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Abstract

Symbioatic relationships between bioluminescent bacteria and fishes have evolved multiple times
across hundreds of fish taxa, but relatively little is known about the specificity of these
associations and how stable they are over host generations. This study describes the degree

of specificity of a bioluminescent symbiosis between cardinalfishes in the genus Siphamia and
luminous bacteria in the Vibrio family. Primarily using museum specimens, we investigated the
codivergence of host and symbiont and test for patterns of divergence that correlate with both
biogeography and time. Contrary to expectations, we determined that the light organ symbionts of
all 14 Siphamia species examined belong to one genetic clade of Photobacterium mandapamensis
(Clade 1), indicating that the association is highly specific and conserved throughout the host
genus. Thus, we did not find evidence of codivergence among hosts and symbionts. We did
observe that symbionts hosted by individuals sampled from colder water regions were more
divergent, containing more than three times as many single nucleotide polymorphisms than the rest
of the symbionts examined. Overall, our findings indicate that the symbiosis between Siphamia
fishes and P mandapamensis Clade 11 has been highly conserved across host taxa and over a
broad geographic range despite the facultative nature of the bacterial symbiont. We also present

a new approach to simultaneously recover genetic information from a bacterial symbiont and its
vertebrate host from formalin-fixed specimens, enhancing the utility of museum collections.
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INTRODUCTION

Bioluminescent symbioses have evolved multiple times across diverse fish and squid taxa,
including at least 17 times in the ray-finned fishes (Dunlap and Urbanczyk, 2013; Davis et
al., 2016). Approximately 500 species of fish are known to be symbiotically bioluminescent,
but the range of luminous bacteria they associate with is much narrower than what would
be predicted based solely on the diversity and relative abundances of bacteria in the
surrounding seawater. For example, both leiognathid fishes and anglerfishes representing
four different families have each been described to host only two species of closely related
luminous bacteria (Reichelt et al., 1977; Kaeding et al., 2007; Baker et al., 2019). A similar
level of bacterial specificity has been described in at least seven additional fish families
with symbiotically luminous members (Dunlap et al., 2007). Despite this seemingly high
level of specificity for environmentally transmitted symbioses, our understanding of these
associations is lacking, as the majority have yet to be characterized. Moreover, luminous
bacterial symbionts are generally not obligately dependent on their host (but see Hendry et
al., 2014, 2018) and can survive in a variety of other habitats including seawater, sediment,
and the surfaces and digestive tracts of various marine organisms. Thus, these facultative
symbionts must retain the genetic machinery necessary to associate with their hosts while
also being able to compete with the rest of the microbial community in the environment
(Bright and Bulgheresi, 2010), bringing up questions of the evolutionary history of these
associations and the mechanisms that maintain specificity.

Luminous bacteria involved in bioluminescent symbioses are members of the Vibrionaceae
family, and of these, three species of Photobacterium are known to associate with fish
hosts: £ kishitanii, P. leiognathi, and P. mandapamensis. Photobacterium leiognathi and P,
mandapamensis are closely related and phenotypically similar and were once considered to
be the same species based on the inability of 16S rRNA and gyrB genes to distinguish
between them (Ast and Dunlap, 2004). Ecologically, however, symbiotic strains of 2
leiognathi and P mandapamensis are distinct; P mandapamensis has a broad host range and
has been identified from the light organs of fishes from at least four families representing
two teleost orders collected from diverse marine habitats and depths, while £ feiognathi
primarily associates with various leiognathid fishes (Kaeding et al., 2007). Furthermore, an
analysis of the /ux genes, which are responsible for light production, indicated that /uxF

is present in 2. mandapamensis yet absent in P. leiognathi. Thus, these two groups were
considered to be distinct subspecies of 2 feiognathi (Ast and Dunlap, 2004). An additional
analysis of various strains of 2 manaapamensisand P. leiognathiisolated from fish light
organs further discriminated P mandapamensis from P. leiognathi and revealed two distinct
clades within 2 manadapamensis (Clades | and 11) based on gyrB and JuxAB(F)E genes
(Kaeding et al., 2007), although the physiological and ecological significance of these
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two clades remain unknown. In that study, a high degree of specificity was also observed
between the the cardinalfish host Siphamia tubiferand Clade 1l of P manadapamensis.

