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Fluorescence is a notable adaptation in marine environments, helping to
counteract the loss of longer wavelengths as light diminishes with depth.
Studied to some extent in cnidarians and reef fish, its presence and
functions in crustaceans are less understood. Recently, fluorescence was
discovered in gall crabs (Cryptochiridae). To investigate the evolutionary
significance of fluorescence in these coral-dwelling decapods, we combined
a multivariate examination of 27 fluorescent morphological traits with
phylogenomic analysis across 14 crab genera from the Red Sea and
Indian Ocean. Fluorescence first evolved in the genus Opecarcinus and
was subsequently retained showing varying levels of expression. We
identified four distinct fluorescent morphologies (fluotypes) with high
phenotypic variability, some of which show distinct distributions across
the phylogeny. Along with differences in the crabs’ microhabitats, these
findings suggest that fluorescence may be shaped by selective pressures,
such as visibility to potential viewers, and could thus play a role in
camouflage, aiding concealment against complex coral reef backgrounds.
This study provides a deeper understanding of evolutionary dynamics
in cryptochirids and introduces a new workflow, providing guidance for
future research on fluorescence in marine invertebrates. Further research
into behavioural functions and fluorophore identification are required to
explain the observed variability in Cryptochiridae.

1. Introduction
Natural fluorescence is an optical phenomenon displayed by numerous
terrestrial and aquatic metazoans [1–3]. Fluorescent colouration relies
on photoactive molecules called fluorophores, which absorb high-energy,
shorter-wavelength light (excitation) and re-emit it at longer wavelengths
(emission) [4]. In photic marine habitats where light conditions rapidly
change with depth, fluorescence may be particularly useful [5]. The absorp-
tion of longer wavelengths (yellow-red) from downwelling sunlight by water
gradually narrows the spectrum to blue-green light, with red wavelengths
disappearing first below 10 m [6–8]. These conditions favour the use of
fluorescence by harnessing the remaining short wavelengths to increase
visual contrast [9] or to reintroduce colour at depth [5]. Fluorescence evolved
independently in various phylogenetically distant marine taxa, probably as a
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result of the challenges of inhabiting such a spectrally restricted environment [10].
Fluorescence has been documented in numerous marine vertebrates, including amphioxus [11], sea snakes [12], sharks

[9], turtles [13], over 180 species of bony fish [14] as well as various marine invertebrate taxa [15–17]. In fact, fluorescence
evolution, diversity and functions are mostly studied in marine invertebrates, particularly cnidarians, where the discovery
of the green fluorescent protein (GFP) in the hydrozoan Aequorea victoria (Murbach and Shearer, 1902) sparked considerable
research interest [18]. GFP orthologues have since been identified in other marine invertebrates, including ctenophores,
arthropods and cephalochordates, suggesting that GFP may have been present in the last common ancestor of metazoans
[10,19]. Cnidarians, particularly scleractinian corals, exhibit a significant diversity of GFP-like proteins [20]. These fluorescent
proteins have been linked to various presumed functions, including photoprotection [21], photoacclimation [22], visual contrast
[23], as antioxidants [24], protection against herbivory [25] and attraction of symbiotic dinoflagellates [26]. A recent study also
suggests a role in prey attraction in mesophotic habitats [27], underscoring the ecological significance of fluorescence in these
sessile organisms.

Despite its widespread occurrence in marine invertebrates, the underlying mechanisms and ecological roles of fluorescence
remain mostly understudied in many taxa, including major groups such as crustaceans, which are adapted to a plethora of
habitats [28]. Early observations of fluorescence in crustaceans were made in the copepod families Pontellidae Dana, 1852−1853
and Aetideidae Giesbrecht, 1892 [29,30], in which seven GFP-like proteins have been identified. Green fluorescence in these
groups may act as mate recognition/attraction signal or as countershading mechanism in the water column [29,31]. In the mantis
shrimp Lysiosquillina glabriuscula (Lamarck, 1818), yellow fluorescence was recorded on the antennal scales and carapace, where
it is thought to play a role in inter- and intraspecific signalling. This finding is supported by the correlation of the fluorescence
emission and the spectral sensitivity of stomatopods [32,33]. In decapods, fluorescence has been observed in several species
of the genus Portunus Weber, 1795 [34], though the study was limited to ethanol-preserved specimens and lacked in situ
observations. Finally, fluorescence has been observed in situ in various decapod species and the stomatopod Odontodactylus
scyllarus (Linnaeus, 1758). However, these observations were purely descriptive, and the authors could not determine the
functional roles of fluorescence [35].

Red fluorescence has been described in coral-dwelling gall crabs (Cryptochiridae Paulson, 1875) [36]. Cryptochirids are
highly cryptic obligate symbionts of scleractinian corals, residing in specialized dwellings, pits or galls inside their hosts,
which can vary significantly in morphology and in some species completely enclose the crabs [37–39]. The diverse dwelling
morphologies may influence light availability and visibility of the crabs, potentially driving the evolution of fluorescence as an
adaptive trait. Gall crabs associate with a wide range of coral hosts across multiple families, which might further impact the
expression and variation of fluorescence [40]. While cryptochirids lead a secluded lifestyle within their coral hosts, their ‘visiting
mate’ system requires males to seek out females that permanently reside in their domiciles [41,42], adding another layer of
complexity to the potential selective pressures shaping fluorescence in these crabs.

