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Research Article

Integrative taxonomy of Peniculus,Metapeniculus, and Trifur
(Siphonostomatoida: Pennellidae), copepod parasites of marine fishes
from Chile: species delimitation analyses using DNA barcoding and
morphological evidence

RA�UL CASTRO-ROMERO1,†, MART�IN M. MONTES2,†, SERGIO R. MARTORELLI2, DIEGO SEPULVEDA3,

SILVIA TAPIA3,1 & ANDR�ES MART�INEZ-AQUINO4
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2CEPAVE, Universidad Nacional de La Plata, Buenos Aires, Argentina
3Universidad de Antofagasta, Depto. Biom�edico, Antofagasta, Chile
4Divisi�on Zoolog�ıa Invertebrados, Museo de La Plata, FCNyM, UNLP, Paseo del Bosque s/n, 1900 La Plata, Argentina

(Received 27 October 2015; accepted 17 February 2016)

Pennellidae is a family of copepod parasites of widely distributed marine fishes. The pennellid species are usually
morphologically differentiated by cephalothorax, neck, trunk, and abdomen shape. These characters, however, show high
polymorphism and therefore using only this type of data, delimitation at species level of this genus is difficult. In this study,
we explored the genetic distances calculated from sequences of a DNA barcoding marker (COI mt) (678 base pairs). We
also explored the genetic distances of 25 Peniculus specimens associated within nine marine fish species, four
Metapeniculus specimens associated within one marine fish species, and four Trifur specimens associated within one
marine fish species. All specimens were collected in Antofagasta Bay, Chile and were calculated from sequences of a DNA
barcoding marker (COI mt) (678 base pairs). The genetic distance among the Peniculus specimens was 0.95% from the
different host species, theMetapeniculus specimens distance was 0.44% and the Trifur specimens was 2.25%. Genetic
difference between Peniculus andMetapeniculus was 17.86% and Peniculus differ from T. tortuosus by 18.16%. We
analysed the barcoding gene fragment using Bayesian Inference (BI) for phylogenetic reconstruction using three outgroups.
Based on the phylogenetic analysis an ultrametric tree was built and a general mixed Yule-coalescent (bGMYC) model was
conducted for species delimitation. Morphometrics analyses were made with Bayesian statistics. Mean and credibility limit
(95%) for each parameter was calculated. Results show that based on morphology the individuals collected can be assigned
to P. cf. fistula von Nordmann, 1832,Metapeniculus antofagastensis Castro-Romero & Baeza-Kuroki, 1985, and Trifur cf.
tortuosusWilson, 1917. High morphological polymorphism was observed for the lineage of Peniculus associated to several
host species of marine fishes. Similar results were obtained for Trifur cf. tortuosus parasites on Chilean marine fishes.

Keywords: Antofagasta Bay, Bayesian morphometric, crustacean, genetic divergence, GMYC, molecular phylogenetic,
Pennellidae, SEM, systematic

Introduction
The family Pennellidae Burmeister, 1835 (Copepoda:

Siphonostomatoida), from the coast of Chile, have been

represented by the genera Peniculus von Nordman, 1832,

Metapeniculus Castro-Romero and Baeza-Kuroki, 1985,

and Trifur Wilson, 1917 (Atria, 1977; Castro-Romero &

Baeza-Kuroki, 1985; Mu~noz & Olmos, 2007; Sep�ulveda,

Marin, & Carvajal, 2004; Wilson, 1917). For instance,

Peniculus fistula von Nordmann, 1832, a cosmopolitan

species and considerate generalist parasite (Appendix S1,

see online supplemental material, which is available from

the article’s Taylor & Francis Online page at http://dx.doi.

org/10.1080/14772000.2016.1158213), was recorded

from Prolatilus jugularis Valenciennes, 1833 (Pinguipi-

dae) and Cheilodactylus variegatus Valenciennes, 1833

(Cheilodactylidae) from Chile’s coast (Atria, 1977;

Sep�ulveda et al., 2004; Wilson, 1917). On the other hand,

Metapeniculus antofagastensis Castro-Romero & Baeza-

Kuroki, 1985, an endemic parasitic from the South Pacific
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coast of Chile, was recorded as associated only with Ani-

sotremus scapularisTschudi, 1846 (Haemulidae) (Castro-

Romero & Baeza-Kuroki, 1985). Finally, Trifur tortuosus

Wilson, 1917 was registered from Chile parasitizing Sali-

lota australis G€unther, 1878 (Moridae), Merluccius gayi

Guichenot, 1848, and Merluccius australis Hutton, 1872

(Merlucciidae) (Atria, 1977; Fern�andez, 1985; Gonz�alez
& Carvajal, 1994; Mu~noz & Olmos, 2007; Talice, 1936;

Wilson, 1917).

Pennellids have been presented with great homogeneity

of the appendages, especially those like legs (Alexander,

1983; Kabata, 1979). Furthermore, pennellids show a mor-

phological variability in some characters, especially those

used for the attachment on the hosts, which has probably

been misinterpreted by some authors when describing

some species (e.g., Castro-Romero & Baeza-Kuroki,

1988; Hogans, 1987; Castro-Romero & Joyeux, pers.

obs.). For the delimitation of species with high morpholog-

ical polymorphism molecular information such DNA bar-

coding can be applied (Jones, Ghoorah, & Blaxter, 2011).

In the last decade an increasing interest in the use of DNA

barcoding for species identification and taxonomy was

observed (Bucklin, Steinke, & Blanco-Bercial, 2011;

Hebert, Cywinska, Ball, & de Waard, 2003; Kress, Garc�ıa-
Robledo, Uriarte, & Erickson, 2015). DNA barcoding is a

powerful tool to detect species with highly conserved mor-

phological features (morphological stasis), which make it

difficult to distinguish between related species, and also

distinct populations of the same species (Fontaneto, Gior-

dani, Melone, & Serra, 2007; Hansen, Bakke, & Bach-

mann, 2007; Weigand, Jochum, Pfenninger, Steinke, &

Klussmann-Kolb, 2010). In the case of parasite organisms

of marine fishes, barcoding may be useful for delimiting

populations/species. For example, barcoding was used in

several studies in siphonostomatoid copepods to find mor-

phological and molecular differentiation at the intra- and

interspecific level, to find species boundaries, to detect

complex cryptic species, and to support their phylogenetic

relationship (Boulding, de Waard, Ang, & Hebert, 2009;

Bucklin et al., 2010; Diamant et al., 2014; Dippenaar,

2009; Dippenaar, Mathibela, & Bloomer, 2010; Easton,

Darrow, Spears, & Thistle, 2014; Gollner, Fontaneto, &

Mart�ınez-Arbizu, 2011; Mangena, Jordaan, & Dippenaar,

2014; McBeath et al., 2006; Morales-Serna, Pinacho-Pina-

cho, G�omez, & P�erez-Ponce de Le�on, 2014; Nowak, Hay-
ward, Gonz�alez, Bott, & Lester, 2011; Øines & Heuch,

2005; Øiness & Schram, 2008; Skern-Mauritzen, Torris-

sen, & Glover, 2014; Tjensvoll, Glover, & Nylund, 2006;

Yazawa et al., 2008). However, molecular data from

siphonostomatoid copepods of the family Pennellidae are

scarce (Huys, Llewellyn-Hughes, Conroy-Dalton, Spinks,

& Johnston, 2007; Mu~noz, Landaeta, Palacios-Fuentes,

L�opez, & Gonz�alez, 2015; Yasuike et al., 2012).
In order to attend the description of the taxonomic

diversity of siphonostomatoid pennellids we collected

several parasitic specimens of Peniculus, Metapeniculus,

and Trifur genus from 10 host species of marine fishes

from Antofagasta Bay (South Pacific coast of Chile).

Therefore, the main aim in this study was to unravel their

taxonomic status based on an integrative taxonomic

approach using scanning electron micrography (SEM)

and morphometric analysis, and applied state-of-the-art

phylogenetic tools on sequences of the barcoding to esti-

mating species boundaries using general mixed Yule-coa-

lescent (GMYC) models. Finally, we established an

overview on the systematic position of Peniculus, Meta-

peniculus, and Trifur within the phylogeny of the

Penellidae.

Materials and methods

Collection of hosts and copepod parasites

Between January 2012 and December 2012 a total of 575

individual hosts were caught in order to collect copepod

parasites from the Pennellidae family. The hosts represent

10 wild fish species included in nine families and four

orders. Samples were collected from Antofagasta Bay

(Fig. 1). Specimens of Peniculus genus were found in

nine host species:

Anisotremus scapularis, Cheilotrema fasciatum

Tschudi, 1846, Chromis crusma Valenciennes, 1833, Gir-

ella laevifrons Tschudi, 1846, Hemilutjanus macrophthal-

mos Tschudi, 1846, Isacia conceptionis Cuvier, 1830,

Mugil cephalus Linnaeus, 1758, Odontesthes regia Hum-

boldt, 1821, and P. jugularis, specimens of M. antofagas-

tensis were found as a parasite of A. scapularis,

specimens of Trifur genus were found as a parasite of

both I. conceptionis and Sebastes oculatus Valenciennes,

1833 (Table 1). Additionally, we collected specimens of

two species of copepods, Prokroyeria meridionalis

Ram�ırez, 1975 (Siphonostomatoida: Kroyeriidae) as a

Fig. 1. Map of Antofagasta Bay, Chile.

2 R. Castro-Romero et al.
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parasite of Callorhynchus callorhynchus (Linnaeus, 1758)

from Antofagasta Bay, and Ergasilus sp. (Poecilostoma-

toida: Ergasilidae) as a parasite of Mugil liza Valenci-

ennes, 1836 from Samborombon Bay, Argentina. These

specimens were used as outgroups for the phylogenetic

analysis in the study.

Fish were caught by hand line or were obtained

from commercial artisanal capture and then carried to

the laboratory for visual or stereomicroscope inspec-

tion. The specimens for morphological studies were

collected and fixed in 75% ethanol, and for molecular

analysis fixed with 100% ethanol. The specimens for

morphological study were cleared in lactic acid, when

necessary, or they were cleaned with a diluted solution

of KOH to draw the body or the appendages. Drawings

were made using a binocular microscope equipped

with millimetre eye piece and drawing tube. Morpho-

logical aspects and terminology follow Kabata (1979)

and Huys and Boxshall (1991). Voucher specimens

were deposited in the Museo Nacional de Historia Nat-

ural de Santiago de Chile, Chile.

Morphological data and Bayesian

morphometrics

Particularly, the specimens of Peniculus genus were ana-

lysed with morphological meristic data because they

showed a high morphological variation within and

between their hosts. In the case of Metapeniculus and Tri-

fur samples morphometric analysis was not necessary. For

morphology studies, the length and width measurement

were expressed in micrometres with mean and range

(minimum�maximum), unless indicated otherwise in the

text. The cephalothorax term is used as defined by Ven-

mathi Maran, Moon, Oh, Ho, and Myoung (2012). Also

the ratios between the cephalothorax length/neck length,

fourth segment length/fourth segment width; fourth seg-

ment length/trunk length, trunk length/width for the P. cf.

fistula specimens were calculated from different hosts.

Specimens of P. fistula were donated by Z. Kabata and A.

Otkener (Turkey), and used for morphological compari-

son. The description of P. cf. fistula was based on Box-

shall (1986), Claus (1864), Delamare-Deboutteville and

Table 1. Details of copepod parasite species of marine fishes from Chile used in this study.

