version
3.8.1551) was used for pairwise comparison of all available 16S rRNA sequences and a percent identity matrix was generated
using ClustalO (version 1.2.4) [24, 25]. To ascertain the genus-level classification, the percentage of conserved proteins (POCP)
was calculated using the formula ([(C1 +C2)/(T1 +T2)]*100), where C1 and C2 represent the conserved number of proteins,
and T1 and T2 represent the total number of proteins in the two genomes being compared [26]. BLASTp was used to identify
homologous proteins in pairs of genomes using an E-value ofless than 1x107°, greater than40% sequence identity and greater
than 50% alignment length (https://github.com/hoelzer/pocp).

Data visualization

Heatmap matrices reflecting the ANI and POCP values across Spirochaetia species comparisons were generated using
ComplexHeatmap package (version 2.15.1) in R [27] as outlined in the tutorial (https://datascience.101workbook.
org/08-DataVisualization/02-GRAPHS/03 R/05-rstudio-tutorial-ComplexHeatmap).
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Presence/absence analysis in other Haliotis species

In addition to the red abalone, raw sequencing reads from other abalone species were mapped to the spirochaete genome. This
included data generated from epipodial tissues of a male and female specimen from green (H. fulgens), pink (H. corrugata), white
(H. sorenseni) and black (H. cracherodii) abalone; and epipodial and mantle tissue from a male and female pinto (H. kamtschat-
kana) abalone from the Masonbrink et al. [15] study [15]. In addition, reads from gill tissue of disc (H. discus hannai; SRR9859071,
SRR10127524) and greenlip (H. laevigata; SRR6678008), gut of pink (H. corrugata; SRR20073179), and foot muscle tissue of red
abalone (H. rufescens; SRR19251568) were also mapped to the new spirochaete genome. Short reads were aligned using Hisat2
(version 2.2.0) with default options (zero threshold, so it reports all matches); long reads were aligned using Minimap?2 (version
2.2) [28, 29]. Coverage statistics were calculated with Samtools (version 1.10), and the programs Jbrowse2 and Dotplotly (not
shown) were used to visualize alignments [30, 31].

RESULTS AND DISCUSSION
Genome assembly and annotation

The assembled spirochaete genome was contained in a single scaffold within the red abalone genome assembly [15] and had a
total nucleotide size of 3.25 Mb with a G+C content of 48.5mol%. The alignment of the Illumina paired-end reads to this assembly
indicated coverage of 99.99% of the assembled spirochaete genome with a 29.5 mean coverage depth across the genome. After
using the bacteria_odb10 dataset to assess completeness of the assembly, out of the 124 Busco genes, 99 complete (79.8%) and
seven (5.6%) fragmented BUsco genes were identified, although 18(14.6%) were missing from the assembled genome. After
using the annotated protein sequence, 100(80.6%) complete Busco genes were identified. These BUsco scores are similar to other
related published genomes (Table S2).

The Prokaryotic Genome Annotation Pipeline (PGAP) resulted in the annotation of 2430 coding genes in the new genome. The
number is more than all the three species in the most closely related genus in the species tree, Entomospira, which have close
to 1600 coding genes (Table S3). The number is smaller compared to neighbouring species in the 16S rRNA gene tree (Fig. S1),
Spirochaeta cellobiosiphila and Spirochaeta isovalerica. Although S. cellobiosiphila is similar in genome size, the number of coding
genes is higher at 3618 (Table S3). The difference in size and number of genes suggests biological differences between these genera
and the new genome.

Of the coding genes in the spirochaete genome, Orthofinder placed 66% (1607) of the genes into orthogroups and 34% (819)
into singletons. Notably, 56 genes contained across eight orthogroups were unique to this genome. An in-depth analysis of the
orthogroups across the 39 spirochaete species indicated that there were 111 putative gene duplication events unique to this
spirochaete genome. Just two of the orthogroups accounted for 45 of these duplication events, indicating a massive expansion of
two gene types. The first orthogroup underwent 25 duplications of genes coding for BspA proteins. The second orthogroup, which
underwent 20 duplications, contains genes for B-repeat-containing internalin protein family, including InIB and some similar
hypothetical proteins. Both BspA and internalin proteins belong to the leucine-rich repeat (LRR) containing surface protein
family, which are known to mediate host-pathogen interactions [32-34]. Another notable expansion was eight duplications in
the glycosyltransferase family (glycosyltransferase or glycosyltransferase family two proteins), the enzymes that transfer sugar
moieties from donor to an acceptor substrate. More research is warranted to understand how these gene expansions may or may
not be related to its presence on the gills of abalone species.

