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Abstract

Evolutionary innovations in chemical secretion—such as the production of secondary metabolites, pheromones, and
toxins—profoundly impact ecological interactions across a broad diversity of life. These secretory innovations may
involve a “legacy-plus-innovation” mode of evolution, whereby new biochemical pathways are integrated with con-
served secretory processes to create novel products. Among secretory innovations, bioluminescence is important be-
cause it evolved convergently many times to influence predator-prey interactions, while often producing courtship
signals linked to increased rates of speciation. However, whether or not deeply conserved secretory genes are used in
secretory bioluminescence remains unexplored. Here, we show that in the ostracod Vargula tsujii, the evolutionary
novel c-luciferase gene is co-expressed with many conserved genes, including those related to toxin production and
high-output protein secretion. Our results demonstrate that the legacy-plus-innovation mode of secretory evolution,
previously applied to sensory modalities of olfaction, gustation, and nociception, also encompasses light-producing
signals generated by bioluminescent secretions. This extension broadens the paradigm of secretory diversification to
include not only chemical signals but also bioluminescent light as an important medium of ecological interaction and
evolutionary innovation.

Key words: novelty, evolution, bioluminescence, WGCNA, complex traits, evo-devo.

exhibit widespread morphological convergence, only a
few studies have characterized gene expression to
support the use of a shared genetic toolkit and the
legacy-plus-innovation model (Briickner and Parker 2020;
Barua and Mikheyev 2021; Briickner et al. 2021; Zancolli
et al. 2022), limiting our understanding of the historical
constraints that shape the broad range of secretory
novelties.

Thus far, the legacy-plus-innovation mode of secretory
evolution is proposed for secretory outputs perceived
by olfactory, gustatory, and nociceptive mechanisms
(Briickner and Parker 2020; Zancolli et al. 2022), leaving
the genetic underpinnings of light-producing secretions
largely unexplored, despite the ecological importance of

Introduction

Exocrine glands are specialized secretory structures, often
representing lineage-specific innovations that produce di-
verse chemical secretions. These secretions—including
secondary metabolites, pheromones, and toxins—have
been instrumental in evolving new ecological interactions
using behaviors like intraspecific communication (e.g.
courtship signaling and caste social systems) and preda-
tor—prey interactions (Jackson and Morgan 1993; Trhlin
and Rajchard 2017; Ellis and Oakley 2016). Examples of se-
cretory innovations include courtship glands of salaman-
ders, venom glands of snakes and remipedes, defensive
tergal glands of rove beetles, and ink and opaline glands

of mollusks (Johnson et al. 2006; Rollins and Staub 2017;
von Reumont et al. 2017; Barua and Mikheyev 20271;
Briickner et al. 2021). Secretory innovations may often
use a shared “genetic toolkit” (Oakley 2024) for secretion
that was modified in different lineages by adding new
genes to produce diverse products (Briickner and Parker
2020; Zancolli et al. 2022), a mode of evolution we call
“legacy-plus-innovation.” Although exocrine glands clearly
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visual interactions (reviewed in Schaefer 2010). Chemical
secretions that generate light are produced by biolumines-
cent systems, which have evolved convergently many
times, using an impressive variety of structural and func-
tional forms (Haddock et al. 2010; Lau and Oakley 2021).
Bioluminescent glands facilitate many ecological interac-
tions, including courtship signals, antipredation “burglar
alarm” displays, and various predation strategies (Ellis
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Fig. 1. An illustration of a bioluminescent ostracod, highlighting the specialized light-secreting gland, the BUL, along with the compound eye and
gut. The BUL of ostracods is positioned in front of the mouth, where it releases light-producing compounds into the surrounding water. The light
reaction involves a substrate, luciferin, and an enzyme, luciferase, each synthesized in separate secretory cells of the upper lip, and discharged
from the tusks and nozzles into a mucous-like substance, as illustrated in the diagram. The diagram of the BUL is adapted from the Science article

(DOI: 10.1126/science.ade5292) and used with permission.

and Oakley 2016; McCloskey et al. 2017; Morin 2019; Claes
et al. 2020; Goodheart et al. 2020). For example, biolumin-
escent glands of some marine crustaceans and mollusks
and syllid worms discharge glowing mucus into the water
as antipredation and courtship displays, and the biolumin-
escent glands of pocket sharks secrete illuminated lures to
attract prey (Verdes and Gruber 2017; Morin 2019; Claes
et al. 2020). The widespread evolution of secretory bio-
luminescence and the ecological consequences associated
with visual interactions of light displays motivate a quest
to understand the genetic underpinnings of these adaptive
and often beautiful secretions.

Secretory bioluminescence highlights vision as an im-
portant sensory modality within the framework of secre-
tory evolution, but the extent to which a shared
secretory toolkit also underlies secreted bioluminescence
remains obscure. To test whether “legacy-plus-innovation”
underlies secretory bioluminescence, we analyze gene ex-
pression in the bioluminescent upper lip (BUL) of cypridi-
nid ostracods (crustaceans), a secretory innovation with
important ecological, cellular, and biochemical functions
(Morin 1986; Huvard 1993; Abe et al. 2000). Since its origin
with the clade Luminini at least 237 Ma (Ellis et al. 2022),
luminine bioluminescence has had important ecological
functions, including deterring predation and signaling for
courtship. Nearly all Luminini release large amounts of
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bioluminescent mucus during predation attempts, often
escaping unscathed, due either to the light itself and/or
to the unpalatability of the mucus (Morin 2019). Within
Luminini, a subclade called Luxorina also produces com-
plex bioluminescent signals for courtship, which only
evolved once (Cohen and Morin 2003; Ellis et al. 2022).
The bioluminescence of Luminini is produced by secretory
cells and nozzle-like appendages embedded in the upper
lip (labrum; Fig. 1; Huvard 1993; Abe et al. 2000). While
the upper lip as a whole is homologous between biolumin-
escent and nonbioluminescent ostracods, the luminous
upper lip is a light organ unique to Luminini, and therefore
may be considered a radical transformation of an existing
body part, which Wagner (2015) terms a Type Il novelty.
Compared with non-BUL, BUL have more cell types, in-
cluding those that synthesize and secrete mucus that con-
tains light-emitting compounds (Huvard 1993; Abe et al.
2000). The two compounds include evolutionarily novel
(Oakley 2005), biochemically well-characterized enzymes
called c-luciferases (Thompson et al. 1990; Nakajima
et al. 2004; Hensley et al. 2021), and a novel small molecule
that is oxidized to produce light, a luciferin often called
vargulin (Kishi et al. 1966).

