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ABSTRACT
Barbouriidae Christoffersen, 1987 is a family comprised of 4 genera and 11 species of enigmatic shrimps restricted to anchialine or marine caves whose evolutionary history and relationships remain elusive. We investigated the evolutionary relationships among members
of Barbouriidae with the inclusion of four genera and nine species, and newly collected material from Belize, the Bahamas, and the Yucatán Peninsula, Mexico. Phylogenetic analyses
based on seven mitochondrial and nuclear gene regions and genetic distances calculated using
partial 16S gene regions have identified a need to revisit the relationships and classification
within Barbouriidae. More specifically, we find evidence to suggest Janicea Manning & Hart,
1984 as a junior synonym of Parhippolyte Borradaile, 1900, B. yanezi Mejía, Zarza & López,
2008 as a synonym of Barbouria cubensis (von Martens, 1872), and define two new subfamilies, Calliasmatinae Holthuis, 1973 and Barbouriinae Christoffersen, 1987. Included is a
dichotomous key for the species of Barbouriidae that summarizes previous literature and
includes new morphological characters. Our findings shed light on existing inaccuracies and
gaps in molecular data from barbouriids. We also provide further clarity into evolutionary
relationships among genera of Barbouriidae and their allies, suggesting phylogeographic divisions within the family. Our findings suggest an early Atlantic-Pacific divide among genera
originating from a shallow-water reef ancestor.
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INTRODUCTION
Anchialine pools are a common feature throughout the tropical
western Atlantic, and are broadly defined as land-locked pools
with limited tidal connections to adjacent marine water bodies
through a complex network of subterranean conduits (Bishop
et al., 2015). Anchialine systems are considered to be isolated
due to their unique species assemblages and endemicity (Iliffe &
Kornicker, 2009; Becking et al., 2011; Pérez-Moreno et al., 2016).
Barbouriidae Christoffersen, 1987 (Fig. 1) is a family of caridean
shrimps that commonly inhabits anchialine or coastal caves along
tropical latitudes (Fig. 2). Barbouriidae is currently comprised of
4 genera and 11 species, but the genera within this family have
undergone substantial revisions in recent years (Chace, 1972,
1997; Manning & Hart, 1984; Christoffersen, 1987, 1990; Fransen
& Tomascik, 1996; Wicksten, 1996; De Grave et al., 2014).

The evolutionary history of Barbouriidae remains unclear
(De Grave et al., 2014). Members of this family had previously
been classified as monotypic genera within Hippolytidae Spence
Bate, 1888 until Christoffersen (1987, 1990) proposed recognizing Barbouriidae as a family with six genera (Ligur Sarato,
1885; Barbouria Rathbun, 1912; Janicea Manning & Hart, 1984;
Parhippolyte Borradaile, 1900; Somersiella Hart & Manning, 1981;
and Koror Clark, 1989). Kemp (1914) synonymized Parhippolyte
with Ligur without comment. Upon discovery of additional species with a multiarticulate carpus and propodus of the third to
fifth pereiopods, Parhippolyte was removed from the synonymy
of Ligur (Manning & Hart, 1984). Ligur became a monospecific
genus with the removal of P. uveae Borradaile, 1900 and was transferred from Hippolytidae upon the resurrection of Lysmatidae
Dana, 1852 (Manning & Hart, 1984; De Grave et al., 2014). The
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Anchialine adjustments: an updated phylogeny and
classification for the family Barbouriidae Christoffersen,
1987 (Decapoda: Caridea)
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Figure 1. Parhippolyte uveae (photo by Meerwasser-Aquaristik-StudioKorallenkiste, Rosbach vor der Höhe, Germany) (A); Barbouria cubensis (photo
by HBG) (B); Parhippolyte cavernicola (photo by A. Kerstitch) (C); Parhippolyte
sterreri (photo by RED) (D); Parhippolyte misticia (photo by J. Starmer in Legall
& Poupin, 2018) (E); Janicea antiguensis (photo by T. Iliffe) (F). This figure is
available in color at Journal of Crustacean Biology online.

Figure 2. Distribution of the genera Barbouria, Calliasmata, Janicea, and Parhippolyte. Parhippolyte rukuensis is excluded because it was described from a single
female from Yeh-Him Island, Ryukyu Archipelago, Japan. This figure is available in color at Journal of Crustacean Biology online.
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family Barbouriidae (Li et al., 2011; De Grave et al., 2014; AznarCormano et al., 2015). The current classification of Barbouriidae
includes two species of Barbouria (B. cubensis (von Martens, 1872))
and B. yanezi Mejía, Zarza & López, 2008), one species of Janicea
(J. antiguensis (Chace, 1972)), five species of Parhippolyte (P. cavernicola
Wicksten, 1996; P. misticia (Clark, 1989); P. rukuensis Burukovsky,
2007; P. sterreri (Hart & Manning, 1981); and P. uveae), and the
most recent addition of three species of Calliasmata Holthuis, 1973
(C. nohochi Escobar-Briones, Camacho & Alcocer, 1997; C. pholidota
Holthuis, 1973; and C. rimolii Chace, 1975). Barbouria cubensis and
P. sterreri (listed as Somersiella sterreri) are listed as critically endangered on the IUCN Red List (Iliffe, 1996).
Although the genus Calliasmata is presently placed within
Barbouriidae, De Grave et al. (2014) questioned the inclusion of this
group within the family. Calliasmata lacks all of the defining characters
shared by genera of Barbouriidae, including the unique subocular
tooth posterodorsal to the orbital angle, which has been previously
considered as a synapomorphy of the family (Clark, 1989; Chace,
1997; De Grave et al., 2014). Moreover, in spite of the troglodytic
lifestyle of barbouriids, only Calliasmata exhibits characteristic adaptions of cave-dwelling animals, such as highly degenerate eyes (PérezMoreno et al., 2016). The conflicting morphology of Calliasmata with
the other members of Barbouriidae further complicates the evolutionary history of this family, and Barbouriidae presently lacks an accurate formal description (see De Grave et al., 2014).
We also revisited the placement of the monospecific genus Janicea
among other barbouriids. Janicea has the broadest distribution of the
Atlantic species, ranging from the Canary Islands, Bermuda, and the
Yucatán Peninsula, Mexico (Manning & Hart, 1984; Li et al., 2011).
Janicea antiguensis (Chace, 1972) has a gill compliment similar to that
of B. cubensis, but multiarticulation of the carpus and propodus of
the third to fifth pereiopods and a cornea wider than the eyestalk
suggest an affinity to Parhippolyte (Manning & Hart, 1984). The first
description of J. antiguensis placed it within Barbouria with the belief
that Barbouria would eventually be synonymized with Ligur, but Janicea
was later recognized as a monotypic genus (Chace, 1972; Buden &
Felder, 1977; Manning & Hart, 1984). The taxonomic uncertainty
surrounding J. antiguensis justifies a closer examination of the phylogenetic placement of this species within Barbouriidae.