Here, we investigate the occurrence and variability of fluorescence across Red Sea and Indian Ocean gall crab lineages
by applying an integrative phylogenomic approach, including a multivariate morphological trait analysis of cryptochirid
fluorescence. Specifically, we aim to test three hypotheses: (i) whether fluorescence is present across all studied gall crab taxa,
(ii) if fluorescent taxa form a monophyletic group, and (iii) whether fluorescence, when present, exhibits phenotypic variability
across genera. By examining fluorescence patterns across different genera, we aim to identify distinct fluorescent morphologies
within the Cryptochiridae and explore their evolutionary implications. Understanding how fluorescence has evolved within
distinct ecological niches, shaped by the varied morphologies of the dwellings these crabs inhabit, could offer valuable insights
into adaptive traits and ecological interactions within this family of coral-associated decapods. Additionally, the methodology
developed here can be applied to explore fluorescence in other reef-dwelling species, broadening our understanding of this
phenomenon in understudied marine organisms.

2. Material and methods
(a) Field observations and sample collection
Fluorescence of cryptochirids was investigated in situ with fluorescence photography using a Sony a7R IV (Sony, Kōnan,
Minato, Tokyo, Japan) equipped with a 90 mm macro lens (Sony FE 90 mm f/2.8 Macro G), a yellow barrier filter (#12 Screw-In
Filter, 49YK12, The Tiffen Company, Hauppauge, NY, USA) and blue excitation light sources (Light & Motion, SOLA Nightsea
Light, NIGHTSEA, Hatfield, PA, USA). Furthermore, an Olympus OMD EM 1 MARK II (Olympus Corporation, Hachioji,
Tokyo, Japan) with a 60 mm macro lens (Olympus M. Zuiko Digital ED 60 mm F/2.8) was used to capture fluorescence under
natural lighting conditions by adjusting the white balance across various depths.

A total of 286 gall crab specimens of 14 genera were collected between September 2021 and October 2022 at 14 sites in the
central Saudi Arabian Red Sea (n = 198), and in February 2022 at 13 sites in the Maldives (n = 88), by targeting all known host
coral genera in both regions (electronic supplementary material, file S1). Crabs were fixed in 75% ethanol and visually identified
to the lowest taxonomic level by the second author. The collected materials are deposited at the King Abdullah University of
Science and Technology (KAUST). A detailed description of the sample distribution across different datasets can be found in the
electronic supplementary material, file S2.
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(b) Imaging and fluorescent trait analysis
Red Sea specimens (n = 162) were imaged for fluorescent trait analysis after a thorough cleaning of the carapaces to remove
detritus, coral mucus and algae. Imaging was conducted 1–10 days post-fixation in ethanol to prevent interference from
chlorophyll fluorescence caused by algae growing on the crabs. To ensure fluorescence stability, images taken after extended
preservation were compared with those of freshly collected specimens. Any crabs showing changes in fluorescence levels
resulting in altered patterns of fluorescence were excluded from further analysis.

Images were acquired using a Leica 205A stereomicroscope equipped with a Leica DMC5400 camera and a SFA Stereo
Microscope Fluorescence Adapter. The camera was adjusted to ensure each specimen filled the entire field of view, with
magnification modified according to specimen size. Images were taken in brightfield and under fluorescence using royal blue
(440–460 nm) and green (510–540 nm) excitation lights with corresponding long pass filters. For consistency, exposure time,
gain and excitation intensity were adjusted to maximize the dynamic range of the camera. Fluorescence presence or absence
was recorded for 25 body parts based on fluorescent light images (figure 1). The dorsal carapace was divided into five regions:
frontal dorsal, frontal ventral, mesogastric, cardial and branchial (figure 1). Fluorescent area proportions were quantified for
six body parts using grayscale images: dorsal carapace, antennular peduncle, prodopus, polex, dactylus and chelae (figure 1).
ImageJ v. 2.3.0 [43] was used for analysis, outlining body parts to first measure their total area and subsequently applying the
threshold function to determine their fluorescent area. Finally, the proportion of fluorescent area was calculated by dividing
the fluorescent area by the total area. A detailed workflow description and technical specifications are provided in electronic
supplementary material, file S3. The Maldives specimens (n = 88) were sampled during a liveaboard cruise and could thus
only be imaged 12 days post-fixation. Fluorescence presence was confirmed, no further measurements were taken to avoid
underestimation and these specimens were excluded from the statistical analysis.

(c) Spectrometry
Spectrometric measurements to obtain fluorescence emission spectra were collected as described by Meadows et al. [44] and
Anthes et al. [2] using an Ocean Optics (now Ocean Insights) QE65000 fluorescence spectrometer and a bifurcated Ocean Optics
QR600-7-UV125BX fibre optics cable. Excitation light was generated using a green laser (ThorLabs CPS532, a 532 nm laser diode
module with an AHF narrow-band laser clean-up filter ZET 532/10). The fluorescent signal was maximized by holding the
submerged probe at a distance of 4.5−5 mm from the specimen. At this distance, the viewing angle of the central, light-accepting
fibre has a diameter of 1.51−1.67 mm (area 1.79−2.19 mm2). The fibre guiding the accepted light to the spectrometer included
a Semrock EdgeBasic 532 R-25 long-pass filter to eliminate reflected laser light. The spectrometer was calibrated and operated
using OceanView 2.0 (Ocean Insights).