Bioluminescence has evolved multiple times within the cardinalfish family (Perciformes:
Apogonidae), but only the genus Siphamiarely on a symbiotic relationship with bacteria to
produce light; other cardinalfishes produce their own light presumably via the acquisition
of luciferin from their diet (Thacker and Roje, 2009). Siphamia consists of 25 species all

of which are symbiotically bioluminescent (Thacker and Roje, 2009; Gon and Allen, 2012).
Siphamia fishes possess a ventral light organ connected to the intestine, which contains

a dense population of luminous bacteria (~108 cells) (Dunlap and Nakamura, 2011). The
light organ symbionts of only one Siphamia species, S. tubifer, originating from a small
region in the Okinawa Islands, Japan, have been characterized to date; of the hundreds

of specimens examined, all hosted members of Clade Il of 2 mandapamensis in their

light organs, suggesting a high level of specificity for this association (Kaeding et al.,

2007; Gould and Dunlap, 2019). However, S. tubiferis broadly distributed throughout the
Indo-Pacific, spanning from eastern Africa to the French Polynesian Islands (Gon and Allen,
2012), thus the degree of specificity of the association across its broad geographic range
remains unknown. Furthermore, the luminous symbionts of the other 24 Siphamia species
have yet to be identified.

The primary goals of this study were to characterize the degree of specificity of the
bioluminescent symbiosis throughout the Siphamia genus and across the broad geographic
range of S. tubifer. More specifically, we wanted to determine whether the high degree

of specificity observed for S. tubifer and members of Clade Il of Photobacterium
manapamensis (Kaeding et al., 2007) is maintained across the host genus, and if not,
whether any observed symbiont diversity is a result of codivergence between host and
symbiont. By leveraging readily available museum specimens from several natural history
collections we were able to sample geographically and temporally diverse Siphamiataxa to
address these questions (Figure 1). However, recovering genetic information from specimens
in wet collections, particularly those initially fixed in formalin, is challenging primarily due
to DNA degradation and cross-linkage. Here we present a new approach to simultaneously
recover genetic information from a bacterial symbiont and its vertebrate host from formalin-
fixed specimens based on a combination of recently developed methods. This allowed us to
sample diverse Siphamiataxa spanning decades throughout the Indo-Pacific as well as S.
tubiferfrom locations throughout its entire geographic range (Figure 1). With these samples
we were able to test for patterns of symbiont diversity at the subspecies level that correlate
with host biogeography, temperature and time. Although codivergence is unlikely to occur
when the symbiont has a free-living stage (Ronquist, 1998) and has not been documented
for other symbiotically bioluminescent fishes (Dunlap et al., 2007), our ability to recover
informative genetic information from both the host and symbiont also allowed us to test for
evidence of codivergence in this bioluminescent association.
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METHODS

Taxon Sampling and DNA Extraction

We sampled 59 specimens representing 14 Siphamia species obtained from the combined
wet collections of the California Academy of Sciences, the Australian Museum, and the
Smithsonian National Museum of Natural History, and including several newly collected
specimens deposited at the California Academy of Sciences (Figures 1, 2, Table 1). The
specimens collected for this study were stored in 96% ethanol and were obtained with
appropriate collection permits, following approved protocols and permits for the capture,
care and handling of fish by the California Academy of Science’s Institutional Animal

Care and Use Committee. To extract DNA from each specimen, we adapted the following
protocol from two previous methods designed for recovering DAN from formalin-fixed
tissues (Hykin et al., 2015; Ruane and Austin, 2017). Light organs were aseptically dissected
and individually placed into 1 ml of GTE buffer and allowed to soak for 3 h at room
temperature. This step was repeated two times, after which each light organ was transferred
into a final 1 ml aliquot of fresh GTE buffer and left to soak overnight at room temperature.
The following morning, each sample was transferred into 1 ml of 100% ethanol for 1 min,
followed by 1 ml of 70% ethanol for 5 min, and 1 ml of nuclease-free water for 10 min at
room temperature. Light organs were then transferred into 180 ul of pre-heated (98°C) ATL
buffer (QIAGEN) and incubated at 98°C for 15 min, after which samples were immediately
placed on ice for at least 2 min. Once cooled, 40 ul of proteinase K was added to each
sample, and the samples were incubated at 60°C for 48 h on a shaking heat block. Samples
were vortexed periodically and additional 20 ul aliquots of proteinase K were added as
needed (up to 100 ul total). Following this incubation period, DNA was extracted using the
QIAGEN DNEasy Blood and Tissue Kit as described by the manufacturer. Purified DNA
products were eluted into 50 ul of nuclease-free water after a 3-min incubation at 55°C.

