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ABSTRACT

An arthropod phylogeny derived from nucleotide sequences (Regier et al., 2010) did not consider either the morphology or the
development of crustaceans. Examples of a morphological transformation and developmental data appear to provide only limited support
for the cladogram because similar morphology and development are found among distantly related crustaceans, while differing
morphology and development are found among closely related crustaceans. One reason for the incongruity may be a method of sequence
analysis that results in statistical support values. This method samples a population of purposefully-generated cladograms, although there
has been only one history of life on earth; in effect the purposefully-generated cladograms are instrumental artifacts.
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“Well, who you gonna believe, me or your own eyes?”’
Chico Marx (Duck Soup)

INTRODUCTION

A recent attempt to infer arthropod phylogeny from
sequences of nucleotides of nuclear protein-coding genes
(Regier et al., 2010) focuses on the crustaceans and
introduces a number of new taxonomic names without
assigning a category for the names. The analysis results in
some rather interesting crustacean associations: copepods
as the sister group of thecostracans plus malacostracans;
cephalocaridans as the closest relatives of remipedes. The
authors do not consider whether crustacean morphology or
development supports the resulting cladogram, and exam-
ples of a morphological transformation and developmental
data discussed here do not appear to provide much support.

MorprHOLOGY OF THE FIRST TRUNK LIMB

For a century, transformations of the first trunk limb
[functionally to a maxilliped] have been considered an
important step in the evolution of crustaceans (Calman,
1909). A transformed first trunk limb is defined here as
having a protopod with well-developed endites similar to
those on the last cephalic limb anterior to it (Pavlopoulos et
al., 2009; Ferrari et al., 2010). In contrast, more posterior
trunk limbs of crustaceans usually lack endites. A survey of
the morphology of the first trunk limb in connection with
the Reigier et al. (2010) analysis provides a useful check of
morphological support for the cladogram.

Among oligostracans, the proposed sister-group of all
other crustaceans, ostracodes (Smith and Kamiya, 2003)
and branchiurans (Rushton-Mellor and Boxshall, 1994)
lack a transformed protopod on the first trunk limb.
Mystacocaridans, derived oligostracans, have a transformed
protopod (Hessler and Sanders, 1966; Ferrari et al., 2010).
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The most speciose clade of crustaceans, the proposed
vericrustaceans, includes branchiopods, with up to five
endites on three protopodal segments of all trunk limbs
(Ferrari and Grygier, 2003). Branchiopods are the sister
group of the multicrustaceans which include copepods,
with up to six endites on three protopodal segments of the
first trunk limb. However, the configuration of the copepod
protopod, with two endites on the basis plus one coxal and
three praecoxal endites, is identical to that of oligostracan
mystacocaridans (Ferrari et al., 2010). Reigier et al. (2010)
find that copepods are the proposed sister group of the
communostracans, comprising thecostracans and malacos-
tracans. Yet facetotectans, the basal lineage of thecostra-
cans (Hgeg et al., 2009), lack a transformed protopod on
the first trunk limb of larval stages, as do adults of the
closely related ascothoracicans (Vagin, 1947). Basal
malacostracans, regardless of whether phyllocaridans or
bathynellaceans are considered basal (Richter and Scholtz,
2001; Wills, 1998), also lack a transformed protopod on the
first trunk limb (Wigele, 1983; Schminke, 1981). However,
a transformed protopod is present on derived eumalacos-
tracans, with up to three endites on the unsegmented
protopod of some anaspidaceans (Schram, 1986).

Xenocaridans, the proposed sister-group of hexapods,
include remipedes with two endites on a 3-segmented
protopod of the first trunk limb of extant species (Schram
et al., 1986), and cephalocaridans with six endites on an
unsegmented protopod (McLaughlin, 1980). In addition, the
last cephalic limb of cephalocaridans includes an unseg-
mented protopod with six endites, a morphology remarkably
similar to all of its trunk limbs; the similarity of the last
cephalic limb to the trunk limbs suggested a basal position
among crustaceans for cephalocaridans (Sanders, 1963).

A transformed first trunk limb is absent on basal
hexapods such as the proturans (Janetschek, 1970) and
collembolans (Schaller, 1970).

Hence, the position of taxa with a transformed first trunk
limb provides little support for the sequence cladogram of
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Reigier et al. (2010) due both to convergences in form
among more distantly related crustaceans, and to differ-
ences in morphology among closely related ones.

DEVELOPMENTAL CONSIDERATIONS

Timing of the addition of body somites during crustacean
development and the presence of a naupliar [sensu lato] phase
of development can be usefully compared to the results of
Reigier et al. (2010). Among oligostracans, ostracodes add
somites during post-embryonic development (Smith and
Kamiya, 2003). However, ostracodes do not have a naupliar
phase of development, as recently defined (Ferrari and
Dahms, 2007), because their post-embryonic stages lack a
naupliar arthrite on the coxa of antenna 2. In addition, limbs
posterior to the mandible of ostracodes are transformed from
the bud state in register during the molt following their initial
appearance. No somites are added to the body of branchiur-
ans during the post-embryonic phase of their development
(Rushton-Mellor and Boxshall, 1994), nor do they have a
naupliar phase of development. The post-embryonic devel-
opment of mystacocaridans, however, is divided into a
naupliar and a post-naupliar phase, and somite addition is
restricted to the naupliar phase (Hessler and Sanders, 1966;
Olesen, 2001; Addis et al., 2007).

