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ARTICLE INFO ABSTRACT

Keywords: Several species of palaemonid shrimps are known to act as fish-cleaning symbionts, with cleaning interactions
Crustacea ranging from dedicated (obligate) to facultative. We confirmed five evolutionarily independent origins of fish
Palaemonidae cleaning symbioses within the family Palaemonidae based on a phylogenetic analysis and the ancestral state
Cleanejr shrimps reconstruction of 68 species, including 13 fish-cleaners from the genera Ancylomenes, Brachycarpus, Palaemon,
Ewe/zf:tli(:: Periclimenes, and Urocaridella. We focus in particular on two distantly related lineages of fish cleaning shrimps

with allopatric distributions, the Indo-West Pacific Ancylomenes and the western Atlantic monophyletic
Ancylomenes/Periclimenes group, which exhibit striking similarities in morphology, colouration and complex
behaviour. Specifically, representatives of both lineages are similar in: (1) the general body shape and colour
pattern; (2) the utilization of sea anemones as conspicuous cleaning stations; and (3) the use of sideways body
swaying to visually promote their bright colour spots in order to attract fish clients. Such morphological, eco-
logical and ethological convergences are apparently due to adaptations to fish cleaning linked to the estab-
lishment of similar modes of communication with fish clients in these species.

1. Introduction

Cleaning is an ecological and behavioural phenomenon widely oc-
curring among animals in terrestrial as well as aquatic ecosystems
(Dickman, 1992). The understanding of the nature of cleaning sym-
bioses has considerably changed over the years, from explaining them
as ectoparasitism, through one-sided exploitation and selfless co-
operation, to the currently prevailing view as a mutually beneficial
interaction (Poulin and Grutter, 1996; Cheney and C6té, 2005; Vaughan
et al., 2017). Cleaning symbiosis has been recently defined by Vaughan
et al. (2017) as a cooperative interspecific behaviour whereby a cleaner
removes and consumes materials that negatively impact a client, and is
preceded by communication between the cleaner and client.

Cleaning interactions at marine locations with a high ectoparasitic
load result in a higher removal rate of ectoparasites and a concurrent
lower rate of removal of other material such as mucus and tissue from
the body surface of client fishes, while the opposite is observed when
ectoparasite abundance is low (Arnal et al., 2001; Becker and Grutter,
2004, 2005; Feder, 1966). These interactions vary according to multiple
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factors, from mutualistic (Bshary et al., 2007), to neutral, or even
parasitic in nature (Becker and Grutter, 2004, 2005; Grutter, 2000;
Cheney and Co6té, 2005), and represent a complex array of relationships
(e.g., Huebner and Chadwick, 2012a, 2012b; Cheney and Co6té, 2005;
Titus et al., 2015). Driven by fitness benefits for both partners (Cheney
and Coté, 2005; Poulin and Grutter, 1996; Poulin and Vickery, 1995),
cleaners may have evolved a reward system to entice hosts to visit them
for stimulation and stress reduction, while at the same time providing
food for the cleaners (Losey, 1972). As stated by Vaughan et al. (2017),
communication between client and cleaner is the catalyst for cleaning
cooperation, and we generally distinguish ‘dedicated’ (termed ‘obligate’
in older literature) and facultative cleaning symbioses, and ‘incidental’
cleaning — as separate forms of mutualistic interactions.

In marine habitats, global cleaner diversity is dominated by fish
species, recently estimated to comprise of at least 208 species from 36
families (Vaughan et al., 2017), while in decapod crustaceans cleaning
symbiosis has only been observed in some 50 species of caridean
shrimps of the families Palaemonidae (Fig. 1), Lysmatidae, and Al-
pheidae, as well as in some stenopodidean shrimps (Vaughan et al.,
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Fig. 1. Palaemonid cleaner shrimps in interactions with fish clients, A-C Indo-West Pacific, D Western Atlantic. A, Urocaridella pulchella on the fimbriated moray Gymnothorax fimbriatus;
B, Ancylomenes holthuisi on the lizardfish Synodus sp.; C, A. magnificus on a snake eel (Ophichthidae); D, A. pedersoni on the glasseye snapper Heteropriacanthus cruentatus. Authors of
photographs: A.H. Hadi (A); T. Gurney (B); J. Belanger (C) (all with the permission of Shutterstock); B. Kra¢mar (D).

2017). The majority of palaemonid cleaners are associated with sea
anemones that are used as conspicuous cleaning stations, with cleaners
mostly occurring in groups of several individuals (Chadwick et al.,
2008; Chen and Huang, 2012; Sargent and Wagenbach, 1975). The
family Palaemonidae at present comprises over 1000 described species
in 150 genera (De Grave and Fransen, 2011), but dedicated cleaner
interactions have only been documented for species belonging to three
genera (Ancylomenes — 2 spp., Periclimenes — 1 sp., Urocaridella — 1 sp.).
On the other hand, facultative cleaning has been documented in further
two genera (Brachycarpus — 1 sp., Palaemon — 3 spp.) (see e.g., Becker
and Grutter, 2005; Chadwick et al., 2008; Ostlund-Nilsson et al., 2005;
Titus et al., 2015, 2017b; Vaughan et al., 2017).

The majority of palaemonid cleaner species are remarkable for their
similarities in bright colouration, body shape, and complex behavioural
acts preceding the cleaning. For example, the western Atlantic (WA)
Ancylomenes pedersoni and Periclimenes yucatanicus wave their long
white antennae (Limbaugh et al., 1961; Titus et al., 2017b), while the
Indo-West Pacific (IWP) members of the genus Ancylomenes ‘dance’
(Becker et al., 2005) or signal with their white-banded clawed legs
(chelipeds) to advertise their services (Chadwick et al., 2008; Okuno
and Nomura, 2002), or to reduce client aggression (Chapuis and Bshary,
2010).

In our study, we used phylogenetic and ancestral state reconstruc-
tion analyses to test the hypothesis that cleaning symbioses evolved
independently in multiple lineages of palaemonid shrimps in two geo-
graphically isolated regions (IWP and WA). Furthermore, we demon-
strate a striking phenotypic convergence of IWP and WA actiniarian-
associated cleaners presently assigned to the genus Ancylomenes.

72

2. Material and methods

2.1. Sampling

We analysed 39 genera (68 spp.) of palaemonid shrimps, including
13 species of the genera Ancylomenes, Periclimenes, Brachycarpus,
Palaemon, and Urocaridella, for which fish-cleaning behaviour has been
reported in the literature or observed in the field by the authors.
Further taxa included in the phylogenetic analysis were selected to
represent palaemonid shrimps related to the above-mentioned genera,
particularly species associated with anemones and other cnidarians. As
the key group of interest consists of species which are related to the
polyphyletic genus Periclimenes (see Horké et al., 2016a), our dataset
largely focuses on these taxa to encompass their diversity and host as-
sociations with other taxa. Apart from 13 species still formally assigned
to Periclimenes, 26 additional species belong to genera already sepa-
rated from it, e.g., Actinimenes, Ancylocaris, Ancylomenes, Brucecaris,
Cristimenes, Cuapetes, Exoclimenella, Laomenes, Manipontonia, Periclime-
nella, Phycomenes, Rapimenes, Zenopontonia. These are predominantly
ectosymbionts on Cnidaria and Echinodermata, or free-living forms.
Endosymbiotic species in molluscs or sponges have been included in our
study to a lesser extent, while ascidian endosymbionts were omitted (as
they are closely related to mollusc endosymbionts, according to the
phylogeny in Horka et al., 2016a). Present phylogenetic dataset thus
covers all main Indo-West Pacific and Atlantic palaemonid taxa relevant
for this aspect of shrimp biology, containing a wide spectrum of species
across the family Palaemonidae, as currently recognized (De Grave
et al., 2015).
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Specimens of shrimp species were mostly collected by ZD during
research expeditions to the Great Barrier Reef (CReefs Lizard Island
2010) and Papua New Guinea (Papua-Niugini 2012), with further sam-
ples obtained from research trips to the Caribbean Sea, the
Mediterranean Sea, the Red Sea, and the South China Sea. Shrimps were
collected directly by scuba diving or by other standard sampling
methods and devices (e.g., trawl, grab, suction pump, rock brushing),
photographed, and preserved in 70-80% ethanol for subsequent iden-
tification and analyses. The majority of specimens were identified to
species level by ZD, with complementary material supplied and/or
identified by CF and SDG from various regions. Pieces of tissue (pleonal
muscle) or eggs were directly preserved in the field in 96-99% ethanol
for subsequent molecular analyses. Details of all taxa including sam-
pling locations, voucher numbers, and GenBank accession numbers, are
listed in Supplementary Table S1. Information of host associations and
cleaning interactions are provided in Table 1.