Copepod parasites
species Host (Family) [Code] N

Prevalence
(%) Vouchers

GenBank
accession

Siphonostomatoida

Pennellidae

Peniculus cf. fistula
Von Nordmann, 1832

Anisotremis scapularis Tschudi, 1846 (Pomadasidae) [Asc] 21 4.5 KU557437

Cheilotrema fasciatum Tschudi, 1846 (Sciaenidae) [Cfa] 5 25 15118 KU557429

Chromis crusma Valenciennes, 1833 (Pomacentridae) [Ccr] 25 12 15113 KU557427-28

Girella laevifrons Tschudi, 1846 (Kyphosidae) [Gla] 32 13.9 15117 KU557438-41

Hemilutjanus macrophthalmus Tschudi, 1846 (Haemulidae)
[Hma]

10 70 15116 KU557417-22

Isacia conceptionisn Cuvier, 1830 (Haemulidae) [Ico] 100 4 15119 KU557425-26

Mugil cephalus Linnaeus, 1758 (Mugilidae) [Mce] 115 3 15120 KU557430-32

Odonthestes regia Humboldt, 1821 (Atherinopsidae) [Ore] 125 20.7 15114 KU557433-36

Prolatilus jugularis Valenciennes, 1833 (Pinguipedidae) [Pju] 16 56.3 15115 KU557423-24

Metapeniculus
antofagastensis
Castro & Baeza, 1985

Anisotremis scapularis (Tschudi, 1846) (Pomadasidae) [Asc] 21 43.75 KU557413-16

Trifur cf. tortuosus
Wilson, 1917

Isacia conceptionisn Cuvier, 1830 (Haemulidae) [Ico] 100 4 15122 KU557442-43

Sebastes oculatus Valenciennes, 1833 (Sebastidae) [Soc] 5 30 15121 KU557444-45

Kroyeriidae

Prokroyeria meridionalis
Ram�ırez, 1975

Callorhynchus callorhynchus Linnaeus, 1758
(Callorhinchidae) [Cca]

KU557410

Poecilostomatoida

Ergasilidae

Ergasilus sp. Mugil liza Valenciennes, 1836 (Mugilidae) [Mli] KU557411-12

N D Number of examined host, Code D Code use for each individual of copepod sequenced, as shown in the terminal taxa names of figure 1 (three letters
for species host and number, respectively), Voucher D Catalogue material, and GenBankD Accession number.

Integrative taxonomy of copepod parasites of marine fishes 3
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Nunes (1951), Lewis (1964), Moon and Choi (2014), Vid-

jack, Zorica, and Sinovic (2008), and von Nordmann

(1832). Comparison with other Peniculus species was

based on Boxshall (1986), Kabata (1979), Leigh-Sharpe

(1934), Lewis (1964), Moon and Choi (2014), Okawachi,

Uyeno, Ogino, and Nagasawa (2012), Shiino (1956), Ven-

mathi Maran et al. (2012), Wilson (1917), and Yamaguti

(1939). Morphometric analyses were made with EPIDAT

4.1 (Hervada et al., 2014). Mean and credibility limit (to

the 95% significance level) for each parameter was

obtained using Bayesian statistics (McCarthy, 2007).

DNA extraction, PCR amplification, and

sequencing

Sequence fragments corresponding to the standard animal

DNA barcoding marker were obtained with a range of 571

to 678 base-pairs (bp). To obtain a range of the genetic vari-

ability in copepods (while avoiding sequencing individuals

from the same host), DNA was extracted from one individ-

ual of pennellid (Peniculus sp., M. antofagastensis, and Tri-

fur sp.), for each host (in all analysed 25 Peniculus

specimens; four Metapeniculus specimens and four Trifur

specimens all associated with nine marine fish all from

Antofagasta Bay, as suggested in another study on molecular

data of parasites) (Mart�ınez-Aquino, Ceccarelli, & P�erez-
Ponce de Le�on, 2013). In addition, specimens of Ergasilus

sp. and P. meridionalis were used for DNA extraction. The

DNA extraction was performed using releasing reagent Gen-

eReleaser� DNA Full Size (BioVentures, Inc.), with some

modifications (Shizas, Street, Coull, Chandler, & Quattro,

1997). Each assay was performed with replicates. Drosoph-

ila melanogasterMeigen, 1830 larvae were used as positive

control. The mtDNA COI mitochondrial gene region was

amplified by Polymerase Chain Reaction (PCR) (Saiki

et al., 1988), using LCO1490 fwd (5�-GGT CAA CAA ATC

ATA AAG ATA TTG G-3�) and HCO2198 reverse (5�-TAA
ACT TCA GGG TGA CCA AAA AAT CA-3�) (Folmer,

Black, Hoen, Lutz, & Vrijenhoek, 1994) for the barcode

fragment. The reactions were prepared using Green GoTaq

5£ Buffer (Promega), 2.5 mM MgCl2 (Promega), 0.2 mM

of NEB Nucleotide Mix and Flexi GoTaq polymerase

enzyme (Promega). This procedure was carried out using a

PTC-100 thermocycler Pelter. PCR protocol follows that of

Burgos et al. (2003). The PCR products were analysed by

electrophoresis in 1% agarose gel using TAE 1£ buffer sup-

plemented with 2 ml of ethidium bromide in the presence of

UV light. Sequencing was carried out in a specialized labo-

ratory (Macrogen, Korea).

Molecular data, phylogenetic reconstruction,

and species delimitation analyses

All sequences were edited using the platform Geneious

Pro v5.1.7 (Drummond et al., 2010). Barcode fragment

alignments were assembled using an interface available

with MAFFT v.7 (Katoh & Standley, 2013) within Genei-

ous Pro, with a final edition by eye in the same platform.

For the barcode sequences, we checked the nucleotide

alignment and for the presence of pseudogenes in Genei-

ous Pro, using the translated amino acid sequences based

on the invertebrate mitochondrial genetic code. The best

partitioning scheme and substitution model for each DNA

partition was chosen under the Bayesian Information Crite-

rion (BIC; Schwarz, 1978) using the ‘greedy’ search strat-

egy in Partition Finder v.1.1.1 (Lanfear, Calcott, Ho, &

Guindon, 2012; Lanfear, Calcott, Kainer, Mayer, & Stama-

takis, 2014). The barcode fragment dataset was partitioned

into first-, second- and third-codon positions with the

appropriate nucleotide substitution model implemented for

each codon position (TrNCI for the first [Tamura & Nei,

1993], F81 for the second [Felsenstein, 1981] and TrNCG

for the third codon position [Tamura & Nei, 1993]).

Sequences from two additional species, P. meridionalis

and Ergasilus sp., were used as outgroup taxa.

The phylogenetic reconstruction was carried out using

Bayesian Inference (BI) through MrBayes v.3.2.1

(Ronquist et al., 2012) and BEAST v1.8.0 (Drummond,

Suchard, Xie, & Rambaut, 2012). The phylogenetic trees

were reconstructed using two parallel analyses of Metropo-

lis-Coupled Markov Chain Monte Carlo (MCMC) for

20£106 generations each, to estimate the posterior proba-

bility (PP) distribution. Topologies were sampled every

1000 generations. Once the average standard deviation of

split frequencies was determined, it was less than 0.01, as

suggested by MrBayes 3.2. For both MrBayes and BEAST

analyses (Appendix S2 and Appendix S3, see supplemental

material online), two separate runs were carried out and

the last 10,000 trees from each run combined after estab-

lishing in Tracer v.1.5. that the runs had stabilized at simi-

lar likelihood values (correct ‘mixing’ of chains). The

robustness of the clades was assessed using Bayesian PP,

where PP > 0.95 was considered strongly supported. A

majority consensus tree with branch lengths was recon-

structed for each run after discarding the first 15,000 sam-

pled trees, in both analyses. The Bayesian phylogenetic

reconstructions were run through the CIPRES Science

Gateway V.3.3 (Miller, Pfeiffer, & Schwartz, 2010).

A general mixed Yule-coalescent (GMYC) model

(Pons et al., 2006), implement in R v.3.0.2. (R core team,

2013) package ‘splits’ v.1.9-19 (Ezard, Fujisawa, &

Barraclough, 2009), was used for estimating species

boundaries directly based on the phylogenetic tree topolo-

gies. Analyses were conducted with the phylogenetic

topology obtained by MrBayes and BEAST, respectively,

each one converted to an ultrametric tree using r8s v.1.7.1

(Sanderson, 2003). In addition, a Bayesian implementa-

tion of the GMYC model (‘bGMYC’ package v.1.0.2 for

R, Ried & Cartens, 2012) was applied to a random sample

of 100 of the last 500 trees from the two BEAST runs, set-

ting the MCMC simulation at 50,000 generations with a

4 R. Castro-Romero et al.

D
ow

nl
oa

de
d 

by
 [

C
IN

V
E

ST
A

V
] 

at
 1

5:
12

 0
4 

A
pr

il 
20

16
 



burn-in at 40,000 sampling every 100th generation. The

default priors for the Yule and coalescent rate change

parameters were used. A list of delimited GMYC species

(described in the file’s output as Maximum Likelihood

entities) was compiled from the graphical output of the

GMYC analysis in R. Additionally, the proportion (p) of

absolute nucleotide sites (p-distance) (Nei & Kumar,

2000) was obtained to compare the genetic distance

among and between lineages, with and without outgroups.

The p value matrix was obtained using MEGA v.6.0

(Tamura, Stecher, Peterson, Filipski, & Kumar, 2013),

with variance estimation, with the bootstrap method (500

replicates) and with a nucleotide substitution (transition C
transversions) uniform rate.

Results

Bayesian morphometrics

In Fig. 2, the graphical representation of the measurements

and the ratio values between the structures of P. cf. fistula

on the different host species can be seen. The overlap in

the range of the confidence limits between the measure-

ments and relations prevents the definition of groups based

on morphometric measurements (e.g., comparing the rela-

tion of the fourth segment length versus width and cephalo-

thorax length versus neck length from copepods).

Molecular phylogenetic analysis

A total of 36 barcoding section sequences were obtained

from individuals assigned to P. cf. fistula (25 specimens,

ingroup), M. antofagastensis (four specimen, ingroup), T.

cf. tortuosus (four specimens, ingroup), P. meridionalis

(one specimen, outgroup), and Ergasilus sp. (two speci-

mens, outgroup). In total, for the P. cf. fistula, we obtained

sequences of barcoding region from Antofagasta Bay that

were associated with two Haemulidae, one Kyphosidae,

one Atherinopsidae, one Mugilidae, one Pinguipedidae,

one Pomacentridae, one Pomadasidae, and one Sciaenidae

species, respectively (Table 1). The barcoding dataset of P.

cf. fistula consisted of 678 bp, except for five individuals

that had 656 bp (three from O. regia, one from G. laevi-

frons, and one from H. macrophthalmos), two individuals

that had 635 bp (one from I. conceptionis and one from C.

crusma) and three individuals with 629 bp (from M. cepha-

lus). Metapeniculus antofagastensis and T. cf. tortuosus

also had 678 bp, with an exception of only one of these

last species, with a 571 bp (from S. oculatus); and the P.

meridionalis sequence obtained had 630 bp. For outgroups,

barcoding sequences obtained in this study of Ergasilus sp.

also had 678 bp, and the P. meridionalis 633 bp. The level

of variation in the single nucleotide polymorphisms (SNPs)

for each partition (first, second, and third codon positions)

was 190/224/77 conserved, 36/2/149 variable, 32/0/146

parsimony informative and 4/2/3 singleton sites, respec-

tively. In the partition of the protein-coding gene, the third

codon position was the most variable, followed by the first

and then the second position.

Bayesian phylogenetic relationships were inferred from

36 individuals of parasite copepods to assess species lim-

its using GMYC analyses. The results of these analyses

are presented in Table 2. The number of species � inde-

pendent evolutionary lineages � detected by the GMYC

analyses with the barcode dataset was 4 (Fig. 3). The

genetic distance values among P. cf. fistula was 0.95%,

and when compared with the outgroups, it was 17.86%

with M. antofagastensis, 18.16% with T. cf. tortuosus

(Table 3).

Fig. 2. Morphometric analyses with Bayesian statistics (mean
and the credibility limit to the 95% significance level). Green
lines D Mean and credibility limits of cephalothorax length ver-
sus neck length. Black lines DMean and credibility limits fourth
segment length versus fourth segment width. Orange lines D
Mean and credibility limits fourth segment length versus trunk
length. Red lines D Mean and credibility limits trunk length ver-
sus trunk width. Ore D Odontesthes regia, Hma D Hemilutjanus
macrophthalmos, Mce D Mugil cephalus, Ico D Isacia concep-
tionis, Ccr D Chromis crusma, Pju D Prolatilus jugularis, Gla D
Girella laevifrons, Cfa D Cheilotrema fasciatum.

Table 2. Number of species recovered and outputs obtained
from the GMYC analyses performed from MrBayes and BEAST
software using a DNA barcoding fragment.