Library Preparation and Sequencing

Samples were quantified using the Qubit dSDNA HS Assay Kit on the Qubit 2.0
Fluorometer (Invitrogen) and profiled with an Agilent 2100 Bioanalyzer. Samples with a
peak in size distribution >300 bp were sonicated with a Qsonica (Q800R3) for one or

two minutes (if peak was >1,500 bp) with a pulse rate of 10-10 s and an amplitude of

25%. Samples were then treated with the NEBNext© FFPE DNA Repair Mix following

the manufacturer’s instructions and DNA libraries were immediately prepped using the
NEBNext® Ultra Il DNA Library Prep Kit. Samples with low or undetectable quantities

of dsDNA were re-quantified using the Qubit sSDNA HS Assay Kit and prepared using

the Accel-NGS 1S Plus DNA Library Kit (Swift Biosciences), which uses both single- and
double-stranded DNA as templates. Each sample was uniquely indexed with the NEBNext®
Multiplex Oligos for Illumina. Final libraries were cleaned with AMPure XP magnetic
beads, pooled, and sequenced as single-end 150 bp (UC Berkeley, QB3) or paired-end 150
bp reads on the Illumina HiSeq 4000 platform (NovoGene), or as paired-end 150 bp reads
on the Illumina NovaSeq S4 platform (Genewiz). Supplementary Table 1 contains details for
each sample and library preparation.
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Sequence Analysis

Sequences were demultiplexed, trimmed and quality filtered for a Phred score of 20 or above
using Trimmomatic (Bolger et al., 2014). The remaining reads were aligned to the reference
genome of Photobacterium mandapamensis, isolated from the light organ of Siphamia
tubifer (Urbanczyk et al., 2011) with BWA-MEM using the default parameters (Li, 2013).
Unaligned sequences were then processed with MitoFinder (Allio et al., 2020) using the
reference mitochondrial genome of the Banggai cardinalfish Prerapogon kauderni (Matias
and Hereward, 2018). All cardinalfish cytochrome oxidase subunit 1 (CO/) gene sequences
that were recovered were aligned using MUSCLE (Edgar, 2004) and a maximum likelihood
analysis was carried out with raxml-ng (Kozlov et al., 2019) using the evolutionary model
TIM2+F+1+G4, which had the lowest BIC score as predicted by IQtree (Nguyen et al.,
2015), and 1,000 bootstraps to infer the phylogenetic relationships between host species.
COl sequences of Siphamia spp. from previous studies were also included in the analysis
(Supplementary Table 2). An additional phylogeny was inferred from a supermatrix of 15
mitochondrial genes (ATP6, ATP8, COXI, COX2, COX3, CYTB, ND1, ND2, ND3, ND4,
ND4L, ND5, ND6, 165, 18S) identified by MitoFinder that were present in at least 70% of
the individuals included in the analysis using the SuperCRUNCH python toolkit (Portik and
Wiens, 2020). The concatenated supermatrix alignment was used in a maximum likelihood
analysis by raxml-ng with 500 bootstrap replicates and the evolutionary model TIM2+F+R4
as predicted by 1Qtree to infer the phylogenetic relationships between species.

For the aligned symbiont reads, two approaches were used to determine symbiont identity
based on consensus sequences generated for each sample using the samtools mpileup
command and the bcftools consensus caller (Li et al., 2009). First, the program fastANI
(Jain et al., 2018) was used to calculate the whole-genome average nucleotide identity
(ANI) of each sample relative to several available reference genomes of Photobacterium
species previously isolated from fish light organs, P, kishitanii pjapol.1, P leiognathi
Irivud.1, P manadapamensis ajapod.1 (Clade ), P mandapamensis gjord1.1 (Clade II),

and P mandapamensis svers1.1 (Clade 11). The output represents the percent ANI of all
orthologous genes shared between each sample’s consensus genome and the reference
genomes. We also extracted 16S rRNA gene sequences from each sample by aligning

all filtered light organ sequences to the complete 16S sequence of a free-living strain of
Photobacterium leiognathi (AY292917) (Nishiguchi and Nair, 2003). We chose this strain of
P, lefognathito capture a range of potential luminous bacteria that could be present in the
light organ. A sequence similarity search was then performed with the basic local alignment
search tool (BLAST) (Altschul et al., 1990) against NCBI’s microbial database to identify
the known sequence with the lowest E-value and highest percent identity.