In-situ movies documenting various elements of cleaning behaviour,
such as claw signalling, body swaying or dancing in front of potential
clients, were recorded with either a Sony HDV 1080i digital camera
housed in an underwater case, or an Olympus Tough TG-4 camera (see
Supplementary videos). These movies were recorded on various occa-
sions during shrimp-collecting scuba dives, and were not primarily
devoted to research fish-cleaning interactions.

2.2. DNA analysis

A total of 261 partial sequences of two nuclear (18S rRNA, histone
H3) and two mitochondrial (16S rRNA and cytochrome c¢ oxidase sub-
unit I, COI) markers were analysed. Most sequences originated from our
previous studies (Fransen, 2014; Horka et al., 2014, 2016a, 2016b),
with additional 15 sequences obtained from GenBank, and six taxa
newly sequenced. For most taxa we had all four markers available, but
we failed to obtain 11 sequences, mostly of 18S (Suppl. Tab. S1).

Total genomic DNA was isolated from posterior pleopods, pleonal
muscle tissue or rarely from eggs (with developed embryos) in very
small females. The isolation was performed with a DNeasy Blood &
Tissue Kit (QIAGEN, Hilden, Germany) following the manufacturer’s
protocol. The markers were amplified by the polymerase chain reaction
(PCR) technique using the primers: 185a2.0 (5’-ATGGTTGCAAAGCTG
AAAC-3’) and 18S9R (5-GATCCTTCCGCAGGTTCACCTAC-3") (Whiting
et al,, 1997) for 18S rRNA; H3af (5-ATGGCTCGTACCAAGCAGAC-
VGC-3’) and H3ar (5-ATATCCTTRGGCATRATRGTGAC-3’) (Colgan
et al., 2008) for histone H3; LCO1490 (5-GGTCAACAAATCATAAAGA
TATTGG-3’) and HCO02198 (5-TAAACTTCAGGGTGACCAAAAAA
TCA-3’) (Folmer et al., 1994) for COI; and either 16Sar (5’-CGCCTGT
TTATCAAAAACAT-3’) and 16Sbr (5-CCGGTCTGAACTCAGATCA
CGT-3’) (Palumbi et al., 2002) or 1471B (5-CCTGTTTANCAAAAACA
TGTCTG-3") and 1472B (5-AGATAGAAACCAACCTGGCTCAC-3’) (Liu
et al., 2007) for 16S rRNA.

Polymerase chain reactions of newly sequenced taxa were per-
formed in 20 ul volumes containing 1 pl of DNA template, 0.4 uM of
each primer, MyTaq Red PCR buffer and 1 U of MyTaq™ Red DNA
polymerase (Bioline Reagents, London, UK).

Thermal cycling profiles followed Horka et al. (2016a) and Li et al.
(2011), and the amplified DNA was purified using the GenElute PCR
Clean-up Kit (Sigma-Aldrich, St. Louis, MO, USA) following the man-
ufacturer’s protocol.

Sanger sequencing reactions were performed using an ABI3730XL
DNA Sequencer by Macrogen (Amsterdam, The Netherlands). For the
mitochondrial marker (COI), the majority of samples were sequenced in
both directions. Sequencing of the nuclear markers (H3, 18S) was
performed mainly in 5’ to 3’ directions, but, as with the mitochondrial
markers, usually with 2-3 samples sequenced to confirm consistency of
the data within a species. The chromatograms were visually checked
and manually edited where appropriate using the software Chromas
v2.6.4 (Technelysium, Brisbane, Australia).
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2.3. Phylogenetic analyses

Multiple sequence alignments were constructed in MEGA6 (Tamura
et al., 2013) using the MUSCLE algorithm (Edgar, 2004). In the same
software, the protein coding sequences (COI, H3) were translated into
amino acids to check for potential stop codons within the open reading
frame. The substitution saturation for COI and H3 genes was tested in
DAMBE v5.3 (Xia and Lemey, 2009) using the index proposed by Xia
et al. (2003). The 3rd codon position of the COI marker was saturated
(P < 0.05), and thus excluded from subsequent analyses. Gblocks
v0.91b (gap selection criterion = allowed gap positions with half) was
used for the detection and elimination of the poorly aligned and highly
divergent regions in 16S and 18S rRNA alignments that may not be
homologous or may have been saturated by multiple substitutions
(Talavera and Castresana, 2007).

Bayesian inference (BI) and Maximum Likelihood (ML) analyses
were used to estimate phylogenetic relationships, both via the on-line
CIPRES Science Gateway v3.3 (Miller et al., 2010). In both analyses, the
four molecular markers used were analysed according to two partition
schemes: all markers individually (four partitions), and with mi-
tochondrial coding loci divided by codon position (excluding the third
saturated position in COI; seven partitions). The best fit model of nu-
cleotide substitution for each data partition was selected under the
Akaike information criterion in PartitionFinder v2.1.1 (Lanfear et al.,
2016).

Bayesian analysis was conducted with MrBayes v3.2.6 on XSEDE
(Ronquist et al., 2012). The posterior probabilities of topologies, branch
lengths and model parameters were inferred independently for each
partition (Suppl. Tab. S2) using the Markov chain Monte Carlo (MCMC)
algorithm. Two independent MCMC runs of four chains were run for
20 x 10° generations with trees sampled and saved every 500 gen-
erations, 25% of them were discarded as burn-in. The remaining trees
were used to construct the 50% majority rule consensus tree and to
estimate the Bayesian posterior probabilities. The convergence of
chains was confirmed by analysis of output parameters in Tracer v1.6
(Rambaut et al., 2014). The resulting tree partitioned by markers is
presented in Fig. 2 (a corresponding tree partitioned by codon positions
can be found in supplementary information). The ML analysis using
GTR+I+T nucleotide model was conducted in RAXML-HPC BlackBox
v8.2.6 (Stamatakis, 2014), ML trees according to both partition
schemes are presented in supplementary information. All obtained trees
were rooted by outgroup taxa from the family Pandalidae and displayed
using ITOL (Interactive Tree Of Life) v3.5.3 (Letunic and Bork, 2016).

Ancestral state character reconstruction (ASR) was performed to
evaluate evolutionary pathways of selected phenotypic traits poten-
tially related to the cleaning life style of shrimps, using Mesquite v3.31
(Maddison and Maddison, 2017). A maximum likelihood analysis of
ancestral states was based on the BI topology of the final four-marker
tree, taking into account branch lengths and using the Markov k-state
one-parameter model, which is a generalization of the Jukes-Cantor
model (Lewis, 2001), and assumes a single rate for all transitions be-
tween character states. The same ASR analysis was also carried out with
the ML tree topology, with the results being identical to those from the
BI topology, thus only the BI-derived topology is presented.