Phylogenetic analysis

Proteomes from 38 species across 21 genera, including a proteobacteria as an outgroup, were compared with the proteome of
the candidate spirochaete using Orthofinder [21] to generate a phylogenetic tree (Fig. 1). The 37 species of spirochaetes in the
tree chosen for this comparison represent the class Spirochaetia, and span across four orders: Brachyspirales, Brevinematales,
Leptospirales and Spirochaetales. The family Spirochaetaceae, which is part of the order Spirochaetales, is in turn divided into
12 genera: Alkalispirochaeta, Bullifex, Clevelandina, Diplocalyx, Hollandina, Marispirochaeta, Oceanispirochaeta, Pillotina,
Salinispira, Sediminispirochaeta, Spirochaeta and Thiospirochaeta, as determined by the International Code of Nomenclature
of Prokaryotes and the list of Prokaryotic names with Standing in Nomenclature (accessed on 17 November 2022) [35].
Orthofinder placed the candidate spirochaete on a separate branch next to the relatively newly discovered genus Entomospira
within the family Spirochaetacae of Spirochaetales [36]. Entomospira were identified in the aquatic larval stages of mosquitos
[37]. Although the closest species on this bacterial phylogenetic tree live in very different environments and host species,
this is not unexpected for the diversity seen in spirochaetes. Even the same environment has been found to have diverse
spirochaetes; for example, Husmann et al. [9] identified spirochaetes in four species of marine bivalves that spanned across
spirochaete orders (i.e., Brachyspirales and Spirochaetales), and even across families within a single species of oyster (Cras-
sostrea gigas, with spirochaetes in the genera of Cristispira and Spirochaeta) [9].
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Fig. 1. STAG phylogenetic tree showing the relationship of Candidatus Haliotispira prima (in red) to representative spirochaetes. The tree is rooted to a
proteobacteria outgroup, Desulfobacula toluolica. The numbers on the branches are boostrapped probabilities.

To be classified as the same species, two samples must have an average nucleotide identity (ANI) score above a 95% threshold,
which corresponds to 70% DNA-DNA hybridization value [38]. The ANT values fell below this threshold for all species that were
compared with this new genome (Fig. 2, Supplemental File ANIb). Organisms sharing an ANI value above the 95% threshold
(Fig. 2, shown in dark green) indicates these organisms should be considered as the same species. Candidatus Haliotispira
prima has ANT scores with the compared species far below the threshold (Supplemental File ANIb), strongly indicating that this
spirochaete represents a distinct species. Interestingly, the ANT score between species A. alkalica and A. sphaeroplastigenens is
higher than the 95% species threshold, revealing that these organisms should perhaps not be classified as distinct species (raw data
in Supplemental File ANIb). Despite attempting to analyse all 165 rRNA gene sequences of the compared species, no matching
species was identified. The percent identity values for the candidate spirochaete ranged from 14.5 to 92.4% (Supplemental File
PIM), below the 97-99% threshold used for differentiating species [39]. The whole genome sequence was also aligned with those
of neighbouring species with minimap2. Maps generated with Dotplotly showed no synteny and no significant alignments between
the candidate genome and other species. The 16S rRNA gene tree also shows that the genes from Candidatus Haliotispira prima
form an independent branch (Fig. S1). It also shows that the sequences from the new genome are close to Spirochaeta as the
neighbouring genes belong to Spirochaeta cellobiosiphila and Spirochaeta isovalerica. In addition, the genome was also compared
to 10 species with Candidatus status (Table S4) to check if it matches any of them. None of these species had significant matches
to the candidate genome when comparing whole genomes or proteomes.