In addition to the established roles of novel c-luciferases
and vargulin in evolving secretory bioluminescence, we
herein report that the upper lip of a bioluminescent
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ostracod expresses deeply conserved genes of secretory
pathways, despite vast evolutionary distances separating
this bioluminescence system from other secretory innova-
tions. Using the bioluminescent ostracod Vargula tsujii, we
analyzed genes co-expressed with c-luciferase, which we
call a “Bioluminescent Co-Expression Network” (BCN).
We find this BCN to contain many conserved and puta-
tively secreted genes, some of which resemble toxin-like
products, as well as nonsecreted housekeeping genes in-
volved in pathways related to protein secretion and asso-
ciated stress responses. We also compared differential gene
expression of entire upper lips of luminous and nonlumi-
nous ostracods, finding distinct patterns of DE in the lumi-
nous upper lip. The DE analyses further emphasize the use
of conserved toxin-like genes and other conserved secre-
tory pathways. At the same time, we report that many no-
vel genes besides c-luciferase are expressed in the BCN
and luminous upper lip. Together, these results reveal
legacy-plus-innovation evolution in the BUL, whereby ele-
ments of a deeply conserved secretory toolkit are deployed
along with new genes. Our results extend this secretory
innovation paradigm (Briickner and Parker 2020; Zancolli
et al. 2022) to also encompass secreted light as a crucial
medium of ecological interaction and evolutionary
innovation.

Results

To understand the contributions of new and existing
genes and their co-expression patterns to an evolutionar-
ily novel BUL, we conducted two major classes of analyses,
with the sample sets summarized here. First, we con-
ducted DE in 2 species, 1 luminous and 1 nonluminous,
by sampling for each species 5 biological replicates of 3
tissue types: dissected upper lip, compound eye, and
gut of adults; for a total of 30 RNA expression profiles.
For DE, we used a previously published transcriptome
(Lau et al. 2024) for the luminous species, and generated
a de novo transcriptome from a single individual for the
nonluminous species, which was lacking. Second, we
quantified gene co-expression networks in the luminous
species using data from 57 RNA-seq samples, including
all tissue types from the DE dataset (upper lip, compound
eye, and gut), previously published upper lip samples,
whole bodies of juvenile instar stages, and whole adult
bodies, some of which were subjected to physical
stimulation to produce bioluminescence. All sample
information, sequencing and mapping statistics for
both luminous and nonluminous ostracods are summar-
ized in supplementary table S1, Supplementary Material
online.

Co-expression of Conserved Secretory Pathways and
Toxin-Like Genes with c-Luciferase

The genes co-expressed with c-luciferase across 57 tissues/
stages of V. tsujii form a co-expression network (module)
with 958 genes that we call the BCN, of which 35%
exhibit high module membership (MM > 0.8; Fig. 2a,

supplementary table S3, Supplementary Material online).
The network revealed connections between c-luciferase,
luciferase-like genes, toxin-like genes, other putatively se-
creted products (based on presence of a signal peptide),
and nonsecreted housekeeping genes, many of which are
strongly connected (MM > 0.8; Fig. 2a, supplementary
table S3, Supplementary Material online). In addition to
bioluminescence, significantly enriched Gene Ontology
(GO) terms of the BCN include proteolysis, protein pro-
cessing and modification, secretion, lipid regulation and
transport, peptide modification, tissue development and
remodeling, cell signaling, response to stimuli and cellular
stress, and oxidative stress and inflammation (Fig. 2b,
supplementary table S3, Supplementary Material online).
Annotations of nonsecreted housekeeping genes include
maintenance of tissue and cellular functions, involvement
in protein secretory pathways and downstream targets,
that respond to inflammation, cellular and oxidative stress,
and regulate cell fate decisions (Fig. 2b). The concerted ac-
tivity of these processes could be related to demands of
protein synthesis and secretion consistent with the role
of the BUL in high-volume secretion of c-luciferase and
other proteins integral to the bioluminescent mucus.
Other biological processes enriched in the BCN include
synaptic transmission and nervous system regeneration
(Fig. 2b), perhaps from labral nerves that innervate the
upper lip (Budd 2021).