T NC (ci) NS (ci) L0 LGMYC LR

MrBayes Multiple Na 4 (4-4) 7 (5-7) 174.49 181.92 14.88��

MrBayes Single ¡0.05 4 (4-5) 5 (5-6) 174.49 181.43 13.88��

BEAST Multiple Na 5 (4-6) 6 (5-18) 217.29 221.13 7.68�

BEAST Single ¡0.01 6 (3-7) 7 (4-14) 217.29 220.48 6.39�

T., threshold genetic distance from the branch tips where the coalescent-
speciation transition occurred; NC (ci), number of clusters (GMYC spe-
cies with more than one individual) (ci, confidence intervals of GMYC
species); NS (ci), number of GMYC species discriminated; L0, likeli-
hood of null model; LGMYC, likelihood of GMYC model; LR, likeli-
hood ratio with significance indicated by an asterisk (�P < 0.05; ��P <

0.01).
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Fig. 3. Results of species delimitation analyses. Bayesian ultrametric tree inferred from the DNA barcoding dataset and subjected to
GMYC analyses. Names of terminal taxa include in parentheses a code referring to the host species (three letters), and numbers indicat-
ing the isolate (for more information see Table 1). Values of probability posterior above/below branches represent Bayesian posterior
probability 0.95. Light grey columns reveal differences in species delimitation in the GMYC analyses. Colour heat map represents the
probability of species delimitation detected by bGMYC.

6 R. Castro-Romero et al.
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Genera diagnosis

In order to compile the information generated in this

study, plus previously published (Boxshall, 1986; Castro-

Romero & Baeza-Kuroki, 1985, 1986, 1988, 1989a, b;

Castro-Romero, 2014; Delamare-Debouttevile & Nunes,

1951; Etchegoin, Lafranchi, & Timi, 2009; Kabata, 1979;

Moon & Choi, 2014; Venmathi Maran et al., 2012;

Wilson, 1917), for Peniculus, Metapeniculus, and Trifur

an actualized diagnosis is presented.

Peniculus von Nordmann, 1832

(amended from Wilson, 1917; Kabata, 1979)

Description. Cephalothorax elongated, not bearing hold-

fast. Buccal area short, in some extending like a proboscis.

Buccal tube characterized by a labrum composite (bearing

two pair of lateral slits), labium armed with two pairs of

scale-like plates. Intrabuccal stylet recurved at its base

with simple setae. Intrabuccal armature with a central

plate, lateral expansion simple. Mandible a dentate blade

with a variable number of teeth (7�10). Maxillule bira-

mous, inner lobe a papilla with two long setae, outer lobe

a short papilla with a short seta. Maxilla uniramous,

located near the buccal tube, close to the maxillule, lacer-

tus armed with a spiniform process (in some with an

annexed short spiniform process, or a medial distal margin

cuticularized), lacertus with two flaps on inner surface,

claw armed with row of fine setae. Neck, variable length,

not reinforced with cuticular skeleton. Fourth segment

fused or separated to trunk. Shape of the fourth segment

subcircular or elongated. Trunk, variable wide. Abdomen

not developed or more developed, in some bifid. Caudal

ramus with six setae.

Metapeniculus Castro-Romero & Baeza-Kuroki, 1985

(amended from Castro-Romero & Baeza-Kuroki, 1985)

Description. Cephalothorax suborbicular, anterolateral

angles projected into short lobes capable of expanding its

cephalothorax, varying its shape (when changing its site

of attachment). Buccal area, prolonged into a proboscis,

highly muscular. Labrum simple, short. Labium armed

with a pair of scale-like plates. Intrabuccal stylet short

with a short seta. Intrabuccal armature with central plates

plane and the lateral projection convoluted. Mandible

apparently a stylet not denticulated. Maxillule biramous,

with inner lobe, outer lobe. Maxilla uniramous, located at

base of cephalothorax, at a distance from the buccal tube

and the maxillule, lacertus armed with two spiniform pro-

cesses, brachium without armature, claw with row of fine

setae, the distal longer than the others. Neck long, with

cuticular skeleton. Fourth thoracic segment fused to trunk.

Three pairs of legs. Abdomen developed. Caudal rami

armed with six setae. Egg sac straight.

TrifurWilson, 1917

(amended from Wilson, 1917)

Description. Cephalothorax suborbicular distally, with a

central part in which is located the buccal area, dorsally

bearing the antennule and antenna. Armed with three

holdfasts, of variable length and width, one oriented on

each side and one posteriorly. Antennule apparently three

segmented, provided with a long asthete 60�87% of the

antennule length. Provided with bifid setae, two distally

and another on basal segment, and the presence of plu-

mose seta on basal segment and distal segment. Antenna

bisegmented, chelated, with variable size of the first seg-

ment related to the second one. Buccal area, short, not

forming proboscis, typical buccal tube, with three rings.

Dorsally covered by the labrum, the latter simple, with

short latero-distal projection. Labium armed with row of

scale-like plates, some with serrated margin. Intrabuccal

stylet short, simple base and distal short, simple seta.

Mandible apparently divided into two parts, distal part

bearing apically a dentate blade, with teeth on ventral

margin, denticulation in some is difficult to define, with

variation on presence of some denticle on distal margin in

addition to the ventral teeth. Maxillule biramous, inner

lobe a long papilla surmounted by two long setae, outer

lobe a short papilla, external to the inner lobe, armed with

a setae. Presence of a lobe of different developments, sub-

orbicular to more elongated, ventrally to both rami. Max-

illa, uniramous, lacertus strong, longer than brachium and

claw together, with two strong spiniform processes.

Brachium, shorter than lacertus, armed with a flap. Claw

slender, armed with two rows of fine setae. Neck long,

narrow, not bearing annexe structure. Bearing the legs,

located at some distance each to the other, except the sec-

ond pair which are very close to the first one. Legs: four

Table 3. Distance matrix of uncorrected p-distances among and within species derived from DNA barcoding analyses by the general
mixed Yule-coalescence models.

Ergasilus sp. P. meridionalis T. cf. tortuosus M. antofagastensis P. cf. fistula Intraspecific

Ergasilus sp. 1.47

Prokroyeria meridionalis 29.86 -

Trifur cf. tortuosus 27.24 22.82 2.25

Metapeniculus antofagastensis 28.83 23.82 19.78 0.44

Peniculus cf. fistula 27.20 23.37 18.16 17.86 0.95
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pairs, first and second biramous, and third and fourth pair

uniramous, rami usually broken. Trunk sigmoid, the geni-

tals are with a short projection. Abdomen long, widening

and blunt distally. Caudal ramus not distinguishable. Eggs

sacs coiled in those specimens located also inside the

branchial chamber or in the palate of its host, or elongated

in the case of those living attached externally to the host.

Species diagnosis

Peniculus cf. fistula von Nordmann, 1832

(Fig. 4�28)

VOUCHER SPECIMENS: No. 15113�15120, Museo

Nacional de Historia Natural de Santiago de Chile

(MNHNCL), Chile.

LOCALITY: Antofagasta Bay (South Pacific coast of

Chile).

HOSTS: O. regia, H. macrophthalmos, M. cephalus, I.

conceptionis, C. crusma, P. jugularis, G. laevifrons, A.

scapularis, and C. fasciatum.

SITE INFECTION: All fins rays attached to rays.

MATERIAL EXAMINED: Seven specimens from C.

crusma, eight from G. laevifrons, six from H. macro-

phthalmos, eight from I. conceptionis, six from M.

cephalus, 23 from O. regia, nine from P. jugularis, one

from A. scapularis, and one from C. fasciatum.

MEASUREMENTS: see Table 4.

Description

Female. Cephalothorax elongated (Fig. 4�9 and 25). The

fourth segment variable in shape (sub-orbicular in speci-

mens from C. crusma), and more elongated in specimens

from H. macrophthalmos and O. regia. This segment is

armed with three short spines (visible by transparency)

(Fig. 22) in specimens from O. regia, and in specimens

from P. jugularis, with two spines on the anterior part of

the trunk (Fig. 23).

Abdomen (Fig. 4�9). Development variable is not pro-

nounced in some or well developed but blunt in others.

Caudal rami (Fig. 24), armed with six setae (three long on

distal margin, two of median size on surface near distal

margin, and a short setae on distal outer margin).

Buccal area. Generally short (retractable into the cepha-

lothoracic cavity, Fig. 25) or in others, more developed,

Fig. 4�9. 4. Polymorphism drawings of Peniculus cf. fistula.
Specimen from Hemilutjanus macrophthalmos. 5. Specimen
from Chromis crusma. 6. Specimen from Girella laevifrons. 7.
Specimen from Odonthestes regia. 8. Specimen from Mugil
cephalus. 9. Specimens from Prolatilus jugularis (A D abdo-
men). Ce D Cephalothorax; N D Neck; Fs D Fourth segment.
All scale bars: 1,000 mm.

Table 4. Morphological measurements (in mm) of Peniculus cf.
fistula associated with nine marine fish species. The codes of
three letters are referring to the host species and correspond with
those mentioned in Table 1.

Host
Total
length

Cephalothorax
length/neck
length. Mean
(Min.�Max.)

Trunk
length/trunk
wide. Mean
(Min.�Max.)

Fourth
segment
length/

trunk length.
Mean

(Min.�Max.)

Fourth
segment
length/

fourth segment
wide. Mean
(Min.�Max.)

Ore 3.91 (3.19�4.62) 59 (54�63) 21 (19�24) 14 (7�20) 100 (67�158)

Hma 6.45 (5.79�7.10) 75 (69�81) 17 (14�19) 7 (6�8) 111 (90�123)

Mce 5.16 (3.55�6.76) 66 (56�75) 22 (15�29) 8 (4�11) 78 (54�107)

Ico 6.06 (4.80�7.32) 51 (41�60) 15 (11�20) 7 (5�9) 107 (87�131)

Ccr 2.96 (2.50�3.42) 60 (50�71) 35 (33�37) 12 (9�16) 79 (50�107)

Pju 4.72 (2.75�6.07) 66 (62�70) 24 (16�32) 9 (4�13) 83 (55�108)

Gla 6.76 (4.22�9.54) 54 (49�58) 14 (9�18) 6 (5�7) 94 (70�120)

Asc 2.55 56 17 15 77

Cfa 8.47 (8.06�8.74) 97 (91�100) 12 (11�13) 6 (6�7) 90 (79�112)

Fig. 10�18. 10. Appendages drawings of Peniculus cf. fistula.
Antenna from Hemilutjanus macrophthalmus. 11. Antenna from
Chromis crusma. 12. Antenna from Prolatilus jugularis. 13.
Mandible from H. macrophthalmos. 14. Mandible (distal part)
from Mugil cephalus. 15. Mandible, distal end, from Odon-
thestes regia. 16. Maxillule from O. regia entire and maxillule.
17. Maxillule from H. macrophthalmos. 18. Maxillula from Gir-
ella laevifrons. Scale bars: Fig. 14: 10 mm; Figs. 10, 13, and 17:
25 mm; Figs. 11�12, 15�16 and 18: 50 mm.

8 R. Castro-Romero et al.
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extended like a proboscis, like in specimens from O. regia

(Fig. 26) not well muscularized.

Appendages. Antennula not detected. Second antenna

(Fig. 10�12) usually covered by chitinous capsules, basal

segment subrectangular, as wide as the second segment.

The latter with straight margin in specimens from P. jugu-

laris (Fig. 12) or convex margin in specimens from H.

macrophthalmos (Fig. 10) the distal margin of this seg-

ment pronounced into a spiniform process, which receives

the claw distal end. The medial distal margin with a soft

sinuosity. Claw strong, wide, only in specimens from C.

crusma appear more narrow (Fig. 11).

Mandible (Fig. 13�16). With ten teeth in specimens

from H. macrophthalmos (Fig. 13) and O. regia (Fig. 15),

nine teeth in specimens from M. cephalus (Fig. 14), and

only seven teeth observed in specimens of A. scapularis

(Fig. 27). Maxillule (Figs 17 and 18) biramous; inner lobe

with a long papilla bearing two setae, as long as the base,

outer lobe with a short papilla bearing a single setae. In

specimens from H. macrophthalmos the outer lobe is short

(Fig. 17) and very reduced in P. cf. fistula from G. laevi-

frons (Fig. 18). Specimens from A. scapularis (Fig. 28)

show the outer lobe with a papillae sub-circular.

Maxilla (Fig. 19�21). With lacertus strong armed with

only one spiniform process. Brachium with two flaps on

inner surface, claw usually with two rows of fine setules.