Host affiliations were coded into five states, as follows: free living
shrimps (0), and symbiotic species associated with Cnidaria (1),
Echinodermata (2), Mollusca (3), and Porifera (4). Further, we defined
categories for the following aspects potentially related to the cleaning
life style: shrimp-anemone association (0 — absent, 1 — present), ‘body
swaying’ (0 — absent, 1 — present), and ‘advanced signalling’ for
cleaning, i.e. claw signalling, antennae whipping, and/or display
swimming in front of a potential client (0 — absent, 1 — present), and
fish-cleaning (0 — unknown, 1 - reported), with the question mark (?)
used for the latter two where such behaviour is suspected, but not yet
demonstrated in the literature. The representative colour characters
potentially associated with the cleaning life style in palaemonids were
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Fig. 3. Phylogenetic hypothesis with ancestral state reconstruction assessed by maximum likelihood criterion for selected ecological and behavioural aspects related to the cleaning life
style of palaemonid shrimps, based on the topology of the Bayesian tree (Fig. 2). Pie charts predict the character state in nodes. For further analysed aspects see Suppl. Fig. S3.

delineated as follows: white antennae, white banded chelipeds, pleonal
signal spot, and tail eye-spots; with all coded as 0 (absent) or 1 (pre-
sent). The matrix of all character states is presented in Supplementary
Table S3. For estimating the evolutionary correlation between char-
acters, we used the phylogenetically independent contrasts method
(Felsenstein, 1985) based on the BI tree (Fig. 2). Analyses were con-
ducted in R using the package “ape”.

3. Results and discussion

Based on our four-marker phylogenetic analysis using two nuclear
(18S rRNA, histone 3) and two mitochondrial (16S rRNA and COI)
markers, the fish-cleaning palaemonid shrimps are nested in five evo-
lutionary lineages (Fig. 2, Suppl. Figs S1, S2). Further, the ecological
and ethological aspects analysed here have clearly independently
evolved, as demonstrated by the ASR analyses (Fig. 3, Suppl. Fig. S3).

The most basal-positioned clade (Clade 1, Fig. 2) includes the Indo-
West Pacific (IWP) genus Urocaridella, while the lineages nested in two
further clades (Clades 2 and 3, Fig. 2) include eastern Atlantic Palaemon
elegans and the pantropic/temperate species Brachycarpus biunguicu-
latus. These taxa (Table 1) are either dedicated cleaners (U. anton-
bruunii), or facultative cleaners (Palaemon, Brachycarpus, U. pulchella).

Of particular interest are two further evolutionary branches (clades
4 and 5, Fig. 2) that show remarkable similarities in behaviour, mor-
phology and colour patterns of anemone-associated palaemonids. Clade
4 contains the IWP species of the genus Ancylomenes placed within a
wider assemblage of cnidarian-associated (e.g., Ancylocaris, Rapimenes,
Pliopontonia, and their relatives), echinoderm-associated (Laomenes,
Cristimenes), or free-living (Phycomenes sulcatus) shrimps. From the ten
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analysed IWP Ancylomenes species, six can be regarded as associated
with anemones and exhibiting cleaning interactions (Table 1). One of
them, A. longicarpus, is presently regarded as a dedicated fish cleaner
(Vaughan et al., 2017). Cleaning behaviour has not been directly
documented in the literature for A. aqabai, A. kuboi, A. luteomaculatus
and A. venustus, but it seems likely that dedicated or perhaps facultative
cleaning also occurs in these species. However, as in Vaughan et al.
(2017), we caution against making this assumption merely based on
their phylogenetic placement.

A separate clade of fish-cleaners (clade 5) is represented by two
western Atlantic (WA) species, Ancylomenes pedersoni and Periclimenes
yucatanicus (see Jonasson, 1987; Limbaugh et al., 1961; Mahnken,
1972; Titus et al., 2015, 2017b). Both are considered as dedicated fish
cleaners (Vaughan et al., 2017). Ancylomenes pedersoni has recently
been indicated by Titus et al. (2017a) to be a complex of at least three
WA species of cleaner shrimps covering also a previously recognized A.
anthophilus (see Holthuis and Eibl-Eibesfeldt, 1964). However, as a
proper systematic re-arrangement has not yet been performed, the
above-mentioned species, A. pedersoni and P. yucatanicus, together with
the phylogenetically closely related P. rathbunae, are still formally the
only known WA anemone-associated palaemonid shrimps.

3.1. Independent evolution of fish-cleaning lineages

The cleaner shrimps of the genera Urocaridella, Palaemon and
Brachycarpus have already been, to various extents (Gan and Li, 2014;
Kou et al., 2013), resolved as three independent evolutionary lineages,
basally separated from the majority of the major lineage of pre-
dominantly symbiotic palaemonids. This is consistent with our
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phylogenetic analysis (Fig. 2, clades 1-3).

Species of the IWP genus Urocaridella (Clade 1) have been fre-
quently referred to as fish cleaners that are both diurnally or noctur-
nally active (e.g., Becker et al., 2005; Becker and Grutter, 2004;
Bonaldo et al., 2015; Bos and Fransen, 2018; Chen and Huang, 2012),
and U. antonbruunii has been regarded as a dedicated cleaner (Vaughan
et al,, 2017). They are somewhat similar in general appearance to
shrimps of the genus Ancylomenes (Clade 4), both in their slender-build
transparent body and their colour pattern, but are not associated with
sea anemones (Fig. 3, Suppl. Fig. S3). In their morphology, colour
pattern and behaviour, the facultative cleaners Brachycarpus and Pa-
laemon are different from the dedicated Ancylomenes/Periclimenes
cleaners. Brachycarpus biunguiculatus has been noted to act as a noc-
turnal fish-cleaner (Corredor, 1978), while only three species of the
species-rich genus Palaemon have been occasionally observed cleaning
fish (Ostlund-Nilsson et al., 2005; Vaughan et al., 2017), although their
diet is largely derived through predation of small-sized prey (Ashelby
et al., 2016).

The genus Ancylomenes, as presently recognized, contains 22 species
(Bruce, 2013), of which only A. aesopius, A. lucasi and A. pedersoni are
found outside IWP, in southern Australia, the eastern Pacific and WA,
respectively (Okuno and Bruce, 2010). Eight species, namely A. adu-
larans, A. holthuisi (Fig. 1B), A. kobayashii, A. longicarpus, A. lucasi, A.
magnificus (Fig. 1C), A. pedersoni (Fig. 1D), and A. speciosus, have been
observed to act as fish cleaners (e.g., Becker et al., 2005; Chapuis and
Bshary, 2009; Okuno, 2004, 2005; Okuno and Bruce, 2010; Okuno and
Nomura, 2002; Titus et al., 2015). From the IWP species of the genus,
only the Red Sea species A. longicarpus has been qualified as a dedicated
cleaner (Vaughan et al., 2017), although it seems likely that the ma-
jority of members of this genus are either dedicated or facultative
cleaners.

The remaining two dedicated cleaners in Vaughan et al. (2017) are
the WA anemone-associated P. yucatanicus and A. pedersoni. The sug-
gested evolutionary link between the tropical WA A. pedersoni and its
IWP counterparts, expressed by the incorporation of those taxa into a
single genus by Okuno and Bruce (2010), has already been refuted in
the phylogenetic analysis by Horka et al. (2016a), further supported by
the present study (Fig. 2). These analyses clearly indicate that A. ped-
ersoni and P. yucatanicus are closely related to the sympatric, non-
cleaning but anemone-associated, P. rathbunae.

Based on our ASR analyses (Fig. 3), the cleaning life style evolved
separately at the terminal branches within each of the clades. The ab-
sence of deeper evolutionary links within the studied attributes suggests
the relatively recent emergence of cleaning symbioses in palaemonid
shrimps.

