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metabolic mechanisms of Vestimentifera
to adapt to deep sea
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Abstract

Background Vestimentiferan tubeworms are deep-sea colonizers, in which chemoautotrophic symbiosis was first
observed. These animals are gutless and depend on endosymbiotic bacteria for organic compound synthesis

and nutrition supply. Taxonomically, vestimentiferans belong to Siboglinidae and Annelida. Compared with other
siboglinids, vestimentiferans are distinguished by high tolerance of the prevailing hydrogen sulfide in hydrothermal
vents, rapid growth in local habitats, and a physical structure consisting of a thick chitinous tube. The metabolic
mechanisms contributing to these features remain elusive.

Results Comparative genomics revealed that unlike other annelids, vestimentiferans possessed trehaloneogenesis
and lacked gluconeogenesis. Transcriptome and metabolome analyses detected the expression of trehalose-6-phos-
phate synthase/phosphatase (TPSP), the key enzyme of trehaloneogenesis, and trehalose production in vestimen-
tiferan tissues. In addition to trehaloneogenesis, glycogen biosynthesis evidenced by packed glycogen granules

was also found in vestimentiferan symbionts, but not in other Siboglinidae symbionts. Data mining and analyses

of invertebrate TPSP revealed that the TPSP in Vestimentifera, as well as Cnidaria, Rotifera, Urochordata, and Cephalo-
chordata, likely originated from Arthropoda, possibly as a result of transposon-mediated inter-phyla gene transfer.

Conclusion This study indicates a critical role of bacterial glycogen biosynthesis in the highly efficient symbi-
ont—vestimentiferan cooperation. This study provides a new perspective for understanding the environmental adap-
tation strategies of vestimentiferans and adds new insights into the mechanism of metabolic evolution in Metazoa.
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Introduction
Since the discovery that the gutless giant tubeworm
Riftia pachyptila of hydrothermal vents depended on
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200 species of siboglinids have been described, which
belong to four main lineages, i.e., Vestimentifera, Scleroli-
num (or Monilifera), Osedax, and Frenulata, all of which
lack a gut and rely on bacterial symbionts for nutrition
during adulthood [2, 3]. Of these four groups of Siboglin-
idae, Vestimentifera is the most studied, as they are ubiq-
uitous in hydrothermal vents and cold seeps habitats,
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which have been extensively studied in the past 40 years.
Currently, Vestimentifera consists of approximately 19
species, including Arcovestia ivanovi and Lamellibra-
chia columna [4, 5]. The adult body of a vestimentif-
eran consists of an obturacular region, a vestimentum, a
trunk, and an opisthosoma. The bacteriocyte-containing
trophosome is in the trunk. Recently, several vestimentif-
eran genomes have been released, and this has increased
our understanding of the adaptation mechanisms of ves-
timentiferans to symbiosis [6—10]. For example, certain
genes thought to be involved in symbiont —host interac-
tions appear to be expanded [6]. There is also some evi-
dence of horizontal gene transfer from bacteria to host in
vestimentiferan genomes [6].

An accumulating number of studies show that the
symbionts in frenulate, Monilifera, and Vestimentifera
are generally chemoautotrophic, while the symbionts
in Osedax are heterotrophic [11]. Currently, the vesti-
mentiferan symbionts are the most studied, mainly in
diversity and metabolism. Vestimentiferan symbionts
are endosymbionts belonging to Gammaproteobacte-
ria with sulfur-oxidizing potential [5, 12]. No symbiont
has been cultured, but more than 10 metagenome-based
assembled genomes have been obtained [13-17], which
revealed that vestimentiferan symbionts have similar
carbon and energy metabolic potentials. All symbionts
harbor the Calvin-Benson-Bassham (CBB) cycle and the
reductive tricarboxylic acid cycle [14-16]. Endosym-
bionts also have glycolysis and tricarboxylic acid cycle
pathways [18]. Nitrate and oxygen possibly serve as elec-
tron acceptors for energy metabolism, while hydrogen,
sulfide, and thiosulfate are possible electron donors [6].
The nutrient transport between the symbiont—host has
been studied in R. pachyptila, with some evidence sug-
gesting that the host acquires nutrients by symbiont
digestion/lysis [19, 20], while other evidence has sug-
gested that the symbiont provides the host with nutri-
ents, such as succinate, by secretion [21, 22].

The central carbon metabolism includes glycolysis/gly-
coneogenesis, the tricarboxylic acid cycle, and the pen-
tose phosphate pathway. In symbiosis, the central carbon
metabolism is a key to understanding the carbon flows in
microbe, host, and between microbe and host. In vesti-
mentiferan holobionts, the central carbon metabolism
of the host (vestimentiferans), especially in association
with environmental adaptation, remains to be inves-
tigated. In this study, the genome of A. ivanovi and the
genomes of the symbionts of A. ivanovi and L. columna
were obtained. Comparative genomics was conducted
to examine the central carbon metabolisms in both ves-
timentiferans and their symbionts. Metatranscriptome,
transcriptome, metabolome, genetic analysis, and trans-
mission electron microscopy analyses were performed to
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investigate the metabolic mechanisms and evolution of
vestimentiferan holobionts. Our results revealed unique
metabolic mechanisms of vestimentiferans and their
symbionts and suggested that transposon-mediated gene
transfer between different phyla may be the driving force
for the evolution of the key metabolic gene involved in
the environmental adaptation of vestimentiferans.