description of Koror misticius Clark, 1989 and Somersiella sterreri
Hart & Manning, 1981 placed them within Hippolytidae, but a
lack of morphological evidence at the genus level for both genera
led them to be synonymized with Parhippolyte (Wicksten, 1996;
Chace, 1997). With these exclusions and reclassifications, recent phylogenetic analyses have supported the recognition of the
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DNA extraction, PCR and sequencing
Total genomic DNA was extracted from muscle tissue of the abdomen, antennule or the third to fifth pleopod using DNeasy®
Blood and Tissue Kits (Qiagen, Valencia, CA, USA). For incomplete tissue digestions, 10 μl of 10% DTT and 10 μl Proteinase K
was added, and samples incubated until complete digestion was
achieved. Total genomic DNA quality was visualized using 2%
agarose gels and concentration was measured using the Qubit
dsDNA HS Assay kit on the Qubit 2.0 Fluorometer (Invitrogen,
Carlsbad, CA, USA) according to manufacturer’s instructions.
We selected two partial mitochondrial genes and five partial nuclear genes for their utility in studies of phylogeny and genetic diversity among decapods (Bracken et al., 2009b; Baeza, 2010; De
Grave et al., 2014; Aznar-Cormano et al., 2015). The mitochondrial
genes included the 16S large ribosomal subunit (~550 basepairs
(bps)) and protein-coding cytochrome oxidase I (~600 bps,
COI). The nuclear genes included the 28S large ribosomal subunit (~750 bps) and protein coding genes: phosphoenolpyruvate
carboxykinase (PEPCK, ~585 bps), enolase (~375 bps), histone
H3 (~350 bps), and sodium-potassium ATPase alpha-subunit
(NaK, ~565 bps). The large ribosomal subunit (16S) was amplified with primers 16S-1471/1472 (Palumbi et al., 1991; Crandall
& Fitzpatrick 1996), COI was amplified with primers F/10, or
LCO1490/HCO2198 (Folmer et al., 1994; Bracken-Grissom et al.,
2014), 28S was amplified with primers 28S01/28SR-02 (Fiedler
et al., 2010), PEPCK with primers -for/-rev (Tsang et al., 2008),
enolase with primers EA2/ES2 (Li et al., 2011), H3 with primers
AF/AR (Li et al., 2011), and NaK with primers N79/N610 (De
Grave et al., 2014). Amplification was performed in 25µl volume
reactions containing 12.5µl GoTaq DNA polymerase (Promega,
Madison, WI, USA), 1µl forward and reverse primer for each
gene, 9.5µl sterile H2O, and 1µl template DNA. The thermal
cycling profile conformed to the following parameters: Initial denaturation for 5 min at 95 °C followed by 35 cycles of 30 sec at
94 °C, 45 sec at 48–56 °C, 45 sec at 72 °C, and a final extension
of 5 min at 72 °C. PCR products were sent to Genewiz (South
Plainfield, NJ, USA) for amplicon purification and subsequent
sequencing.
All sequencing data was visually inspected, quality trimmed,
manually cleaned, and assembled using Geneious 9.1.7
(Biomatters, Newark, NJ, USA). Once assembled, sequences were
aligned using MAFFT v7.308 (Katoh & Standley, 2013). To identify potential pseudogenes, we translated protein-coding sequences
and checked for insertions and deletions, stop codons, identified
the open reading frames, and compared sequences among conspecifics following the protocol of Song et al. (2008).

MATERIALS AND METHODS
Sampling
We selected 7 genera and 16 species to be included in the
phylogenetic analysis of Barbouriidae, including all four
currently recognized genera of the family Barbouriidae
(Calliasmata, Barbouria, Parhippolyte and Janicea). Species of the
closely related genera Latreutes Stimposn, 1860, Ligur, and
Lysmata Risso, 1816 are included as outgroups. Barbouria cubensis
and P. sterreri were collected on the San Salvador, Bahamas
using baited minnow traps between June 2014 and July 2015.
Tissue samples of B. yanezi were provided by LMMO collected
from Cenote Tres Potrillos, Cozumel, Mexico. Specimens
of J. antiguensis and C. nohochi were donated to the Florida
International Crustacean Collection (FICC) by Dr. Thomas
Iliffe. Additional sequences for J. antiguensis and L. fucorum
were generated from specimens housed in FICC located on
the Biscayne Bay Campus of Florida International University.
Several specimens of Parhippolyte misticia were received as a loan
from Dr. Tin-Yam Chan, National Taiwan Ocean University
(NTOU) and several Parhippolyte uveae specimens were received
as a loan from the Muséum national d’Histoire naturelle, Paris
(MNHN). Parhippolyte cavernicola and additional specimens of
P. uveae were received as loans from the Smithsonian Institution,
United States National Museum of Natural History (NMNH).
Attempts to generate additional sequences for L. ensiferus were
unsuccessful. Loci were selected based on previous studies
that confirm their utility in caridean phylogenetics (BrackenGrissom et al., 2009a; Fiedler et al., 2010; Li et al., 2011; De
Grave et al., 2014; Aznar-Cormano et al., 2015). To utilize taxa
with sequences available in GenBank, loci were also selected so
that individuals included in previous studies could be included.
Loci included both protein coding and non-coding nuclear and
mitochondrial gene regions. We generated 196 new sequences
for seven partial gene regions from Barbouria cubensis, B. yanezi,
Calliasmata nohochi, Parhippolyte sterreri, P. cavernicola, P. misticia,
P. uveae, Janicea antiguensis, and Latreutes fucorum (Fabricius, 1798).

Phylogenetic analyses
A dataset consisting of partial sequences of the 16S, 28S, COI,
enolase, H3, NaK, and PEPCK gene regions (Table 1) was constructed to investigate generic and species level relationships across
Barbouriidae. Missing data were designated as a “?” in our alignment. We constructed individual gene trees to compare topologies for both datasets. To improve resolution, multiple genes were
concatenated into single alignments (Ahyong & O’Meally, 2004;
Porter et al., 2005; Robles et al., 2007; Page et al., 2008). We conducted a partition test of heterogeneity and incongruence length
difference test to determine if the gene regions were appropriate
to combine for analyses, as implemented in PartitionFinder 2.7.1
and PAUP*, respectively (Swofford, 2002; Lanfear et al., 2016).
The model of evolution that best fit the individual data sets was
determined by Partitionfinder 2.7.1 (Felsenstein & Churchill,
1996). Independent models of evolution and parameters were
partitioned in the Bayesian concatenated analysis.
The maximum likelihood (ML) analyses were conducted
using RAxML (randomized accelerated maximum likelihood;
3
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Barbouria yanezi Mejía, Zarza & López, 2008 is the most recently
described species of Barbouriidae and has only been reported
from Cenote Tres Potrillos, Cozumel Island, Mexico (Mejía et al.
2008). Barbouria yanezi differs from Barbouria cubensis (von Martens,
1872) in the length and number of teeth of the rostrum, the
length to width ratio of the scaphocerite, the proportions of the
first and second pereiopod, the number of articulations of the
carpus and ischium of the second pereiopod, and the length and
terminal spines of the appendix masculina (Mejía et al., 2008).
Barbouria cubensis has been more recently found to exhibit phenotypic hypervariation (PhyV), defined as the presence of extensive
undescribed morphological variation at an uncommonly high
frequency (Ditter et al., 2019). The differences that distinguish
B. yanezi from B. cubensis fall within the range of morphological
variations documented for B. cubensis from the Bahamas (Ditter
et al., 2019). In light of PhyV, the need to revisit the relationship
between B. yanezi and B. cubensis using molecular tools is clear.
Although past molecular phylogenies have enhanced our understanding of barbouriid relationships, they are hindered by limited
sampling across genera or incomplete genetic datasets (Fiedler
et al., 2010; Li et al., 2011; Baeza, 2013; De Grave et al., 2014;
Aznar-Cormano et al., 2015). Recent collections have allowed us
to include nine species across all genera and provides further insight into the evolutionary relationships among these enigmatic
crustaceans. We investigated the evolutionary relationships across
current members of Barbouriidae with particular attention to the
above-mentioned genera and species using multi-locus phylogenetic methods.

HBG10126/NTOU-M01157-E

HBG10134/USNM-280216–85(2)
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P. uveae
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San Salvador, Bahamas

San Salvador, Bahamas

P. sterreri
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San Salvador, Bahamas
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Fiedler et al., 2010
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MT505236

MT505235

16S

MT505184

KP725926

MT505186

–

–
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–

–

–
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–
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–

–
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–

–
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–
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–

MT527438
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–
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–

–
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–
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–
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KF178849
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MT527455
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MT527444
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–
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MT527504
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–

–
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MT527495
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–

–
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MT527491

–

–

MT527484
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MT527482
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MT527474

MT527473

–

–

MT527481

MT527480

–

–

MT527479

MT527478

MT527477

PEPCK

GenBank accession no.