3.2. Similarities and differences in shape and colour

Representatives of both the Indo-Pacific and Atlantic lineages of
fish-cleaning palaemonid shrimps currently assigned to the genus
Ancylomenes (Clades 4, 5), as well as WA P. yucatanicus, share a slender
body with a large pleon typical for good swimmers. Their chelipeds are
slender and similar in shape, generally equal in size, with elongate
chelae. However, the most prominent character shared by both groups
is the strongly humped pleon with a species-specific distinct dorsal
coloration (Fig. 1B-D, 2E-G; Bruce, 1990; Chace, 1958). In contrast to
the striking species-specific colour pattern, representatives of the genus
Ancylomenes differ only in relatively minor morphological details,
particularly in the shape of the rostrum, lower orbital angle, interocular
process (béc ocellaire), second chelipeds, and the female pleon (e.g.,
Holthuis and Eibl-Eibesfeldt, 1964; Chace, 1958; Okuno and Bruce,
2010; Okuno and Nomura, 2002).

All IWP members of Ancylomenes, and especially the fish-cleaning
species, have a purple-red and white spotted carapace, a pleonal hump
with a distinct large colour spot, and a tail fan with large eyespots
(Suppl. Fig. S3). Both WA fish-cleaning shrimp species (A. pedersoni, P.
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yucatanicus) are brightly coloured as well but differ from the IWP An-
cylomenes species with regards to their colour pattern. Both WA species
(Fig. 2G, H) have the second pair of chelipeds purple-white banded or
spotted, like their IWP counterparts (Fig. 2E, F). As in the IWP Ancy-
lomenes spp., the WA P. yucatanicus (Fig. 2H) also has a large con-
spicuous colour spot on the dorsally produced pleonal hump, but the
dorsum and tail fan of A. pedersoni (Fig. 1D, 2G) are densely purple-
dotted. Similarly, the ‘eye-spots’ on the tail-fan are well-developed in
P. yucatanicus (e.g., Holthuis and Eibl-Eibesfeldt, 1964; Ritson-Williams
and Paul, 2007; Spotte and Bubucis, 1997) but not in A. pedersoni, while
they are consistently present in all IWP Ancylomenes spp. (pers. obs.).
The antennal flagella are white, or white-banded, in the WA cleaners
(Fig. 1D, 2H; see also Spotte, 1997), but mostly transparent in the IWP
Ancylomenes spp.

3.3. Behaviour

In general, the palaemonid cleaning shrimps from both the Indo-
Pacific and Atlantic behave in a rather uniform manner. The shrimp
attract the attention of a variety of fishes by swaying their body while
standing on a conspicuous part of the anemone or substrate. The fish
clients will then assume a stationary position close to the shrimp, which
boards and cleans the fish by removing parasites, mucus, and infected
tissues (Limbaugh et al., 1961; Sargent and Wagenbach, 1975). If direct
cleaning of parasites is not done on each occasion, then tactile stimu-
lation from the ‘cleaner’ might be an alternative reward for the fish, as
it keeps the clients satisfied and thereby also provides future feeding
opportunities for cleaners by returning clients (Losey, 1987; Poulin and
Grutter, 1996).

In many cases, shrimps have been reported to prefer feeding on fish
mucus instead of the removal of parasites; this phenomenon known as
‘cheating’ is particularly well studied in the IWP cleaner wrasse
Labroides dimidiatus (see Bshary and Grutter, 2002). Chapuis and Bshary
(2009) suggest that cheating by the IWP cleaner shrimp Ancylomenes
longicarpus might be less frequent than in cleaner wrasse, as the shrimp
is more vulnerable to aggressive responses by clients. On the other
hand, both WA cleaner shrimps, A. pedersoni and P. yucatanicus, were
frequently observed cheating on their clients (Sargent and Wagenbach,
1975; Titus et al., 2017b). Therefore, cheating has also convergently
evolved in both ‘cleaning’ shrimp clades focussed on herein.

Cleaning stations. Cleaners belonging to Clades 4 and 5 are con-
sistently associated with sea anemones as their ‘cleaning stations’ (re-
viewed in Spotte et al., 1991; see Fig. 3B). Sea anemones are highly
visible and recognizable objects on any reef (Huebner and Chadwick,
2012a), and are exposed during the daytime when most client fish are
active. Ancestral taxa of both phylogenetic lineages of shrimp fish
cleaners are generally associated with cnidarians (Fig. 3A; see also Gan
et al., 2015; Horkd et al., 2016a; Kou et al., 2015). ASR analysis reveals
an independent switch in both lineages to sea-anemones from other
cnidarian hosts (Fig. 3A, B), and subsequently developing cleaning re-
lations with fish (Fig. 3E). In contrast, the dedicated cleaner U. anton-
bruunii and the facultative cleaners of Palaemon, Brachycarpus, and
Urocaridella evolved directly from free-living ancestors (Fig. 3A).

Dancing & colour pattern. Sideways body swaying (Suppl. Videos
S1-S4) is characteristic for most of the Ancylomenes fish cleaners
(Fig. 3C), e.g., A. longicarpus, A. holthuisi, A. magnificus, A. venustus, A.
speciosus (Chadwick et al., 2008; Chapuis and Bshary, 2010; Okuno and
Nomura, 2002), but also for the secondarily free-living congeneric
species A. kuboi (Supp. Video S1), for which fish cleaning has not yet
been observed. Bruce (1977) highlighted a major enlargement of the
postero-dorsal lobe of the third pleonal segment with conspicuous
colour markings in A. aesopius and closely related species involved in
fish-cleaning symbioses, and postulated that the pleonal hump was
instrumental in the effectiveness of the sideways swaying movement of
the body as a signal to advertise fish-cleaning services.

Body swaying and luring fish has also been reported for the WA A.
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pedersoni. Sargent and Wagenbach (1975) and Limbaugh et al. (1961)
already described this movement as lateral ‘rocking’ on the last three
pairs of pereiopods or back and forth swaying, respectively, always
together with antennal whipping (Titus et al., 2017b; Suppl. Video S4).
Such behaviour, however, is not exclusive to Ancylomenes, as similar
body swaying has been observed for Urocaridella species (Becker et al.,
2005, pers. obs. IH, ZD; Suppl. Video S1).

Our ASR analysis indicates that body swaying (Fig. 3C), as described
above, is related to sea anemone host usage, although currently un-
documented for the anemone-associated genus Actinimenes as well as
the majority of the Atlantic Periclimenes species living on anemones. As
fish cleaning still has not been documented for the entire cleaning
lineages, it is clear that the knowledge on the extent of dedicated
cleaning and behavioural acts remains incomplete. Independent con-
trast analysis performed for anemone association and body swaying,
based on the ASR topology, thus did not confirm a statistical correlation
(r> = 0.134; p = 0.288).

However, body swaying behaviour might not be exclusively linked
to fish-cleaning evolution, as it has also been documented for non-
cleaning anemone-associated species, such as the IWP Ancylocaris bre-
vicarpalis (see Bruce and Svoboda, 1983; Suppl. Video S1) and the
Mediterranean Periclimenes aegylios (Suppl. Video S1). Only the former
is relatively closely related to Ancylomenes (see Fig. 2; Horkd et al.,
2016a). This may thus be best interpreted as a more ancestral beha-
viour associated with sea anemones, and subsequently adopted in a
more pronounced form for cleaning advertisement. It is, however, re-
tained in species like A. kuboi (Suppl. Video S1) which have secondarily
abandoned an association with anemones (Fig. 3A).

Advanced signalling. The claw signalling that precedes the cleaning
by some IWP palaemonid shrimps consists of vigorous sideways flicking
by the second, purple-white banded, chelipeds. Up to now such sig-
nalling has been reported for A. kobayashii by Okuno and Nomura
(2002), A. longicarpus (Suppl. Video S2; Chadwick et al., 2008; Chapuis
and Bshary, 2010), and was recently observed in A. venustus (Suppl.
Video S2). According to Chapuis and Bshary (2010), however, this
signalling does not primarily serve to attract clients but to convey in-
formation about identity as a preconflict management to avoid preda-
tion by the client fish. Ancylomenes magnificus does not signal by its
chelae, but rather performs a striking wave-like swimming display in
front of potential clients (Suppl. Video S3), which in this respect might
be regarded as a substitute mode for advertising cleaning. Claw sig-
nalling, antennal whipping and display swimming are here all regarded
as ‘advanced forms of signalling’ by shrimp performed at a safe distance
from the potential client. The ASR analysis (Fig. 3D) shows that this
behaviour is restricted to our representatives of three cleaner shrimps
lineages (i.e. except B. biunguiculatus and P. elegans), but remains un-
known for several species of Ancylomenes, one species of Urocaridella,
and P. yucatanicus. It is most likely present in more species but has not
yet been observed, or perhaps alternative signalling displays are per-
formed, like extending antennae and tactile contact with clients in B.
biunguiculatus (see Corredor, 1978).