To infer the phylogenetic relationships between symbionts from different hosts, all
sequences that aligned to the reference genome of 2 mandapamensis (Urbanczyk et al.,
2011) were also analyzed for sequence variation with the program snippy (Seemann,
2015). Locus filters required a minimum depth of 10x and presence in at least 90%

of all reads to minimize calling errors due to the degraded nature of many museum
samples. In snippy, single nucleotide polymorphisms (SNPs) were called by Freebayes,
and consensus SNP haplotypes were generated for each sample, presumably representing
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the most abundant symbiont. A sequence alignment of a core set of these SNPs was then
created across all samples, filtering for those that had enough genome coverage to produce
a core set of at least 1,000 SNPs. SNPs were also called for two additional reference
genomes of P mandapamensis representing both Clade | (ajapo4.1) and Clade 11 (Res4.1)
and were included in the core set of SNPs as phylogenetic references. The phylogenetic
relationships of these bacteria were then inferred with raxml-ng (Kozlov et al., 2019) using
the evolutionary model TVM+F+R3, which had the lowest B/C score as predicted by 1Qtree
(Nguyen et al., 2015), and 1,500 bootstrap replicates.

Samples included in both the host and symbiont phylogenies were then compared and
tested for co-divergence using the cospeciation function in the R phytools package (Revell,
2011). SNPs were annotated with the program SNPeff (Cingolani et al., 2012). Pairwise
phylogenetic (patristic) distances between symbionts were calculated with the adephylo
package (Jombart et al., 2010) in R, and pairwise geographic distances were calculated
based on each specimen’s latitude and longitude using the R package geodist (Padgham and
Sumner, 2020). Tests for correlations between the phylogenetic distances for each pair of
symbionts and their geographic distance or difference between sampling years were carried
out, and P-values were adjusted for multiple comparisons with the Holm method in R.

DNA Recovery

Variable amounts of total DNA were recovered from the light organs of preserved Siphamia
specimens, ranging from undetectable levels (<2 ng) to more than 1,500 ng. Although light
organ size (~1-3 mm diameter) increases linearly with fish standard length (Gould et al.,
2016), there was no correlation between DNA yield and specimen size (Spearman’s rank
correlation: rho=0.52, £=0.09). Despite this variability in yield, quality DNA sequences
were recovered from several specimens with undetectable levels of starting DNA. In fact,
some samples with undetectable levels of input DNA resulted in >90% coverage of the
symbiont genome at 10x depth. Of note, many of those sequence libraries were prepared
using the Swift Bioscience Accel-NGS 1S Plus DNA Library Kit which uses both double
and single stranded DNA as the starting template (Supplementary Table 1).

Host Phylogeny

Host CO/ sequences were recovered from 32 samples and analyzed with an additional

12 Siphamia COI sequences from previous studies (Supplementary Table 2) to generate

a maximum likelihood phylogeny of 17 Sjphamia species (Figure 3). The supermatrix of
15 mitochondrial genes from 27 Siphamia specimens representing 11 species resulted in a
phylogenetic tree with similar, but not identical, topology, and stronger bootstrap support at
the nodes (Supplementary Figure 1).

Our phylogenetic hypothesis for Siphamia is very similar to that proposed by Gon and Allen
(2012) using morphological characters, with slight variations in the placement of specific
taxa. Our tree contains a clade that corresponds to Gon and Allen’s S. tubifer species group,
characterized by a striated pattern on the light organ (Figure 2), although one individual S.
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majimai and two S. jebbi specimens fell out of this group (Figure 3). Within this group,

our trees support the relationships of S. jebbiand S. stenotes as sister species, as well as S.
tubiferand S. fraseri. The relative placement of S. mossambica, S. majimai, and S. goreni
varies among the trees, but there is support for S. mossambicaand S. goreni as sister species
in the COltree, S. mossambicaand S. mafimai as sisters in the supermatrix tree, and S.
majfimai and S. goreni as sisters in the morphological tree (Gon and Allen, 2012). As such,
it is likely that all of three of these species belong to one clade. The relationships among the
species outside of the S. fubifer group are less certain, with several species clustering into
species complexes. However, S. rosefgaster, S. cuneiceps, and S. cephalotes consistently fall
out near the base of the tree, indicating that these species diverged earlier.