Our analyses reveal for the first time the co-expression
of c-luciferase with deeply conserved toxin-like domains
and genes, which is of particular interest because ostracods
use bioluminescence in antipredator responses. In V. tsujii,
we find the BCN to have transcripts with signal peptides
similar to genes expressed in venom glands and salivary
glands of other animals. Out of the 121 BCN transcripts
(supplementary table S3, Supplementary Material online)
with a signal peptide and no transmembrane domain
(and therefore likely to be secreted products), 29 have do-
mains of known toxin gene families (von Reumont et al.
2017; supplementary table S6, Supplementary Material on-
line). At least 16 (of known toxin gene families) of these
toxin-like genes have high connectivity (MM > 0.8) in
the BCN (i.e. hub genes), with several also significantly up-
regulated in the BUL (supplementary tables S3 and S6,
Supplementary Material online). Similar to the global tran-
scriptomic profiles of convergent venom glands (Zancolli
et al. 2022) and the “metavenom network” expressed in
the venom glands of snakes (Barua and Mikheyev 2021),
we find many genes in the BCN with similarity to genes in-
volved in the global endoplasmic reticulum (ER) stress
(ERS) response, which also includes the protein secretory
pathway. Genes that function as sensors of ERS in the un-
folded protein response (UPR) pathway and genes in the
ER-associated degradation (ERAD) pathway, which are re-
sponsible for high-output protein secretion, also have
strong connections with c-luciferase in the BCN. Some of
these genes include heat shock proteins (HSB), ER chaper-
one (BiP), receptor expression-enhancing protein 5
(REEP5), calpain-A (CANA), protein disulfide isomerases
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Fig. 2. a) The BCN represents a group of co-expressed genes that are associated with the expression of luciferase, luciferase-like genes, toxin-like
genes, and housekeeping genes some of which are constituents of stress and secretory protein pathways. The BCN comprises over 900 co-
expressed genes and about one-third of the BCN genes are significantly upregulated uniquely in the upper lip of V. tsujii, of which 26% are con-
sidered integral to the network (MM > 0.8). Out of 277 co-expressed genes upregulated in the BUL, only genes with annotations (30%,
83 annotated genes) are plotted here to visualize connections and overall network topology. Bioluminescent genes, including c-luciferase
(Luc) and similar but not functionally tested luciferase-like (Luc-like) genes are blue. Putative toxin-like genes are green: Venom Allergen 5
(VA5), A disintegrin and metalloproteinase with thrombospondin (ADT1), SP inhibitor (SP), trypsin-1 (TRYP), neuroendocrine convertase 1
(NEC1), and angiotensin-converting enzyme (ACE). Protein secretory pathway genes are in yellow with black labels: PDI2, BiP, RASEF, glucoside
xylosyltransferase 2 (GXLT2), troponin C (TNNCT1), and 1-aminocyclopropane-1-carboxylate synthase-like protein 1 (1A1L1). Genes that have a
signal peptide and are presumably secreted outside the cell are indicated by a circle and genes that do not have a signal peptide are indicated by a
diamond. Distance between nodes indicates strength connectivity. b) GO terms enriched in the BCN are visualized using GO figure. Each bubble
represents a GO term or a cluster of GO terms summarized by a representative term reported in the supplement. The size of the bubble indicates
the number of GO terms in each cluster and the color is the P-value or the average P-value of the representative GO term in that cluster. The GO
terms for each bubble are found in supplementary table S3, Supplementary Material online.

(PDls), translation initiation factor 2 (IF2), and Ras and
EF-hand domain-containing protein (RASEF; Fig. 2a,
supplementary table S5, Supplementary Material online).
We also identified deeply conserved genes associated
with processes downstream of ERS response pathways,
such as inflammatory responses, lipid regulation, detoxifi-
cation, redox regulation of cell fate under ERS, and ER cal-
cium signaling and transport (Fig. 2b, supplementary table
S3, Supplementary Material online; Walter and Ron 2011;
Senft and Ronai 2015; Carreras-Sureda et al. 2018; Zhang
et al. 2019; Pick et al. 2021). In addition, we found several
candidate sulfotransferases that are upregulated in the
BUL, although not uniquely compared with the eye and
gut, making them candidates for facilitating a storage
form of vargulin in V. tsujii (supplementary table S2,
Supplementary Material online; Lau et al. 2024).

DE of Conserved Secretory Pathway Genes and
Toxin-like Gene Families

The results of expression analyses in upper lips of a lumi-
nous V. tsujii and nonluminous Skogsbergia sp. reveal an in-
triguing mix of legacy and innovation. The common
evolutionary legacy of upper lips is reflected in the similar
overall expression patterns of one-to-one orthologs be-
tween the upper lips of the two species, which cluster by
tissues (Fig. 3a). In addition, both species show significantly
upregulated genes that comprise an unexpectedly com-
plex cocktail of transcripts coding for putative toxin-like
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proteins with signal peptides (Table 1). For the BUL, out
of the total number of upregulated transcripts with signal
peptides and without transmembrane domains, we found
25 transcripts (26%) representing at least 11 different
toxin-like classes based on domain identity (Fig. 4a,
Table 1, and supplementary table S6, Supplementary
Material online). The 11 different toxin classes can be clas-
sified broadly into six functional categories: (i) neurotox-
ins: ShKT, (ii) protease inhibitors: Kunitz, lipocalin,
serpin, (iii) serine proteases (SPs): peptidase S1, peptidase
S8, (iv) metalloproteinases: peptidase M2, metalloprotei-
nase M12, (v) CAP domain proteins, and (vi) other en-
zymes: CUB and C-type lectin. For the non-BUL, we
found 13 transcripts (15%), including some from classes
shared with the BUL: C-type lectin, ShKT, CUB, WAP, pep-
tidase S1, peptidase S8, and metalloproteinase M12
(Fig. 4b, Table 1, and supplementary table S6,
Supplementary Material online). For both species, we com-
pared the ratio of putative toxin-like genes to secreted
genes in both upper lips compared with two tissue types
not involved in the secretory process of antipredator dis-
plays—the compound eye and gut. For the luminous V.
tsujii, we found the ratio of putative toxin-like genes to se-
creted genes to be significantly higher in the BUL com-
pared with the gut, but not significantly higher
compared to the compound eye (BUL:Gut, Fisher’s exact
test, P < 0.05; BUL:Compound Eye, Fisher’s exact test, P
=0.25; Fig. 4a, supplementary table S6, Supplementary
Material online). In contrast, the nonluminous upper lip
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Fig. 3. Orthologous gene expression values from two species cluster by tissues, while differentially expressed genes mainly differ between tissue
types for each species. a) Expression patterns of orthologous genes between upper lips of bioluminescent and nonbioluminescent ostracods are
conserved. PCA clustered gene expression of 4,217 one-to-one orthologs by tissue, and differences among tissues explain >75% of the variation
in the dataset. Ellipses represent 95% confidence intervals. b) Venn diagram illustrating the number of significantly upregulated genes shared
across both upper lips versus compound eyes versus guts for each species, V. tsujii and Skogsbergia sp. The values in parentheses represent the
percentage of shared genes found in the same orthogroup.