MT524340

–
–
–
MT563442

KC962203
–
–
–

–
–

–
–

MT542203
MT542204

MT524353

KC962174

–
MT542202

MT524351
MT524352

MT542193
MT542194

–
–

–
MT542192

–

–
–

–
–

KP759480

MT542200
MT542199

MT524346
MT524347

MT542198
MT542201

–

MT542196
MT542197

MT524349
MT524350
MT524345

–

–

MT542151

MT542150

–

MT549848

MT549847

MT549846

MT549845

–

–

MT540995

MT540994

MT540993

–

MT540992

–

MT534287

MT524344

–

MT524343

MT524339

MT524338

MT524337

MT524336

–

–

–

–

–

–

MT524342

MT540991

MT540990

COI

MT524341
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P. misticia

Odo Point, Okinawa, Japan

P. misticia

HBG10000

Giant Cave, Belize

Baja California Sur, Mexico

J. antiguensis

Parhippolyte cavernicola

HBG9999

Cape Verde, Africa

Giant Cave, Belize

Janicea antiguensis

J. antiguensis

HBG10009
HBG10010

Mayaguana, Bahamas

Mayaguana, Bahamas

C. nohochi

HBG10008

HBG10007

A. Baeza, pers. coll.

OUMNH.ZC.2010-04-003

HBG9181

HBG9180

HBG9168

OUMNH.ZC.2010-05-003

HBG2198

HBG2151

HBG1937

Museum catalog no.

C. nohochi

Mayaguana, Bahamas

Mayaguana, Bahamas

C. nohochi

C. nohochi

Hawaii, USA

Mexico

Calliasmata pholidota

C. nohochi

Cozumel, Mexico

Cozumel, Mexico

B. yanezi

Cozumel, Mexico

B. yanezi

B. yanezi

San Salvador, Bahamas

San Salvador, Bahamas

B. cubensis

B. cubensis

San Salvador, Bahamas

San Salvador, Bahamas

Barbouria cubensis

B. cubensis

Collection locality

Taxon

Table 1. Species used in phylogenetic reconstruction for the family Barbouriidae [see Material and Methods for the museum abbreviations]. Accession numbers for partial sequences of COI
we generated using the LCO1490/HCO2198 and F/10 primers respectively. Individuals with successful amplification for both regions will have two accession numbers for the COI gene.
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Genetic diversity and distance
Tajima’s D and nucleotide diversity (π) was calculated due to
of the lack of geographic clustering between of B. cubensis and
B. yanezi in the phylogeny (clade 2; Fig. 3). The highest values for
Tajima’s D were negative (D = –2.34721, pD = 0.998216). Genetic
diversity was also found to be very low (π = 0.00209644). Mean
and standard error values for Nei’s D (DA) for the 16S gene region are reported in Table 3, a heat map with all 16S DA values in
Supplementary material Table S9. Species within the same genus
to have a mean genetic distance of 0.010–0.113 (Table 3). Genera
within the same subfamily have genetic distances of 0.113–0.260.
Individuals within the same family have distances of 0.260–0.311
(Table 3). For individuals within the same superfamily we find
genetics distances > 0.311 (Table 3). We find similar patterns for
the genetic distances for the COI partial gene region amplified
with the F/10 primers as we find for the 16S partial gene region
(Table 4). We find individuals of the same species have genetic distances < 0.01, and individuals within the same genus have genetic
distances of ~0.01–0.25 (Table 4). We find individuals within the
same family to have genetic distances of ~0.25–0.32 (Table 4). For
individuals within the same superfamily we find genetic distances
of > 0.33 (Table 4). Oddly, for this locus, we recover Latreutes
fucorum to be more closely related to Barbouria and Parhippolyte than
Calliasmata nohochi is to Barbouria and Parhippolyte.

Genetic diversity and distance
We separately calculated nucleotide diversity (π) and Tajima’s D
(D) for each mitochondrial gene region in PopART v1.7 (Leigh
& Bryant, 2015) to investigate genetic diversity and demographic
history across the western Atlantic. To investigate genetic divergence between presently recognized genera of Barbouriidae, Nei’s
standard genetic distance (DA) between partial 16S sequences
were calculated using the Dnadist package of PHYLIP v3.695
(Felsenstein, 1989; Tuimala, 2004). All calculations were conducted following standard parameters.

Reclassification of Barbouriidae
The following classification is proposed for Barbouriidae. It is
based on molecular evidence generated from this study and
the accumulated morphological and molecular evidence in the
literature.
Superfamily Alpheoidea Rafinesque, 1815

RESULTS

Family Barbouriidae Christoffersen, 1987

Updated phylogeny of Barbouriidae

Subfamily Barbouriinae

This combined analysis represents 39 terminals from the family
Barbouriidae, representing all presently recognized genera, and
seven outgroups, Ligur ensiferus (Risso, 1816), Lysmata amboinensis
(De Man, 1888), Lysmata debelius Bruce, 1883, Lysmata hochi
Baeza & Anker, 2009, Lysmata intermedia (Kingsley, 1878), Lysmata
wurdemanni (Gibbes, 1850), and Latreutes fucorum. New sequences
were generated for each gene region (16S, 28S, COI, enolase,
H3, NaK, and PEPCK), for three Barbouria cubensis, three
B. yanezi, four Calliasmata nohochi, three Janicea antiguensis, one
Parhippolyte cavernicola, three P. misticia, three P. sterreri, five P. uveae,
and one Latreutes fucorum individual. Individual gene phylogenies
of 16S, 28S, enolase, H3, NaK, and PEPCK are without conflict
(Supplementary material Figs. S1–S8). Calliasmata is recovered as
sister to Lysmata in the COI phylogeny but has poor support at
the conflicting nodes (bootstrap values < 50). All relationships
within the concatenated phylogeny were recovered with significant support using ML and Bayesian analyses (Fig. 3). Ligur was
the earliest branching lineage and a sister clade to Lysmatidae
+ Barbouriidae. Calliasmata pholidota and C. nohochi form a
monophyletic group (clade 1) and is sister to the remaining
barbouriids. Four individuals of B. cubensis and three of B. yanezi
form a monophyletic group (clade 2) and is sister to a paraphyletic group of Parhippolyte + Janicea antiguensis. Janicea antiguensis
is recovered as a sister species to P. sterreri (clade 3), which falls
sister to a clade composed of remaining species of Parhipplyte
(clades 4 and 5). Clade 4 represents Parhippolyte uveae (including
P. cf. uveae from GenBank). Parhippolyte cavernicola is recovered as
a sister species to P. misticia (clade 5). Several misidentifications
or unidentified GenBank individuals were revealed during this
study (denoted as * in Figure 3, and these can be found denoted
in Table 2).

Genus Parhippolyte Borradaile, 1900
Parhippolyte antiguensis (Chace, 1972)
Parhippolyte cavernicola Wicksten, 1996
Parhippolyte misticia (Clark, 1989)
Parhippolyte rukuensis Burukovsky, 2007
Parhippolyte sterreri (Hart & Manning, 1981)
Parhippolyte uveae Borradaile, 1900
Genus Barbouria Rathbun, 1912
Barbouria cubensis (von Martens, 1872)
Subfamily Calliasmatinae
Genus Calliasmata Holthuis, 1973
Calliasmata nohochi Escobar-Briones, Camacho & Alcocer, 1997
Calliasmata pholidota Holthuis, 1973
Calliasmata rimolii Chace, 1975

Subfamily Callismatinae
Diagnosis: Sensory dorsal organs of carapace, if present, highly
reduced. Infraorbital angle of carapace depressed, inconspicuous
below antennal tooth, subocular tooth absent. Rostrum, if present, highly reduced, unarmed. Carapace bearing minute scales or
setules. Palp and incisor process of mandible, if present, highly reduced. Eyes highly degenerated, with eyestalks fused basally. First
pereiopod and third maxilliped notably robust in comparison to
other pereiopods.
Genera included: Calliasmata Holthuis, 1973.
Material examined: see Supplementary material Table S10.
5
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Stamatakis et al., 2005) with computations performed on the
high-performance computing cluster at Florida International
University. Likelihood settings followed the general time reversible model with a gamma distribution and estimates of the proportion of invariable sites (GTR+I+G) and RAxML estimated
all free parameters. Confidence in the resulting topologies was
assessed using rapid bootstrapping and a search for the bestscoring tree with 1,000 replicates (Felsenstein, 1985). We performed Bayesian inference (BI) analyses using parameters selected
by PartitionFinder 2.7.1 and conducted in MrBayes v3.2.6
(Huelsenbeck & Ronquist, 2001). A MCMC algorithm ran for
10,000,000 generations, sampling one tree every 1,000 generations. Observation of likelihood scores allowed us to determine
burnins and stationary distributions. Once split frequency in the
Bayesian analysis reached < 0.01, a 50% majority-rule consensus
tree was obtained from the remaining trees. Posterior probabilities
for clades were compared for congruence between analyses, bootstrap values > 70 for RAxML and > 0.90 for Bayesian are presented on the phylograms.