4. Conclusions

Our phylogenetic and ancestral state reconstruction analyses de-
monstrate that two geographically and evolutionary distinct clades of
fish-cleaning palaemonid shrimps, the Indo-West Pacific Ancylomenes,
and the western Atlantic Ancylomenes/Periclimenes group, in-
dependently evolved from anemone-associated symbionts to species
using their anemone hosts as protective, well-advertised ‘cleaning sta-
tions’ on coral reefs. Representatives of both lineages developed similar
fish-attracting behavioural and morphological traits to advertise
cleaning services and reduce client aggression. Despite this independent
evolution, in many aspects they are strikingly similar (including the use
of anemone hosts as cleaning stations, sideways swaying body with
bent and brightly coloured pleon, and communications with client fish).
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Both lineages contain efficient cleaners capable of removing high loads
of ectoparasites, i.e., IWP Ancylomenes holthuisi and WA A. pedersoni.

Based on ancestral state reconstruction analyses of partial beha-
vioural acts of the cleaners and their relatives, dedicated cleaning is
likely more prevalent among IWP Ancylomenes species than currently
documented. The easily recognizable ‘advanced forms of signalling’
examined in this study, may be a precursor to dedicated cleaning in
shrimps, allowing researchers to explore this phenomenon further by in-
situ observations or experiments.

Acknowledgements

The study was possible thanks to the projects and institutions:
Global Partner Program, Associated Colleges of the Midwest, Belize
2006 (PI F. Sandford); US-Jordan Projects Summer 2008, 2009 (NSF
International Programs; PI N.E. Chadwick); CReefs Lizard Island
Expedition 2010 (PIs J. Caley, S. Smith); Papua Niugini Expedition
2012 (MNHN Paris, IRD, Pro Natura International, and University of
Papua New Guinea; PI P. Bouchet); MADIBENTHOS Expedition 2016,
Martinique (MNHN Paris, PI P. Bouchet); Ministry of Education, Youth
and Sports of the Czech Republic in the “National Feasibility Program
I”, project LO1208 “TEWEP”.

We are grateful to J. Sipo§ (Mendel University, Brno) for help with
the analyses in R. We also thank T.A. Britaev (Russian-Vietnamese
Tropical Center, Nhatrang); T.-Y. Chan (National Taiwan Ocean
University, Keelung), C.-W. Lin (National Museum of Marine Biology
and Aquarium, Pingtung, Taiwan), A. Isbell (Auburn University), P.
Wirtz (Universidade do Algarve, Faro), A. Ryanskiy (Moscow), and B.
Kraémar (Tachov), for logistic help in the field and/or providing ad-
ditional shrimp specimens or photographs, and David Hardekopf for
language corrections. Two anonymous reviewers provided feedback on
a previous version of the manuscript.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.ympev.2018.02.006.

References

Arnal, C., C6té, .M., Morand, S., 2001. Why clean and be cleaned? The importance of
client ectoparasites and mucus in a marine cleaning symbiosis. Behav. Ecol.
Sociobiol. 51, 1-7. http://dx.doi.org/10.1007/5002650100407.

Ashelby, C.W., De Grave, S., Johnson, M.L., 2016. Diet analysis indicates seasonal fluc-
tuation in trophic overlap and separation between a native and an introduced shrimp
species (Decapoda, Palaemonidae) in the tidal River Thames (U.K.). Crustaceana 89,
701-719. http://dx.doi.org/10.1163/15685403-00003546.

Becker, J.H.A,, Curtis, L.M., Grutter, A.S., 2005. Cleaner shrimp use a rocking dance to
advertise cleaning service to clients. Curr. Biol. 15, 760-764. http://dx.doi.org/10.
1016/j.cub.2005.02.067.

Becker, J.H.A., Grutter, A.S., 2004. Cleaner shrimp do clean. Coral Reefs 23, 515-520.
http://dx.doi.org/10.1007/s00338-004-0429-3.

Becker, J.H.A., Grutter, A.S., 2005. Client fish ectoparasite loads and cleaner shrimp
Urocaridella sp. ¢ hunger levels affect cleaning behaviour. Anim. Behav. 70, 991-996.
http://dx.doi.org/10.1016/j.anbehav.2005.01.004.

Bonaldo, R.M., Grutter, A.S., Sazima, I., Krajewski, J.P., 2015. 24/7 service: nocturnal
cleaning in a tropical Indo-Pacific reef. Mar. Biodivers. 45, 611-612. http://dx.doi.
org/10.1007/s12526-014-0289-1.

Bos, A.R., Fransen, C.H.J.M., 2018. Nocturnal cleaning of sleeping rabbitfish, Siganus
canaliculatus, by the cleaner shrimp, Urocaridella antonbruunii (Decapoda,
Palaemonidae). Crustaceana 91, 239-241. http://dx.doi.org/10.1163/15685403-
00003753.

Brinkmann, B.W., Fransen, C.H.J.M., 2016. Identification of a new stony coral host for the
anemone shrimp Periclimenes rathbunae Schmitt, 1924 with notes on the host-use
pattern. Contrib. Zool. 85, 437-456.

Bruce, A.J., 1977. A redescription of Periclimenes aesopius (Bate, 1863) (Crustacea:
Decapoda) with remarks on related species. Aust. J. Zool. 19, 217-231.

Bruce, A.J., 1990. A new cnidarian-associated palaemonid shrimp from Port Essington,
Cobourg Peninsula. Indo-Malayan Zool. 6, 229-243.

Bruce, A.J., 2013. Ancylomenes australis sp. nov. (Crustacea: Decapoda: Pontoniinae) from
South Africa. Zootaxa 3722, 73-82. http://dx.doi.org/10.11646/zootaxa.3722.1.6.

Bruce, A.J., Svoboda, A., 1983. Observations upon some pontoniine shrimps from Aqaba,
Jordan. Zool. Verh. 205, 1-44.


https://doi.org/10.1016/j.ympev.2018.02.006
http://dx.doi.org/10.1007/s002650100407
http://dx.doi.org/10.1163/15685403-00003546
http://dx.doi.org/10.1016/j.cub.2005.02.067
http://dx.doi.org/10.1016/j.cub.2005.02.067
http://dx.doi.org/10.1007/s00338-004-0429-3
http://dx.doi.org/10.1016/j.anbehav.2005.01.004
http://dx.doi.org/10.1007/s12526-014-0289-1
http://dx.doi.org/10.1007/s12526-014-0289-1
http://dx.doi.org/10.1163/15685403-00003753
http://dx.doi.org/10.1163/15685403-00003753
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0040
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0040
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0040
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0045
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0045
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0050
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0050
http://dx.doi.org/10.11646/zootaxa.3722.1.6
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0060
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0060

L Horkd et al.

Bshary, R., Oliviera, R.F., Oliviera, T.S.F., Candrio, A.V.M., 2007. Do cleaning organisms
reduce the stress response of client reef fish? Front. Zool. 4, 21. http://dx.doi.org/10.
1186/1742-9994-4-21.

Bshary, R., Grutter, A.S., 2002. Asymmetric cheating opportunities and partner control in
a cleaner fish mutualism. Anim. Behav. 63, 547-555. http://dx.doi.org/10.1006/
anbe.2001.1937.

