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Harpacticoida s. str. The two new species of Gelyelloida discovered in South Carolina will likely belong to a new 
genus (J. Reid, com. pers.), but they also present great reductions in segmentation and setation of appendages and 
will not add much to the discussion at an ordinal level.

The phylogenetic status of Cyclopoida is controversial in the history of copepod classification. Thorell18 con-
sidered Gnathostoma, Siphonostoma and Poecilostoma to be subgroups of Cyclopoida. Kabata70 divided cyc-
lopoids into three separate orders, with poecilostomatoids and siphonostomatoids closer together. Huys and 
Boxshall5 considered Poecilostomatoida and Cyclopoida to belong to separate lineages within Podoplea. This was 
questioned later by Martinez Arbizu21, who indicated that Cyclopinidae Sars, 1913 and Cyclopoida were para-
phyletic groups and considered the poecilostomes to be a derived branch of the “Cyclopinidae-lineage” sister to 
the family Schminkepinellidae. The present molecular results support Martinez Arbizu’s cyclopoid-poecilostome 
lineage and the derived position of poecilostomes, a sister to the Schminkepinellidae within Cyclopoida. Our 
phylogeny further confirms the paraphyly of Cyclopinidae (Fig. 3), reinforcing and supporting the split of this 
family into several monophyletic units of family rank, as proposed by Martinez Arbizu21, 76–81. The phylogeny 
also recovers the gradual invasion of fresh waters by the Cyclopidae Raffinesque, 1815. The most basal group 
is marine Euryteinae Monchenko, 1974, which is followed by brackish water Halicyclopinae Kiefer, 1927, and 
finally fresh water Eucyclopinae Kiefer, 1927, and Cyclopinae Dana, 1853. The basal position of Cyclopicina 
Lindberg, 1953, relative to all other cyclopoid families, suggests that this lineage should be raised to the family 
rank (Cyclopicinidae fam. nov., Supplementary information S7).

Systematic part.  The new phylogenetic relationships within Copepoda proposed here include the definition 
of new taxa and amendment of some diagnoses. Therefore, redefinition of the copepod orders Cyclopoida and 
Harpacticoida, definition of order Canuelloida ordo nov., family Cyclopicinidae fam. nov., and Smirnovipinidae 
fam. nov. are provided in Supplementary information S7.

Statement of Approval.  The copepod species from this study were collected worldwide; a permit was issued 
to PMA from the U.S. Department of Energy to enter the Savannah River Site. Sampling in Bermuda anchialine 
caves was made possible by the permission of the Bermuda Department of Conservation Services (contribution, 
#257), Bermuda Biodiversity Project (BBP), Bermuda Aquarium, Museum and Zoo, Department of Environment 
& Natural Resources. Marine species were sampled during the IceAGE cruise (Me 85-3), Kurambio-II cruise 
(SO250, grant 03G0250B), DIVA-III (Me 79-1), EcoResponse (SO239, grant 03F0707E, JPI-Oceans “Ecological 
Aspects of Deep-Sea Mining” approval and funding from the European Union Seventh Framework Programme 
FP7/2007–2013) and Abyssline-1 cruise, approved by UK Seabed Resources.

References
	 1.	 Humes, A. G. Copepoda associated with octocorals in Northwestern Madagascar, including Orecturus sakalavicus n. sp. from the 

telestacean Coelogorgia palmosa. Trans am Micro Soc. 113(2), 117–126 (1994).
	 2.	 Brodskaya, V. A. A survey of the family Cerviniidae (Crustacea, Copepoda). Zool Zhur. 42, 1785–803 (1963).
	 3.	 Kikuchi, Y. Glaciella, a new genus of freshwater Canthocamptidae (Copepoda, Harpacticoida) from a glacier in Nepal, Himalayas. 