Table 1 Secretory toolkit genes significantly upregulated across upper lips

Species Tissue Putative toxin like Secretory protein pathway
Protein family No. of genes Protein pathway Subsystem No. of genes

Vargula tsujii BUL C-type lectin 2 Golgi glycosylation 2
Metalloproteinase M12 3 Trafficking regulation 3
Peptidase S1 and S8 3 Protein folding 7
Lipocalin 2 Post-Golgi trafficking 3
Kunitz 3 ERAD 2
CuB 7 UPR 1
CAP 2 Coat protein Complex Il 2
ShKT 1 Translocation 1
Peptidase M2 1
Serpin 1

Skogsbergia sp. uL C-type lectin 2 Golgi glycosylation 1
Metalloproteinase M12 2 Post-Golgi trafficking 1
Peptidase S1 and S8 4 ERAD 1
WAP 2 Coat protein Complexes | & Il 2
CUB 1
ShKT 2

The table summarizes the diversity of secretory toolkit genes, which encompasses both secretory protein pathway genes and putative secretory toxin-like genes, which are

significantly upregulated in the BUL and non-BUL upper lip.
BUL, bioluminescent upper lip.

expressed a lower ratio of putative toxin-like genes to
secreted genes compared with the compound eye and
gut (Fig. 4b, supplementary table S6, Supplementary
Material online). Additionally, the putative toxin-like genes
identified through the ToxProt database revealed similar
patterns in both luminous and nonluminous upper lips
(supplementary table S6, Supplementary Material online).
Although a similar overall expression of orthologs
(Fig. 3a) reflects a shared evolutionary history between lu-
minous and nonluminous upper lips, only a few homolo-
gous genes are significantly upregulated in both upper
lips (Fig. 3b), likely due to functional differences like the in-
novation of light production. We found the upper lips of V.
tsujii and Skogsbergia sp. share significantly fewer upregu-
lated genes (3%, 46 homologs) in common than the guts
of the same two species (18%, 1,242 homologs; Fisher’s
exact test, P <0.0007; Fig. 3a, supplementary table S2,
Supplementary Material online). In contrast, the number
of significantly upregulated genes shared between both
upper lips is comparable with the number shared (3%,

62 homologs) between the compound eyes of the same
two species (Fisher's exact test, P=0.8441; Fig. 3b,
supplementary table S2, Supplementary Material online).
Consistent with the few upregulated genes shared across
upper lips, enrichment analysis revealed that these upregu-
lated genes are associated with distinct GO terms
(supplementary figs. S2 and S3, table S2, Supplementary
Material online). Although most biological processes are
unique to each upper lip, semantically similar GO terms in-
clude processes related to proteolysis, lipid metabolism,
collagen synthesis, tissue development and signaling, and
neurotransmission (supplementary fig. S4 and table S2,
Supplementary Material online). Among the genes shared
across upper lips, several are putatively secreted genes
similar to toxin and anticoagulant proteins, as well as genes
involved in collagen synthesis and neural signaling path-
ways (Fig. 3b, supplementary table S2, Supplementary
Material online). One major difference in gene expression
between the two upper lips is that the luminous upper lip
contains a significantly higher number of upregulated
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Fig. 4. DE of toxin-like secretory and secretory protein pathway products that are expressed uniquely across luminous and nonluminous upper
lips. a) Compared with the gut, the luminous upper lip has a significantly higher proportion of toxin-like genes to secreted genes, but not sig-
nificantly higher compared with the compound eye. A statistically significant pairwise comparison between BUL:Gut is indicated by P < 0.05. b)
Compared with the compound eye and gut, the nonluminous upper lip expressed a lower proportion of toxin-like genes to secreted genes. c)
Compared with the nonluminous upper lip, the BUL expressed a significantly higher proportion of secretory protein pathway genes compared
with all significantly upregulated genes uniquely expressed. A statistically significant pairwise comparison between BUL:UL is indicated by P <
0.0001. The bar plot represents the proportions as percentages, while the raw numbers are displayed inside the colored bars, with n indicating the

total number. BUL, bioluminescent upper lip.

genes of the deeply conserved protein secretory pathway
(Fig. 4c and Table 1). The protein secretory pathway can
be compartmentalized into subsystems responsible for
protein folding, posttranslational modifications, and traf-
ficking of proteins (Feizi et al. 2017). In the BUL, we found
at least 21 genes that belong to 8 different subsystems in-
cluding Golgi glycosylation, trafficking regulation, protein
folding, ERAD, UPR, post-Golgi trafficking, coat protein
Complex Il and translocation (Fig. 4c and Table 1,
supplementary table S5, Supplementary Material online).
Similar to the BCN, the BUL upregulates many stress re-
sponse genes related to processes downstream of the pro-
tein secretory pathway, including those involved in
antioxidant stress responses (e.g. glutathione S-transferase
and cytochrome P450), inflammation, apoptotic signaling,
lipid biosynthesis, and other biosynthetic pathways
(Walter and Ron 2011; Cao and Kaufman 2014; Senft and
Ronai 2015). Although there are significantly more secretory
protein pathway genes upregulated in V. tsujii upper lip
compared with Skogsbergia upper lip (BUL:UL, Fisher’s exact
test, P <0.0001), and the number of gene copies varied
across a taxonomically wider set of bioluminescent and
nonbioluminescent lineages, we did not observe a clear
trend between gene copy number and bioluminescent
lineages (Fig. 4c, supplementary fig. S5 and table S5,
Supplementary Material online).

The Novel BUL Expresses a Higher Proportion of
Novel Genes

In addition to ancient genes of a conserved secretory tool-
kit, the BUL and the BCN express many novel genes that
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originated similarly in time to bioluminescence itself (e.g.
Luminini-specific genes, Fig. 5). To investigate the origin
of V. tsujii genes restricted to the Luminini clade, we ana-
lyzed orthologous groups across four taxonomic groups:
Arthropoda, Ostracoda, Luminini, and Luxorina. Out of
the 14,690 proteins that clustered into orthogroups, our
KinFin analysis identified V. tsujii proteins restricted to
Arthropoda (n=9,182, 62.5%), Ostracoda (n=2,991,
20.4%), Luminini (n =646, 4.4%), Luxorina (n=747,
5.1%), and V. tsujii-specific proteins that were found in
orthogroups of 2 or more sequences (n=1,124, 7.7%).
With the addition of singletons, the number of V. tsujii—
specific proteins totaled a final count of 3,905 proteins
(22.4% of V. tsujii proteome).