Chace, A., 1958. A new shrimp of the genus Periclimenes from the West Indies. Proc. Biol.
Soc. Washingt. 71, 125-132.

Chadwick, N.E., Duris, Z., Horka, I., 2008. Biodiversity and behavior of shrimps and fishes
symbiotic with sea anemones in the Gulf of Aqaba, northern Red Sea. In: Por, F.D.
(Ed.), Aqaba-Eilat, the Improbable Gulf. Environment, Biodiversity and Preservation.
Magnes Press, Jerusalem, pp. 209-223 238-239.

Chapuis, L., Bshary, R., 2009. Strategic adjustment of service quality to client identity in
the cleaner shrimp, Periclimenes longicarpus. Anim. Behav. 78, 455-459. http://dx.
doi.org/10.1016/j.anbehav.2009.06.001.

Chapuis, L., Bshary, R., 2010. Signalling by the cleaner shrimp Periclimenes longicarpus.
Anim. Behav. 79, 645-647. http://dx.doi.org/10.1016/j.anbehav.2009.12.012.
Chen, J., Huang, H., 2012. A cleaning station composed of cleaner shrimp and high fish
diversity in a coral reef in Kenting, Southern Taiwan. Collect. Res. 25, 41-51.

Cheney, K.L., Coté, .M., 2005. Mutualism or parasitism? The variable outcome of
cleaning symbioses. Biol. Lett. 1, 162-165. http://dx.doi.org/10.1098/rsbl.2004.
0288.

Colgan, D.J., Hutchings, P.A., Beacham, E., 2008. Multi-gene analyses of the phylogenetic
relationships among the Mollusca, Annelida, and Arthropoda. Zool. Stud. 47,
338-351.

Corredor, L., 1978. Notes on the behavior and ecology of the new fish cleaner shrimp
Brachycarpus biunguiculatus (Lucas) (Decapoda, Natantia, Palaemonidae).
Crustaceana 35, 35-40. http://dx.doi.org/10.1163/156854078X00187.

Criales, M.M., 1984. Shrimps associated with coelenterates, echinoderms, and molluscs in
the Santa Marta region, Colombia. J. Crust. Biol. 4, 307-317. http://dx.doi.org/10.
1163/1937240X84X00426.

De Grave, S., Fransen, C.H.J.M., 2011. Carideorum catalogus: the recent species of the
dendrobranchiate, stenopodidean, procarididean and caridean shrimps (Crustacea:
Decapoda). Zool. Meded. 85, 195-589.

De Grave, S., Fransen, C.H.J.M., Page, T.J., 2015. Let’s be pals again: major systematic
changes in Palaemonidae (Crustacea: Decapoda). PeerJ 3, €1167. http://dx.doi.org/
10.7717/peerj.1167.

Dickman, C.R., 1992. Commensal and mutualistic interactions among terrestrial verte-
brates. Trends Ecol. Evol. 7, 194-197. http://dx.doi.org/10.1016/0169-5347(92)
90072-J.

Duri3, Z., Bruce, A.J., 1995. A revision of the ’petitthouarsii’ species-group of the genus
Periclimenes Costa, 1844 (Crustacea: Decapoda: Palaemonidae). J. Nat. Hist. 29,
619-671. http://dx.doi.org/10.1080,/00222939500770221.

Edgar, R.C., 2004. MUSCLE: Multiple sequence alignment with high accuracy and high
throughput. Nucl. Acids Res. 32, 1792-1797. http://dx.doi.org/10.1093/nar/
gkh340.

Feder, H.M., 1966. Cleaning symbiosis in the marine environment. In: Henry, S.M. (Ed.),
Symbiosis. Academic Press, New York, pp. 327-380.

Felsenstein, J., 1985. Phylogenies and the comparative method. Am. Nat. 125, 1-15.
http://dx.doi.org/10.1086,/284325.

Folmer, O., Black, M., Hoeh, W., Lutz, R., Vrijenhoek, R., 1994. DNA primers for am-
plification of mitochondrial cytochrome c oxidase subunit I from diverse metazoan
invertebrates. Mol. Mar. Biol. Biotechnol. 3, 294-299. http://dx.doi.org/10.1371/
journal.pone.0013102.

Fransen, C.H.J.M., 2014. A second discovery of Diapontonia maranulus Bruce, 1986
(Crustacea: Decapoda: Palaemonidae) in the Caribbean. Zootaxa 3881, 591-596.
Gan, Z.B., Li, X.Z., 2014. A preliminary phylogenetic analysis of the family Palaemonidae
(Caridea: Palaemonoidea) based on mitochondrial 16S rRNA gene. Mar. Sci. 38,

7-13.

Gan, Z., Li, X.Z., Chan, T.Y., Chu, K.H., Kou, Q., 2015. Phylogeny of Indo-West Pacific
pontoniine shrimps (Crustacea: Decapoda: Caridea) based on multilocus analysis. J.
Zool. Syst. Evol. Res. 53, 282-290. http://dx.doi.org/10.1111/jzs.12108.

Grippa, G.B., d'Udekem d’Acoz, C., 1996. The genus Periclimenes Costa, 1844 in the
Mediterranean Sea and the Northeastern Atlantic Ocean: review of the species and
description of Periclimenes sagittifer aegylios subsp. nov. (Crustacea, Decapoda,
Caridea, Pontoniinae). Atti Soc. it. Sci. nat Museo civ. Stor. nat. Milano 135, 401-412.

Grutter, A.S., 2000. Cleaner fish really do clean. Nature 398, 672-673. http://dx.doi.org/
10.1038/19443.

Holthuis, L.B., Eibl-Eibesfeldt, I., 1964. A new species of the genus Periclimenes from
Bermuda (Crustacea, Decapoda, Palaemonidae). Senckenb. Biol. 45, 185-192.

Hork4, L., De Grave, S., Duri§, Z., 2014. A new species of shrimp of the genus
Anachlorocurtis Hayashi, 1975 from the Red Sea, with range extension of A. com-
mensalis Hayashi, 1975 (Crustacea, Decapoda, Pandalidae). Zookeys 407, 9-28.
http://dx.doi.org/10.3897 /zookeys.407.7457.

Hork4, 1., De Grave, S., Fransen, C.H.J.M., Petrusek, A., Duris, Z., 2016a. Multiple host
switching events shape the evolution of symbiotic palaemonid shrimps (Crustacea:
Decapoda). Sci. Rep. 6, 26486. http://dx.doi.org/10.1038/srep26486.

Hork4, 1., Fransen, C.H.J.M., Duri§, Z., 2016b. Two new species of shrimp of the Indo-
West Pacific genus Hamodactylus Holthuis, 1952. Eur. J. Taxon. 188, 1-26. http://dx.
doi.org/10.5852/¢jt.2016.188.

Huebner, L.K., Chadwick, N.E., 2012a. Reef fishes use sea anemones as visual cues for
cleaning interactions with shrimp. J. Exp. Mar. Bio. Ecol. 416-417, 237-242. http://
dx.doi.org/10.1016/j.jembe.2012.01.004.

Huebner, L.K., Chadwick, N.E., 2012b. Patterns of cleaning behavior on coral reef fish by
the anemoneshrimp Ancylomenes pedersoni. J. Mar. Biol. Assoc. UK 92, 1557-1562.
http://dx.doi.org/10.1017/50025315411001822.

80

Molecular Phylogenetics and Evolution 124 (2018) 71-81

Jonasson, M., 1987. Fish cleaning behaviour of shrimp. J. Zool. 213, 117-131. http://dx.
doi.org/10.1111/§.1469-7998.1987.tb03682.x.

Kou, Q., Li, X.Z., Chan, T.Y., Chu, K.H., 2015. Divergent evolutionary pathways and host
shifts among the commensal pontoniine shrimps: a preliminary analysis based on
selected Indo-Pacific species. Org. Divers. Evol. 15, 369-377. http://dx.doi.org/10.
1007/513127-014-0198-y.