Hydrobiologia 292(1), 59–66, doi:10.1007/BF00229923 (1994).
	 4.	 Hardy, A.C. The open sea: the world of plankton In Collins New Naturalist 153–154 (Houghton Mifflin, 1970).
	 5.	 Huys, R. & Boxshall, G. A. Copepod evolution (Ray Society London, 1991).
	 6.	 Bucklin, A. & Frost, B. W. Morphological and molecular phylogenetic analysis of evolutionary lineages within Clausocalanus 

(Copepoda: Calanoida). J. Crust Biol. 29(1), 111–20 (2009).
	 7.	 Figueroa, D. F. Phylogenetic analysis of Ridgewayia (Copepoda: Calanoida) from the Galapagos and of a new species from the 

Florida Keys with a reevaluation of the phylogeny of Calanoida. J. Crust Biol. 31(1), 153–65 (2011).
	 8.	 Marszalek, M. A., Dayanandan, S. & Maly, E. J. Phylogeny of the genus Hesperodiaptomus (Copepoda) based on nucleotide sequence 

data of the nuclear ribosomal gene. Hydrobiologia. 624(1), 61, doi:10.1007/s10750-008-9666-8 (2009).
	 9.	 Makino, W. & Tanabe, A. S. Extreme population genetic differentiation and secondary contact in the freshwater copepod 

Acanthodiaptomus pacificus in the Japanese Archipelago. Mol Ecol. 18(17), 699–713, doi:10.1111/j.1365-294X.2009.04307.x (2009).
	10.	 Blanco-Bercial, L., Bradford-Grieve, J. & Bucklin, A. Molecular phylogeny of the Calanoida (Crustacea: Copepoda). Mol Phylogenet 

Evol. 59(1), 103–13 (2011).
	11.	 Machida, R. J., Miya, M. U., Nishida, M. & Nishida, S. Complete mitochondrial DNA sequence of Tigriopus japonicus (Crustacea: 

Copepoda). Mar Biotechnol. 4(4), 406–417, doi:10.1007/s10126-002-0033-x (2002).
	12.	 Huys, R., Mackenzie-Dodds, J. & Llewellyn-Hughes, J. Cancrincolidae (Copepoda, Harpacticoida) associated with land crabs: a 

semiterrestrial leaf of the ameirid tree. Mol Phylogenet Evol. 51(2), 143–156 (2009).
	13.	 Castro-Longoria, E., Alvarez-Borrego, J., Rocha-Olivares, A., Gomez, S. & Kober, V. Power of a multidisciplinary approach: use of 

morphological, molecular and digital methods in the study of harpacticoid cryptic species. Mar Ecol Prog Ser. 10, 297–303, 
doi:10.3354/meps249297 (2003).

	14.	 Huys, R., Llewellyn-Hughes, J. U., Olson, P. D. & Nagasawa, K. Small subunit rDNA and Bayesian inference reveal Pectenophilus 
ornatus (Copepoda incertae sedis) as highly transformed Mytilicolidae, and support assignment of Chondracanthidae and Xarifiidae 
to Lichomolgoidea (Cyclopoida). Biol J. Linn Soc 87(3), 403–25, doi:10.1111/j.1095-8312.2005.00579.x (2006).

	15.	 Huys, R., Fatih, F., Ohtsuka, S. & Llewellyn-Hughes, J. Evolution of the bomolochiform superfamily complex (Copepoda: 
Cyclopoida): New insights from ssrDNA and morphology, and origin of umazuracolids from polychaete-infesting ancestors 
rejected. Int J. Parasitol. 42(1), 71–92 (2012).

	16.	 Cepeda, G. D., Blanco-Bercial, L., Bucklin, A., Berón, C. M. & Viñas, M. D. Molecular systematic of three species of Oithona 
(Copepoda, Cyclopoida) from the Atlantic Ocean: comparative analysis using 28S rDNA. PLoS One. 7(4), e35861 (2012).

	17.	 Wyngaard, G. A., Hołyńska, M. & Schulte, J. A. Phylogeny of the freshwater copepod Mesocyclops (Crustacea: Cyclopidae) based on 
combined molecular and morphological data, with notes on biogeography. Mol Phylogenet Evol. 55(3), 753–64 (2010).

	18.	 Thorell, T. Till Kannedomen om vissa parasitiskt lefvande Entomostraceer. Ofvers. K. VetenskAkad. Forh Stockh. 16(8), 355–362 
(1859).

	19.	 Sars, G.O. An Account of the Crustacea of Norway, with short descriptions and figures of all the species Copepoda Norway Vol. IV, 
13–30 (Bergen Museum, 1903).