(d) Statistical analyses
The dataset comprised 25 categorical (presence/absence) and 6 continuous (areas) variables describing gall crab fluorescence as
well as sex, genus and depth as supplementary variables (figure 1; electronic supplementary material, file S4). A factor analysis of
mixed data (FAMD) was performed using the FactoMiner package [45] in R v. 4.2.2 [46]. In this method, quantitative variables
are scaled to unit variance, while qualitative variables are transformed into a disjunctive data table and scaled according to
multiple correspondence analysis. Proportional data were arcsine transformed, as recommended for data with a high number
of zero values [47], and missing values (5.7 %) were imputed using the missMDA package [48,49]. To investigate the similarity
of individuals in a multivariate context, we applied Euclidean distance-based methods such as hierarchical and partitional
k-means clustering [50]. Within FactoMineR, clustering methods are combined with FAMD through the hierarchical clustering
on principal components (HCPC) function. This function applies clustering methods to the first few principal components from
the FAMD [50]. Our study applied HCPC to the first six principal components of the FAMD, based on Kaiser’s [51] criterion of
retaining components with eigenvalues greater than 1. The function creates a dendrogram and calculates within-cluster inertia.
The optimal number of clusters is suggested by identifying where the highest relative increase in inertia occurs.

(e) DNA extraction and sequencing
For molecular analyses, the fifth pereiopod or, if available, the egg mass was subsampled, and DNA was extracted using the
DNEasy® Blood & Tissue kit (Qiagen Inc., Valencia, CA, USA). Extracted DNA quality and quantity were measured using a
Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and a Qubit fluorometer (Invitrogen, Waltham,
MA, USA) with Qubit dsDNA HS Assay kit (Thermo Fisher Scientific), respectively. Partial COI sequences for identification
of the specimens were obtained following the protocol of Bähr et al. [37] in collaboration with the KAUST Bioscience Core
Lab. Genome-wide sequence data were obtained using an anchored hybrid enrichment (AHE) approach with the Brachyura
bait set [52]. AHE library preparation and sequencing in PE150 on an Illumina Novaseq 6000 (Illumina, San Diego, CA, USA)
were performed at Arbor Biosciences (Ann Arbor, MI, USA). An overview of both the COI and AHE datasets is provided in
the electronic supplementary material, file S2. In the following, the main manuscript focuses on the phylogenomic analysis;
therefore, details regarding the methodology (alignment and phylogenetic analyses) and results of the COI dataset are provided
in the electronic supplementary material, file S5.
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(f) Sequence assembly and filtering
The AHE dataset included 173 Red Sea and 81 Maldives specimens, with two Trapezia tigrina Eydoux & Souleyet, 1842
specimens as outgroups sequenced for this study. Raw reads quality check was performed with FastQC v. 0.11.8 [53] and
MultiQC v. 1.9 [54], before and after low-quality base and adapter contamination removal with cutadapt, available within Trim
Galore! v. 0.6.10 [55]. Subsequently, HybPiper v. 2.17 [56] was used to assemble the loci using the nucleotide sequences of
Eriocheir sinensis H. Milne Edwards, 1853 [52] as reference throughout the pipeline. Reconstructed loci were then concatenated
into a single fasta file. Post-assembly processing was performed following the online documentation of Phyluce [57]. Loci were
individually aligned with MAFFT [58] and then subsequently trimmed with Gblocks. Only loci present in at least 50% of the
samples were retained and combined into a single partitioned alignment for final analysis.

(g) Phylogenomic analyses
Phylogenomic analyses were conducted on the high-performance computing cluster at KAUST using maximum likelihood
(ML) in IQ-TREE [59]. ModelFinder [60] was used to determine the best-fit nucleotide substitution model based on the Akaike
Information Criterion. The AHE tree was built with the TIM2+F+R10 model and 1000 ultrafast bootstrap replicates. Gene and
site concordance factors were estimated across the AHE phylogeny.

The evolutionary history of fluorescence was investigated by conducting an ancestral state reconstruction (ASR) on the
phylogenomic ML tree using the maximum-parsimony method in Mesquite v. 3.81 [61]. Character states were categorized as
absence (0) or presence (1) of fluorescence. To assess the similarity between the phylogenomic and morphology datasets, a
Mantel test (vegan package) was applied, testing the correlation between the distance matrices of the dendrogram from the
HCPC analysis and the ML phylogenomic tree of the AHE dataset. This test was based on a subset of specimens (n = 128), all of
which had data available for both the HCPC analyses and the phylogenomic tree.