Materials and methods

Sample collection

A. ivanovi and L. columna individuals were collected
using a ROV from the hydrothermal vents of Manus
Basin and Iheya North, respectively, in 2015 and 2018,
respectively. The collected tubeworms were kept in a
biobox for thermal insulation. Once on board, the speci-
mens were immediately washed thoroughly with sterile
seawater, and samples from the plume, vestimentum, and
trophosome were taken and stored at— 80 °C. The sam-
ples for transmission electron microscopy (TEM) analy-
sis were fixed with 2.5% glutaric dialdehyde and stored at
4°C.

16S rRNA gene amplicon sequencing

The trophosomes of nine A. ivanovi individuals and
five L. columna individuals were used for the 16S rRNA
gene amplicon analysis as reported previously [23] with
the modification that the amplicon sequence variant
(ASV) was calculated using QIIME2 [24]. Total DNA
was extracted from the trophosomes of A. ivanovi and
L. columna using the cetyltrimethylammonium bromide
(CTAB) method as follows. The sample was lysed using
CTAB buffer (NobleRyder, Beijing, China) and lysozyme
at 65 °C, followed by centrifugation at 12,000 rpm for
10 min. The supernatant was mixed with an equal vol-
ume of phenol (pH 8.0):chloroform:isoamyl alcohol
(25:24:1) mix. The mixture was centrifuged as above.
The supernatant was combined with an equal volume
of chloroform:isoamyl alcohol (24:1) and centrifuged as
above. The supernatant was transferred into a 1.5-mL
centrifuge tube and mixed with a 3/4 volume of isopro-
panol, followed by precipitation at—20 °C for 20 min.
The sample was centrifuged as above, and the precipi-
tate was collected. The precipitate, which contains DNA,
was washed twice with 1 mL of 75% ethanol and then
dried on a clean bench. The DNA was dissolved in 50-uL
ddH,O. RNase was added into the solution, followed by
incubation at 37 °C for 15 min to eliminate any RNA pre-
sent in the DNA sample. The V3-V4 regions of the 16S
rRNA gene were amplified as reported previously [25].

Binning based on metagenome data
The trophosomes of one A. ivanovi individual and one L.
columna individual were used to perform metagenomics.
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Total DNA was extracted and purified with the MetaHIT
protocol as described previously [26]. The DNA concen-
tration was estimated by Qubit (Thermo Scientific, USA).
The library was constructed as reported previously [27].
Briefly. the DNA was fragmented using a Covaris E220
(Covaris, Brighton, UK) to generate fragments of 300
to 700 bp, which were purified using the Axygen" Axy-
Prep Mag PCR Clean-Up Kit (Axygen Corning Life
Sciences, Glendale, USA). An equal volume of magnetic
bead was added to the DNA sample, and the DNA was
eluted with Tris—EDTA buffer. End repair and A-tailing
were performed using T4 DNA polymerase (ENZYMAT-
ICS™ P708-1500, Qiagen, MD, USA), T4 polynucleotide
kinase (ENZYMATICS™ Y904-1500), and rTaq DNA
polymerase (TaKaRa" R500Z, Dalian, China). Adapters
were ligated to the DNA fragments using T4 DNA ligase
(ENZYMATICS™ L603-HC-1500) at 23 °C. PCR was
then performed, and the PCR products were ligated using
T4 DNA ligase to form a single-stranded circular DNA
library. The library was sequenced with the BGISEQ-500
protocol [28]. Raw reads were filtered to remove low-
quality reads and host genomic DNA by using SOAPnuke
[29] and SOAPdenovo [30], respectively, with default
parameters. Then the clean data were assembled using
metaSPAdes [31] with default parameters, and open
reading frames (ORFs) were predicted using MetaGen-
eMark with default parameters [32]. All predicted genes
were filtered by 100-bp length cutoff, and redundancies
were removed by CD-HIT (95% identity) [33], resulting
in a nonredundant gene catalogue. The gene profile was
obtained as reported previously [26]. MetaWRAP was
used for binning MAGs with default parameters [34].
CheckM was used for assessing bins contamination and
completeness with default parameters [35].

Metatranscriptomic analysis

The trophosomes of two A. ivanovi individuals and one
L. columna individual were used for metatranscriptome
sequencing. RNA was extracted with E.ZN.A.® Soil
RNA Kit (Omega Bio-Tek, USA). The cDNA library was
generated through a process of double-strand synthesis,
followed by end repair and dA-tailing. The mRNA was
enriched using VAHTS mRNA Capture Beads (Vazyme,
Nanjing, China). The mRNA was then fragmented at
94 °C and used for double-stranded ¢cDNA synthesis
with NR604-VAHTS Universal V6 RNA-seq Library
Prep Kit for Illumina (Vazyme). The cDNA was subse-
quently purified and ligated with TruSeq adapters. The
cDNA library of each sample was sequenced with the
HiSeq 3000 platform (Illumina, CA, USA). Adapters and
low-quality reads (base quality <20) were trimmed with
Cutadapt. The clean reads were assembled, and the genes
were predicted with MEGAHIT [36] and MetaGeneMark
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[32] using default parameters. All predicted genes were
filtered by 100-bp length cutoff and were removed redun-
dancies by cd-hit (95% identity). Transcript expression
levels were quantified in transcript per million (TPM)
using kallisto with default parameters [37]. The metagen-
ome and metatranscriptome gene catalogs were searched
against NR database, COG database, and KEGG database
to obtain the taxonomy and function of the genes using
BLAST (version 2.2.28+, http://blast.ncbi.nlm.nih.gov/
Blast.cgi, E-value<1le—5).