	20.	 Giesbrecht, W. Elenco dei Copepodi pelagici raccolti dal tenente di vascello Gaetano Chierchia durante il viaggio della R. Corvetta 
‘Vettor Pisani’ negli anni 1882-1885 e dal tenente di vascello Francesco Orsini nel Mar Rosso, nel 1884. Rendiconti delle Sedute della 
R. Accademia dei Lincei. 7(1), 474–481 (1891).

http://S7
http://S7
http://dx.doi.org/10.1007/BF00229923
http://dx.doi.org/10.1007/s10750-008-9666-8
http://dx.doi.org/10.1111/j.1365-294X.2009.04307.x
http://dx.doi.org/10.1007/s10126-002-0033-x
http://dx.doi.org/10.3354/meps249297
http://dx.doi.org/10.1111/j.1095-8312.2005.00579.x


www.nature.com/scientificreports/

9SCIENTIFIC REPOrTS

	21.	 Martınez Arbizu, P. The paraphyly of Cyclopinidae Sars, 1913, and the phylogenetic position of poecilostome families within 
Cyclopoida Burmeister, 1835 (Copepoda: Crustacea). Germany, PhD Thesis, University of Oldenburg. (2000a).

	22.	 Huys, R., Lopez-Gonzalez, P. J., Roldan, E. & Luque, A. A. Brooding in cocculiniform limpets (Gastropoda) and familial 
distinctiveness of the Nucellicolidae (Copepoda): misconceptions reviewed from a chitonophilid perspective. Biol J. Linn Soc. 75(2), 
187–217, doi:10.1046/j.1095-8312.2002.00010.x (2002).

	23.	 Ho, J. S., Dojiri, M., Hendler, G. & Deets, G. B. A new species of Copepoda (Thaumatopsyllidae) symbiotic with a brittle star from 
California, USA, and designation of a new order Thaumatopsylloida. J. Crust Biol. 23(3), 582–94, doi:10.1651/C-2391 (2003).

	24.	 Dahms, H. U. Exclusion of Polyarthra form Harpacticoid and its reallocation as an underived branch of the Copepoda (Arthropoda, 
Crustacea). Invert Zool. 1(1), 29–51 (2004).

	25.	 Jenner, R. A. Higher-level crustacean phylogeny: Consensus and conflicting hypotheses. Arthropod Struct Dev. 39(2–3), 143–153 
(2009).

	26.	 Schizas, N. V., Dahms, H. U., Kangtia, P., Corgosinho, P. & Galindo, A. M. A new species of Longipedia Claus, 1863 (Copepoda: 
Harpacticoida: Longipediidae) from Caribbean mesophotic reefs with remarks on the phylogenetic affinities of Polyarthra. Mar Biol 
Res. 11(8), 789–803 (2015).

	27.	 Kim, J. & Kim, W. Molecular phylogeny of poecilostome copepods based on the 18S rDNA sequences. Kor J. Biol Sci. 4(3), 257–261 
(2000).

	28.	 Song, Y., Wang, G. T., Yao, W. J., Gao, Q. & Nie, P. Phylogeny of freshwater parasitic copepods in the Ergasilidae (Copepoda: 
Poecilostomatoida) based on 18S and 28S rDNA sequences. Parasitol Res. 102(2), 299–306, doi:10.1007/s00436-007-0764-8 (2008).

	29.	 Huys, R. et al. Extraordinary host switching in siphonostomatoid copepods and the demise of the Monstrilloida: integrating 
molecular data, ontogeny and antennulary morphology. Mol Phylogenet Evol. 43(2), 368–78 (2007).

	30.	 Bradford-Grieve, J. M., Boxshall, G. A. & Blanco-Bercial, L. Revision of basal calanoid copepod families, with a description of a new 
species and genus of Pseudocyclopidae. Zool J. Linn Soc 171(3), 507–533, doi:10.1111/zoj.12141 (2014).

	31.	 Toon, A., Finley, M., Staples, J. & Crandall, K. A. Decapod phylogenetics and molecular evolution, In: Martin, J.W. et al. (Ed.) 
Decapod crustacean phylogenetics. Crustacean Issues 18, 17–35 (CRC Press, Boca Raton, 2009).

	32.	 Mallatt, J. & Giribet, G. Further use of nearly complete 28S and 18S rRNA genes to classify Ecdysozoa: 37 more arthropods and a 
kinorhynch. Mol Phylogenet Evol. 40(3), 772–794 (2006).