Symbiont Identification and Phylogeny

To identify the most abundant light organ symbiont of each Siphamiahost, we first
calculated the ANI of each sample’s consensus symbiont genome relative to the reference
genomes of several symbiotic strains of Photobacterium sp. isolated from fish light organs.
Eighty-six percent of all the symbionts in this study had ANI values of 95% or greater
relative to 2 mandapamensis strains in Clade Il (gjord1.1 and svers1.1) (Table 2), which

is the recommended value to delimit bacterial species (Goris et al., 2007). All remaining
samples also had highest ANI values relative to 2 mandapamensis Clade 11 than to the
other Photobacterium reference strains, with the exception of one sample (AMI118740-066),
which was most similar to 2 mandapamensis Clade | (86.8% ANI vs. 85.4% ANI to Clade
I1) but had fewer orthologous matches (41.7% to Clade I vs. 62.3% to Clade I1). None of
the symbionts had higher ANI values relative to £ lefognathithan to 2. mandapamensis
strains. However, many samples had low overall genome coverage, and thus, the ANI
calculations are based on only small numbers of orthologous regions (Table 2). To confirm
the identities of the light organ symbionts, we also recovered 16S rRNA sequences from
the shotgun sequence data and matched them against the NCBI database. Ninety three
percent of all samples had >95% coverage of the 16S rRNA gene at 10x read depth. Of
these, 67% returned 2 mandapamensis as their top hit, and all others returned P, leiognathi
(Supplementary Table 3). Importantly, 16S rRNA gene sequences alone are insufficient at
discriminating between strains of 2 mandapamensis and P. leiognathi (Ast and Dunlap,
2004; Wada et al., 2006). No other Photobacterium species were identified as top hits in this
analysis.

Single nucleotide polymorphisms (SNPs) were detected for the light organ symbionts
from most of the specimens sampled, but this number varied greatly and correlated with
the variability in genome coverage (Spearman’s rank correlation: rho = 0.84, £< 0.001,
Supplementary Table 1). Samples with >50% symbiont genome coverage at 10x read depth
had an average of 23,221 SNPs relative to the reference genome of 2 mandapamensis
(Urbanczyk et al., 2011). A core set of 1,471 SNPs were identified across 32 specimens
that represent 11 Siphamia host species and included reference genomes from both Clade
| and Clade Il of Photobacterium mandapamensis. Sixty-eight percent of these SNPs
were synonymous, and the remaining non-synonymous SNPs were found in 288 distinct
genes. None of the core SNPs were located in the /ux operon, composed of the genes
responsible for light production. However, two non-synonymous SNPs were detected in
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the rpoN gene, which is known to play a role in biofilm formation, bioluminescence, and
symbiosis initiation for Aliivibrio fischeri (Wolfe et al., 2004), the luminous symbiont of
many squid and other fish species. No other SNPs were detected in genes of known function
for the bioluminescent symbiosis between A. fischeriand the squid host Euprymna scolopes
(Norsworthy and Visick, 2013).

A maximum likelihood phylogeny was inferred for the bacterial symbionts using full
sequence alignments that included the core set of SNPs described above. This analysis
confirmed that all Siphamia light organ symbionts for which we recovered enough quality
sequence data to analyze belong to Clade Il of 2 mandapamensis and that the reference
strain of P manaapamensis representing Clade | (ajapo4.1) was a clear outgroup (Figure 4).
The majority of symbionts analyzed were closely related to the reference strain sversl.1 of 2
mandapamensis, although several symbionts fell out in a group with P mandapamensis
strain Res 4.1, both of which are members of Clade 1. There were three additional
symbionts, all from different host species, that did not belong to either of these subgroups,
but are still clearly members of Clade Il. We carried out an additional analysis that also
included four individuals initially excluded from the analysis because they produced a
smaller set of core SNPs (/= 166). The topology of the resulting phylogeny did not change,
and these additional symbionts also belong to Clade Il of 2 mandapamensis (Supplementary
Figure 2).