Transmission electron microscopy (TEM)

For TEM analysis, the sample was fixed as described in
the above section of the “ Sample collection” and washed
three times with 0.1-M PBS at 4 °C. The sample was then
fixed with 1% osmium tetroxide (Ted Pella, USA) in PBS
for 1.5 h, followed by washing as above. The sample was
dehydrated in alcohol (Hushi, China), infiltrated with
acetone (Tieta, China) and epoxy resin (SPI-CHEM,
USA) mixture, and embedded and polymerized in epoxy
resin. Ultrathin sections were obtained with a Leica EM
UC?7 ultramicrotome (Leica Microsystems, Germany)
and transferred onto copper grids covered with the form-
var membrane (Electron Microscopy China, China). Ura-
nyl acetate (2%) and lead citrate (Ted Pella Inc., USA)
were used for contrast staining. The sections were pho-
tographed with a transmission electron microscope
(HT7700, Hitachi, Japan).

Genome and transcriptome sequencing of A. ivanovi

Genomic DNA from one A. ivanovi individual was iso-
lated using the phenol-chloroform method as described
above for the CTAB method, except that the sodium
dodecyl sulfate (SDS) buffer was used instead of the
CTAB buffer. DNA degradation and contamination were
monitored by electrophoresis in 1% agarose gels and
pulsed-field gel electrophoresis. DNA purity was checked
using a NanoPhotometer spectrophotometer (Implen,
USA). DNA concentration was measured using the Qubit
DNA Assay Kit in Qubit 2.0 Fluorometer (Life Tech-
nologies, USA). The partial mitochondrial cytochrome
¢ oxidase I (COI) gene was amplified by PCR using the
primer pair COI L1490/COI H2198 [38]. The PCR reac-
tion was carried out in a 30-uL reaction volume with
15-uL PrimeSTAR Max Premix (TaKaRa, Dalian, China),
0.2-uM forward and reverse primers, and 10-ng template
DNA. Thermal cycling consisted of denaturation at 98 °C
for 5 min, followed by 30 cycles of 98 °C for 10 s, 50 °C for
15 s, and 72 °C for 20 s, and finally 72 °C for 5 min. The
PCR product was purified and cloned into pEASY-T1
Simple vector (TransGen, Beijing, China). DNA sequenc-
ing was carried out by Tsingke Biotech (Beijing, China).
The sequences of other metazoans were collected from
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published data and Coarbitrator_COI_nuc.fa [39]. The
phylogenetic analysis was performed using IQ-TREE 2
with 1000 bootstrap and best-fit model GTR+F +1+ G4.
Genome sequencing, assembly, annotation, and tran-
scriptome were performed in Novogene Bioinformatics
Institute (Beijing, China). Both the Illumina HiSeq plat-
form and the PacBio Sequel were used for the sequenc-
ing. For the Illumina HiSeq sequencing platform,
1.5-pg DNA per sample was used as the input material.
Sequencing libraries were generated using NEBNext
Ultra DNA Library Prep Kit (NEB, USA) following the
manufacturer’s recommendations, and index codes were
added to attribute sequences to each sample. The short
but accurate reads from the Illumina platform were ana-
lyzed for genome survey and base-level correction after
the long-reads assembly (Table S1). For the PacBio plat-
form, genomic sequencing libraries were constructed
according to the protocol recommended by PacBio. Long
reads generated from the PacBio platform were used for
genome assembly (Table S1). RNA was extracted from
the plume of six A. ivanovi individuals using RNAiso
Pure RNA Isolation Kit (Takara, Japan) and assessed
for quality using NanoVue Plus spectrophotometer (GE
Healthcare, USA). RNA-seq libraries were constructed
as reported previously [40] and sequenced with Illumina
HiSeq in paired-end 150-bp mode.

The genome size of A. ivanovi was estimated using the
lumina sequencing data with the Kmer-based method
[41]. The genome was assembled using the FALCON
genome assembler with parameter set as “overlap_filter-
ing_setting=-max_diff 500 —max_cov 500 —min_cov 3
—n_core 24 —bestn 10” [42]. The assembled sequence was
polished using Quiver (SMRT Analysis v2.3.0) [43] with
default parameters. The completeness of the genome
assembly was evaluated with Benchmarking Univer-
sal Single-Copy Orthologs (BUSCO) [44]. The accuracy
of the genome was evaluated using the Illumina short
reads mapping with BWA [45], with the parameters set
as “mem -k 32 -w 10 -B 3 -O 11 -E 4 -t 16” Additionally,
the transcriptome reads were also mapped to the genome
assembly using BLAT [46] with default parameters.

Repetitive element annotation

The repetitive elements were identified via RepeatMod-
eler 1.0.8 containing RECON [47] and RepeatScout with
default parameters [48]. The derived repetitive elements
were searched against Repbase by using RepeatMas-
ker-4.1.2-p1 (https://www.repeatmasker.org) [49]. The
average number of substitution per site (K) for repeat
unit was subtotaled. The K-value was calculated based on
the Jukes-Cantor formula: K= —300/4 X Ln(1-D x 4/300),
with D representing the proportion of each repeat unit

Page 4 of 14

differing from the consensus sequences (Mouse Genome
Sequencing Consortium, 2002).