	33.	 Yoder, M. et al. DESS: a versatile solution for preserving morphology and extractable DNA of nematodes. J. Nematol 8(3), 367–76 
(2006).

	34.	 Boxshall, G. A. & Huys, R. New tantulocarid, Stygotantulus stocki, parasitic on harpacticoid copepods, with an analysis of the 
phylogenetic relationships within the Maxillopoda. J. Crust Biol. 9(1), 126–40 (1989).

	35.	 Estoup, A., Largiader, C. R., Perrot, E. & Chourrout, D. Rapid one-tube DNA extraction for reliable PCR detection of fish 
polymorphic markers and transgenes. Mol Mar Biol Biotechnol. 5(4), 295–8 (1996).

	36.	 Altschul, S. F., Gish, W., Miller, W., Myers, E. W. & Lipman, D. J. Basic local alignment search tool. J. Mol Biol. 215(3), 403–10 (1990).
	37.	 Katoh, K., Misawa, K., Kuma, K. I. & Miyata, T. MAFFT: a novel method for rapid multiple sequence alignment based on fast Fourier 

transform. Nucleic Acids Res. 30(14), 3059–66, doi:10.1093/nar/gkf436 (2002).
	38.	 Vaidya, G., Lohman, D. J. & Meier, R. SequenceMatrix: concatenation software for the fast assembly of multi‐gene datasets with 

character set and codon information. Cladistics 27(2), 171–80 (2011).
	39.	 Stamatakis, A. RAxML Version 8: A tool for Phylogenetic Analysis and Post-Analysis of Large Phylogenies. J. Bioinform. (2014).
	40.	 Stamatakis, A., Blagojevic, F., Nikolopoulos, D. & Antonopoulos, C. Exploring new search algorithms and hardware for 

phylogenetics: RAxML meets the IBM cell. J. VLSI Signal Process. 48, 271–286 (2007).
	41.	 Pattengale, N. D., Alipour, M., Bininda-Emonds, O. R., Moret, B. M. & Stamatakis, A. How many bootstrap replicates are necessary? 

J. Comp Biol. 17(3), 337–54, doi:10.1089/cmb.2009.0179 (2010).
	42.	 Ronquist, F. & Huelsenbeck, J. P. MrBayes 3: Bayesian phylogenetic inference under mixed models. J. Bioinform. 19(12), 1572–1574 

(2003).
	43.	 Altekar, G., Dwarkadas, S., Huelsenbeck, J. P. & Ronquist, F. Parallel metropolis coupled Markov chain Monte Carlo for Bayesian 

phylogenetic inference. J. Bioinform. 20(3), 407–415 (2004).
	44.	 Posada, D. jModelTest:Phylogenetic Model Averaging. Mol Biol Evol. 25, 1253–1256, doi:10.1093/molbev/msn083 (2008).
	45.	 Regier, J. C. et al. Arthropod relationships revealed by phylogenomic analysis of nuclear protein-coding sequences. Nature. 25, 

1079–83, doi:10.1038/nature08742 (2010). 463 (7284).
	46.	 Lang, K. Copepoda” Notodelphyoida” from the Swedish west-coast with an outline on the systematics of the Copepods. Arkiv för 

Zoologi. 40(14), 1–36, 1–17 (1948).
	47.	 Mallatt, J. M., Garey, J. R. & Shultz, J. W. Ecdysozoan phylogeny and Bayesian inference: first use of nearly complete 28S and 18S 

rRNA gene sequences to classify the arthropods and their kin. Mol Phylogenet Evol. 31(1), 178–91 (2004).
	48.	 Regier, J. C. et al. Resolving arthropod phylogeny: exploring phylogenetic signal within 41 kb of protein-coding nuclear gene 

sequence. Syst Biol. 57(6), 920–38 (2008).
	49.	 Regier, J. C. & Shultz, J. W. Molecular phylogeny of the major arthropod groups indicates polyphyly of crustaceans and a new 

hypothesis for the origin of hexapods. Mol Biol Evol. 14(9), 902–13, doi:10.1093/oxfordjournals.molbev.a025833 (1997).
	50.	 von Reumont, B. M. et al. Can comprehensive background knowledge be incorporated into substitution models to improve 

phylogenetic analyses? A case study on major arthropod relationships. BMC Evol Biol. 9(1), 119, doi:10.1186/1471-2148-9-119 (2009).
	51.	 Wheeler, W. C., Giribert, G., Edgecombe, G. D. Arthropod systematics. The comparative study of genomic, anatomical, and 

paleontological information In Assembling the tree of life (ed. J. Cracraft and M. J. Donoghue) 281–295 (Oxford Univ. Press, New 
York, 2004).