Kou, Q., Li, X.Z., Chan, T.Y., Chu, K.H., Gan, Z., 2013. Molecular phylogeny of the su-
perfamily Palaemonoidea (Crustacea: Decapoda: Caridea) based on mitochondrial
and nuclear DNA reveals discrepancies with the current classification. Invertebr. Syst.
27, 502-514. http://dx.doi.org/10.1071/1S13005.

Lanfear, R., Frandsen, P.B., Wright, A.M., Senfeld, T., Calcott, B., 2016. PartitionFinder 2:
new methods for selecting partitioned models of evolution for molecular and mor-
phological phylogenetic analyses. Mol. Biol. Evol. 34, 772-773. http://dx.doi.org/10.
1093/molbev/msw260.

Letunic, L., Bork, P., 2016. Interactive Tree Of Life (iTOL) v3: an online tool for the display
and annotation of phylogenetic and other trees. Nucl. Acids Res. 44, W242-W245.
http://dx.doi.org/10.1093/nar/gkw290.

Lewis, P.O., 2001. A likelihood approach to estimating phylogeny from discrete mor-
phological character data. Syst. Biol. 50, 913-925. http://dx.doi.org/10.1080/
106351501753462876.

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 classifi-
cation. Zool. Anz. 250, 270-279. http://dx.doi.org/10.1016/].jcz.2011.04.003.

Limbaugh, C., Pederson, H., Chace, F.A., 1961. Shrimps that clean fishes. Bull. Mar. Sci.
11, 237-257.

Liu, M.Y., Cai, Y.X., Tzeng, C.S., 2007. Molecular systematics of the freshwater prawn
genus Macrobrachium Bate, 1868 (Crustacea: Decapoda: Palaemonidae) inferred from
mtDNA sequences, with emphasis on east Asian species. Zool. Stud. 46, 272-289.

Losey, G.S., 1972. The ecological importance of cleaning symbiosis. Copeia 1972,
820-833. http://dx.doi.org/10.2307/1442741.

Losey, G.S., 1987. Cleaning symbiosis. Symbiosis 4, 229-258.

Mahnken, C., 1972. Observations on cleaner shrimps of the genus Periclimenes. Bull. Nat.
Hist. Museum Los Angeles County 14, 71-83.

Maddison, W.P., Maddison, D.R., 2017. Mesquite: A Modular System for Evolutionary
Analysis. Version 3.31. < http://mesquiteproject.org > (accessed 18.10.17).

Miller, M.A., Pfeiffer, W., Schwartz, T., 2010. Creating the CIPRES Science Gateway for
inference of large phylogenetic trees. In: 2010 Gateway Computing Environments
Workshop, GCE 2010, http://dx.doi.org/10.1109/GCE.2010.5676129.

Okuno, J., 2004. Periclimenes speciosus, a new species of anthozoan associated shrimp
(Crustacea: Decapoda: Palaemonidae) from southern Japan. Zool. Sci. 21, 865-875.
http://dx.doi.org/10.2108/zsj.21.865.

Okuno, J., 2005. New host record, coloration in life, and range extension of Periclimenes
adularans Bruce, 2003 (Decapoda, Palaemonidae) based on additional specimens
from Japan and Taiwan. Crustaceana 78, 591-598. http://dx.doi.org/10.1163/
156854005774318079.

Okuno, J., Bruce, A.J., 2010. Designation of Ancylomenes gen. nov., for the ‘Periclimenes
aesopius species group’ (Crustacea: Decapoda: Palaemonidae), with the description of
a new species and a checklist of congeneric species. Zootaxa 2372, 85-105.

Okuno, J., Nomura, K., 2002. A new species of the ‘Periclimenes aesopius species group’
(Decapoda: Palaemonidae: Pontoniinae) associated with sea anemone from Pacific
coast of Honshu, Japan. Nat. Hist. Res. 7, 83-94.

Ostlund-Nilsson, S., Becker, J.H.A., Nilsson, G.E., 2005. Shrimps remove ectoparasites
from fishes in temperate waters. Biol. Lett. 1, 454-456. http://dx.doi.org/10.1098/
rsbl.2005.0363.

Palumbi, S., Martin, A., Romaro, S., McMillan, W.O., Stice, L., Grabowski, G., 2002. The
Simple Fool’s Guide to PCR. Version 2.0, October 29, University of Hawaii, Honolulu,
pp. 1-45.

Poulin, R., Grutter, A.S., 1996. Cleaning symbioses: proximate and adaptive explanations.
Bioscience 46, 512-517. http://dx.doi.org/10.2307/1312929.

Poulin, R., Vickery, W.L., 1995. Cleaning symbiosis as an evolutionary game: to cheat or
not to cheat? J. Theor. Biol. 175, 63-70. http://dx.doi.org/10.1006/jtbi.1995.0121.

Rambaut, A., Suchard, M.A., Xie, D., Drummond, A.J., 2014. Tracer v1.6. < http://tree.
bio.ed.ac.uk/software/tracer/ > (accessed 19.10.17)

Ritson-Williams, R., Paul, V.J., 2007. Periclimenes yucatanicus and Periclimenes rathbunae
on unusual corallimorph hosts. Coral Reefs 26, 147. http://dx.doi.org/10.1007/
s00338-006-0178-6.

Ronquist, F., Teslenko, M., Van Der Mark, P., Ayres, D.L., Darling, A., Hohna, S., Larget,
B., Liu, L., Suchard, M.A., Huelsenbeck, J.P., 2012. Mrbayes 3.2: efficient bayesian
phylogenetic inference and model choice across a large model space. Syst. Biol. 61,
539-542. http://dx.doi.org/10.1093/sysbio/sys029.

Sargent, C., Wagenbach, G., 1975. Cleaning behavior of the shrimp, Periclimenes antho-
philus Holthuis and Eibl-Eibesfeldt (Crustacea: Decapoda: Natantia). Bull. Mar. Sci.
25, 466-472.

Spotte, S., 1997. Sexual and regional variation in the morphology of the spotted anemone
shrimp Periclimenes yucatanicus (Decapoda: Caridea: Palaemonidae). J. Crustac. Biol.
17, 389-397. http://dx.doi.org/10.2307/1549433.

Spotte, S., Bubucis, P.M., 1997. Captive survivorship of the spotted anemone shrimp
Periclimenes yucatanicus. Aquarium Sci. Conserv. 1, 65-69.

Spotte, S., Heard Jr, R.W., Bubucis, P.M., Manstan, R.0.Y.R., Mclelland, J.A., 1991.
Pattern and coloration of Periclimenes rathbunae from the Turks and Caicos Islands,
with comments on host associations in other anemone shrimps of the West Indies and
Bermuda. Gulf Res. Rep. 8, 301-311. http://dx.doi.org/10.18785/grr.0803.12.

Stamatakis, A., 2014. RAXML version 8: a tool for phylogenetic analysis and post-analysis
of large phylogenies. Bioinformatics 30, 1312-1313. http://dx.doi.org/10.1093/
bioinformatics/btu033.