Protein-coding gene prediction and function annotation
Structural annotation of the genome incorporates homol-
ogy-based prediction, ab initio prediction, and RNA-Seq
assisted prediction. For homogenous comparison predic-
tion, the genome information of Caenorhabditis elegans
(GCA_000002985.3), Capitella teleta (GCA_000328365.1),
Drosophila melanogaster (GCA_000001215.4), Helob-
della robusta (GCA_000326865.1), Lingula anatine
(GCA_001039355.2), and Octopus bimaculoides (GCA_
001194135.1) was obtained from the Ensembl database and
NCBI database. The gene structures were predicted with
TBLASTN [50] (E-value<le—5) and GeneWise [51]. For
gene prediction based on ab initio, AUGUSTUS [52], GenelD
[53], Genscan [54], GlimmerHMM [55], and SNAP [56] were
used with default parameters. To facilitate genome annotation,
transcriptome reads assemblies were generated using Trinity
with parameters set as “—normalize_reads —full_cleanup —
min_glue 2 —min_kmer_cov 2” [57]. To optimize the genome
annotation, the RNA-Seq reads were aligned to genome
sequence using Hisat2 [58]/TopHat [59] with default parame-
ters to identify exon region and splice positions. The alignment
results were then used as input for StringTie [60]/Cufflinks
[61] with default parameters for genome-based transcript
assembly. The nonredundant reference gene set was generated
by merging genes predicted by three methods with Evidenc-
eModeler using PASA (Program to Assemble Spliced Align-
ment) [62]. Functional annotation of protein coding genes
was evaluated with BLASTP (e-value 1e-05). The annotation
information of the best BLAST hit, which was derived from
database, was transferred to our gene set. Protein domains
were annotated by searching SwissProt, InterPro, KEGG, and
Pfam databases.

Gene expression and metabolomics analyses

The RNA-seq reads of tubeworms were processed and
quality controlled with Trimmomatic to remove adapters
and trim low-quality bases and reads shorter than 30 bases
using the parameters ILLUMINACLIP: adapters.fa:2:30:10
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 MIN-
LEN:30 [63]. All trimmed reads were first mapped to the
tubeworm genomes via HISAT2 [58] and HTSeq [64],
and the final reads were processed with DESeq2 [65] with
adjusted p-value cutoff of 0.05. The expression was plotted
in Prism for visualization. Metabolomic analyses were per-
formed with the trophosomes and vestimentums of three
tubeworms as detailed in Supplemental data—method.

Invertebrate TPSP data-mining and Alien Index analysis
A total of 289 TPSP sequences were used as queries.
The queries were searched against the NCBI RefSeq
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database in 32 invertebrate phyla via BLASTP with
an E-value of le-5 to ensure, in part, accuracy. The
sequences were manually curated using conserved
domain database (https://www.ncbi.nlm.nih.gov/cdd/).
The putative TPSP homologs were further de-dupli-
cated based on their genomic locations. Alien Index
analysis was performed as reported previously [66],
and Alien Index=bbhO/maxB-bbhG/maxB. BbhO,
bbhG, and maxB are described in Table S2.

Results

Identification and characterization of hydrothermal vent
vestimentiferans and their symbionts

Hydrothermal vent vestimentiferans A. ivanovi and L.
columna were identified based on the COI gene analysis,
which showed that they shared high identities with A.
ivanovi (99.40%) and L. columna (99.06%), respectively,
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and were phylogenetically clustered together with the A.
ivanovi and L. columna, respectively, of Vestimentifera
in the Siboglinidae family (Fig. 1A). Since vestimentifer-
ans rely on symbiotic bacteria for nutrition, we examined
the symbiont community structures of A. ivanovi and
L. columna. Fourteen 16S rRNA V3 —V4 region ampli-
con libraries were constructed from the trophosomes
of nine A. ivanovi individuals and five L. columna indi-
viduals. A community structure analysis showed that
98.5—99.8% and 59.4—87.7% tags of the A. ivanovi and
L. columna symbiont libraries, respectively, were anno-
tated to be of the family Sedimenticolaceae (Fig. S1A).
For all 14 of the libraries, most tags were unclassified at
the genus level; however, SUP 05 (0.2—-19.1%) and Sul-
Sfurovum (1.0 —13.8%) were relatively abundant in the A.
ivanovi symbiont libraries (Fig. S1B). All of the librar-
ies were mainly composed of one ASV. ASV 42296 was

DQ660820.1 Ridgeia piscesae symbiont
U77478 Riftia pachyptila symbiont
DQ232901.1 Riftia sp. symbiont
AY129117.2 Tevnia jerichonana symbiont
AY129114.2 Oasisia alvinae symbiont
FM165262.1 Lamellibrachia sp. symbiont
FM165261.1 Lamellibrachia sp. symbiont
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Fig. 1 The phylogenetic analysis of siboglinids and their symbionts. A The COl gene-based phylogenetic tree of siboglinids constructed
with IQ-TREE 2. B The 165 rRNA gene-based phylogenetic tree of siboglinid symbionts constructed as above. The red dots in both panels indicate
the A. ivanovi and L. columna from this study, and the photographs of these two species of tubeworms are shown in A
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most abundant in the A. ivanovi symbiont libraries,
while ASV 24308 was most abundant in the L. columna
symbiont libraries (Fig. S1C). These results indicated
that Arcovestia and Lamellibrachia each possessed pri-
marily one ribotype of symbiont. The trophosomes of
A. ivanovi and L. columna were each used to construct
a metagenomic library. Only one nearly complete 16S
rRNA gene (>1500 bp) of the symbiont was obtained
from every library. The 16S rRNA gene sequences from
the two libraries shared a 98.4% identity and were clus-
tered within the clade of vestimentiferan symbionts but
segregated into different groups (Fig. 1B). Only one high-
quality metagenome-assembled genome (MAG) was
obtained and used for further analysis for both A. ivanovi
and L. columna.