R.E. D I T T ER ET AL.

Subfamily Barbouriinae

of pereiopods. First pereiopods chelate; chelae slender, moderately small. Second pereiopods with carpus divided into articles,
ischium and merus faintly subdivided. Third to fifth pereiopods
with or without posterior segments subdivided into articles.

Diagnosis: Carapace with 2 moderately large and 2 small sensory dorsal organs (Fig. 4); first large organ associated with and
posterior to epigastric tooth, second organ medial along dorsal
margin located medially within cardiac region, small posterolateral
pair juxtaposed to second large organ (Fig. 4). Cornea darkly pigmented, may be broader or narrower than eyestalk. Mandible
with 3-jointed palp, incisor process absent. Pereiopods elongated, with or without arthrobranchs at bases of anterior 4 pairs

Genera included: Parhippolyte Borradaile, 1900 and Barbouria Rathbun,
1912.

Figure 3. Bayesian phylogram for Barbouriidae (N = 9) based on a 16S, 28S, COI, enolase, H3, NaK and PEPCK concatenated data set. BI posterior
probabilities and maximum likelihood (ML) bootstrap values noted above branches. Values > 0.7 for ML and > 90% for BI are shown and represented by
percentages. Catalog numbers represent voucher specimens (whole or tissue) housed in the Florida International Crustacean Collection (FICC). *, misidentified, unresolved, or reclassified individuals (refer to Table 2 for correct identifications based on molecular data). This figure is available in color at Journal of
Crustacean Biology online.

Table 2. Original and corrected identifications of taxa in Barbouriidae. See Material and Methods for museum abbreviations.
Taxon
Museum catalog no.

Original

Corrected

HBG9168

Barbouria yanezi

Barbouria cubensis

HBG9180

Barbouria yanezi

Barbouria cubensis

HBG9181

Barbouria yanezi

Barbouria cubensis

HBG66/OUMNH.ZC.2004-15-002

Janicea antiguensis

Parhippolyte antiguensis

HBG9999

Janicea antiguensis

Parhippolyte antiguensis

HBG10000

Janicea antiguensis

Parhippolyte antiguensis

HBG10114/MNHN-IU-2012-1001

Parhippolyte uveae

Parhippolyte misticia

HBG10115/MNHN-IU-2012-1002

Parhippolyte uveae

Parhippolyte misticia

HBG10117/MNHN-20018–3568

Parhippolyte uveae

Parhippolyte misticia

NTOU M01675/TWH-2014

Parhippolyte sp.

Parhippolyte misticia

JAB-2013

Parhippolyte cf. uveae

Parhippolyte uveae
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Material examined: see Supplementary material Table S10.
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Table 3. Mean (and standard error) of genetic distances between genera of Barbouriidae for the 16S partial gene regions.
Lysmata

Calliasmata

Barbouria

Janicea

Parhippolyte

Ligur

0.022 (0.025)

0.309 (0.024)

0.321 (0.006)

0.329 (0.000)

0.344 (0.010)

0.304 (0.027)

Lysmata

0.309 (0.024)

0.112 (0.104)

0.329 (0.015)

0.334 (0.021)

0.352 (0.018)

0.330 (0.029)

Calliasmata

0.331 (0.005)

0.344 (0.015)

0.099 (0.118)

0.311 (0.006)

0.303 (0.022)

0.300 (0.021)

Barbouria

0.329 (0.000)

0.334 (0.021)

0.311 (0.006)

0.000 (0.000)

0.260 (0.007)

0.238 (0.014)

Janicea

0.344 (0.010)

0.352 (0.018)

0.303 (0.022)

0.260 (0.007)

0.007 (0.009)

0.113 (0.018)

Parhippolyte

0.304 (0.027)

0.330 (0.029)

0.300 (0.021)

0.238 (0.014)

0.113 (0.018)

0.089 (0.054)

Table 4. Genetic distances for the CO1 partial gene region in species of Barbouriidae amplified with the F/10 primers. GenBank accession numbers
and alternative museum catalog numbers are listed in Table 1. Individuals with asterisk (*) represent eclassified specimens. See Table 2 for the correct
identifications.
Latreutes Calliasmata Barbouria Barbouria Parhippolyte Parhippolyte Parhippolyte Parhippolyte Parhippolyte Janicea
fucorum nohochi
cubensis yanezi
sterreri
uveae*
misticia
uveae
cavernicola antiguensis
Voucher

HBG2764 HBG10010

HBG1937

HBG9181

HBG2149

HBG10114

HBG10125

HBG10135

HBG10136

HBG10000

Latreutes fucorum

0

0.4425

0.4425

0.4875

0.4338

0.4257

0.4302

0.4782

0.4031

0.6878

Calliasmata nohochi 0.6878

0

0.5072

0.5072

0.5343

0.5007

0.5030

0.5074

0.6459

0.5014

Barbouria cubensis 0.4425

0.5072

0

0

0.2717

0.3173

0.3184

0.2760

0.2887

0.2904

0.4425

0.5072

0

0

0.2717

0.3173

0.3184

0.2760

0.2887

0.2904

Parhippolyte sterreri 0.4875

B. yanezi

0.5343

0.2717

0.2717

0

0.2241

0.2297

0.2180

0.2509

0.2041

P. uveae*

0.4338

0.5007

0.3173

0.3173

0.2241

0

0.0073

0.2119

0.2556

0.2478

P. misticia

0.4257

0.5030

0.3184

0.3184

0.2297

0.0073

0

0.2126

0.2595

0.2437

P. uveae

0.4302

0.5074

0.2760

0.2760

0.2180

0.2119

0.2126

0

0.0300

0.2345

P. cavernicola

0.4782

0.6459

0.2887

0.2887

0.2509

0.2556

0.2595

0.0300

0

0.2674

Janicea antiguensis 0.4031

0.5014

0.2904

0.2904

0.2041

0.2478

0.2437

0.2345

0.2674

0

Grave et al. (2014) advanced our understanding of hippolytid relationships, many generic- and species-level relationships within
Barbouriidae remained unresolved due to limited sampling.
Anchialine species are often endemic and increasingly rare. It
is important to examine evolutionary relationships between these
species and their allies to improve management efforts. Our study
presents the most comprehensive treatment to date of barbouriid
phylogeny. Our results recover Ligur as the earliest branching lineage and is markedly outside of Lysmata. De Grave et al. (2014)
found Ligur to be included within Lysmatidae, but our finding
shows Ligur to be a distinct lineage, using Latreutus fucorum as the
outgroup taxon. It is possible Ligur may need to be considered outside of Lysmatidae; however, further analyses with the inclusion
of additional specimens of L. ensiferus, and species of Lysmatidae
and Hippolytidae is required to resolve this relationship.
Calliasmata is the earliest branching lineage of Barbouriidae,
which is in congruence with previous molecular findings (De
Grave et al., 2014). More surprising, the genetic distance separating Calliasmata from the remaining barbouriids is comparable to
the family-level distances between Lysmatidae and Barbouriidae,
suggesting that Calliasmata represents a separate taxonomic group
(Tables 3, 4). From a morphological standpoint, Calliasmata lacks
any significant synapomorphy previously identified for Barbouriidae
as stated by De Grave et al. (2014). The genus differs from genera
of Barbouriidae in having the rostrum formed by a simple spine,
degenerate and immovable eyes that may or may not be fused, the
scaphocerite not reaching beyond the distal margin of the third
antennular peduncle and lacking a 3-jointed palp, and the presence of a single podobranch on the second maxilliped and a single
arthrobranchs on the third maxilliped (Holthuis, 1973; Chace,
1975; Escobar-Briones et al., 1997). The relationships formed within
the multi-locus phylogenetic tree (Fig. 3), genetic distances and morphological evidence, provide strong support that Barbouriinae and
Calliasmatinae be erected as a monogeneric subfamilies within
Barbouriidae. Erecting these subfamilies resolves the disparity

Figure 4. Sensory dorsal organs (SDO) of Barbouria cubensis (illustrated by
RED). SDO associated with and posterior to the epigastric tooth (A), single
large SDO within cardiac region and a small pair juxtaposed to the larger
SDO (B). Scale bar = 1mm.