3. Results
(a) Fluorescent patterns in cryptochirids
In situ, bright orange/red fluorescence was observed for gall crabs of the genera Lithoscaptus A. Milne-Edwards, 1862, Xynomaia
Kropp, 1990, Dacryomaia Kropp, 1990 and Opecarcinus Kropp and Manning, 1987 from depths between 7 and 27 m (electronic
supplementary material, file S6). In Lithoscaptus, fluorescence was successfully captured under natural lighting conditions at
depths below 10−15 m (figure 2A). Additionally, fluorescence patterns of this genus were documented across various depths
using fluorescence photography (figure 2B–D). For the other cryptochirid genera, this approach failed, linked to their more
inconspicuous dwellings along with their reaction to the blue excitation light.

A total of 250 specimens from the Red Sea and the Maldives belonging to 14 gall crab genera were imaged under the
fluorescent stereomicroscope. The tissue and/or exoskeleton of all cryptochirids (pre- and post-fixation in ethanol) exhibited
green autofluorescence (figure 3A2−3, B2−3). Additionally, 221 out of the 250 crabs also exhibited fluorescence which appeared
as an orange hue when excited by blue light (440–460 nm) and filtered with a 500 nm long pass filter (figure 3A2−3, B2−3). When
imaged pre-fixation, specimens were frequently covered in detritus, coral mucus and algae exhibiting chlorophyll fluorescence
(figure 3A2–B2), interfering with the orange cryptochirid fluorescence. Post-preservation (1–10) days, confounding effects of

Figure 1. Illustration of a gall crab specimen showing dorsal (A) and ventral (B) views. Fluorescent areas were measured for body parts shaded in orange and indicated
by lowercase abbreviations. Body parts analysed for fluorescence morphology are indicated by orange ovals. Capitalized abbreviations indicate body regions examined
for the presence or absence of fluorescence. B, branchial; C, cardial; FD, frontal dorsal; FV, frontal ventral; MG, mesogastric.
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chlorophyll fluorescence were eliminated (figure 3A3–B3). Finally, the presence of a single fluorophore with an emission
maximum at 603 nm (figure 3C) was confirmed for the two most frequently encountered genera Opecarcinus and Lithoscaptus.

(b) Factor analysis of mixed data
A FAMD was conducted on 162 Red Sea gall crab specimens to investigate the phenotypic variability of fluorescence. Initially,
the analysis included all 25 fluorescence variables and 6 continuous measures of fluorescent area, with 20.0 % and 13.1 % of
the variance explained by the first two PCs, respectively. Body parts consistently lacking fluorescence (e.g. antennules, pleonal
segment 6) were subsequently excluded from the analysis, which then explained 33.0 % and 14.6 % of the variance with the
first two PCs (electronic supplementary material, file S4). The dorsal carapace, pereiopod 2, dactylus and pleonal segment
3 were strongly determinant in the first two dimensions. The variables dorsal carapace, chelae and dactylus were positively
correlated with PC1, indicating their strong association with fluorescence. The categorical variables (figure 1) were split into
presence (fluorescence detected) and absence (no fluorescence detected) categories, with absence categories clustering along
the negative values of PC1 and presence categories clustering along the positive values (electronic supplementary material, file
S4). Genera such as Neotroglocarcinus Takeda and Tamura, 1980 and Pseudohapalocarcinus Fize and Serène, 1956 were positioned
with negative PC1 values, reflecting low fluorescence, whereas Opecarcinus and some specimens belonging to Xynomaia and
Dacryomaia showed distinctive fluorescence patterns. Detailed graphs and interpretations are provided in electronic supplemen-
tary material, file S4.

(c) Hierarchical clustering on principal components
The HCPC on the first six PCs of the FAMD (explaining 71.4 % of the total variability) suggested an optimal number of four
clusters (figure 4A). The dendrogram revealed one larger cluster including 55 % of the examined specimens and three smaller
clusters (figure 4A). This large cluster included specimens with high variability in fluorescence, while the smaller clusters were
characterized by specimens with more homogeneous fluorescence patterns. K-means clustering corroborated these findings,
with all four clusters being distinct and non-overlapping (figure 4B). The supplementary variable genus showed a strong
correlation with cluster assignments (χ² = Inf, d.f. = 30, p < 0.001), indicating a significant association between crab genera and
their fluorescence patterns.

(d) Fluotype characterization
Based on the significant clustering results, we identified four distinct fluorescent morphologies, which will be referred to as
fluotypes (FTs) from this point onward. FT2, the large dendrogram cluster including over half of the specimens, was highly
heterogeneous, displaying a wide range of fluorescent patterns across different body parts. In contrast, FT1 contained mostly
non-fluorescent specimens, while FT3 and FT4 were characterized by strong fluorescence on specific body parts. FT3 was
primarily associated with fluorescence in the chelae, whereas FT4 displayed high fluorescent levels in the pleon and pereiopods.

Figure 2. In situ observations of fluorescence in coral-dwelling gall crabs. (A) Lithoscaptus sp. in Echinopora sp. under natural lighting conditions at a depth of over 15
m, where red colours are naturally scarce due to light attenuation. The observed red colouration is attributed to gall crab fluorescence. (B–D) Images captured with
royal blue excitation light (440–460 nm) and a yellow barrier filter, revealing the distinct orange fluorescent patterns of Lithoscaptus sp. within Goniastrea pectinata
host colonies.
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FTs are visually represented in figure 4B where sketches of the FT model individuals highlight the respective fluorescence
features. Additional details, including the statistical metrics for each FT, are provided in electronic supplementary material, file
S4.