Metabolic features of the vestimentiferan symbionts
revealed by meta-omics and electron microscopy

Genome analysis based on the above obtained MAGs
indicated that both A. ivanovi and L. columna symbi-
onts harbored all of the genes of the CBB cycle, except
for fructose-1,6-bisphosphatase and sedoheptulose-
1,7-bisphosphatase, which were absent. However, this
may be functionally substituted by ATP-dependent phos-
phofructokinase (K21071) in the CBB cycle and gluco-
genesis [67, 68] (Fig. S1D). Metatranscriptome analysis
indicated that the key gene of the CBB cycle, ribulose-
bisphosphate carboxylase, was expressed at very high
levels in the A. ivanovi and L. columna symbionts, with
the TPM value ranging from 81.11 to 1986.90 (top 1%)
(Table S3), suggesting that the CBB cycle was highly
active. The A. ivanovi and L. columna symbionts also
possessed all of the genes of the rTCA cycle (Fig. S1D).
In addition, ATP-dependent citrate lyase, the key gene
of the rTCA cycle, was expressed at a high level (TPM
of 14.06—25.28) (top 5%) (Table S3), suggesting that the
rTCA cycle was active as well. In both the A. ivanovi
and L. columna symbionts, the gluconeogenesis pathway
was not complete, and glucose-6-phosphatase, which
transforms glucose-6-phosphate to glucose, was absent
(Fig. S1D). However, the glycogen biosynthesis pathway
was complete, and glucose-6-phosphate could be trans-
formed into glycogen (Fig. S1D). The metatranscriptome
indicated that all of the genes of glycogen biosynthe-
sis were expressed. In particular, glucose-1-phosphate
adenylyltransferase was expressed at a high level (TPM
of 15.51 —26.28) (top 5%) in both the A. ivanovi and L.
columna symbionts (Table S3). Consistently, glycogen
was detected in the holobiont by TEM and metabolome
analysis. TEM also revealed lobule-like structures rich in
bacteria in the trophosome (Fig. 2A). Depending on their
locations in the lobule, the symbiotic bacteria exhibited
different morphologies. In the center of the lobule, the
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symbionts were small, with diameters of 1-2 pm, and
some bacteria were apparently in the stage of replication
(Fig. 2A). In the periphery, the symbionts were relatively
large (2—4 pm in diameter) and filled with dark glycogen
granules (Fig. 2A). Some glycogen-packed cells appeared
to undergo a process of lysis accompanied by glycogen
release, and the cells eventually broke apart (Fig. 2B, C).
A comparative genomic analysis indicated that the glyco-
gen biosynthesis pathway was present in most vestimen-
tiferan symbionts, but it was absent in the frenulate and
Osedax symbionts (Fig. S1E). In addition to the glycogen
biosynthesis pathway, the complete riboflavin biosyn-
thesis pathway was also present in the A. ivanovi and L.
columna symbionts, and all of the genes of this pathway
were expressed (Table S3). Further, the riboflavin level in
the trophosome was significantly and strikingly higher
(1247-fold) than that in the vestimentum (Table S4).

Assembly and annotation of the A. ivanovi genome

In order to explore the host-symbiont cooperation in
metabolism, the genome of A. ivanovi was sequenced
and assembled. Prior to assembly, the genome size of A.
ivanovi was estimated to be approximately 853.7 Mb,
with a heterozygous rate of 0.89%. The final assembled
genome was 792.8 Mb and contained 9469 contigs, with
an N50 of 571.01 kb (Table S5). A BUSCO assessment
against the eukaryotes conserved core genes showed
100% completeness (249 complete, 6 fragmented, and
no missing). The completeness of the genome was vali-
dated by a mapping rate of 98.1%, based on aligning the
Ilumina short reads against the assembly. All together,
a total of 17,904 protein-coding genes were predicted in
the genome, and 16,140 genes were annotated (Table S6).

The repeatome landscape of A. ivanovi

Because repetitive elements comprise a large propor-
tion of eukaryote genomes, we comprehensively ana-
lyzed the repeatomes of the tubeworms covering three
families (Table S7). The A. ivanovi genome contained
477,439,658 bp (60.2% of the genome) repetitive element
sequences that were primarily class I transposable ele-
ments (124,047,905 bp), which accounted for 15.7% of
the genome. The abundance of the class I transposable
elements in A. ivanovi was comparable to that in other
Siboglinidae species (14.4% in Lamellibrachia luymesi
and 22.6% in Paraescarpia echinospica) but much higher
than that in non-Siboglinidae species (5.6% in Hydroides
elegans and 4.1% in Owenia fusiformis). Of the class
I transposons, the long interspersed nuclear element
(LINE) was markedly expanded in A. ivanovi (75.9%
of the total transposable elements) as well as two other
Siboglinidae species (71.3% and 61.7%, respectively, of
the total transposable elements) and Serpulidae (59.5%
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Fig. 2 The symbionts in the L. columna trophosome observed with a transmission electron microscope. A The overall lobule-like structure. The
black and red arrows indicate the smaller bacteria in the center and the larger bacteria in the periphery, respectively. The images of a dividing
bacterium, a glycogen-filled bacterium, and the glycogen granules inside the bacterium are enlarged on the right, left bottom, and right
bottom, respectively. B The symbiont in the process of releasing glycogen-containing cellular contents. C The representative of a symbiont
with disintegrated structure after emptying glycogen contents

of the total transposable elements), but it made up only
36.2% of the total transposable elements in Oweniidae
(Fig. 3A). The Siboglinidae species were rich especially in
LINE/CR1 and LINE/L2. Further, the LINE in A. ivanovi
was not only abundant but also highly consensus, as
reflected by the low substitution rates (Fig. 3B).
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The unique metabolic pathways in vestimentiferans