DISCUSSION
The classification of Barbouriidae has undergone numerous revisions and still lacks an accurate formal morphological definition (De Grave et al., 2014). Our tree, based on multi-locus
phylogenetic methods, includes representatives of all barbouriid
genera (Fig. 3). The tree excludes Parhippolyte rukuensis and
Calliasmata rimolii as no sequence data is available for these species
and attempts to locate molecular-grade material failed. All previous studies have at least one representative of Parhippolyte and
found support for the continued recognition of Barbouriidae, with
the inclusion of Barbouria, Parhippolyte, and Janicea (Chace, 1997;
Fiedler et al., 2010; Baeza, 2013; De Grave et al., 2014; AznarCormano et al., 2015). De Grave et al. (2014) found evidence for
the inclusion of Calliasmata into Barbouriidae, based on their
phylogenetic analysis of 16S, enolase and NaK, and because
all species of Calliasmata are anchialine cave dwellers. While De
7
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Table 5. Comparison between diagnostic characters of Barbouriinae and Calliasmatinae.
Calliasmatinae

Rostrum with dorsal and ventral margin armed, usually reaching beyond

Rostrum, if present, highly reduced and unarmed, not reaching beyond

the eyestalk.

eyestalk.

2

Carapace with subocular tooth.

Carapace without subocular tooth.

3

Carapace smooth, without setules.

Carapace and integument bearing setules.

4

Sensory dorsal organs of carapace well developed; (1) associated with

Sensory dorsal organs of carapace, if present, highly reduced.

1

epigastric tooth, (2) located within cardiac region (Fig. 4).
5

Mandible with 3-jointed palp.

Palp of mandible, if present, highly reduced.

6

Cornea darkly pigmented and well developed.

Cornea, if present, highly degenerate.

7

Eyestalk not fused basally.

Eyestalk fused together basally.

8

Third maxilliped and first pereiopod narrow and elongated, slightly more

Third maxilliped and first pereiopod notably more robust compared to

robust compared to remaining pereiopods.

remaining pereiopods.

between morphological and molecular evidence as to the relationship between Calliasmata and other barbouriids (Fig. 3; Tables 3–5),
but Barbouriidae still lacks a complete definition (De Grave et al.,
2014).
Another surprising result is the phylogenetic position of Janicea
antiguensis, significantly supported within Parhippolyte and as
the sister taxon to P. sterreri (clade 3; Fig. 3). In all phylogenetic
trees, including single gene phylogenies, J. antiguensis was found
nested within the genus Parhippolyte. Janicea antiguensis is similar to
Parhippolyte in the subdivision of the three posterior pereiopods
and having a cornea that is wider than the eyestalk, and is superficially most similar to P. misticia (Chace, 1972; Clark, 1989). Janicea
antiguensis is similar to Barbouria in its gill compliment (Chace,
1972; Manning & Hart, 1984). Clark (1989) drew attention to
the appendix masculina (AM) being longer than the appendix interna (AI) as a diagnostic character for Janicea. In the likely case
that barbouriid genera are protandric simultaneous hermaphrodites similar to P. misticia, however, the length of the AM versus the
AI will change as individuals transition from the male to female
phase (Onaga et al., 2012). This character and other similar sexually dimorphic characters are thus not viable characters to delineate among species. Morphologically, Janicea seems to represent an
intermediate between Parhippolyte and Barbouria, but our molecular
results suggest a clear affinity between species of Parhippolyte and
J. antiguensis (clade 3; Fig. 3).
Our phylogeny (Fig. 3) finds Parhippolyte to be paraphyletic. The
paraphyly can be resolved by either considering Janicea as a junior
synonym of Parhippolyte, or by resurrecting the genus Somersiella.
In our tree, P. sterreri is found to form a group with J. antiguensis
(clade 3; Fig. 3) and is sister to a clade composed of P. misticia +
P. uveae + P. cavernicola (clades 4 and 5; Fig. 3). It is noteworthy
that Parhippolyte sterreri was first described as Somersiella sterreri (Hart
& Manning, 1981) and Somersiella was considered distinct from
Parhippolyte due to the lack of a podobranch on the second maxilliped (Manning & Hart, 1984), and whether or not the telson terminated in a sharp point (Christoffersen, 1987). The examination
of material of P. sterreri revealed a podobranch on the second maxilliped previously diagnosed as being absent, and that characters
that are distinct among genera are likely species-specific (Wicksten,
1996). There is no morphological evidence supporting the resurrection of Somersiella (Wicksten, 1996). The inclusion of more material, including P. cavernicola, has helped resolve the relationships
among species of Parhippolyte. Based on a lack of morphological
evidence and our multi-locus phylogeny, we find the best solution
is to consider Janicea as a junior synonym of Parhippolyte and retain
P. sterreri within the genus Parhippolyte.
The relationship between P. misticia and P. uveae could not be
resolved using only the available sequences from GenBank. The
inclusion of additional material of P. misticia, P. cavernicola, and
P. uveae has revealed the evolutionary relationships within this

Figure 5. Parhippolyte uveae (from Fransen & Tomascik, 1996: fig. 1) (A);
Barbouria cubensis (from Hobbs et al., 1977: fig. 33) (B); Parhippolyte cavernicola
(from Wicksten, 1996: fig. 1) (C); Parhippolyte sterreri formerly Somersiella sterreri
(from Hart & Manning, 1981: fig. 1) (D); Parhippolyte misticia (from Clark,
1989: fig. 1) (E); Janicea antiguensis (from Chace, 1972: fig. 40b) (F).

genus and mistaken or unresolved identification of species within
Parhippolyte (Table 2). Updating the GenBank and museum records
for the corresponding sequences for these Parhippolyte species resolves the conflicts in the phylogenies created by the inclusion of
these sequences (Table 2).
Our phylogeny finds Barbouria cubensis and Barbouria yanezi form
a single species, representing by a polytomy in our tree (Fig. 3).
Barbouria yanezi was described as a distinct species within Barbouria
based on the length of the rostrum, number and positioning of
rostral teeth, length to width ratio of the scaphocerite, length
ratios of the articles of the first and second pereiopod, length of
the appendix masculina versus the appendix interna, number of
terminal spines, and maximum recorded carapace length (Mejía
et al., 2008). All of the differences between B. yanezi and B. cubensis
fall within the range of PhyV documented in B. cubensis (Ditter
et al., 2019). Based on the lack of genetic morphological differences we consider Barbouria yanezi to be a synonym of B. cubensis.
This reverts Barbouria to a monotypic genus.
8
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KEY FOR SUBFAMILIES BARBOURIINAE AND CALLIASMATINAE
Carapace armed with unique subocular tooth posterodorsal to the orbital angle; mandible with 3-jointed palp; carapace with sensory
dorsal organs, the first associated and posterodorsal to the epigastric tooth and the second along the dorsal median margin within cardiac region, with smaller pair posterolateral juxtaposed to second sensory dorsal organ������������������������������������������������������Barbouriinae
Infraorbital angle of the carapace depressed and inconspicuous below small antennal tooth, subocular tooth absent; eye highly
reduced with eyestalks fused basally; rostrum, if present, unarmed, not reaching past eyestalk; palp and incisor process of mandible,
if present, highly reduced; third maxilliped and first pereiopod notably robust; sensory dorsal organs, if present, highly reduced
���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������� Calliasmatinae