Figure 3. Fluorescence characteristics of two gall crab genera. (A) Lithoscaptus sp. specimen under stereomicroscope shown in (i) brightfield setting, (ii)
post-extraction appearance under excitation light, and (iii) appearance 9 days post-preservation. (B) Opecarcinus SET12 specimen with corresponding imaging
conditions to (A). Both genera exhibit green autofluorescence and orange fluorophore fluorescence. White arrows highlight non-fluorescent detritus, algae with
red autofluorescence and trapped bubbles—confounding factors in fluorescence signal interpretation. (C) Spectral measurements of red fluorescence in the same
Cryptochiridae genera shown in (A and B). Relative intensity of fluorescence emission under monochromatic green excitation light for Lithoscaptus (green) and
Opecarcinus (yellow) is shown.

Figure 4. Results of the HCPC analysis. (A) The dendrogram illustrates the hierarchical clustering of specimens based on the first six principal components, with clades
colour-coded to represent the four distinct FTs identified. The graph in the upper right corner shows the within-cluster inertia gain, highlighting the optimal number of
clusters resulting in the unique FTs. (B) The factor map of the partitional k-means clustering on the first two principal components reveals the separation of specimens
into four distinct FTs. Drawings on the plot represent model individuals with representative fluorescence patterns of the FT cluster they are graphically connected to by
the line. FT, fluotypes.
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(e) Phylogenomic analyses
The average number (±s.d.) of raw reads per sample was 3 661 379 (±1 943 228) with a minimum of 5 07 521 and maximum
of 19 465 723 reads (see electronic supplementary material, file S5). Sequence data were generated for a total of 490 loci for
all 256 samples (including the outgroup specimens; a summary of the trimmed reads, assembled contigs and captured loci are
provided in electronic supplementary material, file S5). The number of loci per sample ranged from 3 to 489, with an average of
446 (±40) loci retrieved. Filtering for loci containing sequences for at least 50% of the taxa removed 61 loci, resulting in 429 loci
concatenated into an alignment including 217 samples and spanned 90 746 bp. The completeness score for the entire dataset was
0.770. Gaps in the dataset were uniformly distributed with regards to lineage groups. The concatenated alignment contained 32 
462 distinct patterns, 30 145 parsimony-informative sites, 6586 singleton sites and 54 015 constant sites. The optimal partitioning
scheme generated by IQ-TREE consisted of 38 partitions. The best-fit model for the data was the TIM2+F+R10 model.

This ML phylogenomic reconstruction resolved 18 highly supported clades (bootstrap values > 98) with Pseudocryptochirus
Hiro, 1938, Neotroglocarcinus, and Utinomiella Kropp and Takeda, 1988 recovered as the most basal clades (figure 5A; electronic
supplementary material, S5). Hapalocarcinus Stimpson, 1859 was inferred as a sister lineage to the remaining clades. Opecarcinus
specimens were distributed across multiple clades forming three distinct lineages, along with an additional basal single
specimen (SAD131) and Pseudohapalocarcinus, which was retrieved within this group. Dacryomaia was retrieved with a species
formerly belonging to Fungicola, in a genus that is currently being described and hereafter referred to as ‘new genus’. Together
they form a well-supported sister clade to the remainder of the phylogeny. The association of Fungicola Serène, 1968 with
the remaining clades was strongly supported (bootstrap value = 100), whereas the relationships among the remaining genera
displayed the weakest support of the phylogeny (bootstrap value = 73). Within this group, Fizesereneia Takeda and Tamura, 1980
was resolved as a well-supported clade with one specimen diverging independently (SAD136). Lithoscaptus was retrieved as a
monophyletic genus in this phylogeny.

(f) Evolutionary patterns of cryptochirid fluorescence
To investigate if any relationship could be found between the expression of fluorescence and phylogeny-based lineages in
cryptochirids, we annotated the AHE ML phylogenetic reconstruction with fluorescence categories: fluorescent and non-fluores-
cent. This tree was paired with the morphological dendrogram of the HCPC analysis to visualize possible correlations (figure
5). Our analysis revealed the presence of fluorescence (including minimal signal) across nine genus-level lineages, while five
clades were lacking fluorescence based on the examined material (figure 5A). Furthermore, ASR revealed that fluorescence was
absent in the common ancestor of cryptochirids and first evolved in the genus Opecarcinus. The trait was subsequently retained
across lineages, with a single loss observed in Fungicola. As stated above, the four FTs (FT1–FT4) identified in the HCPC analysis
were tested for correlations with the phylogenetic lineages. The Mantel test of the distance matrices from the dendrogram and
AHE phylogenetic tree confirmed a moderate yet significant correlation (r = 0.42, p < 0.001***, permutations = 999), underscoring
the association between genus-level lineages and FTs (figure 5). FT1, mainly characterized by the absence of fluorescence and
including only few minimal fluorescent crabs (<10 body parts with spots <50 μm, see electronic supplementary material, file
S7), was recurrent throughout the phylogenomic ML tree (figure 5). The highly variable FT2 was strongly associated with
Lithoscaptus. FT3 was largely confined to Xynomaia and Dacryomaia, although these genera also contained a notable proportion
of FT2 specimens. Finally, FT4 was exclusively found in Opecarcinus, underscoring its unique fluorescence profile. Interestingly,
the monotypic genus Pseudohapalocarcinus, nested within Opecarcinus, housed FT1 specimens only.