Legs. Four pairs, usually broken in adult specimens.

Fig. 19�24. 19. Maxilla from Hemilutjanus macrophthalmos.
20. Maxilla from Odonthestes regia. 21. Maxilla from Prolatilus
jugularis. 22. Fourth segment of Peniculus cf. fistula from O.
regia. 23. Fourth segment of P.cf. fistula from P. jugularis. 24.
Caudal rami of P.cf. fistula. Scale bars: Fig. 19�21: 50 mm;
Fig. 22: 100 mm; Fig. 23: 200 mm; Fig. 24: 25 mm.

Fig. 25�30. 25. Peniculus cf. fistula buccal area front lateral view. 26. Cephalothorax lateral view showing expansion-like proboscis in
P. cf. fistula from Odonthestes regia. 27. Maxillule of P. cf. fistula from Anisotremis scapularis. 28. Maxillule of P. cf. fistula from A.
scapularis in lateral view (Il D Inner lobe, Ol D Outer lobe). 29. Metapeniculus antofagastensis showing the labrum and buccal tube.
30. Proboscis of M. antofagastensis. Bt D Buccal tube, L D Labrum, M D Maxilla; .S D Scales on labium. Scale bars: Fig. 25: 50 mm;
Fig. 26: 100 mm; Fig. 27�29: 10 mm.
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Remarks. The specimens examined cannot be considered

conspecifics with the majority of the eight species known

in the genus; from Peniculus calamus Nordmann, 1864

and Peniculus minuticaude Shiino, 1956 can be differenti-

ated because the abdomen have a conformation bi-lobed

and are short in these two species while not developed or

blunt in the present specimens. Peniculus truncatus

Shiino, 1956 can be discarded because they bear a straight

abdomen, not developed. While a different shape in the

present specimens, also the fourth segment is fused to the

trunk in P. truncatus, but not so in the present reported

specimens from P. ostraciontis.

From Peniculus clavatus Muller, 1779 and Peniculus

elongatus Boxshall, 1986 both sharing the presence of a

proboscis, can be considered not conspecific with the

specimens from Chilean fishes because of the cephalotho-

rax shape and the trunk distal end. Here care must be

taken in the proboscis, which is present in P. clavatus and

P. elongatus, but only in P. cf. fistula from O. regia. Is the

length of proboscis a valid difference? It is worth men-

tioning that the proboscis in Peniculus sp. is highly con-

tractile, and can be partially occulted in the

cephalothoracic cavity, as has been shown previously for

P. fistula (Moon & Choi, 2014).

Peniculus quadratus Moon & Choi, 2014 recently

described, is differentiated from all the Peniculus species

known (and from the present specimens) by the presence

of subquadrangular cephalothorax, but its site of attach-

ment on the fish palate could have produced such defor-

mation of the shape (as demonstrated for Metapeniculus

sp., which suffered great changes in the cephalothorax

morphology when attached to other sites).

The other species reported for Peniculus sp., but were

considered as species, are not valid: Peniculus communis

Leigh-Sharpe, 1934 and Peniculus elegans Leigh-Sharpe,

1934 cannot be considered conspecific with the present

examined specimens, because P. communis is a species

with rectangular cephalothorax, and cuticular skeleton in

the neck, not present in any species of Peniculus, but pres-

ent in both Metapeniculus and the recently raised Prope-

niculus (Castro-Romero, 2014). Peniculus communis

could belong to Propeniculus, but its morphology, buccal

area, labrum type, and armature on labium should be

investigated. Peniculus elegans shows a quadrangular

cephalothorax and fourth segment fused with the trunk,

on the other hand, the cephalothorax is elongated and the

fourth segment separated in the present specimens. Conse-

quently to the above expressed, the authors decided to let

the specimens here studied as P. cf. fistula, by some simi-

larities with the type species, e.g., range of morphological

variation (neck, cephalothorax, fourth segment), and con-

sidering the morphotypes (Delamare-Debouttevile &

Nunes, 1951). However, it is necessary that future

research based on molecular data corroborate, or not, the

genetic divergence of species from European

(Mediterranean) waters, and other localities in which it

has been reported.

Peniculus cf. fistula: intraspecific morpholog-

ical variation

The P. cf. fistula specimens parasitic on the fishes from

Antofagasta show morphological variations. The varia-

tions include: the cephalothorax length/neck length ratio

(varied from 41 to 100%), the fourth segment shape (sub-

circular or more elongated, separated by a constriction

from the trunk or in others continue to the trunk without

such separation), the trunk length/trunk width ratio (varies

from 9 to 37%), abdomen (with few or more develop-

ment), the total length range (from a minimum length of

2.284 to a maximum length of 9.537), mandible distal

blade (usually with nine teeth, or sometimes a major num-

ber appears (10), or in some specimens a minor number

(as detected in specimens from A. scapularis with only

seven teeth), maxilla in some specimens with the typical

armature, but in others appears a chitinous flange, distal

on the lacertus, at point of joint with the brachium). These

morphological variations are found between P. fistula

specimens from different hosts too (Delamare-Deboutte-

ville & Nunes, 1951). Finally, the minimum mean size

length observed was 2.960 (2.497�3.423) in C. crusma

and the maximum length observed was for a specimen

parasitic on G. laevifrons 6.760 (4.220�9.540), the size

of all other specimens measured fell between those values.

Metapeniculus antofagastensis Castro-Romero & Baeza-

Kuroki, 1985

(Fig. 29�30)

VOUCHER SPECIMENS: No. 210487�210488, United

States National Museum (USNM), USA.

LOCALITY: Antofagasta Bay (South Pacific coast of

Chile).

HOST: Anisotremus scapularis

SITE INFECTION: Buried into the musculature near base

of caudal fins, pectoral, or ventral fins.

MATERIAL EXAMINED: Eight female specimens para-

sitic on A. scapularis.

Remarks. The species described by Castro-Romero and

Baeza-Kuroki (1985), bear the cephalothorax suborbicu-

lar, with short lateral projection at both sides of the

antenna position, the proboscis is highly muscular, and

buccal tube displaced by the proboscis formation, and the

maxilla remain near the cephalothorax on ventral surface,

far from the buccal tube and maxillule. The labrum is a

short, simple, convex plate and the labium is armed with a

pair of scale-like plates. The long neck is armed with

cuticular skeleton (see figures 8, 4e, 5, 6e, 6f, 9, 13, 14, 15

and 16 from Castro-Romero & Baeza-Kuroki, 1985).

10 R. Castro-Romero et al.
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Metapeniculus antofagastensis was documented with a

big variation of the cephalothorax shape (Castro-Romero

& Baeza-Kuroki, 1988) from suborbicular to subquadran-

gular, when attached in site not usually showing other

morphological differences.

Trifur cf. tortuosusWilson, 1917

(Figs 31�48)

VOUCHER SPECIMENS: Nos 15121�15122,

MNHNCL.

LOCALITY: Antofagasta Bay (South Pacific Coast of

Chile).

HOSTS: Sebastes oculatus and Isacia conceptionis.

SITE OF INFECTION: Branchial arcs and branchial

chamber.

MATERIAL EXAMINED: Four adult females from S.

oculatus and three adult females from I. conceptionis.

MEASUREMENTS. See Table 5.

Female from S. oculatus. Cephalothorax (Fig. 31�33),

short, globose in dorsal view, dorsally bearing the anten-

nules and antenna just on middle length, in some speci-

mens in the base of them a lobular esclerite. The

cephalothorax with three well-developed holdfasts

(Fig. 32), one on the left side, another in the right side and

the last posterior, the three oriented downwards.

Neck long, narrow. Trunk sigmoidal (Fig. 31), with fle-

shy lobules at each side, near the position of the genital

opening. Abdomen (Fig. 33) almost cylindrical, oriented

posteriorly. Caudal rami not detected.

Appendages. Antennule (Fig. 35), three segmented, first

and second segment each armed with simple setae, distal

segment with simple setae and two bifid setae plus a long

aesthete, reaching 87% of the antennule length (measured

from premetamorphosing stages from Castro-Romero &

Baeza-Kuroki, 1986).

Antenna, basal segment strong, subquadrangular, a lit-

tle longer than the second one, second segment subqua-

drangular, with distal inner margin shaping into a big

projection which receives the claw distal end, claw narrow

and slightly curved (Fig. 35).

Mandible (Fig. 36). Bisegmented, distal blade with well-

defined dentition, bearing nine teeth (all in ventral margin).

Maxillule (Fig. 36). Biramous, inner lobe with papillae

armed with two long setae, outer lobe with a short papillae

and one setae. Intrabuccal stilet (Fig. 38) slender, with

slightly curved base, distal seta short about a third of the

base length.

Fig. 31�34. 31. Female entire lateral view of Trifur cf. tortuo-
sus from Sebastes oculatus. 32. Cephalothorax dorsal view of T.
cf. tortuosus from S. oculatus. 33. Cephalothorax lateral view of
T.cf. tortuosus from S. oculatus (other specimen). 34. Abdomen
lateral view of T.cf. tortuosus from S. oculatus. Scale bars:
Fig. 31: 5000 mm; Fig. 32�34: 500 mm.

Fig. 35�39. 35. Antennule of Trifur cf. tortuosus from Sebastes
oculatus. 36. Antenna of T. cf. tortuosus from S. oculatus. 37.
Mandible and maxillule of T. cf. tortuosus from S. oculatus. 38.
Intrabuccal stylet of T. cf. tortuosus from S. oculatus.39.Maxilla
of T. cf. tortuosus from S. oculatus. Scale bars: Fig. 35�36, and
39: 50 mm; Fig. 37: 30 mm; Fig. 38: 15 mm.

Fig. 40�43. 40. Female entire lateral view of Trifur cf. tortuo-
sus from Isacia conceptionis. 41. Cephalothorax lateral, left
view of T. cf. tortuosus from I. conceptionis. 42. Cephalothorax
lateral, right view of T. cf. tortuosus from I. conceptionis (other
specimen). 43. Abdomen lateral right view of T. cf. tortuosus
from I. conceptionis. Scale bars: Fig. 40: 5000 mm; Fig. 41�42:
500 mm; Fig. 43: 1000 mm.
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Maxilla (Fig. 39). Lacertus with two long, strong, unci-

form processes, brachium with unarmed, distal segment

as a claw with two rows of fine setules. Legs: four pairs,

the first positioned close to the end of cephalothorax, the

second just at the anterior part of the neck, and the third

separated, the fourth at a major distance.

Legs. Armature not recognizable, broken.

Female from I. conceptionis. Cephalothorax

(Fig. 40�42), small, suborbicular in lateral view. Holdfast

a little longer than cephalothorax. The lateral right, a little

longer than the other holdfasts (Fig. 41), in some speci-

mens one of the holdfasts (the left) is longer than the

others, or in other specimens, the lateral holdfast pointed

ventrally, elongated and a short, undeveloped right hold-

fast (Fig. 42).

Neck. Long, slightly curved medially, narrower at the end

at the joint with the trunk. Trunk, suborbicular (Fig. 40)

posterior margin slightly straight, genital margin less

pronounced.

Abdomen (Fig. 43) with distal part separated from

trunk and oriented upwards. Caudal rami not detectable.

Appendages. Antennule (Fig. 44), apparently three seg-

ments, first segment armed with 11 simple setae, second

segment bearing eight simple setae, distal segment with

seven setae (at least one of them bifid, and a long aesthete,

reaching 66% of the antenna length).

Antenna (Fig. 46). Bisegmented, chelated, basal segment

subrectangular, longer than the second segment, with

developed projection on distal inner margin in order to

receive the claw, bearing a short seta. Intrabuccal stylet

(Fig. 47) narrow base slightly curved proximally, bearing

short setae (about a half of the base length).

Mandible (Fig. 45). Distal blade with well-defined denti-

tion, bearing 10 teeth (seven on the ventral margin and

three on distal margin).

Maxillule (Fig. 45). Biramous; inner lobe with papillae

bearing two setae (broken), the outer lobe bearing a short

papilla with setae longer than its base.

Maxilla (Fig. 47). Lacertus strong, with two stout spini-

form processes, as long as the brachium and claw

together, brachium slender, not armature detected. Claw

almost straight with two rows of fine setae.