First, a high proportion of all genes upregulated unique-
ly in the V. tsujii upper lip are Luminini specific. More
precisely, the proportion of Luminini-specific genes upre-
gulated in the BUL is significantly higher than the propor-
tion of novel genes upregulated in the compound eye or
gut, two tissues that are much older than the origin of bio-
luminescence (BUL:Compound Eye, Fisher’s exact test, P <
0.0001; BUL:Gut, Fisher’s exact test, P <0.01; Fig. 5b,
supplementary table S4, Supplementary Material online).
Second, compared with the complete set of expressed
genes (e.g. expressed in luminous upper lip, gut, and com-
pound eye), only the upregulated genes of the BUL were
characterized by a significantly higher proportion of
Luminini-specific genes (BULB, E, G Dataset, 3>, P < 0.07;
Compound Eye:B, E, G Dataset, ’, P = 0.546; Gut:B, E, G
Dataset, %, P =0.476; Fig. 5b, supplementary table S4,
Supplementary Material online). Most novel Luminini-
specific genes upregulated in the BUL, including several
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BUL, compound eye, and gut of V. tsujii restricted to V. tsujii, Luxorina, Luminini, Ostracoda, and Arthropoda. Conserved ostracoda/arthropoda
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arthropods are used to determine the origin of genes. b) Compared with the complete set of genes differentially expressed (minimum of two
counts or more across biological replicates), only the upregulated genes of the BUL were characterized by a significantly higher proportion of
Luminini-specific genes. Statistically significant pairwise comparison between BUL:B, E, G Dataset is indicated by P < 0.01. Statistical significance
for pairwise comparisons between B, E, G (BUL, Eye, and Gut) Dataset, and tissue types was corrected for multiple comparisons using the
Bonferroni method. Compared with the proportion of the total number of Luminini genes upregulated in the compound eye and gut, the
BUL had a significantly higher proportion of Luminini genes compared with the gut and compound eye. Statistically significant pairwise com-
parisons between BUL:Eye and BUL:Gut are indicated by P < 0.0001 and P < 0.01, respectively. c) Compared with modules expressed in the com-
pound eye and gut, the BCN contains a higher proportion of Luminini genes, though not statistically significant in the compound eye.
Statistically significant pairwise comparison between BUL:Gut module is indicated by P < 0.01. The bar plot represents the proportions as per-
centages, while the raw numbers are displayed inside the colored bars, with n indicating the total number. B/BUL, bioluminescent upper lip; E,

compound eye; G, gut.

genes with the highest log-fold change, are unannotated,
but contain signal peptides and lack transmembrane do-
mains (supplementary table S4, Supplementary Material
online). Among the annotated, novel genes include those
related to sulfotransferases, putative toxin-like genes, col-
lagen synthesis, and neuronal processes related to neuro-
peptide synthesis and modulation of neuronal signaling
(supplementary table S4, Supplementary Material online).
Additionally, novel c-luciferase and luciferase-like genes
are significantly upregulated in the BUL. Finally, both the
upper lip and the BCN contain a high number of
Luminini-specific genes. More precisely, the total number
of Luminini-specific genes in the BCN is numerically higher
than novel genes from co-expression modules of the com-
pound eye and gut, although not significantly higher than
the compound eye (BCN:Compound Eye module, Fisher’s
exact test, P = 0.1276; BCN:Gut module, Fisher’s exact test,
P < 0.07; Fig. 5¢, supplementary table S4, Supplementary
Material online).

Discussion

Through detailed analyses of gene expression, we show
that an evolutionarily novel bioluminescence system
(Ellis et al. 2022) uses deeply conserved genes of a secretory
toolkit to impact ecological interactions by creating light.
As such, the secreted bioluminescence of ostracods ex-
pands a growing case for the common re-deployment of
a conserved secretory toolkit to a new sensory modality,
like those found in secretory innovations across diverse

and distantly related taxa. This secretory toolkit has inte-
grated novel genes time and again during evolution to cre-
ate innovative biological chemistries with dramatic effects
on ecological interactions among species.

We found a suite of deeply conserved genes expressed
in the upper lips and the BCN to include many toxin-like
genes (Figs. 2a and 4). Bioluminescent mucus is conspicu-
ously secreted during predation attempts on Luminini os-
tracods (Rivers and Morin 2012), presumably having
impacted predator—prey interactions for hundreds of mil-
lions of years (Ellis et al. 2022). However, why fishes spit out
ostracods is unknown. Bioluminescence may be aposemat-
ic (Underwood et al. 1997), sometimes startle would be
predators (Harvey 1952; Morin 1983; Shimomura 2012),
or makes them more vulnerable to larger predators (“burg-
lar alarm effect”; Morin 1983; Haddock et al. 2010; Haskell
and Bell 2021); but these remain untested hypotheses in
ostracods. The mucus produced by ostracods also could
contain unpalatable or toxic substances (Morin 2019),
plausible because fish often expel an ostracod during pre-
dation attempts (Morin 2019). We find both a luminous
and nonluminous species to express toxin-like genes in
their upper lips, with a higher proportion of such genes ex-
pressed in the light-defended V. tsujii (Fig. 4a and b).
Notably, toxin-like genes include some related to CAP,
which play roles in defense, reproduction, and immune
regulation, and include the allergenic Ag5 protein from
Polybia paulista (Aparecido dos Santos-Pinto et al. 2015;
Blank et al. 2020). Also expressed are CUB domains found
in venomous animals (Krishnan et al. 2009; Walker et al.
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2017, 2019), metalloproteinase M12 genes common in ve-
nom (Bond and Beynon 1995), and genes from the lipoca-
lin and SP families, known for their roles in predation and
defense (Fry et al. 2009). These findings suggest a potential
defensive function of mucus in nonlight-defended ostra-
cods, which should be further investigated through behav-
ioral assays with fish or other predators and with detailed
assessments of gene function. Currently, we only have gene
expression data for two species, so future work character-
izing secretomes across diverse ostracod species could test
a hypothesis that the origin of secreted toxins preceded
the origin of bioluminescence. Regardless of the outcome
of future experiments on function, the expression of these
toxin-like genes supports a role for long-conserved gene
families in secreted bioluminescent systems.