4. Discussion
(a) Fluorescence in gall crabs
We report orange fluorescence in 9 out of 14 examined gall crab genera from the Red Sea and the Maldives (figure 5A). Our
sampling covered all but one genus present in the Red Sea (except for Sphenomaia Kropp, 1990), contributing significantly to a
broader understanding of the prevalence of fluorescence within cryptochirids. Previously, only a few other decapods, such as
Camposcia retusa (Latreille, 1829), Scyllarides sp., Periclimenes colemani Bruce, 1975 and Lybia tessellata (Latreille in Milbert, 1812),
have been documented to exhibit fluorescence [35]. However, most of these observations are limited to a green fluorescent hue
recorded in situ that might not reflect a visually relevant signal but rather an artefact of their chitinous exoskeletons (e.g. [62]).
These findings underscore how little is known about fluorescence in this species-rich order, characterized by highly diversified
morphology and a wide range of lifestyles and habitats, from symbiotic to free-living [28].

(b) Methodological framework
Here, in addition to the widely used COI-based genetic analyses (electronic supplementary material, file S5), we present the
first ever phylogenomic reconstruction of the family Cryptochiridae. Currently, the family Cryptochiridae formally comprises
21 genera, 3 of which are restricted to the Atlantic Ocean [63]. Our study included 13 out of the 18 accepted genera recorded
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across the two regions (i.e. Red Sea and Maldives), with nearly complete representation from the Red Sea (11 out of 12). The
AHE approach yielded a well-supported phylogeny (figure 5), underscoring the utility and importance of advanced tools for
resolving evolutionary relationships. While the COI and AHE trees were congruent at the clade level, there were some topology
differences between the two approaches (electronic supplementary material, file S5). The phylogenomic tree aligns with earlier
phylogenetic analyses based on concatenated, multimarker datasets (e.g. [64]), although the position of Hapalocarcinus has
varied in previous reconstructions. In [64], Hapalocarcinus clusters with the three basal-most genera (Utinomiella, Pseudocrypto‐
chirus and Neotroglocarcinus), whereas in our tree, it forms a clade with the other derived lineages (figure 5). The placement
of Pseudohapalocarcinus within Opecarcinus is consistent with other studies [65], as is the association of the new genus with
Dacryomaia and Fizesereneia with Xynomaia (figure 5) [64]. Notably, we retrieved Lithoscaptus as a monophyletic group, whereas it
was found to be polyphyletic in other reconstructions (figure 5) [64].

(c) Fluorescence evolution in gall crabs
Our results indicate that fluorescence first evolved in the common ancestor of Opecarcinus and was subsequently retained with
variable morphologies across lineages (figure 5A,B). ASR of fluorescence presence/absence suggests a secondary loss of the
trait in Fungicola (figure 5A). Additionally, certain lineages, such as Pseudohapalocarcinus and Fizesereneia, exhibit only minimal
expression of fluorescence (figure 5; electronic supplementary material, file S7). These findings highlight fluorescence as a
trait that, while largely retained across the phylogeny, has undergone reduction or loss in specific lineages. Furthermore, we
found fluorescence in cryptochirids to be phenotypically highly variable, which is reflected by different fluorescence levels and
patterns across the phylogenetic tree (figures 4 and 5; electronic supplementary material, file S4). Our analysis of fluorescence
morphology revealed four distinct FTs (figure 4B). While fluorescence presence/absence could be mapped using ASR, the
limited dataset for FTs did not allow us to reconstruct the ancestral traits with this level of detail. Nonetheless, the observed
correlation between FTs and the phylogeny provides insights into underlying evolutionary processes influencing fluorescence
patterns. In the following sections, we will explore the patterns of fluorescence presence and absence, the distribution of FTs
across the phylogeny and their potential evolutionary drivers.

Fluorescence first appears in the highly diverse genus Opecarcinus, which typically inhabits open, canopy-like tunnel-shaped
dwellings in agariciid coral hosts [38,65]. Opecarcinus is also the only genus expressing FT4, characterized by some of the
most distinctive fluorescence patterns, including strong fluorescence on the pleonal segments of the abdomen. Viewed in
an evolutionary context, these findings imply that when fluorescence first evolved in the family, it involved most body
parts, including the abdomen, but was subsequently lost or reduced in other lineages. The drivers for the initial evolution
of fluorescence within the Cryptochiridae, and more specifically in the common ancestor of Opecarcinus, remain unknown