KEY TO SPECIES OF CALLIASMATA, SUBFAMILY CALLIASMATINAE (MODIFIED FROM ESCOBARBRIONES ET AL., 1997)
1. Rostrum overreaching eyes, antennal spine overreaching distal margin of eyes, third to fifth pleura of abdominal somites with
strong ventral tooth, telson margin bearing 3 spines ����������������������������������������������������������������������������������������������������������������� C. pholidota
Rostrum not overreaching eyes, antennal spine almost reaching distal margin of eyes, third to fifth pleura of abdominal somites
without ventral tooth, telson margin without spines ���������������������������������������������������������������������������������������������������������������������������������2
2. Carapace and integument with setules, third to fifth pleura posteroventral angle acute produced into tooth, propodus of fourth
pereiopod 5 times longer than dactylus���������������������������������������������������������������������������������������������������������������������������������������� C. nohochi
Setules of carapace and integument, if present, highly reduced, posteroventral angle of third to fifth pleura acute without tooth,
propodus of fourth pereiopod 4 times longer than dactylus��������������������������������������������������������������������������������������������������������� C. rimolii

KEY TO GENERA OF SUBFAMILY BARBOURIINAE
1. Eyes large, cornea darkly pigmented, broader than eyestalk ��������������������������������������������������������������������������������������������������������������� 2
Eyes reduced, cornea darkly pigmented, narrower than or subequal to the eyestalk �������������������������������������������������� B. cubensis (Fig. 5B)
2. Carpus and propodus of third to fifth pereiopods multiarticulate ������������������������������������������������������������������������������������������������������� 3
Carpus and propodus of third to fifth pereiopods not multiarticulate �������������������������������������������������������������������������� P. sterreri (Fig. 5D)
3. Anterior 4 pereiopods with arthrobranchs�������������������������������������������������������������������������������������������������������������������������������������������� 4
Anterior 4 pereiopods without arthrobranchs ����������������������������������������������������������������������������������������������������������� P. antiguensis (Fig. 5F)
4. Pleuron of fourth abdominal somite rounded or subacute without terminal point ���������������������������������������������������������������������������� 5
Pleuron of fourth abdominal somite acute or subacute with terminal point, fifth and sixth pleuron produced into tooth, appendix
masculina of second male pleopod not reaching as far as distal end of appendix interna, terminal margin of telson formed into point,
terminating in a strong tooth �������������������������������������������������������������������������������������������������������������������������������������������� P. uveae (Fig. 5A)
5. Pleuron 5 of abdominal somite unarmed, appendix masculina of second male pleopod shorter than appendix interna���������������������
����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������� P. cavernicola (Fig. 5C)
Pleuron 5 of abdominal somite produced into tooth, appendix masculina of second male pleopod longer than appendix interna ���� 6
6. Rostrum armed with more than 1 dorsal and ventral teeth, extending almost to the distal end of basal segment of antennular peduncle, terminal margin of telson formed into point, terminating in a weak tooth ������������������������������������������������������� P. misticia (Fig. 5E)
Rostrum armed with a single dorsal and ventral tooth, not reaching to the distal end of the basal segment of the antennular peduncle
���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������� P. rukuensis

9

Downloaded from https://academic.oup.com/jcb/article-abstract/doi/10.1093/jcbiol/ruaa037/5867483 by TCS_Member_Access user on 05 July 2020

J. antiguensis lack arthrobranchs on the first and second maxillipeds, whereas all species of Barbouriinae have two arthrobranchs
on the first and second maxillipeds. These characters suggest that
the ancestor of Barbouriinae likely possessed a greater number
of troglodytic adaptations that have been lost over time. It is
peculiar, however, that J. antiguensis shares characters with both
Atlantic and Pacific species of Barbouriidae. Such distribution
suggests that after Barbouria further diverged from its troglodytic
ancestor barbouriids before invading the Pacific. It would be of
particular interest to investigate the results of an ancestral state
reconstruction to gain a better understanding when these invasions and divergences occurred.
Our results are not expected to fully resolve the classification
of all barbouriids, but represents progress towards unraveling the
relationships among these species, which have remained enigmatic to caridean systematists. This study is intended to provide
clarity into the evolutionary history of Barbouriidae and provide a
framework for future studies.

Some noteworthy phylogeographic patterns emerge in our
barbouriid tree (Figs. 2, 3). Barbouria cubensis (Atlantic species) is
the earliest branching lineage of Barbouriinae (clade 2; Fig. 3),
sister to a clade comprised of P. sterreri + J. antiguensis (clade 3;
Fig. 3) and P. misticia + P. cavernicola + P. uveae (clades 4 and 5;
Fig. 3). This would suggest that Barbouriinae originated in the
Atlantic after the invasion of caves. Pacific barbouriids also appear superficially similar to Atlantic counterparts, with similar
a morphological appearance between P. uveae and B. cubensis,
P. cavernicola and P. sterreri, and P. misticia and J. antiguensis (Figs. 1,
5). Our phylogeny also suggests that Barbouriidae likely originated from shallow-water reef species prior to invading caves,
instead of deep-sea species, a hypothesis based on the close relationship of Barbouriidae with Lysmatidae. A cornea that is
narrower than the eyestalk is a predominant troglodytic adaptation found in Barbouriinae but only present in B. cubensis. Only
B. cubensis and P. sterreri have the propodus and carpus of the
third to fifth pereiopods not articulated. Barbouria cubensis and
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SUPPLEMENTARY MATERIAL
Supplementary material is available at Journal of Crustacean
Biology online.
S1 Figure. 16S loci phylogeny with support values calculated
using RAxML,
S2 Figure. 28S loci phylogeny with support values calculated
using RAxML,
S3 Figure. Enolase loci phylogeny with support values calculated using RAxML,
S4 Figure. H3 loci phylogeny with support values calculated
using RAxML,
S5 Figure. NaK loci phylogeny with support values calculated
using RAxML,
S6 Figure. PEPCK loci phylogeny with support values calculated using RAxML,
S7 Figure. COI loci (amplified with F/10 primers) phylogeny
with support values calculated using RAxML,
S8 Figure. COI loci (amplified with LCO1490/HCO2198 primers) phylogeny with support values calculated using RAxML,
S9 Table. Heat map and genetic distances (DA) for the 16S partial gene region.
S10 Table. Material of Barbouriidae examined.

ACKNOWLEDGEMENTS
We would like to thank Drs. Thomas Iliffe, T.-Y. Chan, Darryl
Felder, Craig Layman, Jocelyn Curtis-Quick, and the Cape
Eleuthera Institute, The Bahamas for their assistance in the collection of material. We also thank the curators at USNM and
MNHN for providing valuable additional material of Parhippolyte.
We are grateful for the support and assistance of the Gerace
Research Centre, San Salvador, Bahamas and the Bahamian citizens during field work. We are grateful to A. Kerstitch, J. Starmer,
T. Iliffe and Meerwasser-Aquaristik-Studio-Korallenkiste, Rosbach
vor der Höhe, Germany for providing permission to use photos
of barbouriids. We would also like to thank the Dr. Sammy De
Grave and the anonymous reviewers for their incite and feedback.
This study was supported in part by a student research award
from the Gerace Research Centre and The Crustacean Society’s
Graduate Student Fellowship awarded to RED. LMMO thanks the
Consejo Nacional de Ciencia y Tecnología (CONACYT), Mexico
to support the exploration in karstic areas in Mexico by funding
the project CONACYT-258494 (Fondo Sectorial de Investigación
para la Educación). Additional support was provided by Florida
International University. This is contribution no. 192 from the
Coastlines and Oceans Division of the Institute of Environment at
Florida International University.