Fig. 44�48. 44. Antennule of Trifur cf. tortuosus from Isacia
conceptionis. 45.Mandible and maxillule, and detail of mandible
distal part of T. cf. tortuosus from I. conceptionis. 46. Antenna of
T. cf. tortuosus from I. conceptionis. 47. Intrabuccal stylet of T.
cf. tortuosus from I. conceptionis. 48. Maxilla of T. cf. tortuosus
from I. conceptionis. Scale bars: Fig. 44: 100 mm; Figs 45�48:
50 mm; Fig. 47: 15 mm.

Table 5. Morphological measurements (in mm) of Trifur cf. tortuosus associated with Sebastes
oculatus (Soc) and Isacia conceptionis (Ico).

Soc Ico

Cephalothorax Length. Mean (Min.�Max.) 1.60 (0.87�2.82) 1.40 (1.18�1.62)

Width. Mean (Min.�Max.) 1.77 (1.28�2.46) 0.90 (0.85�0.95)

Right holdfast Length. Mean (Min.�Max.) 0.95 (0.77�1.08) 0.91 (0.80�1.03)

Width. Mean (Min.�Max.) 0.65 (0.44�0.97) 0.36 (0.33�0.39)

Left holdfast Length. Mean (Min.�Max.) 2.21 (1.74�3.08) 0.87 (0.82�0.92)

Width. Mean (Min.�Max.) 1.38 (0.31�3.84) 0.36 (0.33�0.39)

Posterior
holdfast

Length. Mean (Min.�Max.) 2 (1.28�3.08) 1.09 (1.15�1.03)

Width. Mean (Min.�Max.) 0.69 (0.46�1.03) 0.37 (0.36�0.38)

Neck Length. Mean (Min.�Max.) 9.42 (6.33�12.10) 12.63 (11.5�13.77)

Width. Mean (Min.�Max.) 1.47 (0.385�2.64) 0.40 (0.31�0.49)

Trunk Length. Mean (Min.�Max.) 2.69 (0.46�5.38) 2.43 (2.30�2.56)

Width. Mean (Min.�Max.) 1.78 (0.77�3.59) 1.60 (1.54�1.67)

Abdomen Length. Mean (Min.�Max.) 3.09 (2.10�3.72) 3.2

Width. Mean (Min.�Max.) 1 (0.51�1.8) 0.88 (0.87�0.90)
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Legs. Four pairs, the first close to the end of cephalotho-

rax, the second just at the anterior part of the neck, and

the third separated from the fourth by a major distance.

Legs; armature unidentifiable, broken.

Remarks. Trifur cf. tortuosus specimens parasitic on I.

conceptionis shows the holdfast reduced in length or with

variation in wide, while of normal elongation in speci-

mens fromMerluccius gayi Guichenot, 1848 and S. ocula-

tus. Trifur cf. tortuosus, show the antennule with three

segments in those from M. gayi (see figures 5a, 5b and 6

from Castro-Romero & Baeza-Kuroki, 1989a), S. oculatus

and I. conceptionis (from Antofagasta Northern Chile).

But differing from those specimens described by Etche-

goin et al. (2009) bearing two segmented antennules. Also

it is necessary to define the exact chaethotaxy of the

antennule, types of setae (nude or plumose, simple or

bifid), and its position (this can be tested specifically from

premetamorphosing specimens, considering that in the

adult it can be lost). The aesthete length reaches 87% of

the antennule length (from premetamorphosing stages;

Castro-Romero & Baeza-Kuroki, 1986), 66% in speci-

mens of T. cf. tortuosus from S. oculatus, while 82% in

specimens from I. conceptionis, if compared with the

64.4% in specimens from Pseudopercis semifasciata Cuv-

ier, 1829 from Etchegoin et al. (2009). These characters

must be tested in other specimens, for possible variation

or for detection, especially the antennule segmentation

number (which could also show variation due to treatment

for SEM).

The mandible, usually with a well-defined dentition,

nine in specimens from S. oculatus, 10 in specimens from

I. conceptionis, differing in the position of the teeth in the

latter, while eight in specimens from Argentina (Etche-

goin et al. 2009) parasitic on Pseudopercis semifasciata

Cuvier, 1829, but care must be taken when observing the

dentition under optical microscopy, especially by the ter-

minal blade orientation, sometimes twisted, which can

obscure some teeth.

Discussion
The high morphological polymorphisms detected for the

taxa analysed in this study show the need to apply integra-

tive taxonomy approaches (combined molecular and mor-

phological data) to correctly delimit the species. Based on

morphometric analyses we do not find significant statisti-

cal values that permit delimitation of species of Peniculus

by association to morphological characters, e.g., the ratio

cephalothorax length/neck length, fourth segment length/

fourth segment wide, fourth segment length/trunk length,

trunk length/width for the P. cf. fistula specimens from

different hosts (Fig. 2). In this case, a particular diversity

of forms of copepod parasites of marine fishes was

attempted with DNA barcoding, analysed with indepen-

dent methods without a priori defined groups, e.g., Bayes-

ian phylogenetic analyses (BI) with four contrasting runs

of GMYC plus bGMYC. The results obtained by the five

analyses are relatively congruent, and show few differen-

ces in particular clades (subdivided or merged) (Fig. 3).

We decided to delimit each terminal group (species),

based on values of probability support nodes (> 0.95). In

this context, we chose to follow a conservative approach

by considerate as single species to independently evolving

lineages with significant statistical values. Short branches

for all terminals is a strong indicator of insufficient time

to accumulate polymorphisms and to complete the specia-

tion process (Cornils & Held, 2014; Mart�ınez-Aquino
et al. 2013). Therefore, in this study we show that the pen-

nellids (genera and species) can show high morphological

polymorphism with very low genetic differentiation, as

here was discovered for Peniculus, not permitting its sepa-

ration in taxonomic unities. On the other hand, both Trifur

and Metapeniculus show low genetic divergence, among

the studied specimens not enough for separation into spe-

cies. In the next section, we briefly discuss the intraspe-

cific morphological variation based on results obtained for

each taxonomic group.

Peniculus cf. fistula

Based on the results of the molecular phylogenies using

barcoding DNA, morphometric analyses, plus a strict

morphological comparison with all other Penniculus spe-

cies, we decided on the taxonomic status of the present

specimens as P. cf. fistula until a molecular analysis of the

type species can be done for testing the phylogenetic rela-

tionships between each of them from diverse host and

localities and finally states its real identities with the pres-

ent specimens. In future analyses, morphological charac-

ters can be used like the antenna medial margin of the

second segment bearing plate with denticles variable in

number, as probed here for the specimens from M. cepha-

lus, differing in the number of denticles with those of

P. minuticaude (also see Venmathi Maran et al., 2012). In

this context, other aspects that must be tested are the

antennules chaetotaxia, for premetamorphosing speci-

mens, under high magnification (SEM), and also the pres-

ence of spinulation on the abdomen distal surface and

margin. On the other hand, including specimens of P. fis-

tula recorded in other marine systems around the world

(e.g., €Oktener, 2008), and associated to marine fishes with

wide distribution (e.g., M. cephalus), permitted establish-

ing whether P. fistula is a species with wide distribution

or is a complex putative species (for more details referent

to distributional area of P. fistula and theirs hosts, see

Appendix 1, see supplemental material online).

Integrative taxonomy of copepod parasites of marine fishes 13
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The genetic distance among specimens of P. cf. fistula

was low (0.95%); however, a high morphological varia-

tion was observed associated to hosts (although these are

not necessarily observed in the ultrametric tree; Fig. 3). In

general, the morphological variation among P. cf. fistula

is associated with distinct hosts, e.g., the fourth segment

shape, suborbicular, separated by a constriction from the

trunk, in those from C. crusma and those from G. laevi-

frons, slightly separated in those from I. conceptionis and

P. jugularis and on the other hand more elongated and not

well separated from the trunk in those on

H. macrophthalmos and O. regia. Some specimens bear

the presence of short spines on the fourth segment (in

those from O. regia), or others annexed in the trunk ante-

rior part (in those of P. jugularis), which are not visible or

not detectable in specimens from the other hosts studied.

The abdomen showing variation, in some less developed

(in specimens from G. laevifrons andM. cephalus), and in

others more developed (in specimens from C. crusma, H.

macrophthalmos, and P. jugularis). Here also it was

observed that the second maxilla is armed with one or two

spiniform processes as usual or, instead, a spiniform pro-

cess and a strong chitinous border, vertical, distally on the

lacertus as in P. jugularis.

It is important to mention the polymorphisms in some

morphological aspect, especially for the cephalothorax

shape, which can be modified if the specimens are attached

to a distinct site (that is not the fins’ rays), such could be

the case of P. quadratus which live attached to the palate

and could be inducing the extension of the cephalothoracic

surface by the need to have a better attachment. Another

character worth mentioning is the extension of the buccal

area, similar to a proboscis (non-muscularized in Peniculus

but highly muscularized in Metapeniculus), such as was

verified in specimens from O. regia, but other specimens

without such extension, that is probably because the buccal

area can be easily contracted into a cephalic cavity or

expanded outside this. This situation was also noted by

Delamare-Deboutteville and Nunes (1951), detecting varia-

tion in specimens on a same host. A vision of the entire

genus is desirable considering the molecular analysis in

order to elucidate its real composition.

It is of interest that parasitic copepods of the genus Pen-

iculus are attached to the fins’ rays and present adaptive

structures with morphological variation, e.g., length of the

neck, fourth segment shape, its grade of separation from

the trunk, and variation on the trunk wide/trunk length

ratio. The principal morphological variation detected in

this study of P. cf. fistula was in the neck length and the

fourth segment shape. In this context, it is possible to infer

that the association of P. cf. fistula on different host spe-

cies from the coast of Antofagasta can explain the high

morphological variation, because of a high environmental

variation exposed by each host species, e.g., sea wave

force in coastal waters, influencing the fish behaviour.

Metapeniculus antofagastensis

This species has previously been reported to suffer poly-

morphism, especially on the cephalothorax shape,

expanding, sometimes, in big lobules, or adopting a sub-

quadrate shape when the copepod attaches to a different

site on the host, especially when attaching to a lateral

musculature, separated from the fins’ base (Castro-

Romero & Baeza-Kuroki, 1988). The genetic variability

could be compared with congeneric species M. haemulo-

nis Alexander, 1983, associated in Haemulon staindach-

neri Jordan & Gilbert, 1882 from Brazilian waters, in

order to test the status of both species.

Trifur cf. tortuosus

The analysis of the type species of T. tortuosus from

Salilota australis G€unther, 1878 from southern Chile

with molecular markers (e.g., barcoding genes) is desir-

able in order to clarify (or test) if the specimens from

Antofagasta are really the same species. Eventually,

even Etchegoin et al. (2009) includes all the Trifur

species as synonym of T. tortuosus. Furthermore, the

morphological variation of T. cf. tortuosus does not

give us clear character allowing the distinction among

the specimens of Trifur here studied and with those pre-

viously known. The high variability of the cephalothora-

cic holdfast length and width as seen also by Etchegoin

et al. (2009) and in the present observations, is not suit-

able to state differences among species (as seen too for

Lernaeenicus longiventris Wilson, 1917 by Castro-

Romero & Joyeux, pers. obs.). Some characters that

need revision in all the specimens of Trifur, for an accu-

rate comparison, are the antennules, which have three

segments in the specimens from M. gayi (Castro-

Romero & Baeza-Kuroki, 1989a), and in S. oculatus

and I. conceptionis, while the description by Etchegoin

et al. (2009) has two segmented or not well defined seg-

mentation in specimens from P. semifasciata; and the

chaetotaxia must be verified in each of the specimens

for the possible variation in the setae number on each

segment and the type of setae (simple or plumose), the

number of bifid setae on the segments and distally, and

finally the aesthete length. The mandible with normal

dentition in specimens from S. oculatus, that has nine

teeth on the ventral margin (as usual), contrary to the

specimens from I. conceptionis in which the mandible

shows three teeth on the distal margin and the other, a

series of seven in the ventral margin (as detected from a

young premetamorphosing female), while in specimens

from P. semifasciata bear only eight teeth all on the

ventral margin (Etchegoin et al. 2009). When observed

on light microscopy care must be taken due to the

fragile blade, which can be twisted, sometimes not

allowing a good observation of the teeth number.
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Taxonomic implications

DNA barcoding, used to delimit species and infer phyloge-

netic relationships between congeneric species, shows great

potential for integrative taxonomy approaches due to recent

improvements in statistical methods (Fujita, Leach�e, Bur-
brink, McGuire, & Moritz, 2012; Jones et al., 2011; Puil-

landre, Lambert, Brouillet, & Achaz, 2012). In the case of

marine copepods, the integration of barcoding phylogenies

plus morphological evidence has been implemented in

other studies (e.g., Blanco-Bercial, Cornils, Copley, &

Bucklin, 2014; Cornils & Held, 2014). Based on averaged

values of the genetic distances estimated using DNA bar-

coding for other crustacean groups (e.g., congeneric species

of Decapoda, Cladocera, and Amphipoda), an average

value of 17.16% was obtained (Costa et al., 2007). In par-

ticular groups of copepods (e.g., congeneric calanoid cope-

pod species), these distance values can oscillate from 9 to

24% (Bucklin, Frost, Bradford-Grieve, Allen, & Copley,

2003). Recently in pennellid copepods, Mu~noz et al.