Currently, little is known about the central carbon
metabolisms in vestimentiferans. To explore the carbon
metabolism pathways, comparative genomics was con-
ducted, and this showed that the glycolysis pathway, tri-
carboxylic acid cycle, and pentose phosphate pathway
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were complete in all of the analyzed Polychaeta genomes
(Table S8). However, the sugar-synthesizing pathways
differed markedly between the symbiotic and nonsymbi-
otic Polychaeta, as well as between the different groups
of Siboglinidae. All of the nonsymbiotic Polychaeta pos-
sessed complete gluconeogenesis pathway but lacked
trehalose-6-phosphate synthase/phosphatase (TPSP), the
key enzyme for trehalose synthesis, and thus were prob-
ably unable to synthesize trehalose (Fig. 4A). In contrast,
all of the vestimentiferans lacked glucose-6-phosphatase,
the key enzyme for glucose synthesis, but possessed
TPSP, and therefore were able to synthesize trehalose
(Fig. 4A, B). Surprisingly, Osedax, another member
of Siboglinidae, possessed neither TPSP nor glucose-
6-phosphatase (Fig. 4A). Transcriptome analysis indi-
cated that TPSP was expressed in vestimentiferan tissues
(Fig. 4C, Fig. S2). Comparing with vestimentum, tropho-
some and plume exhibited significantly higher levels of
TPSP expression (Fig. S2). In agreement, the metabo-
lome detected trehalose in the vestimentiferan tropho-
some and vestimentum, especially the former (Table S4,
Fig. 4D). In contrast, although glucose is an important

source of energy, it was not detected in the vestimentif-
eran metabolome.

The origin and transfer of Vestimentifera TPSP

Sequence analysis showed that the TPSP of five
Siboglinidae species shared high similarities with each
other (87.8—96.1%) and with the TPSP of Arthropoda
(58.5—73.1% in the top 10 alignments). Since in Annel-
ida TPSP is present only in Vestimentifera, we exam-
ined whether the vestimentiferan TPSP was of a foreign
source via an Alien Index analysis. The results showed
that the vestimentiferan TPSP scored the highest index
with Arthropoda (0.54—0.59) (Table S2), suggesting that
the vestimentiferan TPSP may have an Arthropoda ori-
gin. Like arthropods, in which TPSP is a fused protein
consisting of trehalose-6-phosphate synthase (TPS) and
trehalose-6-phosphate phosphatase (TPP), the vestimen-
tiferan TPSP is also a fused protein (Fig. 5A). In order
to explore the evolutionary dynamics of TPSP, a com-
prehensive mining of TPSP in invertebrate phyla was
conducted. A total of 963 TPSP were identified from 6
phyla (Table S9), including Rotifera and Urochordata, in
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which no TPSP had been reported previously. Of these
six phyla, Cnidaria and Cephalochordata lacked the fused
form of TPSP but possessed truncated TPSP with only
the TPS domain. Phylogenetic analysis based on TPSP
revealed that metazoan TPSP formed two major clades,
one of which contained only Nematoda, and the other
consisted of predominately Arthropoda (Fig. 5B). All
of the Vestimentifera, Rotifera, and Urochordata TPSP
fell into the Arthropoda clade (Fig. 5B). Similar results
were obtained in phylogenetic analysis based on the TPS
domain, which showed that the truncated TPSP (i.e.,
containing only the TPS domain) of Cnidaria and Cepha-
lochordata also fell into the Arthropoda clade (Figure S3).
These results indicated that the TPSP in Vestimentifera
as well as Cnidaria, Rotifera, Cephalochordata, and Uro-
chordata were probably of Arthropoda origin. Because
transposons are common mediators of gene transfer, we
examined the existence of the transposable elements sur-
rounding TPSP. High densities of transposable elements,
dominated by LINEs, were found adjacent (500-K base
pairs) to the TPSP loci of A. ivanovi as well as other ves-
timentiferans tubeworms (Fig. 5C). These results sug-
gested that transposable elements may have driven the
horizontal transfer of TPSP.