	52.	 Petrunina, A. S., Neretina, T. V., Mugue, N. S. & Kolbasov, G. A. Tantulocarida versus Thecostraca: inside or outside? First attempts 
to resolve phylogenetic position of Tantulocarida using gene sequences. J. Zool Syst Evol. Res. 52(2), 100–8, doi:10.1111/jzs.12045 
(2014).

	53.	 Walossek, D. The upper Cambrian Rehbachiella and the phylogeny of Branchiopoda and Crustacea. Lethaia. 26(4), 318, 
doi:10.1111/j.1502-3931.1993.tb01537.x (1993).

	54.	 Waloszek, D. & Müller, K. J. Cambrian ‘Orsten’-type arthropods and the phylogeny of Crustacea In Arthropod relationship (ed. 
Fortey, R. A. & Thomas, R. H.) 139–153. (Springer Netherlands, 1998a).

	55.	 Walossek, D. & Müller, K.J. Early arthropod phylogeny in light of the Cambrian “Orsten” fossils in Arthropod fossils and phylogeny 
(ed. Edgecombe, G. D.) 195–221 (Columbia University Press, 1998b).

	56.	 Høeg, J. T., Pérez-Losada, M. A., Glenner, H. E., Kolbasov, G. A. & Crandall, K. A. Evolution of morphology, ontogeny and life cycles 
within the Crustacea Thecostraca. Arthropod Syst Phylo. 67(2), 199–217 (2009).

	57.	 Huys, R., Suárez-Morales, E., de Lourdes Serrano-Sánchez, M., Centeno-García, E. & Vega, F.J. Early Miocene amber inclusions 
from Mexico reveal antiquity of mangrove-associated copepods. Sci Rep. 6, (2016).

	58.	 Selden, P. A., Huys, R., Stephenson, M. H., Heward, A. P. & Taylor, P. N. Crustaceans from bitumen clast in Carboniferous glacial 
diamictite extend fossil record of copepods. Nat Commun. 50, 131–158, doi:10.1038/ncomms1049 (2010).

	59.	 Gurney, R. Larvae of Decapod Crustacea. 306, 17–30 (The Ray Society, 1942).
	60.	 Newman, W. A. Origin of Maxillopoda. Acta Zoologica. 73(5), 319–22, doi:10.1111/j.1463-6395.1992.tb01100.x (1992).
	61.	 Ferrari, F. D., Ivanenko, V. N. & Dahms, H. U. Body architecture and relationships among basal copepods. J. Crust Biol. 30(3), 

465–77 (2010).

http://dx.doi.org/10.1046/j.1095-8312.2002.00010.x
http://dx.doi.org/10.1651/C-2391
http://dx.doi.org/10.1007/s00436-007-0764-8
http://dx.doi.org/10.1111/zoj.12141
http://dx.doi.org/10.1093/nar/gkf436
http://dx.doi.org/10.1089/cmb.2009.0179
http://dx.doi.org/10.1093/molbev/msn083
http://dx.doi.org/10.1038/nature08742
http://dx.doi.org/10.1093/oxfordjournals.molbev.a025833
http://dx.doi.org/10.1186/1471-2148-9-119
http://dx.doi.org/10.1111/jzs.12045
http://dx.doi.org/10.1111/j.1502-3931.1993.tb01537.x
http://dx.doi.org/10.1038/ncomms1049
http://dx.doi.org/10.1111/j.1463-6395.1992.tb01100.x


http://dx.doi.org/10.1007/s101520000051
http://dx.doi.org/10.1371/journal.pone.0022915
http://dx.doi.org/10.1371/journal.pone.0022915


http://dx.doi.org/10.1038/s41598-017-06656-4
http://creativecommons.org/licenses/by/4.0/