Figure 5. Tanglegram illustrates the relationship between specimen groups obtained by phylogenomic (A) and morphological (B) analyses of fluorescence in gall
crabs. (A) ML phylogenomic tree derived from AHE data, with clades collapsed at the genus level. Nodes include ASR of fluorescence presence (black circles) or absence
(white circles). Fluorescent and non-fluorescent lineages are colour-coded (black and light grey, respectively). Bootstrap support values are provided. (B) Dendrogram
from the HCPC analysis, with connecting lines linking the dendrogram to pie charts positioned next to each corresponding clade in the phylogenomic tree. Lines are
colour-coded based on assigned FT. Results of the Mantel Test are annotated at the bottom (p-value based on 999 permutations). Pie charts represent the proportion
of specimens within each clade that belong to the four identified FTs. Notably, some specimens represented in the pie charts are absent from the phylogenomic
tree, but were identified through a combination of morphological characteristics, host data and COI phylogenetic analysis. Specimens identified but absent from the
phylogenomic tree are marked with an asterisk (*) in the dendrogram.
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and warrant further investigation. Interestingly, the monotypic genus Pseudohapalocarcinus, nested within Opecarcinus, exhibits
only minimal fluorescence and is exclusively represented by FT1 specimens. The main difference between the two groups
is that Pseudohapalocarcinus inhabits fully enclosed galls, which suggests that an enclosed habitat may act as a selective
pressure against the maintenance of strong fluorescence. Besides variations in fluorescent patterns, it is crucial to recognize
the taxonomic complexities within this group: Pseudohapalocarcinus is morphologically highly distinct from Opecarcinus, and
despite co-occurring on the same coral host species as some closely related Opecarcinus species, it exhibits entirely different
dwelling morphologies [65]. The observed differences in dwelling morphology seem to correlate with fluorescence levels
and FT expression in these two genera, suggesting that these factors together contribute to their ecological and evolutionary
divergence. Interestingly, Hapalocarcinus, another genus residing in enclosed galls [37,66], also lacks fluorescence. However, as it
diverged before Opecarcinus, the evolutionary reason for the absence of fluorescence remains uncertain.

Beyond the distinct fluorescence expression levels and FT distribution observed in basal clades and Opecarcinus, interpreting
fluorescence patterns in the remaining phylogeny becomes more challenging due to increased variability and the occurrence
of multiple FTs within individual lineages. For instance, in Fizesereneia, particularly in F. panda [64], fluorescence is generally
minimal, with specimens predominantly expressing FT1. This species inhabits large-polyped Lobophylliidae Thiel, 1932 corals
with thick fleshy tissue potentially disguising the crabs, reducing the need for fluorescence. However, a single Fizesereneia
specimen, morphologically similar to F. panda but phylogenetically distinct and sampled from an Acanthastrea coral H. Milne
Edwards and Haime, 1848 with thinner tissue and more conspicuous dwellings exhibited significantly more fluorescence and
was characterized as FT2. This suggests that fluorescence may be more advantageous in habitats where the crab’s visibility
is less obscured by coral tissue, potentially driving the observed fluorescence variations. Furthermore, this finding hints at
potential cryptic speciation within F. panda, highlighting the need for further research into fluorescence expression and its
ecological drivers in this genus.

In general, FT2 is morphologically highly variable and the most widespread FT across the Cryptochiridae phylogeny,
with fluorescent patterns distributed randomly rather than concentrated on specific body parts. It is most prevalent in the
large and highly diverse clade of Lithoscaptus, a species-rich genus with pervasive and yet unresolved taxonomic issues
[67,68]. Furthermore, Lithoscaptus species are known to associate with a wide variety of coral hosts belonging to the speciose
family Merulinidae H. Milne Edwards and Haime, 1857 [40]. This diversity of host associations, combined with the fact that
Lithoscaptus inhabits cylindrical pits that do not fully disguise the crabs, could have contributed to the evolution of such a wide
array of fluorescence patterns in this genus. The increased visibility of the crabs within their habitats, coupled with ecological
interactions driven by host diversity, may have created selective pressures favouring the development of variable fluorescence
morphologies. This finding highlights the need for further research into Lithoscaptus, including more extensive sampling,
detailed examination of fluorescence traits, consideration of coral host associations and efforts to resolve the phylogeny of this
complex genus.

The remaining FT3 poses further challenges regarding the interpretation of the observed evolutionary patterns. While
observed primarily in Xynomaia and Dacryomaia, it is also present in other clades indicating the lack of a clear evolutionary
signal. Interestingly, this FT is characterized by strong cheliped (prodopus, polex and dactylus) fluorescence. This is particularly
intriguing given that chelipeds in other brachyurans are often subject to selective pressures for intraspecific communication.
For instance, in Leptuca leptodactyla (Rathbun in Ranking, 1898) UV-reflective claws are used in mate recognition [69]. While
we cannot conclude its involvement in signalling, its placement on body parts salient to potential viewers, as demonstrated
in video evidence (electronic supplementary material, file S8), indicates potential functional significance [32]. However, with
limited representation of FT3 in this study, further investigation is needed, particularly with increased sampling of Dacryomaia
and Xynomaia.