Discussion

Vestimentiferans in hydrothermal vents can grow at an
exceedingly high rate. For example, R. pachyptila and
Tevnia jerichonana grow>85 cm and>30 cm, respec-
tively, in tube length per year [69]. Vestimentiferans form
very dense communities and accumulate a large amount
of biomass, suggesting that a vestimentiferan — symbiont
partnership is a highly successful strategy for adaptation
to the vent surroundings. Because symbionts provide
the host vestimentiferans with abundant carbon com-
pounds, the carbon metabolism of the symbionts plays
an important role in the holobiont system. Glycogen, an
essential carbon reserve for many organisms, has been
detected in vestimentiferan symbionts and hosts via
TEM and chemical analyses [20, 70]. However, the glyco-
gen biosynthesis pathway at the molecular level remains
to be investigated. In this study, a genome analysis indi-
cated that the glycogen biosynthesis pathway was con-
served in most vestimentiferan symbionts but absent
in the frenulate and Osedax symbionts. The presence
of glycogen biosynthesis in vestimentiferans was veri-
fied by transcriptome, metabolome, and TEM analyses.
The TEM showed that the symbionts located in the lob-
ule periphery accumulated much more glycogen than
the symbionts in the lobule center, which was similar to
the observation in R. pachyptila, another Vestimentif-
era member [70, 71]. In our study, broken bacterial cells
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and glycogen release were observed in the periphery of
the lobule. These results suggested that glycogen was an
important carbon reserve in vestimentiferan symbionts,
and that, after lysis/digestion of the symbionts, glycogen
could be supplied to the host as a vital nutrient. Hence,
glycogen biosynthesis is likely critical for the establish-
ment and maintenance of the highly efficient symbi-
ont — vestimentiferan cooperation. It is interesting that in
addition to glycogen biosynthesis, this study also found
that riboflavin biosynthesis was active in both A. ivanovi
and L. columna. Consistently, riboflavin was detected for
the first time in Vestimentifera. Riboflavin, also called
vitamin B2, is essential for all organisms; however, it is
only known to be produced by plants and microbes. Its
detection in Vestimentifera suggested that in addition to
glycogen, riboflavin may be another important nutrient
supplied by the symbionts to the host vestimentiferans.
In a previous report, riboflavin was shown to stimulate
metamorphosis in the larvae of polychaete C. teleta [72].
It is possible that the riboflavin produced by the ves-
timentiferan symbionts observed in our study may be
involved in the metamorphosis, growth, and develop-
ment of the host tubeworms.

Because sugar synthesis is critical for the survival of
all animals, especially under conditions of nutrient defi-
ciency, sugar-synthesizing pathways are expected to
exist in all metazoan species [73]. Gluconeogenesis is
important for mammals and fish, because glucose, the
product of this pathway, is utilized as blood sugar [73].
In contrast, trehaloneogenesis is important for many
insects, because trehalose (a nonreducing disaccharide
comprised of two glucose molecules), the product of
trehaloneogenesis, is the principal hemolymph sugar of
insects [74]. In some insects, such as the fruit fly, both
trehaloneogenesis and gluconeogenesis are present, with
the latter participating in neuronal signaling [75]. To
date, the sugar-synthesizing pathways in Annelida are
largely unknown. In this study, we unexpectedly found
that unlike nonsymbiotic Polychaeta, vestimentiferans
possessed only trehaloneogenesis and lacked gluconeo-
genesis, suggesting that trehalose, rather than glucose,
was likely a vital energy source for vestimentiferans.
Consistently, trehalose was detected in vestimentiferan
organs, especially the trophosome. Because trophosome
is the site of hematopoiesis and rich in blood vessels [4,
9], trehalose may be the principal blood sugar of vesti-
mentiferans. Trehalose is also known as a cryoprotectant
and a heat bioprotectant for cells and proteins [76]. This
property may enable trehalose to confer a survival advan-
tage upon vestimentiferans. Previous reports have shown
that the vestimentiferan, Riftia, grew optimally at 25 °C
but could not tolerate prolonged incubation in higher
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temperatures of 32 to 35 °C [77]. Because in hydro-
thermal vents the distribution of H,S tends to be more
abundant at regions nearer the vent (and hence higher
temperatures), vestimentiferans are inevitably exposed
to lethal high temperatures in order to obtain the sulfide
required to sustain the chemoautotrophic metabolism of
their symbionts [77]. Therefore, trehalose, as a heat pro-
tectant, may function to shield the vestimentiferans from
the harm of high temperature in the vents. Trehalose
has also been reported to participate in H,S resistance
in maize [78]. It is possible that in addition to contrib-
uting to heat resistance, trehalose may play a role in the
sulfide tolerance of vestimentiferans. Further, in insects,
trehalose is known to be an essential substrate for chitin
synthesis, which is directly affected by TPSP [79]. Simi-
lar to insects, vestimentiferans, which are characterized
by conspicuous chitinous tubes, require chitin synthesis.
Hence, the acquisition of TPSP probably endows vesti-
mentiferans with growth and survival advantages that are
conducive to the flourishing of vestimentiferans in deep-
sea hydrothermal vents. These results support trehalo-
neogenesis as a critical mechanism for vestimentiferans
to adapt to the specific conditions of hydrothermal vents.
In this study, TPSP was detected only in vestimentifer-
ans and not in other annelids, which raised the question
of the origin of the vestimentiferan TPSP. Using multiple
approaches, we obtained strong evidence indicating that the
TPSP of Vestimentifera, as well as four other phyla, likely
had an origin in Arthropoda, from which TPSP may have
spread out via transposon-mediated horizontal gene trans-
fer (HGT). HGT is known to widely occur from bacteria to
bacteria and from bacteria to eukaryotes [80]. A few HGT
events between animal species have also been proposed,
such as the transfer of the AFP gene in fish [81, 82]. In our
study, we found that the inter-phyla transmission of TPSP
likely occurred from Arthropoda to not only Vestimentif-
era but also Cnidaria, Rotifera, Urochordata, and Cephalo-
chordata. In addition to these phyla, potential HGT from
Arthropoda to Nematoda (Pristionchus pacificus) has also
been reported [83]. These observations favor the notion that
Arthropoda might be an important source of horizontally
transferred genes in Metazoa. Previous studies have indi-
cated that of the different types of transposons, LINE was
a significant mediator of HGT [80, 81]. In Vestimentifera,
abundant LINEs were identified surrounding the TPSP loci,
thus suggesting that these transposable elements may have
played a vital role in HGT. Taken together, these results sup-
port the idea that transposon-mediated inter-phyla HGT
represents an evolutionary shortcut for a fast and wide dis-
semination of certain trait-conferring genes, in particular
those, such as TPSP, that are beneficial to the hosts for sur-
viving specific conditions, across the Metazoa phylogeny.
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Supplementary Material 1: Supplemental data-mMethod. Metabolomic
analysis Supplemental data. -fFigures. Figure S1. The diversity and central
carbon metabolism pathways of the Arcovestia ivanovi and Lamellibrachia
columna symbionts. (A, B, C) The sequence tags are classified at the family
(A), genus (B), and ASV (C) levels. Each color represents the percentage of
the taxon in the total assemblage. A-1 to -9 represent A. ivanovi individuals
110 9; L-1 to -5 represent L. columna individuals 1 to 5. (D) Overview of the
central carbon metabolisms in A. ivanovi and L. columnasymbionts. G, glu-
cose; G-6-P, D-glucose 6-phosphate; F-6-P, D-fructose 6-phosphate; F-1,6-P,
Dfructose 1,6-bisphosphate; PGAL, D-glyceraldehyde 3-phosphate; DHAP,
glycerone phosphate; 1,3-DPG, 3-phospho-D-glyceroyl phosphate; 3-PGA,
3-phospho-Dglycerate; 2-PGA, 2-phospho-D-glycerate; PEP, phospho-
enolpyruvate; Pyru, pyruvate; Ace-CoA, acetyl-CoA; Rbu-1,5-P, D-ribulose
1,5-bisphosphate; Rbu-5-P, D-ribulose 5phosphate; Rbo-5-P, D-ribose
5-phosphate; Sedo-7P, sedoheptulose 7-phosphate; Sedo1,7-P, sedohep-
tulose 1,7-bisphosphate; Ery-4P, D-erythrose 4-phosphate; G-1-P, Dglucose
1-phosphate; ADP-G, ADP-glucose; Amy, amylose; Glyco, glycongen;
Oxalo, oxaloacetate; Mal, malate; Fum, fumarate; Suc, succinate; Suc-CoA,
succinyl-CoA; 2oxog, 2-oxoglutarate; Isocit, isocitrate; Aco, aconitate; Cit,
citrate; 1, ribulosebisphosphate carboxylase; 2, phosphoglycerate kinase;
3, glyceraldehyde 3-phosphate dehydrogenase ; 4, fructose-bisphosphate
aldolase; 5, ATP-dependent phosphofructokinase; 6, transketolase; 7,
triosephosphate isomerase; 8, fructosebisphosphate aldolase; 9, ATP-
dependent phosphofructokinase; 10, transketolase; 11, ribose 5-phos-
phate isomerase A; 12, ribulose-phosphate 3-epimerase; 13, phosphori-
bulokinase; 14, 2,3-bisphosphoglycerate-independent phosphoglycerate
mutase; 15, enolase; 16, pyruvate, water dikinase; 17, pyruvate ferredoxin
oxidoreductase; 18, citrate synthase; 19, malate dehydrogenase; 20,
fumarate hydratase; 21, succinate dehydrogenase / fumarate reductase;
22, succinate-CoA ligase; 23, 2oxoglutarate ferredoxin oxidoreductase;