REFERENCES
Ahyong, S. & O’Meally, D. 2004. Phylogeny of the Decapoda Reptantia:
Resolution using three molecular loci and morphology. Raffles Bulletin
of Zoology, 52: 673–693.
Aznar-Cormano, L., Brisset, J., Chan, T.Y., Corbari, L., Puillandre, N.,
Utge, J., Zbinden, M., Zuccon, D. & Samadi, S. 2015. An improved
taxonomic sampling is a necessary but not sufficient condition for resolving inter-families relationships in Caridean decapods. Genetica, 143:
195–205.
Baeza, J.A. 2010 Molecular systematics of peppermint and cleaner
shrimps: phylogeny and taxonomy of the genera Lysmata and
Exhippolysmata (Crustacea: Caridea: Hippolytidae). Zoological Journal of
the Linnean Society, 160: 254–265.
Baeza, J.A. 2013. Molecular phylogeny of broken-back shrimps (genus
Lysmata and allies): A test of the ‘Tomlinson-Ghiselin’ hypothesis explaining the evolution of hermaphroditism. Molecular Phylogenetics and
Evolution, 69: 46–62.

10

Downloaded from https://academic.oup.com/jcb/article-abstract/doi/10.1093/jcbiol/ruaa037/5867483 by TCS_Member_Access user on 05 July 2020

Baeza, J.A. & Anker, A. 2009. Lysmata hochi n. sp., a new hermaphroditic
shrimp from the southeastern Caribbean Sea (Caridea: Hippolytidae).
Journal of Crustacean Biology, 28: 148–155.
Becking, L.E., Renema, W., Santodomingo, N.K., Hoeksema, B.W.,
Tuti, Y. & de Voogd, N.J. 2011. Recently discovered landlocked basins in Indonesia reveal high habitat diversity in anchialine systems.
Hydrobiologia, 677: 89–105.
Bishop, R.E., Humphreys, W.F., Cukrov, N., Žic, V., Boxshall, G.A.,
Cukrov, M., Iliffe, T.M., Kršinić, F., Moore, W.S., Pohlman, J.W. &
Sket, B. 2015. ‘Anchialine’ redefined as a subterranean estuary in a
crevicular or cavernous geological setting. Journal of Crustacean Biology,
35: 511–514.
Borradaile, L.A. 1900. On the Stomatopoda and Macrura brought by Dr.
Willey from the South Seas. In: Willey, A., Zoological results based on material from New Britain, New Guinea, Loyalty Islands and elsewhere, collected
during the years 1895, 1896, and 1897…, pp. 395–428. University Press,
Cambridge, UK.
Bracken-Grissom, H.D., Ahyong, S.T., Wilkinson, R.D., Feldmann, R.M.,
Schweitzer, C.E., Breinholt, J.W., Bendall, M., Palero, F., Chan, T.Y., Felder, D.L., Robles, R., Chu, K.-H., Tsang, L.-M., Kim, D.,
Martin, J.W. & Crandall, K.A. 2014. The emergence of the lobsters: phylogenetic relationships, morphological evolution and divergence time comparisons of an ancient group (Decapoda: Achelata,
Glypheidea, Polychelida). Systematic Biology, 63: 457–479.
Bracken, H.D., De Grave, S. & Felder, D.L. 2009a. Phylogeny of the infraorder Caridea based on mitochondrial and nuclear genes (Crustacea:
Decapoda). In: Decapod crustacean phylogenetics (J.W. Martin,
K.A. Crandall & D.L. Felder, eds.). Crustacean Issues, 18: 274–300.
Bracken, H.D., Toon, A, Felder, D.L., Martin, J.W., Finley, M.,
Rasmussen, J., Palero, F. & Crandall, K. 2009b. The decapod tree of
life: compiling the data and moving toward a consensus of decapod
evolution. Arthropod Systematics and Phylogeny, 67: 99–116.
Bruce, A.J. 1883. Lysmata debelius new species, a new hippolytid shrimp
from the Philippines. Revue française d’Aquariologie, 9[1982]: 115–120.
Buden, D.W. & Felder, D.L. 1977. Cave shrimps in the Caicos Islands.
Proceedings of the Biological Society of Washington, 90: 108–115.
Burukovsky, R.N. 2007. On some new and rare shrimps from the IndoWestern Pacific. Zoologicheskii Zhurnal, 86: 1–8 [in Russian].
Chace, F.A. 1997. The Caridean shrimps (Crustacea: Decapoda) of
the Albatross Philippine Expedition, 1907–1910, part 7: families
Atyidae, Eugonatonotidae, Rhynchocinetidae, Bathypalaemonellidae,
Processidae, and Hippolytidae. Smithsonian Contributions to Zoology, 587:
1–106.
Chace, F.A. Jr. 1975. Cave shrimps (Decapoda: Caridea) from the
Dominican Republic. Proceedings of the Biological Society of Washington, 88:
29–44.
Chace, F.A. 1972. The shrimps of the Smithsonian-Bredin Caribbean
Expeditions with a summary of the West Indian shallow-water species
(Crustacea: Decapoda: Natantia). Smithsonian Contributions to Zoology, 98:
1–179.
Christoffersen, M.L. 1987. Phylogenetic relationships of hippolytid
genera, with an assignment of new families for the Crangonoidea and
Alpheoidea (Crustacea, Decapoda, Caridea). Cladistics, 3: 348–362.
Christoffersen, M.L. 1990. A new superfamily classification of the Caridea
(Crustacea: Pleocymata) based on phylogenetic pattern. Zeitschrift für
Zoologische Systematik und Evoluationsforschung, 28: 94–106.
Clark, J. 1989. Koror misticius, new genus, new species (Decapoda:
Hippolytidae), a cave shrimp from Palau. Journal of Crustacean Biology,
9: 445–452.
Crandall, K.A. & Fitzpatrick, J.F. 1996. Crayfish molecular systematics:
Using a combination of procedures to estimate phylogeny. Systematic
Biology, 45: 1–26.
De Grave, S., Li, C.P., Tsang, L.M., Chu, K.H. & Chan, T.Y. 2014.
Unweaving
hippolytoid
systematics
(Crustacea,
Decapoda,
Hippolytidae): Resurrection of several families. Zoologica Scripta, 43:
496–507.
De Man, J.G. 1888. Bericht über die von Herrn Dr. J. Brock im indischen
Archipel gesammelten Decapoden und Stomatopoden. Archiv für
Naturgeschichte, 53: 289–600, pls. 11–22a.
Ditter, R.E., Erdman, R.B., Goebel, A.M. & Bracken-Grissom, H.D. 2019.
Widespread phenotypic hypervariation in the enigmatic anchialine
shrimp Barbouria cubensis (Decapoda: Barbouriidae). Zootaxa [doi:
10.11646/Zootaxa.5648.1.1].
Escobar-Briones, E., Camacho, M.E. & Alcocer, J. 1997. Calliasmata nohochi,
new species (Decapoda: Caridea: Hippolytidae), from Anchialine Cave