Another class of deeply conserved genes that are highly
expressed in the luminous upper lip and BCN are likely in-
volved in mitigating cellular stress, perhaps to tolerate the
high secretory load of bioluminescent secretion. Dedicated
gland cells that secrete large amounts of proteins or small
molecules have a high secretory load compared with other
cells and may require a quality control system to accom-
modate mass production and secretion of products
(Walter and Ron 2011; Senft and Ronai 2015; Briickner
and Parker 2020; Zancolli et al. 2022). The high demand
of light-emitting compounds and other secretory products
probably requires activation of cellular and protein stress
response mechanisms (ERS response pathways) to increase
secretory capacity of cells (Briickner and Parker 2020).
Having a secretory toolkit to control and regulate cellular
processes could facilitate evolutionary transitions from
low- to high-output secretory systems (Walter and Ron
2011; Senft and Ronai 2015; Briickner and Parker 2020;
Barua and Mikheyev 2021). While we know large volumes
of mucus are secreted during ostracod bioluminescence,
we know of no similarly high-volume secretory function
for nonluminous upper lips, which may function in diges-
tion by smearing mucus on food (Abe and Vannier 1995;
Vannier et al. 1998; Abe et al. 2000), a far cry from the large,
rapid, and voluminous secretions of luminous ostracods
during defense or courtship displays (Morin 1986; Morin
and Cohen 1991). Consistent with facilitation of high se-
cretory demand, the BUL upregulates more secretory tool-
kit genes than the nonluminous upper lip (Fig. 4c), with
several as hub genes, strongly co-expressed with c-lucifer-
ase in the BCN (Fig. 2a). The GO enrichment analyses of
BCN and luminous upper lip also reflect stress-related pro-
cesses, such as protein processing and folding, modulation
of ER stress, tissue remodeling, apoptosis, inflammation,
redox regulation, and restoring cellular homeostasis; all
of which are tightly associated with ER function (Fig. 1a
and supplementary fig. S2, Supplementary Material online;
Senft and Ronai 2015; Lee 2017). Intriguingly, we also
found genes in the BCN and luminous upper lip implicated
in lipid regulation and transport, which link to protein se-
cretory pathways, mitigation of cellular stress, and have
been functionally implicated in firefly bioluminescence
by providing a source of energy (Tanguy et al. 2016; Jarc
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and Petan 2019). Although the secretory toolkit genes sig-
nificantly upregulated in the luminous upper lip are ex-
pressed in the transcriptome of the nonluminous
Skogsbergia sp., most of these genes are not significantly
upregulated, further supporting the establishment during
the evolution of a high-output bioluminescent system
through the deployment of ancient, conserved machinery
for secretory and quality control processes that mitigate
cellular stress.

Coupled with legacy elements of a conserved secretory
toolkit, we also document the expression of novel genes,
which in secretory systems may often enable organisms in-
novative ways to chemically interact with other organisms
and their environment (Walter and Ron 2011; Senft and
Ronai 2015; Briickner and Parker 2020; Zancolli et al.
2022). As observed in other secretory and evolutionary
novelties (Gould et al. 2008; Jasper et al. 2015; Babonis
et al. 2016; Belcaid et al. 2019; Fig. 5), we found many
Luminini-specific genes in the BCN and remarkably a
high number in the novel BUL. Surprisingly, we found
homologous and functionally similar compound eyes to
exhibit a similarly small number of shared genes as the
functionally distinct upper lips, in contrast to the guts of
the same two species (Fig. 3). The low number of shared
genes across the compound eyes could be related to differ-
ences in visual interactions of each species. Alternatively,
similarities in gut expression could be more similar due
to the shared scavenging niche between the two target
species. In addition to c-luciferase, other novel genes could
also be functionally critical. For example, about half of the
putatively secreted genes upregulated in the BUL and co-
expressed in the BCN are unannotated, with many of these
Luminini specific, suggesting a possible role in biolumines-
cent phenotypes. Out of the novel genes annotated in the
BUL, none were related to secretory processes, further sup-
porting the use of conserved genes for secretion. Future
functional studies aimed at establishing a direct role of no-
vel genes in the evolution and development of cypridinid
bioluminescence phenotypes would be valuable.

As cradles of evolutionary innovation, exocrine glands
have catalyzed the emergence of diverse biological func-
tions across many unrelated taxa (Briickner and Parker
2020). We report gene expression patterns in secreted bio-
luminescence of ostracods, despite being a lineage-specific
innovation, use deeply conserved genes, including toxin-
like genes and genes that are involved in secretory pro-
cesses to protect against cellular stress. These genes may
represent an ancient secretory toolkit for high-output se-
cretory cells, similar to gene sets used in the few other se-
cretory innovations studied in sufficient detail (Barua and
Mikheyev 2021; Briickner et al. 2021; Zancolli et al. 2022).
Secretory innovations may therefore routinely integrate a
similar and conserved secretory toolkit with novel biosyn-
thesis pathways. By leading to the production of myriad
new small molecules and proteins, including pheromones,
toxins, and bioluminescence, this process of secretory in-
novation has had a profound impact on ecological interac-
tions throughout evolutionary history.
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Materials and Methods