(2015) reported distances with an average of 20.3%

between two species of Pennellidae (Pennellidae

‘morphotypes’, Trifur sp. 1 and Trifur sp. 2), and reported

distances ranging from 11.9% to 30.1% between Trifur

genus and pennellids taxa. These results are similar with

the values that we reported in the present study from Trifur

cf. tortuosus, M. antofagastensis, and P. cf. fistula

(Table 2). On the other hand, Mu~noz et al. (2015) also

reported genetic distances of 3.3% and 0.9% between Tri-

fur taxa and pennellids taxa; however, it is possible that

these values are due to a misidentification. Future studies

including more taxa of pennellids and more rigorous spe-

cies delimitation can corroborate this finding. In any case,

our study demonstrated the usefulness of DNA barcoding

for species delimitation in parasitic copepods of the family

Pennellidae. In the phylogenetic context, our results are not

consistent with the phylogenetic analysis based on mor-

phology for Pennellidae realized due to Boxshall (1986).

This author mentioned that Trifur belongs to the

‘Lernaeocera-group’ in the tree is higher than Peniculus

and justify their ‘basal’ phylogenetic position based on the

sigmoid body (trunk shape). In our phylogenetic analysis,

Peniculus is the sister group of Metapeniculus (described

posteriorly to the Boxshall phylogenetic tree for Pennelli-

dae) and Trifur is the basal group (plesiomorphic). This

new position of the genera can be ratified when a complete

analysis of all pennellids genera can be done based on

molecular and morphological new antecedents (such as

buccal area type, proboscis like extension, armature on

labium, and type of labrum). Therefore, here is presented

an amended diagnosis of the three genera (see below).

Conclusions
The specimens of Peniculus, Metapeniculus, and Trifur

studied have high morphological variation, especially on

the cephalothorax and annexed structures, such as the

case of the holdfast (when present) with reduced size.

This pattern of morphological variation was previously

reported in other pennellids taxa, e.g., Pennella by

Hogans (1987), Metapeniculus by Castro-Romero and

Baeza-Kuroki (1988), and Trifur by Etchegoing et al.

(2009). Furthermore, variation on the fourth segment for

the Peniculus by Delamare-Debouteville and Nunes

(1951) was also reported. Other pennellids probably also

suffer such polymorphism of the holdfast, like in L. longi-

ventris (Joyeux, pers. obs.). If it is not well known, this

variability confuses the identification or the description of

some species inside the genera of the family, due to the

site of attachment on the host, or because of the age of col-

lected parasite (maturity). Therefore, in order to establish

the real morphological variability and genetic divergence

through a range of distribution of their hosts, especially

when the copepods parasites live buried in the host mus-

culature with its cephalothorax, future systematic studies

of the family Penellidae (genera and species) must be per-

formed. In this context, beneficial approaches should com-

bine integrative taxonomy with coevolutionary studies in

order to detect hosts’ specific morphological adaptations

(e.g. Fontaneto, Flot, & Tang, 2015; Mart�ınez-Aquino,
2016).

Acknowledgements
We thank Leo Campos (Postgraduate student of the Uni-

versidad de Antofagasta) for his help during fieldwork,

and Z. Kabata (Canada) and A. Otkener (Turkey) for pro-

viding specimens of Peniculus fistula used for compari-

son. We also thank Dra. Fadia Sara Ceccarelli who

reviewed the first draft of this manuscript, made very use-

ful comments, suggestions and discussions of the phyloge-

netic analyses that we present in this contribution. We

thank Sabrina Martorelli for her constructive criticism.

We thank Paul Jones (English teacher) for editing the

English text.

Disclosure statement
No potential conflict of interest was reported by the

authors.

Funding
This work was supported by a postdoctoral grant from

CONACyT, Mexico (No. 238789) to A. M-A.

Supplemental data
Supplemental data for this article can be accessed at http://dx.
doi.org/10.1080/14772000.2016.1158213.

Integrative taxonomy of copepod parasites of marine fishes 15

D
ow

nl
oa

de
d 

by
 [

C
IN

V
E

ST
A

V
] 

at
 1

5:
12

 0
4 

A
pr

il 
20

16
 

http://dx.doi.org/10.1080/14772000.2016.1158213
http://dx.doi.org/10.1080/14772000.2016.1158213


References
Alexander, P. D. (1983). Peniculus haemuloni, a new species of

copepod (Siphonostomatoida: Pennellidae) parasitic on Hae-
mulon steindachneri from Ubatuba, Brazil. Bulletin of the
British Museum (Natural History) Zoology, 45, 381�385.

Atria, G. (1977). Lista de Cop�epodos asociados a organismos
marinos, en Chile (Caligoida, Lernaeopoida y Ciclopoida).
Noticiero mensual a~no XXI, 247-248, 3�6.

Blanco-Bercial, L., Cornils, A., Copley, N., & Bucklin, A.
(2014). DNA Barcoding of marine Copepods: Assessment
of analytical approaches to species identification. Public
Library of Science Currents Tree of Life, 1, 1�34 doi:
10.1371/currents.tol.cdf8b74881f87e3b01d56b43791626d2.

Boulding, E. G., de Waard, J. R., Ang, K. P., & Hebert, P. N.
(2009). Population genetic structure of the salmon louse, Lep-
eophtheirus salmonis (Kroyer) on wild and farmed salmonids
around the Pacific coast of Canada. Aquaculture Research,
40, 973�979. doi: 10.1111/j.1365-2109.2008.02159.x.

Boxshall, G. A. (1986). A new genus and two new species of
Pennellidae (Copepoda: Siphonostomatoida) and an analysis
of evolution within the family. Systematic Parasitology, 8,
215�225. doi: 10.1007/bf00009890

Bucklin, A., Frost, B. W., Bradford-Grieve, J., Allen, L. D., &
Copley, N. J. (2003). Molecular systematic and phylogenetic
assessment of 34 calanoid copepod species of the Calanidae
and Clausocalanidae.Marine Biology, 142, 333�43.

Bucklin, A., Hopcroft, R. R., Kosobokova, K. N., Nigro, L. M.,
Ortman, B. D., Jennings R. M., & Sweetman, C. J. (2010).
DNA barcoding of Arctic Ocean holozooplankton for spe-
cies identification and recognition. Deep-Sea Research II,
57, 40�48. doi: 10.1016/j.dsr2.2009.08.005.

Bucklin, A., Steinke, D., & Blanco-Bercial, L. (2011). DNA bar-
coding of marine metazoa. Annual Review of Marine Sci-
ence, 3, 471�508. doi: 10.1146/annurev-marine-120308-
080950.

Burgos, R., Quiteiro, J., L�opez- S�anchez, P., Perez-Brun, D.,
Tubio, A., & Rey-Mendez, M. (2003). COI (ADNmt) del
g�enero Clavella oken, 1815 (Copepoda: Siphonostomatoida:
Lernaeopodidae) parasito de peces de la costa norte de
Chile. In M. R. Mendez, J. F. & M. I. R. Trabajo (Eds.), Pre-
sentado en VI foro de Recursos mari~nos e da Acuicultura
das Rias galegas (pp. 277�288). Pontevedra: Fundaci�on
Observatorio Espa~nol de Acuicultura.

Castro-Romero, R. (2014). Two new genera of pennellids (Cope-
poda, Siphonostomatoida): Propeniculus and Pseudopenicu-
lus, each with a new combination, Propeniculus trichiuri
(Gnanamuthu, 1951) and Pseudopeniculus asinus (Kabata &
Wilkes, 1977). Crustaceana, 87, 551�569. doi: 10.1163/
15685403-00003304.

Castro-Romero, R., & Baeza-Kuroki, H. (1989a). Lamelliform
structures in the proboscis of Peniculus, and Metapeniculus.
Proceedings of the Biological Society of Washington, 102,
912�915.

Castro-Romero, R., & Baeza-Kuroki, H. (1989b). Characters for
the pennellid taxonomy based on Peniculus, Metapeniculus,
Lernaeenicus and Lernaeocera specimens revision with
SEM. Estudios Oceanol�ogicos, 8, 21�45.

Castro-Romero, R., & Baeza-Kuroki, H. (1988). Variaciones
morfol�ogicas de Metapeniculus antofagastensis Castro y
Baeza, 1985 por cambios de sitio de adhesi�on. Estudios Oce-
anol�ogicos, 7, 81�85.

Castro-Romero, R., & Baeza-Kuroki, H. (1986). Premetamor-
phosis stages of two pennelidae (Copepoda: Siphonostoma-
toida) from their definitive host. Crustaceana, 50, 166�175.
doi: 10.1163/156854086£00188.

Castro-Romero, R., & Baeza-Kuroki, H. (1985). Metapeniculus
antofagastensis gen. et sp. nov. (Copepoda, Pennellidae) para-
sitic on two inshore fishes of Antofagasta, Chile, south Pacific.
Crustaceana, 49, 22�29. doi: 10.1163/156854085£00161.

Claus, C. (1864). Beitrage zur kenntniss der Schmarotzerkrense.
Zeitschrift f€ur wissenschaftliche Zoologie, 14, 365�383.

Cornils, A., & Held, C. (2014). Evidence of cryptic and pseudoc-
ryptic speciation in the Paracalanus parvus species complex
(Crustacea, Copepoda, Calanoida). Frontiers in Zoology, 11,
1�19. doi: 10.1186/1742-9994-11-19.

Costa, F. O., de Waard, J. R., Boutiller, J., Ratnasingham, S.,
Dooh, R. T., Hajibabael, M., & Hebert P. D. N. (2007). Bio-
logical identifications through DNA barcodes: the case of
the Crustacea. Canadian Journal of Fisheries Aquatic Scien-
ces, 64, 272�95. doi: 10.1139/f07-008.

Delamare-Debouttevile, C., & Nunes, L. P. (1951). Existence de
“formes biologiques” chez Peniculus fistula (Rudolphi)
(Copepoda). Vie et Milieu life and Environment, 3,
448�458.

Diamant, A., Rothman, S. B. S., Goren, M., Gali, B. S., Yokes,
M. B., Szitenberg, A., & Huchon, D. (2014). Biology of a
new xenoma-forming gonadotropic microsporidium in the
invasive blotchfin dragonet Callionymus filamentosus. Dis-
eases of Aquatic Organisms, 109, 35�54. doi: 10.3354/
dao02718.

Dippenaar, S. M. (2009). Estimated molecular phylogenetic rela-
tionships of six siphonostomatoid families (Copepoda) sym-
biotic on elasmobranchs. Crustaceana, 82, 1547�1567. doi:
10.1163/001121609£12511103974538.

Dippenaar, S. M., Mathibela, R.B., & Bloomer, P. (2010). Cyto-
chrome oxidase I sequences reveal possible cryptic diversity
in the cosmopolitan symbiotic copepod Nesippus orientalis
Heller, 1868 (Pandaridae: Siphonostomatoida) on elasmo-
branch hosts from the KwaZulu-Natal coast of South Africa.
Experimental Parasitology, 125, 42�50. doi: 10.1016/j.
exppara.2009.08.017.

Drummond, A. J., Ashton, B., Buxton, S., Cheung, M., Cooper,
A., Duran, C., … Wilson, A. (2010). Geneious v5.0.4 Avail-
able at: http://www.geneious.com/. (accessed 29 March 2016).