E VOLU TI ONA RY REL AT I O NS HI PS O F BAR BO UR I I DAE
Li, C.P., De Grave, S., Chan, T.-Y., Lei, H.C. & Chu, K.H. 2011. Molecular
systematics of caridean shrimps based on five nuclear genes: Implications
for superfamily classification. Zoologischer Anzeiger, 250: 270–279.
Manning, R.B. & Hart, C.W. 1984. The status of the hippolytid shrimp
genera Barbouria and Ligur (Crustacea: Decapoda): A Reevaluation.
Proceedings of the Biological Society of Washington, 97: 655–665.
Martens, E., von. Über cubanische Crustaceen nach den Sammlungen Dr.
J. Gundlach’s. Archiv für Naturgeschichte, 38: 77–147.
Mejía, L.M., Zarza, E. & López, M. 2008. Barbouria yanezi sp. nov., a
new species of cave shrimp (Decapoda, Barbouriidae) from Cozumel
Island, Mexico. Crustaceana, 81: 663–672.
Onaga, H., Fiedler, G. & Baeza, J. 2012. Protandric simultaneous
hermaphroditism in Parhippolyte misticia (Clark, 1989) (Caridea:
Hippolytidae): implications for the evolution of mixed sexual systems
in. Journal of Crustacean Biology, 32: 383–394.
Palumbi, S., Martin, A., Romano, S., McMillan, W.O., Stice, L. &
Grabowski, G. 1991. The simple fool’s guide to PCR. Department of
Zoology and Kewalo Marine Laboratory, University of Hawaii,
Honolulu.
Page, T.J., Short, J.W., Humphrey, C.L., Hillyer, M.J. & Hughes, J.M. 2008.
Molecular systematics of the Kakaducarididae (Crustacea: Decapoda:
Caridea). Molecular Phylogenetics and Evolution, 46: 1003–1014.
Pérez-Moreno, J.L., Iliffe, T.M. & Bracken-Grissom, H.D. 2016. Life in
the underworld: anchialine cave biology in the era of speleogenomics.
International Journal of Speleology, 45: 149–170.
Porter, M.L., Perez-Losada, M. & Crandall, K.A. 2005. Model-based
multi-locus estimation of decapod phylogeny and divergence times.
Molecular Phylogenetics and Evolution, 37: 355–369.
Rafinesque, C.S. 1815. Analyse de la nature ou Tableau de l’univers et des corps
organisés. Palermo, Italy [English translation by A.J. Cain, 1990, Tryonia,
20: 104–218].
Rathbun, M.J. 1912. Some Cuban Crustacea, with notes on the Astacidae
by Walter Faxon, and a list of Isopoda, by Harriet Richardson. Bulletin
of the Museum of Comparative Zoology, 54 (15): 451–460, pls. 1–5.
Risso, A. 1816. Histoire naturelle des Crustacés des environs de Nice. Librairie
Grecque-Latine-Allemande, Paris.
Robles, R., Schubart, C.D., Conde, J.E., Carmona-Suarez, C., Alvarez, F.,
Villalobos, J.L. & Felder, D.L. 2007. Molecular phylogeny of the
American Callinectes Stimpson, 1860 (Brachyura: Portunidae), based on
two partial mitochondrial genes. Marine Biology, 150: 1265–1274.
Sarato, C. 1885. Ligur Edwardsii, Nob. Études sur les Crustacés de Nice.
In: Le Moniteur des Étrangers à Nice, 9 (222): 2.
Song, H., Buhay, J.E., Whiting, M.F. & Crandall, K.A. 2008. Many species in
one: DNA barcoding overestimates the number of species when nuclear
mitochondrial pseudogenes are coamplified. Proceedings of the National
Academy of Sciences of the United States of America, 105: 13486–13491.
Stamatakis, A., Ludwig, T. & Meier, H. 2005. RAxML-III: a fast program
for maximum likelihood-based inference of large phylogenetic trees.
Bioinformatics, 21: 456–463.
Swofford, D.L. 2002. PAUP*: phylogenetic analysis using parsimony (* and
other methods). Sinauer, Sunderland, MA, USA.
Tsang, L.M., Ma, K.Y., Ahyong, S.T., Chan, T.-Y. & Chu, K.H. 2008.
Phylogeny of Decapoda using two nuclear protein-coding genes: origin
and evolution of the Reptantia. Molecular Phylogenetics and Evolution, 48:
359–368.
Tuimala, J. 2004. A primer to phylogenetic analysis using Phylip Package, Edn. 2.
Center for Scientific Computing, Espoo, Finland.
Wicksten, M.K. 1996. Parhippolye cavernicola, new species (Decapoda:
Caridea: Hippolytidae) from the Tropical Eastern Pacific, with taxonomic remarks on the genera Somersiella and Koror. Journal of Crustacean
Biology, 16: 201–207.

11

Downloaded from https://academic.oup.com/jcb/article-abstract/doi/10.1093/jcbiol/ruaa037/5867483 by TCS_Member_Access user on 05 July 2020

systems in continental Quintana Roo, Mexico. Journal of Crustacean
Biology, 17: 733–744.
Fabricius, J.C. 1798. Supplementum Entomologiae Systematicae. Proft & Storch,
Hafniae [= Copenhagen].
Felsenstein, J. 1985. Confidence limits of phylogenies: an approach using
the bootstrap. Evolution, 39: 783–791.
Felsenstein, J. 1989. PHYLIP - Phylogeny Inference Package (Version 3.2).
Cladistics, 5: 164–166.
Felsenstein, J. & Churchill, G.A. 1996. A hidden Markov model approach
to variation among sites in rate of evolution. Molecular Biology and
Evolution, 13: 93–104.
Fiedler, G.C., Rhyne, A.L., Segawa, R., Aotsuka, T. & Schizas, N.V. 2010.
The evolution of euhermaphroditism in caridean shrimps: a molecular
perspective of sexual systems and systematics. BMC Evolutionary Biology,
10: 297 [doi: 10.1186/1471-2148-10-297].
Folmer, O., Black, M., Hoeh, W., Lutz, R. & Vrijenhoek, R. 1994. DNA
primers for amplification of mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates. Molecular Marine Biology and
Biotechnology, 3: 294–299.
Fransen, C.H.J.M. & Tomascik, T. 1996. Parhippolyte uveae Borradaile, 1899
(Crustacea: Decapoda: Hippolytidae) from Kakaban Island, Indonesia.
Zoologische Mededelingen, 70: 227–233.
Gibbes, L.R. 1850. Catalogue of the Crustacea in the Cabinet of the
Academy of Natural Sciences of Philadelphia. Proceedings of the Academy
of Natural Sciences of Philadelphia, 5: 22–30.
Hart, C.W. & Manning, R.B. 1981. The cavernicolous caridean shrimps of
Bermuda (Alpheidae, Hippolytidae, and Atyidae). Journal of Crustacean
Biology, 1: 441–456.
Hobbs, H.H. Jr., Hobbs, H.H. III & Daniel, M.A. 1977. A review of
the troglobitic decapod crustaceans of the Americas. Smithsonian
Contributions to Zoology, 244: 1–177.
Holthuis, L. 1973. Caridean shrimps found in land-locked saltwater pools
at four Indo-West Pacific localities (Sinai Peninsula, Funafuti Atoll,
Maui and Hawaii Islands): with the description of one new genus and
four new species. Zoologische Verhandelingen, 128: 3–48.
Huelsenbeck, J.P. & Ronquist, F. 2001. MrBayes: Bayesian inference of
phylogenetic trees. Bioinformatics, 17: 745–755.
Iliffe, T.M. & Kornicker, L.S. 2009. Worldwide diving discoveries of
living fossil animals from the depths of anchialine and marine caves.
Smithsonian Contributions to Marine Sciences, 38: 269–280.
Iliffe, T.M. 1996. Somersiella sterreri. The IUCN Red List of Threatened Species
1996 e.T20371A9192483 [doi: 10.2305/IUCN.UK.1996.RLTS.
T20371A9192483.en].
Katoh, K. & Standley, D.M. 2013. MAFFT Multiple Sequence Alignment
Software Version 7: Improvements in performance and usability.
Molecular Biology and Evolution, 30: 772–780.
Kemp, S. 1914. Hippolytidae. Notes on Crustacea Decapoda in the Indian
Museum, V. Records of the Indian Museum, 10: 81–129.
Kingsley, J.S. 1878. Notes on the North American Caridea in the Museum
of the Peabody Academy of Science at Salem, Mass. Proceedings of the
Academy of Natural Sciences of Philadelphia, 1878: 89–98.
Lanfear, R., Frandsen, P.B., Wright, A.M., Sendfeld, T. & Calcott, B.
2016. PartitionFinder 2: New methods for selecting partitioned models
of evolution for molecular and morphological phylogenetic analyses.
Molecular Biology and Evolution, 34: 772–773.
Leigh, J.W. & Bryant, D. 2015. PopART: Full-feature software for
haplotype network construction. Methods in Ecology and Evolution, 6:
1110–1116.
Legall, N. & Poupin, J. 2018. CRUSTA: Database of Crustacea (Decapoda
and Stomatopoda), with special interest for those collected in French
overseas territories [http://crustiesfroverseas.free.fr/].