Both ANI and 16S rRNA comparisons have indicated that this represents a new species, yet genus-level demarcation requires
the comparison of conserved proteins between pairs of different species. All the POCP values for the candidate species
were below 20% (Fig. 3, Supplemental File POCP), which is well below the cut-off of at least 50% to be considered for
genus-level classification [26]. This analysis indicates that the candidate spirochaete does not belong to the closest genus on
the phylogenetic tree, Entomospira, or any other genera of Spirochaetia tested, indicating the discovery of an entirely novel
genus. We propose the name Candidatus Haliotispira prima gen. nov., sp. nov. based on its taxonomic placement and origin
in red abalone (H. rufescens).
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Fig. 2. ANI (average nucleotide identity) matrix showing Candidatus Haliotispira prima does not share ANI score above 95% threshold with any compared
species. The dark green boxes along the diagonal indicate the above-threshold scores.

L5 egEs8 888 3858yt pagee
2 2 = 9
Ct2§8=':.:.§=:gmgggcoog=gsg:=@m
g3 886822580238 =258ggc8§2gc82035L 5 e
Eoz©° L2 83 @ 2 53 E 8 s § x2 T gl o35 3G
2PEsggf8coc8asiglEsoTEetERT O
822555883 fcug8as8ssSS o388 5
T @ c E = 23S cEBaSsSBEZO2TL =350 E YR o
29°gmw%8‘o‘g£mggomamg8%%mgwgga
0 o ®© s ®© S 8 8 § G £ £ £ © S = L >8 @ ¢ =
t2 o2l 2888398855738 % e ~" £58geog 8
o 9 © E o ag5 o L & = n o & = 9 c 32 g5 85
BEeucgfesgsifs” §38 8 cseg235é
m 5 a3 o = o < QL = < 7] © 8 = 0 F
9 s £ & = 3 X © <
@ Egoggog 53 & S 5282
w < Q G [ = S < 8 ©
i} » < = o 2 s 8
& = £ € c =
[°% o <
o o E <
c o 5
=]
£ o 2
[
8 2
N <

Need for improved classification

Most genera form monophyletic clades on the phylogenetic tree presented here (Fig. 1), yet species within the genus Spirochaeta
lack this distinguishing feature and appear polyphyletic. For example, Spirochaeta isovalerica groups with Oceanispirochaeta
crateris whereas Spirochaeta lutea and Salinispira pacifica group together. S. cellobiosiphila, S. africana and S. thermophila each
seem to be independent lineages. While this adds evidence to the hypothesis that Spirochaeta is polyphyletic, it certainly needs a
finer phylogenetic classification, as suggested previously [36, 40]. POCP values further support this conclusion, as the Spirochaeta
species surveyed here were below the 50% threshold. In contrast, the species in the genera Borrelia and Borreliella have POCP
values well above this threshold and their differentiation has been contested by various authors [41, 42]. Likewise, ANI values
between Alkalispirochaeta alkalica and Alkalispirochaeta sphaeroplastigenens indicate a subspecies classification may be more
appropriate, as ANI values were greater than 98%, higher than the current threshold of 95% for different species. Note that
although Rectinema subterraneum now falls under Rectinemataceae it stills shows up under Treponemataceae in LPSN [35, 43].

Presence in other species

As described above, the Candidatus Haliotispira prima genome was found in DNA extracted from gill tissue of red abalone (H.
rufescens). We wanted to know if this microbe was present in other abalone species. Illumina short-read data from Masonbrink
et al. [15] and from publicly available raw sequencing data from other studies (see Methods) were mapped to the Candidatus
Haliotispira prima genome to determine if this spirochaete was also found in these species. These data included short read data
from black, white, green, pink, pinto, disc and greenlip abalone, and an additional red abalone specimen. Illumina reads from five
white abalone samples mapped to the spirochaete genome. Four of the samples were extracted from epipodial tissues collected
from F2 generation captive-bred white abalone that are part of a restoration culture effort for this endangered species, and all
individuals were living in the same facility. The fifth sample was collected from the gill tissue of a wild white abalone from Punta
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Percentage of conserved proteins (POCP) matrix
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Fig. 3. A POCP matrix where all values corresponding to Candidatus Haliotispira prima are well below the 50% threshold for genera. Most species
belonging to the same genus form clusters, as evidenced by the high POCP values on the matrix. The Spirochaeta species tested here have values lower
than the 50% threshold, whereas the division between Borrelia and Borreliella genera is above the 50% threshold.