Drummond, A. J., Suchard, M. A., Xie, D., & Rambaut, A.
(2012). Bayesian phylogenetic with BEAUti and the BEAST
1.7. Molecular Biology and Evolution, 29, 1969�1973. doi:
10.1093/molbev/mss075.

Easton, E. E., Darrow, E. M., Spears, T., & Thistle, D. (2014).
The mitochondrial genomes of Amphiascoides atopus and
Schizopera knabeni (Harpacticoida: Miraciidae) reveal simi-
larities between the copepod orders Harpacticoida and Poe-
cilostomatoida. Gene, 538, 123�137. doi: 10.1016/j.
gene.2013.12.053.

Etchegoin, J. A., Lafranchi, A. L., & Timi, J. T. (2009). The
mesoparasitic copepod Trifur tortuosus Wilson, 1917
(Pennellidae): redescription with notes on its congeners.
Acta Parasitologica, 54, 57�63. doi: 10.2478/s11686-009-
0002-x.

Ezard, T., Fujisawa, T., & Barraclough, T. G. (2009). Splits:
SPecies’ Limits by Threshold Statistics. R package version
1.0-14/r31. Available at: http://R-Forge.R-project.org/proj
ects/splits/. (accessed 29 March 2016).

Felsenstein, J. (1981). Evolutionary trees from DNA sequences:
a maximum likelihood approach. Journal of Molecular Evo-
lution, 17, 368�376. doi: 10.1007/bf01734359.

Fern�andez, J. (1985). Estudio parasitol�ogico de Merluccius aus-
tralis, Hutton, 1872 (Pisces: Merluccidae). Aspectos sis-
tem�aticos, estad�ısticos y Zoogeogr�aficos. Boletin de la
Sociedad de Biolog�ıa de Concepci�on, 56, 31�41.

16 R. Castro-Romero et al.

D
ow

nl
oa

de
d 

by
 [

C
IN

V
E

ST
A

V
] 

at
 1

5:
12

 0
4 

A
pr

il 
20

16
 

http://dx.doi.org/10.1371/currents.tol.cdf8b74881f87e3b01d56b43791626d2
http://dx.doi.org/10.1111/j.1365-2109.2008.02159.x
http://dx.doi.org/10.1007/bf00009890
http://dx.doi.org/10.1016/j.dsr2.2009.08.005
http://dx.doi.org/10.1146/annurev-marine-120308-080950
http://dx.doi.org/10.1146/annurev-marine-120308-080950
http://dx.doi.org/10.1163/15685403-00003304
http://dx.doi.org/10.1163/15685403-00003304
http://dx.doi.org/10.1163/156854086&times;00188
http://dx.doi.org/10.1163/156854086&times;00188
http://dx.doi.org/10.1163/156854085&times;00161
http://dx.doi.org/10.1163/156854085&times;00161
http://dx.doi.org/10.1186/1742-9994-11-19
http://dx.doi.org/10.1139/f07-008
http://dx.doi.org/10.3354/dao02718
http://dx.doi.org/10.3354/dao02718
http://dx.doi.org/10.1163/001121609&times;12511103974538
http://dx.doi.org/10.1163/001121609&times;12511103974538
http://dx.doi.org/10.1016/j.exppara.2009.08.017
http://dx.doi.org/10.1016/j.exppara.2009.08.017
http://www.geneious.com/
http://dx.doi.org/10.1093/molbev/mss075
http://dx.doi.org/10.1016/j.gene.2013.12.053
http://dx.doi.org/10.1016/j.gene.2013.12.053
http://dx.doi.org/10.2478/s11686-009-0002-x
http://dx.doi.org/10.2478/s11686-009-0002-x
http://R-Forge.R-project.org/projects/splits/
http://R-Forge.R-project.org/projects/splits/
http://dx.doi.org/10.1007/bf01734359


Folmer, O., Black, N., Hoen, 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 Biotechnol-
ogy, 3, 294�299.

Fontaneto, D., Flot, J. F., & Tang, C. Q. (2015). Guidelines for
DNA taxonomy, with a focus on the meiofauna.Marine Bio-
diversity, 45, 1�19. doi: 10.1007/s12526-015-0319-7.

Fontaneto, D., Giordani, I., Melone, G., & Serra, M. (2007). Dis-
entangling the morphological stasis in two rotifer species of
the Brachionus plicatilis species complex. Hydrobiologia,
583, 297�307. doi: 10.1007/s10750-007-0573-1.

Fujita, M. K., Leach�e, A. D., Burbrink, F. T., McGuire J. A., &
Moritz, C. (2012). Coalescent-based species delimitation in
an integrative taxonomy. Trends in Ecology and Evolution,
27, 480�488.doi: 10.1016/j.tree.2012.04.012.

Gollner, S., Fontaneto, D., & Mart�ınez-Arbizu, P. (2011).
Molecular taxonomy confirms morphological classification
of deep-sea hydrothermal vent copepods (Dirivultidae) and
suggests broad physiological tolerance of species and fre-
quent dispersal along ridges. Marine Biology, 158,
221�231. doi: 10.1007/s00227-010-1553-y.

Gonz�alez, L., & Carvajal, J. (1994). Estudio parasitol�ogico de
Meluccius australis (Hutton, 1872) del mar interior de 321
Aysen. Investigaciones Pesqueras, 38, 75�85.

Hansen, H., Bakke, T. A., & Bachmann, L. (2007). DNA taxon-
omy and barcoding of monogenean parasites: lessons from
Gyrodactylus. Trends in Parasitology, 23, 363�367. doi:
10.1016/j.pt.2007.06.007.

Hebert, P. D. N., Cywinska, A., Ball, S. L., & de Waard, J. R.
(2003). Biological identification through DNA barcodes.
Proceedings of the Royal Society of London B: Biological
Science, 270, S96�S99. doi: 10.1098/rspb.2002.2218.

Hervada, X., Santiago, M. I., V�asquez, E., Castillo, C., Loyola,
E., & Silva, L. C. (2014). Programa para an�alisis epide-
miol�ogico de datos tabulados epidat (computer program).
Versi�on 3.1. Espa~na: Direcci�on Xeral de Sa�ude P�ublica,
Xunta de Galicia (Espa~na); Organizaci�on Panamericana de
la Salud; Instituto Superior de Ciencias M�edicas de La
Habana (Cuba).

Hogans, W. E. (1987). Morphological variations in Pennella
balaenoptera and P. filosa (Copepoda: Pennellidae) with a
review of genus Pennella Oken, 1816 parasitic on cetacea.
Bulletin of Marine Science, 40, 442�453.

Huys, R., & Boxshall, G. A. (1991). Copoepod Evolution. Lon-
don: The Ray Society.

Huys, R., Llewellyn-Hughes, J., Conroy-Dalton, S., Spinks, J.
N., & Johnston, D. A. (2007). Extraordinary host switching
in siphonostomatoid copepods and the demise of the Mon-
strilloida: Integrating molecular data, ontogeny and antennu-
lary morphology. Molecular Phylogenetics and Evolution,
43, 368�378. doi: 10.1016/j.ympev.2007.02.004.

Jones, M., Ghoorah, A., & Blaxter, M. (2011). jMOTU and Tax-
onerator: Turning DNA barcode sequences into Annotated
Operational Taxonomic Units. Public Library of Science
ONE, 6, 1�10. doi: 10.1371/journal.pone.0019259.

Kabata, Z. (1979). Parasitic copepods of British fishes. London:
The Ray Society.

Katoh, K., & Standley, D. M. (2013). MAFFT multiple sequence
alignment software version 7: Improvements in performance
and usability. Molecular Biology and Evolution, 30,
286�298. doi: 10.1093/molbev/mst010.

Kress, J. W., Garc�ıa-Robledo, C., Uriarte, M., & Erickson, D. L.
(2015). DNA barcodes for ecology, evolution, and

conservation. Trends in Ecology and Evolution, 30, 25�35.
doi: 10.1016/j.tree.2014.10.008.

Lanfear, R., Calcott, B., Ho, S. Y., & Guindon, S. (2012). Parti-
tion finder: combined selection of partitioning schemes and
substitution models for phylogenetic analyses. Molecular
Biology and Evolution, 29, 1695�1701. doi: 10.1093/
molbev/mss020.

Lanfear, R. Calcott, B., Kainer, D., Mayer C., & Stamatakis, A.
(2014). Selecting optimal partitioning schemes for phyloge-
nomic datasets. BioMed Central Evolutionary Biology, 14,
82. doi:10.1186/1471-2148-14-82.

Leigh-Sharpe, W. H. (1934). The copepod of the Siboga expedi-
tion pt III. Amsterdam: E. J. Beill publishers and printers.

Lewis, G. A. (1964). Caligoid copepods (Crustacea) of the
Hawaiian Islands, parasitic on fishes of the family Acanthur-
idae. Proceedings of the United States National Museum,
115, 137�244. doi: 10.5479/si.00963801.115-3482.137.

Mangena, T., Jordaan, B. P., & Dippenaar, S. M. (2014). Phylo-
genetic relationships and genetic diversity of Nemesis Risso,
1826 species found on different elasmobranch host species
off the KwaZulu-Natal coast, South Africa. African Journal
of Marine Science, 36, 163�173. doi: 10.2989/
1814232X.2014.912992.

Mart�ınez-Aquino, A. (2016). Phylogenetic framework for coevo-
lutionary studies: a compass for exploring jungles of tangled
trees. Current Zoology (in press).

Mart�ınez-Aquino, A., Ceccarelli, S. F., & P�erez-Ponce de Le�on,
G. (2013). Molecular phylogeny of the genus Margotrema
(Digenea: Allocreadiidae), parasitic flatworms of goodeid
freshwater fishes across central Mexico: species boundaries,
host-specificity, and geographical congruence. Zoological
Journal of the Linnean Society, 168, 1�16. doi: 10.1111/
zoj.12027.

McBeath, A. J. A., Penston, M. J., Snow, M., Cook, P. F., Brick-
nell, I. R., & Cunningham, C. O. (2006). Development and
application of real-time PCR for specific detection of Lep-
eophtheirus salmonis and Caligus elongatus larvae in Scot-
tish plankton samples. Diseases of Aquatic Organisms, 73,
141�150. doi: 10.3354/dao073141.

McCarthy, M. (2007). Bayesian methods for ecology. Cam-
bridge: Cambridge University Press.

Miller, M. A., Pfeiffer, W., & Schwartz, T. (2010). Creating the
CIPRES Science Gateway for inference of large phyloge-
netic trees’. In Proceedings of the Gateway Computing Envi-
ronments Workshop (GCE), 14 Nov. 2010, New Orleans, LA:
IEEE Computer Society (pp. 1�8).

Moon, S. Y., & Choi, S. H. (2014). Description of two species of
Peniculus von Nordmann, 1832 (Copepoda: Siphonostoma-
toida: Pennellidae) parasitic on commercial fishes from
Korea, including new species. Systematic Parasitology, 88,
185�193. doi: 10.1007/s11230-014-9493-4.

Morales-Serna, F. N., Pinacho-Pinacho, C. D., G�omez, S., &
P�erez-Ponce de Le�on, G. (2014). Diversity of sea lice (Cope-
poda: Caligidae) parasitic on marine fishes with commercial
and aquaculture importance in Chamela Bay, Pacific coast
of Mexico by using morphology and DNA barcoding, with
description of a new species of Caligus. Parasitology Inter-
national, 63, 69�79. doi: 10.1016/j.parint.2013.09.005.

Mu~noz, G., Landaeta, M. F., Palacios-Fuentes, P., L�opez, Z., &
Gonz�alez, M. T. (2015). Parasite richness in fish larvae from
the nearshore waters of central and northern Chile. Folia
Parasitologica, 62, 1�12. doi: 10.14411/fp.2015.029.