No clear patterns of symbiont divergence that corresponded with host species, geography,
or time emerged. There was no correlation between symbiont phylogenetic distance and
geographic distance (Spearman’s rank correlation; rho=—0.013, Pq =1) and there was a
slightly negative correlation between phylogenetic distance and time in years (Spearman’s
rank correlation: rho = —0.17, P¢orr =0.006). In fact, the oldest specimen for which
informative sequence data was retained was collected in 1931 and it had luminous bacteria
in its light organ that was highly similar to symbionts from specimens collected more

than 80 years later. Similarly, Siphamia specimens collected from locations in the western
Indian Ocean had symbionts that were closely related to those from locations as far east
as Fiji and French Polynesia. With respect to S. fubifer, which has the broadest geographic
distribution of all Sjphamia species, the symbionts of all ten specimens included in the
symbiont phylogeny fell out in Clade Il of 2 mandapamensis and showed no pattern of
strain diversity by geography, confirming the high degree of specificity of this association,
even across S. tubifer’s broad geographic range.

The bacterial symbionts from four distinct host species had notably longer branches than the
others, two of which were closely related to reference strain Res 4.1, an isolate from the
light organ of S. tubifer collected in Okinawa, Japan in 2014. Corresponding with longer
branch lengths, these four symbionts had more than 3 times as many SNPs than any other
sample, ranging between 66,583 and 72,219 SNPs (Supplementary Table 1). Interestingly,
these four specimens were collected from two locations, Sydney, Australia and Kochi, Japan,
which had the lowest minimum annual temperatures of all collection sites in this study
(Table 1). Furthermore, there were 20,082 SNPs in common among these samples that were
not present in the core set of SNPs identified across all samples.
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Analysis of Co-divergence

Twenty specimens had informative sequence information for both the host and symbiont,
and thus, we were able to carry out an analysis of co-divergence based on the host CO/
phylogeny and corresponding symbiont phylogeny for these individuals. This analysis
revealed no evidence of co-divergence of Siphamiahosts and their light organ symbionts
(P=0.13) as seen in Figure 5. However, S. roseigasterand S. cephalotes fall out as sister
lineages relative to the rest of Siphamia, and their symbionts follow a similar pattern,
forming a sister clade to the rest of 2 manaapamensis Clade 1.

DISCUSSION

Our results indicate that the symbiosis between cardinalfishes in the genus Siphamia and
the luminous bacterium Photobacterium mandapamensis is highly conserved across host
species, over geographic space, and over decades. All of the symbionts for which we
recovered enough sequence data to analyze were identified as members of Clade 11 of

P. mandapamensis (Kaeding et al., 2007). The subspecies level of symbiont specificity
observed between Siphamia species and P mandapamensis Clade Il over the broad
geographic and temporal ranges examined is surprising, especially given that the bacteria
is a facultative symbiont. Such a high degree of specificity is expected for vertically
transmitted symbioses in which a host transfers its symbiotic bacteria directly to its
offspring (Moran, 2006), but is unexpected for environmentally transmitted symbioses
where symbionts are acquired from a genetically diverse, free-living population of bacteria
by each new host generation. This degree of specificity across the Siphamia genus is
higher than has been documented for other symbiotically luminous fishes; other genera
typically associate with a few different species of luminous bacteria, and two symbiont
species have even been described cohabiting within the same light organ (Kaeding et al.,
2007). Similarly, within genera of sepiolid and loliginid squids, including Euprymna, hosts
associate with several different species of bioluminescent bacteria (Guerrero-Ferreira and
Nishiguchi, 2007), further highlighting the markedly higher subspecies-level of symbiont
specificity observed throughout the Siphamia genus. This highly conserved relationship
between Siphamiaand P. mandapamensis Clade 11 suggests that there are attributes of this
clade of bacteria that are essential for the symbiosis as well as selection mechanisms that
help each new host generation maintain specificity.

Siphamia tubifer larvae only take up symbionts in their pelagic phase, at least 1 week after
hatching, when their light organ becomes receptive to colonization (Dunlap et al., 2012).
Yet, Photobacterium spp. normally occurs in relatively low concentrations in the pelagic
environment (Troussellier et al., 2017), and even more so at the sub-species level. For a
larval host to rely on this improbable encounter in the open water would be considered a
very risky strategy. However, it has been shown that S. tubifer hosts regularly excrete their
luminous symbiont with fecal waste (Dunlap and Nakamura, 2011), thereby enriching its
population in the immediate environment. Indeed, a previous study of S. tubifer symbiont
genomics revealed fine-scale population structure of 2 mandapamensis Clade 11 among
geographic locations, indicating that symbiont populations are heavily influenced by their
local hosts (Gould and Dunlap, 2019), a mechanism that has also been documented for
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the bioluminescent squid Euprymna scolopes and its luminous symbiont, Aliivibrio fischeri
(Lee and Ruby, 1994; Wollenberg and Ruby, 2009), although squid hosts can acquire