Talavera, G., Castresana, J., 2007. Improvement of phylogenies after removing divergent


http://dx.doi.org/10.1186/1742-9994-4-21
http://dx.doi.org/10.1186/1742-9994-4-21
http://dx.doi.org/10.1006/anbe.2001.1937
http://dx.doi.org/10.1006/anbe.2001.1937
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0080
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0080
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0085
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0085
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0085
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0085
http://dx.doi.org/10.1016/j.anbehav.2009.06.001
http://dx.doi.org/10.1016/j.anbehav.2009.06.001
http://dx.doi.org/10.1016/j.anbehav.2009.12.012
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0100
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0100
http://dx.doi.org/10.1098/rsbl.2004.0288
http://dx.doi.org/10.1098/rsbl.2004.0288
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0110
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0110
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0110
http://dx.doi.org/10.1163/156854078X00187
http://dx.doi.org/10.1163/1937240X84X00426
http://dx.doi.org/10.1163/1937240X84X00426
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0125
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0125
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0125
http://dx.doi.org/10.7717/peerj.1167
http://dx.doi.org/10.7717/peerj.1167
http://dx.doi.org/10.1016/0169-5347(92)90072-J
http://dx.doi.org/10.1016/0169-5347(92)90072-J
http://dx.doi.org/10.1080/00222939500770221
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.1093/nar/gkh340
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0150
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0150
http://dx.doi.org/10.1086/284325
http://dx.doi.org/10.1371/journal.pone.0013102
http://dx.doi.org/10.1371/journal.pone.0013102
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0160
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0160
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0165
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0165
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0165
http://dx.doi.org/10.1111/jzs.12108
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0175
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0175
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0175
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0175
http://dx.doi.org/10.1038/19443
http://dx.doi.org/10.1038/19443
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0185
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0185
http://dx.doi.org/10.3897/zookeys.407.7457
http://dx.doi.org/10.1038/srep26486
http://dx.doi.org/10.5852/ejt.2016.188
http://dx.doi.org/10.5852/ejt.2016.188
http://dx.doi.org/10.1016/j.jembe.2012.01.004
http://dx.doi.org/10.1016/j.jembe.2012.01.004
http://dx.doi.org/10.1017/S0025315411001822
http://dx.doi.org/10.1111/j.1469-7998.1987.tb03682.x
http://dx.doi.org/10.1111/j.1469-7998.1987.tb03682.x
http://dx.doi.org/10.1007/s13127-014-0198-y
http://dx.doi.org/10.1007/s13127-014-0198-y
http://dx.doi.org/10.1071/IS13005
http://dx.doi.org/10.1093/molbev/msw260
http://dx.doi.org/10.1093/molbev/msw260
http://dx.doi.org/10.1093/nar/gkw290
http://dx.doi.org/10.1080/106351501753462876
http://dx.doi.org/10.1080/106351501753462876
http://dx.doi.org/10.1016/j.jcz.2011.04.003
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0250
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0250
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0255
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0255
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0255
http://dx.doi.org/10.2307/1442741
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0265
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0270
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0270
http://mesquiteproject.org
http://dx.doi.org/10.1109/GCE.2010.5676129
http://dx.doi.org/10.2108/zsj.21.865
http://dx.doi.org/10.1163/156854005774318079
http://dx.doi.org/10.1163/156854005774318079
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0295
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0295
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0295
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0300
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0300
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0300
http://dx.doi.org/10.1098/rsbl.2005.0363
http://dx.doi.org/10.1098/rsbl.2005.0363
http://dx.doi.org/10.2307/1312929
http://dx.doi.org/10.1006/jtbi.1995.0121
http://tree.bio.ed.ac.uk/software/tracer/
http://tree.bio.ed.ac.uk/software/tracer/
http://dx.doi.org/10.1007/s00338-006-0178-6
http://dx.doi.org/10.1007/s00338-006-0178-6
http://dx.doi.org/10.1093/sysbio/sys029
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0340
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0340
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0340
http://dx.doi.org/10.2307/1549433
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0350
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0350
http://dx.doi.org/10.18785/grr.0803.12
http://dx.doi.org/10.1093/bioinformatics/btu033
http://dx.doi.org/10.1093/bioinformatics/btu033

L. Horkd et al.

and ambiguously aligned blocks from protein sequence alignments. Syst. Biol. 56,
564-577. http://dx.doi.org/10.1080/10635150701472164.

Tamura, G., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725-2729.

Titus, B.M., Daly, M., Exton, D.A., 2015. Temporal patterns of Pederson shrimp
(Ancylomenes pedersoni Chace 1958) cleaning interactions on Caribbean coral reefs.
Mar. Biol. 162, 1651-1664. http://dx.doi.org/10.1007/s00227-015-2703-z.

Titus, B.M., Palombit, S., Daly, M., 2017a. Endemic diversification in an isolated archi-
pelago with few endemics: an example from a cleaner shrimp species complex in the
Tropical Western Atlantic. Biol. J. Linn. Soc. Lond. 122, 98-112. http://dx.doi.org/
10.1093/biolinnean/blx039.

Titus, B.M., Vondriska, C., Daly, M., 2017b. Comparative behavioural observations de-
monstrate the ‘cleaner’ shrimps Periclimenes yucatanicus engages in true symbiotic
cleaning interactions. R. Soc. Open Sci. 4, 170078. http://dx.doi.org/10.1098/rsos.
170078.

Udekem d'Acoz, C.d'., 2005. Occurrence of Periclimenes scriptus (Risso, 1822) (Decapoda,
Caridea, Pontoniinae) in Portuguese waters. Crustaceana 78, 367-370.

81

Molecular Phylogenetics and Evolution 124 (2018) 71-81

Vaughan, D.B., Grutter, A.S., Costello, M.J., Hutson, K.S., 2017. Cleaner fishes and shrimp
diversity and a re-evaluation of cleaning symbioses. Fish Fishes 18, 698-716. http://
dx.doi.org/10.1111/faf.12198.

Whiting, M.F., Carpenter, J.C., Wheeler, Q.D., Wheeler, W.C., 1997. The Strepsiptera
problem: phylogeny of the holometabolous insect orders inferred from 18S and 28S
ribosomal DNA sequences and morphology. Syst. Biol. 46, 1-68. http://dx.doi.org/
10.1093/sysbio/46.1.1.

Xia, X., Lemey, P., 2009. Assessing substitution saturation with DAMBE. In: Lemey, P.
(Ed.), The Phylogenetic Handbook, a Practical Approach to Phylogenetic Analysis
and Hypothesis Testing. Cambridge University Press, pp. 615-630. http://dx.doi.org/
10.1017/CB09780511819049.022.

Xia, X., Xie, Z., Salemi, M., Chen, L., Wang, Y., 2003. An index of substitution saturation
and its application. Mol. Phylogenet. Evol. 26, 1-7. http://dx.doi.org/10.1016/
§1055-7903(02)00326-3.

Yokes, B., Galil, B.S., 2006. New records of alien decapods (Crustacea) from the
Mediterranean coast of Turkey, with a description of a new palaemonid species.
Zoosystema 28, 747-755.


http://dx.doi.org/10.1080/10635150701472164
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0370
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0370
http://dx.doi.org/10.1007/s00227-015-2703-z
http://dx.doi.org/10.1093/biolinnean/blx039
http://dx.doi.org/10.1093/biolinnean/blx039
http://dx.doi.org/10.1098/rsos.170078
http://dx.doi.org/10.1098/rsos.170078
http://refhub.elsevier.com/S1055-7903(17)30484-0/h9005
http://refhub.elsevier.com/S1055-7903(17)30484-0/h9005
http://dx.doi.org/10.1111/faf.12198
http://dx.doi.org/10.1111/faf.12198
http://dx.doi.org/10.1093/sysbio/46.1.1
http://dx.doi.org/10.1093/sysbio/46.1.1
http://dx.doi.org/10.1017/CBO9780511819049.022
http://dx.doi.org/10.1017/CBO9780511819049.022
http://dx.doi.org/10.1016/S1055-7903(02)00326-3
http://dx.doi.org/10.1016/S1055-7903(02)00326-3
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0415
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0415
http://refhub.elsevier.com/S1055-7903(17)30484-0/h0415

	Multiple origins and strong phenotypic convergence in fish-cleaning palaemonid shrimp lineages
	Introduction
	Material and methods
	Sampling
	DNA analysis
	Phylogenetic analyses

	Results and discussion
	Independent evolution of fish-cleaning lineages
	Similarities and differences in shape and colour
	Behaviour

	Conclusions
	Acknowledgements
	Supplementary material
	References

	NIEUW Template embargo 6 maanden Repository Taverne (80).pdf
	​Naturalis Repository 