Mu~noz, G., & Olmos, V. (2007). Revisi�on bibliogr�afica de espe-
cies ectopar�asitas y hospederas de sistemas acu�aticos de

Integrative taxonomy of copepod parasites of marine fishes 17

D
ow

nl
oa

de
d 

by
 [

C
IN

V
E

ST
A

V
] 

at
 1

5:
12

 0
4 

A
pr

il 
20

16
 

http://dx.doi.org/10.1007/s12526-015-0319-7
http://dx.doi.org/10.1007/s10750-007-0573-1
http://dx.doi.org/10.1016/j.tree.2012.04.012
http://dx.doi.org/10.1007/s00227-010-1553-y
http://dx.doi.org/10.1016/j.pt.2007.06.007
http://dx.doi.org/10.1098/rspb.2002.2218
http://dx.doi.org/10.1016/j.ympev.2007.02.004
http://dx.doi.org/10.1371/journal.pone.0019259
http://dx.doi.org/10.1093/molbev/mst010
http://dx.doi.org/10.1016/j.tree.2014.10.008
http://dx.doi.org/10.1093/molbev/mss020
http://dx.doi.org/10.1093/molbev/mss020
http://dx.doi.org/10.1186/1471-2148-14-82
http://dx.doi.org/10.5479/si.00963801.115-3482.137
http://dx.doi.org/10.2989/1814232X.2014.912992
http://dx.doi.org/10.2989/1814232X.2014.912992
http://dx.doi.org/10.1111/zoj.12027
http://dx.doi.org/10.1111/zoj.12027
http://dx.doi.org/10.3354/dao073141
http://dx.doi.org/10.1007/s11230-014-9493-4
http://dx.doi.org/10.1016/j.parint.2013.09.005
http://dx.doi.org/10.14411/fp.2015.029


Chile. Revista Biolog�ıa Marina y Oceanograf�ıa, 42,
80�198. doi: 10.4067/s0718-19572007000200001.

Nei, M., & Kumar, S. (2000). Molecular evolution and phyloge-
netics. Oxford: Oxford University Press.

Nowak, B. F., Hayward, C. J., Gonz�alez, L., Bott, N. J., & Les-
ter, R. J .G. (2011). Sea lice infections of salmonids farmed
in Australia. Aquaculture, 320, 171�177. doi: 10.1016/jour-
nal of aquaculture.2010.12.034.

Øines, O., & Heuch. P.A. (2005). Identification of sea louse spe-
cies of the genus Caligus using mtDNA. Journal Marine
Biological Association U.K., 85, 73�79. doi: 10.1017/
s0025315405010854h.

Øines, Ø., & Schram, T. (2008). Intra- or inter-specific difference
in genotypes of Caligus elongatus Nordmann 1832. Acta Par-
asitologica, 53, 93�105. doi: 10.2478/s11686-008-0002-2.

Okawachi, H., Uyeno, D., Ogino, K., & Nagasawa, K. (2012).
Redescription of Peniculus minuticaude Shiino, 1956 (Cope-
poda: Pennellidae) from Aquarium held marine fishes in
Japan, with notes on parasites occurrence and life cycle cap-
tivity. Zoosymposia, 8, 56�68.

€Oktener, A. (2008). Peniculus fistula von Nordmann, 1832
(Copepoda: Pennelidae) parasitic on Coryphaena hippurus
Linnaeus, 1758 (Teleostei: Coryphaenidae). Reviews in
Fisheries Science, 16, 445�448.

Pons, J., Barraclough, T. G., Gomez-Zurita, J., Cardoso, A.,
Duran, D. P., Hazell, S.,… Vogler, A. P. (2006). Sequence-
based species delimitation for the DNA taxonomy of unde-
scribed insects. Systematics Biology, 55, 595�609. doi:
10.1080/10635150600852011.

Puillandre, N., Lambert, A., Brouillet, S., & Achaz, G. (2012).
ABGD, automatic barcode gap discovery for primary spe-
cies delimitation. Molecular Ecology, 21, 1864�1877. doi:
10.1111/j.1365-294x.2011.05239.x.

R Core Team (2013). R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-
project.org/.

Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D. L., Dar-
ling, A., H€ohna, S., … Huelsenbeck, J. P. (2012). MrBayes
3.2: efficient Bayesian phylogenetic inference and model
choice across large model space. Systematic Biology, 61,
539�542. doi: 10.1093/sysbio/sys029.

Ried, N. M., & Carstens, B. C. (2012). Phylogenetic estimation
error can decrease the accuracy of species delimitation: a
Bayesian implementation of the general mixed Yule-coales-
cent model. BioMed Central Evolutionary Biology, 12,
1�11. doi: 10.1186/1471-2148-12-196.

Saiki, R. K., Gelfand, D. H., Stoffel, S., Scharf, S. J., Higuchi,
R., Horn, G. T.,… Ehrlich, H. A. (1988). Primer-directed
enzymatic amplification of DNA with a thermostable DNA
polymerase. Science, 239, 487�491. doi: 10.1126/
science.2448875.

Sanderson, M. J. (2003). R8s: inferring absolute rates of molecu-
lar evolution and divergence times in the absence of a
molecular clock. Bioinformatics, 19, 301�302. doi:
10.1093/bioinformatics/19.2.301.

Shizas, N. V., Street, G. T., Coull, B. C., Chandler, G. T., &
Quattro, J. M. (1997). An efficient DNA extraction method
for small metazoans. Molecular Marine Biology, 135,
399�405. doi: 10.1007/s002270050640.

Schwarz, G. (1978). Estimating the dimension of a model. The
Annals of Statistics, 6, 461�464. doi: 10.1214/aos/
1176344136.

Sep�ulveda, F., Marin, S. L., & Carvajal, J. (2004). Metazoan par-
asites in Wild fish and farmed salmon from Aquaculture

sites in Southern Chile. Aquaculture, 235, 89�100. doi:
10.1016/j.aquaculture.2003.09.015.

Shiino, S. (1956). Copepods parasitic on Japanese fishes.7. Peni-
culus and Peniculisa. Japanese Journal of Zoology, 11,
593�608.

Skern-Mauritzen, R., Torrissen, O., & Glover, K.A. (2014).
Pacific and Atlantic Lepeophtheirus salmonis (Krøyer,
1838) are allopatric subspecies: Lepeophtheirus salmonis
salmonis and L. salmonis oncorhynchi subspecies novo.
BioMed Central Genetics, 15, 1�9. doi: 10.1186/1471-
2156-15-32.

Talice, R. V. (1936). Sobre un curioso cop�epodo par�asito de la
merluza. Archivos de la sociedad de Biolog�ıa de Montevi-
deo, 7, 153�161.

Tamura, K., & Nei, M. (1993). Estimation of the number of
nucleotide substitutions in the control region of mitochon-
drial DNA in humans and chimpanzees. Molecular Biology
and Evolution, 10, 512�526.

Tamura, K., Stecher, G., Peterson, D., Filipski, A., & Kumar, S.
(2013). MEGA6: molecular evolutionary genetics analysis
version 6.0. Molecular Biology and Evolution, 30,
2725�2729. doi: 10.1093/molbev/mst197.

Tjensvoll, K., Glover, K. A., & Nylund, A. (2006). Sequence
variation in four mitochondrial genes of the salmon louse
Lepeophtheirus salmonis. Diseases of Aquatic Organisms,
68, 251�259.doi: 10.3354/dao068251.

Venmathi Maran, B. A., Moon, S. Y., Oh, S-Y., Ho, Y. S., &
Myoung, J. G. (2012). Redescription of two pennellids
(Copepoda, Siphonostomatoida) from Korea with a key to
species of Peniculus von Nordmann, 1832. Zookeys, 243,
1�14. doi: 10.3897/zookeys.243.3668.

Vidjack, O., Zorica, B., & Sinovic, G. (2008). First record of par-
asitic copepods Peniculus fistula von Nordmann, 1832
(Siphonostomatoida: Pennellidae) from garfish Belone
belone (Linnaeus, 1761) in the Adriatic Sea. Cahiers de
Biologie Marine, 49, 209�213.

von Nordmann, A. (1832). Mikrographische beytrag Zur natur-
geschichte der wirbellosen. Thiere. Berlin: G. Reamer.

Yamaguti, S. (1939). Parasitic copepods from fishes of Japan, Pt.
5. Caligoida. Vol. III. Jubilare Pro Profesor Yoshida, 2,
443�487.

Yazawa, R., Yasuike, M., Leong, J., von Schalburg, K. R.,
Cooper, G. A., Beetz-Sargent, M.,… Koop, B. F. (2008).
EST and Mitochondrial DNA sequences support a distinct
pacific form of salmon louse, Lepeophtheirus salmonis.
Marine Biotechnology, 10, 741�749. doi: 10.1007/s10126-
008-9112-y.

Yasuike, M., Leong, J., Jantzen, S. G., von Schalburg, K. R., Nil-
sen, F., Jones, S. R. M., & Koop, B. F. (2012). Genomic
resources for sea lice: analysis of ESTs and mitochondrial
genomes. Marine Biotechnology, 14, 155�166. doi:
10.1007/s10126-011-9398-z.

Weigand, A. M., Jochum, A., Pfenninger, M., Steinke, D., &
Klussmann-Kolb, A. (2010). A new approach to an old
conundrum � DNA barcoding sheds new light on pheno-
typic plasticity and morphological stasis in microsnails
(Gastropoda, Pulmonata, Carychiidae). Molecular Ecology
Resources, 11, 255�265. doi: 10.1111/j.1755-
0998.2010.02937.x.

Wilson, C. B. (1917). North American parasitic copepods
belonging to the family Lernaeidae, with a revision of the
entire family. Proceedings of the United States National
Museum, 52, 1�150. doi: 10.5479/si.00963801.53-2194.1.

Associate Editor: Polly Hayes

18 R. Castro-Romero et al.

D
ow

nl
oa

de
d 

by
 [

C
IN

V
E

ST
A

V
] 

at
 1

5:
12

 0
4 

A
pr

il 
20

16
 

http://dx.doi.org/10.4067/s0718-19572007000200001
http://dx.doi.org/10.1017/s0025315405010854h
http://dx.doi.org/10.1017/s0025315405010854h
http://dx.doi.org/10.2478/s11686-008-0002-2
http://dx.doi.org/10.1080/10635150600852011
http://dx.doi.org/10.1111/j.1365-294x.2011.05239.x
http://www.R-project.org/
http://www.R-project.org/
http://dx.doi.org/10.1093/sysbio/sys029
http://dx.doi.org/10.1093/sysbio/sys029
http://dx.doi.org/10.1186/1471-2148-12-196
http://dx.doi.org/10.1126/science.2448875
http://dx.doi.org/10.1126/science.2448875
http://dx.doi.org/10.1093/bioinformatics/19.2.301
http://dx.doi.org/10.1007/s002270050640
http://dx.doi.org/10.1214/aos/1176344136
http://dx.doi.org/10.1214/aos/1176344136
http://dx.doi.org/10.1016/j.aquaculture.2003.09.015
http://dx.doi.org/10.1186/1471-2156-15-32
http://dx.doi.org/10.1186/1471-2156-15-32
http://dx.doi.org/10.1093/molbev/mst197
http://dx.doi.org/10.3354/dao068251
http://dx.doi.org/10.3897/zookeys.243.3668
http://dx.doi.org/10.1007/s10126-008-9112-y
http://dx.doi.org/10.1007/s10126-008-9112-y
http://dx.doi.org/10.1007/s10126-011-9398-z
http://dx.doi.org/10.1111/j.1755-0998.2010.02937.x
http://dx.doi.org/10.1111/j.1755-0998.2010.02937.x
http://dx.doi.org/10.5479/si.00963801.53-2194.1

	Abstract
	Introduction
	Materials and methods
	Collection of hosts and copepod parasites
	Morphological data and Bayesian morphometrics
	DNA extraction, PCR amplification, and sequencing
	Molecular data, phylogenetic reconstruction, and species delimitation analyses

	Results
	Bayesian morphometrics
	Molecular phylogenetic analysis
	Genera diagnosis
	Description
	Description
	Description

	Species diagnosis
	Description
	Abdomen (Fig. 4-9)
	Buccal area
	Appendages
	Mandible (Fig. 13-16)
	Maxilla (Fig. 19-21)
	Legs
	Remarks

	Peniculus cf. fistula: intraspecific morphological variation
	Remarks
	Appendages
	Mandible (Fig. 36)
	Maxillule (Fig. 36)
	Maxilla (Fig. 39)
	Legs
	Female from I. conceptionis
	Neck
	Appendages
	Antenna (Fig. 46)
	Mandible (Fig. 45)
	Maxillule (Fig. 45)
	Maxilla (Fig. 47)
	Legs
	Remarks


	Discussion
	Peniculus cf. fistula
	Metapeniculus antofagastensis
	Trifur cf. tortuosus
	Taxonomic implications

	Conclusions
	Acknowledgements
	Funding
	Supplemental data
	References