a luminous symbiont immediately upon hatching (Nyholm and McFall-Ngai, 2004). The
specific timing of symbiont acquisition for S. tubifer larvae in the wild has yet to be
defined, but this local enrichment may be a key factor in mitigating the risk of relying on
environmental transmission of a narrow range of luminous bacteria, and for Siphamia hosts,
ensures that 2 mandapamensis Clade |1 will be readily available to new recruits anywhere
that populations of Siphamiaalready occur.

The apparent preference to associate with 2. mandapamensis Clade 11 over strains in

Clade 1 also suggests that there are critical strain-level differences between members of
these clades that may be of consequence to the host. However, most studies of microbial
symbioses overlook subspecies-level symbiont variation, even though this variation can have
important impacts on a host. For example, patterns of strain variation in A. fischerihave
been observed within and between populations of their host squid, £. scolopes (Jones et

al., 2006; Wollenberg and Ruby, 2009), and different strains have different colonization
efficiencies (Lee and Ruby, 1994; Bongrand et al., 2016), mechanisms of biofilm formation
during host colonization (Rotman et al., 2019), and could have variable fitness consequences
to their host (Koch et al., 2014). In this study we characterized strain variation in 2
mandapamensis associated with various Siphamia hosts but saw no distinct correlation
between symbiont strain and host species with respect to time or geography. However,

we did observe some strain divergence associated with colder temperatures. Four of the
Siphamia specimens examined had more than three times as many symbiont SNPs as the
others. These four individuals were all collected from more temperate regions in Japan and
Australia, which had the lowest minimum annual temperatures of all locations surveyed
(Table 1). Temperature is a driving factor of the distribution of bacteria in the marine
environment (Sul et al., 2013), and has been shown to influence the symbiotic associations
of other marine taxa, such as sepiolid squids (Nishiguchi, 2000; Zamborsky and Nishiguchi,
2011) and cnidarians (Herrera et al., 2020). Thus, the symbionts associated with these four
specimens could have genetic adaptations to slightly cooler temperatures. Future studies
investigating the influence of temperature on strain diversity and host colonization efficiency
would help to elucidate the role that temperature might play in the Siphamia-Photobacterium
manaapamensis symbiosis.

Our primary objective of this study was to sequence the symbionts found in the light

organs of various Siphamia species, but we were able to recover enough host sequence

data to also construct a reasonably well-supported host phylogeny. This allowed us to
examine codivergence of hosts and their microbial symbionts. Although we found no
evidence of codivergence, the high degree of specificity maintained for this symbiosis across
host species over a broad geographic range suggests that this association is genetically
constrained by the host. This host-mediated selection poses the question of whether strains
in Clade Il of 2 mandapamensis provide a fitness advantage to the host compared to other
bacteria moving through the gut of Siphamia, including 2. mandapamensis Clade | and

other luminous bacteria. Understanding the genetic architecture of this symbiont selection
mechanism may be key to deciphering the highly specific nature of the association. It should
be noted that a lack of co-diversification does not preclude a history of coevolution of host
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and symbiont in the system (Moran, 2006), and members of Clade Il of 2 mandapamensis
are likely to have specific adaptations that provide them with a fitness advantage inside the
light organ environment of Siphamia hosts.

Siphamia, the only symbiotically luminous genus of cardinalfish, is monophyletic and
divergent from the rest of the Apogonidae (Thacker and Roje, 2009). The absence of this
symbiosis in all other cardinalfish genera, including the other bioluminescent genera, brings
up intriguing questions regarding the role of the symbiosis in the evolution of the Siphamia
genus, specifically whether the ancestral Siphamia evolved via speciation by symbiosis
(Wallin, 1927), and whether this association has since acted as a key innovation for the
genus. Key innovations help clades persist and diversify by shifting them into a new adaptive
zone, increasing fitness, or increasing the propensity for specialization (Heard and Hauser,
1995). In Siphamia, the association with luminous bacteria is thought to provide a fitness
benefit either by protecting against predation via counter-illumination or by attracting prey
while foraging at night. This fitness advantage could have helped Siphamia persist over
evolutionary time, allowing it to diversify. Symbioses have been credited for catalyzing or
enhancing adaptive radiations in several systems, such as symbioses with photosynthetic
protists in foraminifera (Norris, 1996) and heterobranchia (Wagele, 2004), and symbioses
between gall-forming insects and fungi (Joy, 2013).