RNA Extraction, Sequencing, and Mapping

For both DE analyses and co-expression analyses, we iso-
lated RNA from animals kept in lab cultures (Goodheart
et al. 2020) at the University of California, Santa Barbara.
Cultures of luminous V. tsujii originated by trapping
with bait near Wrigley Marine Lab (Catalina Island, CA,
USA; 33.444969, —118.484471). Cultures of nonluminous
Skogsbergia sp. originated by trapping with bait in
Thallasia beds near Southwater Caye (Belize; 16.812833,
—88.083154), then kept using methods published for V.
tsujii, except at 27 to 30 °C. For DE experiments, we ex-
tracted total RNA using Agencourt RNAClean magnetic
beads (Beckman Coulter). We optimized a protocol using
RNAClean magnetic beads to extract total RNA (see pro-
tocols.io for details) (Mesrop 2024). For co-expression ana-
lyses in V. tsujii, we began with an initial set of 63 RNA
samples, which included 15 RNA-seq samples from the
DE dataset and 9 upper lip RNA-seq samples downloaded
from the NCBI database (PRJNA935772), and added 39
RNA samples, extracted using TRIzol (Invitrogen). The
additional 39 RNA samples included 21 adult whole bodies
and 18 juvenile V. tsujii samples comprising 3 to 6 biologic-
al replicates from each of the 5 juvenile instar stages (A-l
male, A-l female, A-ll, A-lll, A-IV, A-V), but 6 samples
were excluded from the co-expression analyses due to
low counts. We used 3’ Tag RNA-seq to quantify RNA ex-
pression, with sequencing performed at the UT-Austin
DNA Core Facility (Weng and Juenger 2022). We used pub-
lished bioinformatics tools (github.com/Eli-Meyer/
TagSeq_util) to trim 3’ Tag RNA-seq data using BBDUK
(v38.18), remove low-quality reads (<20), and polymerase
chain reaction duplicates. We used Bowtie2 (v2.4.2) to
map cleaned reads to reference transcriptomes (Li and
Dewey 2011; Langmead and Salzberg 2012). For all samples,
weak and ambiguous reads were removed if alignments
had <40 matching bp (Langmead and Salzberg 2012). All
sample information and mapping statistics are summar-
ized in supplementary table S1, Supplementary Material
online.

Reference Transcriptomes, Annotation, and GO
Analyses

For use in DE analyses, we generated and annotated a
de novo transcriptome for the nonluminous species,
Skogsbergia sp., with libraries prepared and sequenced by
Novogene using NovaSeq 6000 PE150 platform. We
trimmed reads with Trimmomatic (Grabherr et al. 2011),
assembled with Trinity (v2.1.1), evaluated transcriptome
completeness with BUSCO (Waterhouse et al. 2018§;
89.8% using the Arthropoda_odb9 lineage database),
then reduced redundancy by merging transcripts >90%
similar using CD-HIT (v4.8.1; Chen et al. 2016). After
CD-HIT, we extracted the longest isoform for each gene
with Trinotate (v3.2.2; Grabherr et al. 2011) and identified
candidate protein-coding regions with TransDecoder

(v3.2.2; Bryant et al. 2017). All assembly statistics for the
nonluminous de novo transcriptome are summarized in
supplementary table S1, Supplementary Material online.
For the luminous species V. tsujii, we used an existing de
novo transcriptome assembly, following the methods in
Lau et al. (2024) (SRR21201581 and SRR24065266). For
both nonluminous and luminous reference transcrip-
tomes, we generated GO terms with BLASTX (v2.10.1)
with a default e-value of 1e—10 and the SwissProt database
(downloaded April 2022) (Altschul et al. 1990; Grabherr
et al. 2011). We used Trinotate to predict signal peptides,
transmembrane domains, and protein domains with
signalP (v4.1), TMHMM (v2.0), and Pfam (v35.0), respect-
ively (Krogh et al. 2001; Nielsen 2017; Mistry et al. 2021).
We examined GO enrichment with TopGO (v2.50.0;
Alexa and Rahnenfuhrer 2020), using a reference transcrip-
tome for the “universe” dataset and various differentially
expressed or co-expressed gene sets as the “test” dataset.
We then reduced the redundancy of GO terms, and clari-
fied GO relationships (e.g. parent-to-child) to one another
using the GO-Figure! Python package (Reijnders and
Waterhouse 2021).

Tissue-level Analyses of Differential Gene Expression
For DE analyses, we determined in each study species
the differentially upregulated genes of three tissue types
—upper lips, compound eyes, and guts—using five
biological replicates for each tissue/species combination
(supplementary table S2, Supplementary Material online).
We employed DEseq2 (v1.40.2) on each species separately,
assuming a P < 0.05 and FC > 1.5 for the significance of dif-
ferentially expressed genes using the Benjamini—-Hochberg
method to account for false discovery rate (Love et al.
2014). Within each species, pairwise comparisons were
done across tissue types (i.e. upper lip to compound eye,
upper lip to gut, gut to compound eye), but to determine
tissue-specific differential upregulation, each tissue was
compared with the other two (e.g. genes upregulated
uniquely in the upper lip were determined by comparing
upper lip expression to both compound eye and gut;
supplementary fig. S1, Supplementary Material online).
Genes upregulated uniquely in each tissue type were
used for all downstream analyses. We performed Fisher’s
exact tests between species to determine whether there
was a statistically significant number of shared genes between
tissue types (supplementary table S2, Supplementary
Material online).