While the evolutionary patterns of fluorescence in cryptochirids are complex and not fully resolved, our findings suggest
that selective pressures act on both the presence/absence and the expression levels of fluorescence. These pressures appear
linked to dwelling morphology, as evidenced by our results, implying that fluorescence likely serves as a visual signal in
ecological interactions. However, the case of Fungicola and the yet-to-be-described new genus presents a notable exception.
Both genera inhabit corals of the family Fungiidae Dana, 1846 with slit-shaped dwelling morphologies, yet Fungicola syzygia
[64] (to be transferred to the new genus) is fluorescent while Fungicola is not [70]. This discrepancy underscores the complexity
of fluorescence evolution and suggests that additional factors—potentially genetic, ecological or related to coral host associa-
tions—may influence its expression. Further investigations into these genera and their traits could help clarify these unresolved
questions. Finally, while our study includes 13 of the 21 formally described cryptochirid genera, broader sampling is essential
to fully understand fluorescence evolution in this family. Deep-sea genera, such as Cecidocarcinus Kropp and Manning, 1987,
and Zibrovia Kropp and Manning, 1996, remain unexamined due to the lack of genetic data and recent material. Including these
and other missing genera, from both shallow and deep-sea environments, will be critical to capturing the full complexity of
fluorescence evolution and its ecological and evolutionary dynamics in cryptochirids.

(d) Ecological role and visual perception of fluorescence in crustaceans
The general lack of fluorescence records in decapods suggests that the phenomenon is understudied or may not play a
significant role in their ecology, especially when compared with reef fish, where fluorescence is more commonly observed
and hypothesized to be involved in camouflage, prey detection and communication [2]. For instance, red fluorescence in fish
is thought to play an important role in these behaviours due to the specific spectral conditions of the marine environment
[5]. In contrast, despite the evolutionary radiation of crustacean eyes, with many taxa possessing well-developed compound
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eyes [71], their spectral sensitivity is often limited, particularly in decapods, which frequently exhibit monochromatic vision
[72]. The spectral sensitivity of gall crabs, in particular, has never been investigated, leaving their ability to perceive their own
fluorescence unknown. Interestingly, our field documentation without artificial light sources demonstrated that cryptochirid
fluorescence appears as a bright red signal even at depths below 10−15 m, where red wavelengths are absent (figure 2A) [5,8].
This observation suggests that cryptochirid fluorescence, by adding contrast, could function as a perceptible visual signal,
akin to those observed in fish. Furthermore, our spectral measurements expand the known wavelength range of crustacean
fluorescence from 500 nm in copepods and 524 nm in stomatopods to 603 nm in gall crabs (figure 2C), expanding our
understanding of fluorescence in crustaceans.

Considering these observations, it is plausible that fluorescence in gall crabs is subject to selective pressures shaped by
their habitats and lifestyle on coral hosts. The variability in fluorescence expression and patterns, combined with differences
in dwelling morphologies, supports the hypothesis that fluorescence may serve an ecological purpose, potentially aiding
in camouflage. Fluorescence involvement in camouflage has been reported in copepods, where countershading mechanisms
obscure visibility in pelagic environments [29]. In reef fish, red fluorescence enhances disruptive colouration, concealing
body outlines against complex reef environments and is most commonly observed in benthic species [2]. In cryptochirids,
fluorescence patterns, particularly the patchy fluorescence of FT2, may fulfil a similar function, aiding camouflage by disrupting
outlines and enhancing concealment against fluorescent coral backgrounds. The distinct localization of fluorescence in FT3
(chelipeds) and FT4 (abdominal fluorescence) remains less understood and warrants further investigation. These FTs may
reflect additional ecological functions or selective pressures not yet fully identified. Overall, fluorescence appears to persist as
an adaptive trait in cryptochirids, particularly in variable benthic environments like coral reefs, where complex backgrounds
and fluctuating light conditions create ecological challenges. Further investigations into the interaction between fluorescence,
coral host properties and vision of potential predators, as well as the addition of missing genera, could provide deeper insights
into the evolutionary significance of fluorescence in Cryptochiridae.

5. Conclusions
Our study reveals that orange fluorescence is both phylogenetically widespread and morphologically diverse in Cryptochiridae,
here expressed as four distinct FTs and described for the first time. The distinct distribution of fluorescence and these FTs across
the gall crab phylogeny suggests that it is a trait retained with variability across lineages, showing notable shifts in expression
levels and high phenotypic variability across the 14 studied genera. Fluorescence in Cryptochiridae may be an adaptive trait
influenced by selective pressures, possibly arising from the diversity of coral host associations and the morphology of their
dwellings, resulting from subtle differences in the ecological niches they occupy. The variability in fluorescence expression
might hint at camouflage as a potential ecological role, though this hypothesis remains speculative. Furthermore, the distinctive
placement of fluorescence on chelipeds or abdominal segments in some FTs may indicate additional, unexplored functions.
To fully understand the ecological significance of fluorescence in gall crabs, future research should focus on their spectral
sensitivity, the visibility of their fluorescence against their often fluorescent coral host backgrounds and the identification
of the fluorophore involved. Understanding the biological interactions between cryptochirids and their coral hosts could
further illuminate the origins and functions of this trait, especially considering the prevalence and diversity of fluorescence
in scleractinian corals. Finally, the widespread presence of fluorescence in other non-fish and coral taxa suggests it may play
an underexplored ecological role for these organisms. Given its prevalence, it is plausible that fluorescence serves a purpose
beyond what is currently understood, warranting further research into the potential roles of fluorescence in the marine realm.
In this context, our newly developed methodology provides an important framework for extending research to additional
invertebrate taxa, shedding light on its evolutionary significance across diverse marine environments.
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