This study also highlights the potential for formalin-fixed, fluid-preserved museum
specimens to be used to investigate microbial symbioses. Adapting recently-developed
molecular techniques to extract and prepare DNA from these specimens for sequencing,
including the use of single-stranded DNA as templates to construct sequence libraries,

we recovered informative sequence data for both the host and its bacterial symbiont.

This method allowed us to identify and compare strain-level differences between the
bacterial symbionts of many host species collected across dates spanning nearly a century
and dispersed widely throughout the Indo-Pacific. However, a limitation of working with
formalin-fixed museum specimens is the fragmented nature of the resulting sequence data,
which required us to use consensus sequences to characterize the light organ symbionts.
Thus, we recognize that our methods were not designed to detect rare symbiont strains.
Additional strains, including other Photobacterium species, may have also been present

at low abundance but could not be characterized with this approach. However, we are
confident that 2 manaapamensis Clade Il is the most abundant symbiont in all of our
Siphamia specimens, and if any alternative symbionts had a comparable abundance, they
would have been detected by our SNP analysis and fallen outside of 2 mandapamensis
Clade Il in the phylogenetic tree. Additional investigations using fresh specimens and
culture-based methods would be helpful to corroborate our results. Notably, we also saw
no clear correlation between sequence quality or yield and variables such as specimen
age, size, or DNA input. Initial specimen preservation methods and long-term storage
conditions likely contributed more to the variability in DNA quality (Hykin et al., 2015),
and this specimen metadata is often lacking. Nevertheless, we were successful at retrieving
genetic information from decades old specimens initially fixed in formalin that enabled us
to characterize the specificity of the bioluminescent symbiosis across the Siphamia genus
throughout the Indo-Pacific. With the continued advancement of genomic techniques and
sequencing technologies, our ability to retrieve genetic information for both hosts and
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bacterial symbionts from museum specimens will further our understanding of these critical
associations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE1|.

Map depicting the sampling locations of the Siphamia specimens examined in this study.
Distinct colors and shapes represent the different Siphamia species sampled as indicated in

the figure legend.
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FIGURE 2.
Photographs of select Siphamia specimens from lots used in this study. Specimens (A-C)

represent the tubifer subgroup (Gon and Allen, 2012), identified by the striated light organ
(A) and specimens (D-F) represent the fubulata subgroup, identified by the spotted light

organ (D). (A) S. tubifer (USNM341595) with insert of light organ detail showing striated
morphology. (B) S. stenotes (USNM396981, paratype). (C) S. jebbi (CAS223855). (D) S.
tubulata (CAS28515) with insert of light organ detail showing spotted morphology. (E) S.
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corallicola (USNM203781). (F) S. brevilux (CAS65338, paratype). Scale bars indicate 1 cm
in length.
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FIGURE 3.
Maximum likelihood phylogeny of cardinalfishes in the genus Siphamiabased on CO/

gene sequences. Species identities are indicated by the branch tip colors and the sampling
location and year of each specimen is listed in the branch label. Bootstrap support values
are indicated at each node. The Banggai cardinalfish, Pterapogon kauderni, was used as the
outgroup. The tubiferand tubulata subgroups within Siphamia (Gon and Allen, 2012) are
highlighted with vertical lines to the right of the tree. Specimens that fall outside of their
designated subgroup based on species identities are indicated with an *,
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FIGURE 4.
Maximum likelihood phylogeny of the light organ symbionts of various Siphamia species

constructed from a core set of 1,471 single nucleotide polymorphisms. Corresponding host
species are indicated by the branch tip colors and the sampling location and year of each
specimen is listed in the branch label. Bootstrap support values are indicated at each node.
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FIGURE5|.

Analysis of the phylogenetic relationships of Siphamia hosts (left) and their light organ
symbionts (right) revealed no evidence of co-divergence. The host cladogram is based

on COI gene sequences and the symbiont cladogram is based on a core set of 1,471
single nucleotide polymorphisms. Linkages between individual hosts and their symbionts
are shown and colored according to host species.
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