Canoas, Baja California, Mexico. Of all the samples, only short reads from the wild white specimens had any alignment coverage.
Of those samples, only two had alignment coverage above 3%, the sample collected from Mexico at 52% and the sample collected
from La Jolla, CA at 22% coverage of the spirochaete genome. This suggests that this spirochaete is also present in white abalone.
The lack of alignment coverage in other species does not necessarily mean that Candidatus Haliotispira prima is absent in those
species, but may be a result of not being present in the tissue (or type of tissue) sampled from those individuals. Additional
sequence data collected from different tissue types and from abalone sampled in different environments (both within and across
species) may reveal a pattern of association for this spirochaete species and possibly identify other spirochaetes belonging to
this genus. Further exploration may also help reveal the nature of the spirochaete—abalone symbiosis (e.g., commensal, mutual,
or parasitic).

CONCLUSION

The goal of this study was to taxonomically classify a whole bacterial genome sequence co-assembled with the genome of red
abalone (H. rufescens) [15]. The Candidatus Haliotispira prima has a circular genome of 3.25 Mb. This size is typical for a spiro-
chaete but is larger than the genomes of the Entomospira species (closest on the phylogenetic tree) which average about 1.8 Mb
in size (Table S3). The annotation resulted in identification of 2430 coding genes, which is dissimilar to neighbouring species on
phylogenetic trees. This new species was found to be present in H. rufescens and H. sorenseni. Lineage-specific expansion of gene
families is an important means of adaptation [44-46]. The massive expansion of the LRR-containing surface protein family in
Candidatus Haliotispira prima could indicate the expansion of host range [45]. Since the LRR-containing surface protein family
is associated with host—pathogen interactions, the potential pathogenicity of this species and potentially other species that might
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belong to the Candidatus Haliotispira genus needs to be investigated. Although no closely related spirochaetes have not been
reported as molluscan pathogens, it is not clear whether Candidatus Haliotispira prima is a pathogen or non-pathogenic symbiont
of H. rufescens and H. sorenseni. The availability of this whole genome sequence will enable other researchers to classify new
species belonging to Candidatus Haliotispira gen. nov.

DESCRIPTION OF CANDIDATUS HALIOTISPIRA GEN. NOV.

Candidatus Haliotispira (Ha.li.o.ti.spi'ra. N.L. fem. n. Haliotis, the abalone genus; L. fem. n. spira, a spiral; N.L. fem. n. Haliotispira,
a spiral from Haliotis).

Candidatus Haliotispira gen. nov. is a spirochaete first discovered in Haliotis rufescens (hence the name Haliotispira) samples.
This genus is placed within the family Spirochaetacae of the order Spirochaetales, class Spirochaetia, phylum Spirochaetota. This
new genus is proposed based on a lack of sequence similarity and low POCP scores. The POCP values are below the commonly
accepted thresholds for shared genera designation.

DESCRIPTION OF CANDIDATUS HALIOTISPIRA PRIMA SP. NOV

Candidatus Haliotispira prima (pri'ma. L. fem. ord. num. prima, the first)

Candidatus Haliotispira prima gen. nov., sp. nov. is the first described bacterium in this novel genus (hence prima). This species
was differentiated from other members of Spirochaetacae based on phylogenetic analysis and absence of sequence similarity. The
assembled genome forms an independent branch on the spirochaete phylogenetic tree and analyses using ANI and 16S rRNA
reveal low shared similarity scores. ANI values are below the commonly accepted thresholds for shared species designation. This
species also exhibits significant gene expansion of the LRR-containing surface protein family, which is involved in host-pathogen
interactions. The whole genome sequence data are available under GenBank accession number CP123443 and 16S rRNA gene
sequences with GenBank accession numbers 0Q628450 and OQ628451.
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