Constructing Gene Co-Expression Networks

To quantify co-expression, we used WGCNA (v1.72.1) in R
to determine weighted co-expression networks in V. tsujii,
to identify a BCN, and to compare the BCN to gene inter-
actions in a nonluminous relative (Langfelder and Horvath
2008). WGCNA facilitates the identification and character-
ization of co-expression networks by clustering genes
based on shared co-expression patterns (Langfelder and
Horvath 2008). Genes clustered together in the same
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module (network) are often co-regulated, meaning they
are likely involved in similar biological processes
(Langfelder and Horvath 2008). For each module,
WGCNA identifies “hub genes”—genes with high network
connectivity represented by a module membership value
(MM > 0.8)—which are considered integral to regulating
the expression of other genes in the module and asso-
ciated with key processes represented by the module
(Langfelder and Horvath 2008). The input expression ma-
trix for V. tsujii co-expression included 57 genes as rows
and 33,479 samples as columns with samples normalized
with the variance-stabilizing transformation in DESeq2.
Following the recommendation by WGCNA, we removed
6 samples from the original set of 63 RNA-seq samples due
to low counts (Langfelder and Horvath 2008). Additionally,
genes with zero counts and genes with less than five
counts in more than three samples were excluded to re-
duce noise (Langfelder and Horvath 2008). We checked
for batch effects between samples from different
RNA-seq runs and extraction methods and found that re-
sults remained qualitatively consistent across conditions.
Similarities in expression were calculated by Pearson cor-
relation, creating a matrix that was transformed into an
adjacency matrix by raising the correlation to a soft thresh-
old power to preserve the strongest correlations and re-
duce noise. We chose a soft threshold of three using
“pickSoftThreshold” and created an adjacency matrix as
a “signed” network, where modules correspond to posi-
tively correlated genes. This threshold of three satisfied
the scale-free topology criterion for our dataset, where
the R® index of scale-free topology is above 0.9
(Langfelder and Horvath 2008). We used a threshold of
0.05 and a minimum module size of 30 to merge similar
expression profiles, leading to 20 co-expression modules
in V. tsujii. Of these, we identified a BCN as the module
containing a c-luciferase shown to function in biolumines-
cence (Hensley et al. 2021; supplementary table S3,
Supplementary Material online).

Determining Orthologous Genes and Comparative
Transcriptomics

To generate a cross-species expression matrix, we first
determined one-to-one orthologs across the reference
transcriptomes of V. tsujii and Skogsbergia sp. using
OrthoFinder (Emms and Kelly 2019), which infers gene
families that originated before each of the ancestral nodes
of a species tree. For cross-species comparison, we used
only the upper lip, gut, and eye expression data to allow
comparable datasets between V. tsujii and Skogsbergia.
To determine the similarity of expression between the
upper lips across species, compared with the eye and gut
tissue, we performed principal component analysis
(PCA) using one-to-one orthologs expressed in both spe-
cies. To compare across samples, expression counts of a
cross-species expression matrix were filtered and normal-
ized by adding a pseudo count of 1 X 10~ to prevent log,-
(0) scores, followed by a log, transformation using the log,
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function in DESeq2 (Love et al. 2014). The batch effect
caused by multiple species was removed using an empirical
Bayes method performed by the ComBat function in sva
(v3.19; Leek et al. 2012).

Assessment of Clade-Specific Genes

A recent phylogeny of cypridinid ostracods showed a sin-
gle origin of bioluminescence and a single subsequent
transition to using bioluminescence for courtship (Ellis
et al. 2022). To identify genes in V. tsujii that originated
just before cypridinid bioluminescence (Luminini), just be-
fore bioluminescent courtship signaling (Luxorina), or be-
fore the origin of ostracods (which we termed “Ostracoda”
or “All Arthropods”), we used Orthofinder, adding previ-
ously published transcriptomes with taxon sampling sum-
marized in supplementary table S4, Supplementary
Material online (Emms and Kelly 2019). We analyzed
orthologous groups using KinFin (v1.1) using four user-
defined taxon sets: Arthropoda, Ostracoda, Luminini,
and Luxorina (Laetsch and Blaxter 2017). For V. tsujii, we
determined how many expressed genes are found in
each clade and how many are clade-specific genes (with-
out nested genes; Laetsch and Blaxter 2017). We per-
formed Fisher's exact tests between tissue types and
modules to determine whether there was a statistically sig-
nificant number of Luminini specific (without nested
genes) in the BCN and BUL compared with conserved
genes shared with nonluminous ostracods and arthropods
(supplementary table S4, Supplementary Material online).

Identifying Secretory Pathway Genes and Putative
Secreted Transcripts

To identify protein secretory pathway genes in the BCN
and significantly upregulated in the upper lips of V. tsujii
and Skogsbergia sp., we created a reference database of
protein secretory pathway genes found in Feizi et al.
(2017). We performed a blast search with an e-value
threshold of 1e-5 against this reference database and
additionally searched for transcripts with relevant gene an-
notations and GO terms associated with the secretory pro-
tein pathway (supplementary table S5, Supplementary
Material online). To identify putative secreted transcripts,
we retrieved all transcripts with a signal peptide and with-
out a transmembrane domain from the set of genes that
are both co-expressed with c-luciferase in the BCN and
also significantly upregulated in the bioluminescent and
non-BUL. Transcripts were identified as putative toxin-like
transcripts if they had a domain present in known toxin
protein families related to toxins. We manually searched
for InterProlDs for known protein toxin families or do-
mains listed in von Reumont et al. (2017), as summarized
in supplementary table S6, Supplementary Material online,
and any GO terms related to toxin and venom (von
Reumont et al. 2017). Next, to determine whether the
number of putative toxin-like genes in the BUL is signifi-
cant, we compared the number of toxin-like transcripts
in the BUL to the number of toxin-like transcripts found
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in tissue types not expected to contain toxin-like tran-
scripts (compound eye and gut). We used similar steps
to identify putative toxin-like transcripts expressed in
the non-BUL compared with the two tissue types not pre-
dicted to be involved in defense, the compound eye and
gut of Skogsbergia sp. For each species, we performed
Fisher’s exact tests to determine if both upper lips express
a significantly higher number of putative toxin-like
transcripts compared with the compound eye and gut.
We also expanded our search for putative toxin-like tran-
scripts by performing a blast search against the ToxProt
database which includes all genes expressed in venomous
or poisonous tissues across different phyla, summarized in
supplementary table S6, Supplementary Material online
(Jungo and Bairoch 2005).

Supplementary Material

Supplementary material is available at Molecular Biology
and Evolution online.
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