24, isocitrate dehydrogenase; 25/26, aconitate hydratase; 27, citrate lyase;
28, glucose-6-phosphate isomerase; 29, glucokinase; 30, phosphogluco-
mutase; 31, glucose-1-phosphate adenylyltransferase; 32, starch synthase;
33, 1,4-alpha-glucan branching enzyme; 34, pyruvate carboxylase. The
solid and dashed lines represent the reactions that can and cannot,
respectively, occur in vestimentiferan symbionts. (E) The glycogen path-
way in siboglinid symbionts. GIgC, glucose-1-phosphate adenylyltrans-
ferase; GIgA, starch synthase; GlgB, 1,4-alphaglucan branching enzyme. +,
present; -, absent. Figure S2. The expression of the trehalose-6-phosphate
synthase/phosphatase gene in Paraescarpia echinospica tissues. The Y-axis
represents the expression in Reads Per Kilobase per Million. Significant
(p<0.05) differential expressions between tissues are indicated. Figure S3.
The evolutionary analysis of TPS. The phylogenetic analysis of the TPS from
Annelida, Cnidaria, Cephalochordata, Urochordata, Arthropoda, Rotifera,
Nematoda, Arthropoda and others (archaea, bacteria, fungi, plants and
protists). Supplemental data-tables. Table S1. The sequencing data used
for the assembly of the Arcovestia ivanovi genome. The coverage was cal-
culated using the estimated genome size with the Kmer-based method.

-, not available. Table S2. The Alien lindex score of Westimentiferan TPSP.
The Alien Index was calculated based on the gene similarities (Max Score)
between specific outgroups (bbhO) and ingroups (bbhG). Table S3.
Expression analysis of the central carbon metabolism genes in the symbi-
onts of Arcovestia ivanovi (A1 and A2) and Lamellibrachia columna (L1).
Transcripts per million (TPM) was used to assess the gene expression level.
Table S4. The metabolites detected in the metabolomics of Lamellibrachia
columna. Fold change indicates the ratio of the metabolites in the tropho-
some and vestimentitum of the tubeworm. Statistical significance was
determined with unpaired Student’s t test. Table S5. The statistics of the
assembled Arcovestia ivanovi genome. Table S6. The number of genes in
the Arcovestia ivanovi genome annotated with different databases. -, not
available. Table S7. The categories of the repetitive elements in tube-
worms. Table S8.The central carbon metabolisms in Polychaeta. Table S9.
The accessions of identified TPSP
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