Within the proposed vericrustacens, branchiopods,
copepods and thecostracans all have naupliar and post-
naupliar phases of post-embryonic development. The
communostracan thecostracans complete somite addition
during their naupliar phase (Hgeg et al., 2009) like
oligostracan mystacocaridans but unlike copepods, which
are the sister group of communostracans. Copepods (Ferrari
and Dahms, 2007) and branchiopods (Olesen, 1999)
complete somite addition during their post-naupliar phase.

Among the xenocaridans, remipedes apparently com-
plete somite addition during an as yet incompletely known,
post-naupliar phase of development (Koenemann et al.,
2009). In contrast, cephalocaridans complete somite
addition during a series of stages described as naupliar
(Sanders, 1963). However, somites of the post-embryonic
stages cephalocaridans articulate anteriorly and posteriorly,
their limbs posterior to the mandible are immediately
transformed from the bud state in register, and the coxa of
antenna 2 appears to bear a setose endite rather than an
arthrite. These attributes contradict the diagnosis of
naupliar development (Ferrari and Dahms, 2007).

Proturans are the only hexapods that add somites during
post-embryonic development (Janetschek, 1970); all hexa-
pods lack a naupliar phase of development.

The addition of somites during development and the
presence of a naupliar phase of development provide, at best,
equivocal support for the sequence cladogram because the
presence of a naupliar phase of development and the pattern of
somite addition may be similar for distantly related
crustaceans, but may differ among closely related crustaceans.

CONCLUSIONS

It seems clear that either nuclear protein-coding sequence
data predict crustacean phylogeny poorly, or data about

morphology and development do. The presence of similar
morphological structures on distantly related crustaceans,
like the configuration of the transformed protopod of
oligostracan mystacocaridans and vericrustacean copepods,
is difficult to explain by convergence. If convergence is
functionally driven, as is usually assumed, then the
morphology derived from convergence is not expected to
be identical or even similar. The similar morphology of the
protopod of the first trunk limb of mystacocaridans and
copepods is better explained by descent from a common
ancestor, but in the cladogram of Reiger et al. (2010) there
are many intervening lineages between them without this
configuration. On the other hand, closely related crusta-
ceans with disparate morphologies may require too many
instances of reversals or of secondary loss of structure to be
credible. The proposed close relationship between remi-
pedes and cephalocaridans is a particularly challenging
example. Remipedes have two endites on the protopod of
the last cephalic limb and first trunk limb; an interpodal bar
unites a contra-lateral limb pair without endites on all
remaining trunk somites (Schram et al., 1986). Cephalocar-
idans have six endites on an unsegmented protopod of the
last cephalic limb and of all eight trunk limbs; the last
eleven trunk somites are limbless (McLaughlin, 1980).

More molecular sequence data probably will not resolve
the incongruity of sequence versus morphology and
development. A better understanding of sequence evolution
and secondary molecular structure might help solve
problems of alignment resulting in noisy data or signals
that track phylogeny poorly (Koenemann et al., 2010).
However, a methodological problem also may affect the
conclusions of Regier et al. (2010). Sequence analyses
often generate a large population of possible cladograms.
These cladograms then are sampled, and statistical support
values, actually magnitudes of quantities, are derived for
the different lineages. However, there has been only one
history of life on earth, and thus only one phylogeny of
arthropods. The population of possible cladograms is a
purposefully-generated, instrumental artifact. Aligning a
resultant phylogeny derived from the artifact with the facts
of morphology and development seems unlikely. Finally, a
more balanced appreciation of the relationship between
sequences and morphology is essential. A sequence of
nucleotides is not the center of the biological universe
around which wander the morphological planets, epicycle
upon epicycle.

REFERENCES

Addis, A., F. Biagi, A. Floris, E. Puddu, and M. Carcupino. 2007. Larval
development of Lightiella magdalenina (Crustacea, Cephalocarida).
Marine Biology 152: 733-744.

Calman, W. T. 1909. Crustacea, pp. 71-105. In, E. R. Lancester (ed.),
A Treatise on Zoology, part VII, Appendiculata, third fascicule. 1964
reprint by A. Asher & Co., Amsterdam. 346 pp.

Ferrari, F. D., and H.-U. Dahms. 2007. Post-embryonic Development of
the Copepoda. Crustaceana Monographs 8: i-vi, 1-226 pp, Koninklijke
Brill, Leiden).

, and M. J. Grygier. 2003. Comparative morphology among trunk

limbs of Caenestheriella gifuensis and of Leptestheria kawachiensis

(Crustacea: Branchiopoda: Spinicaudata). Zoological Journal of the

Linnean Society. 139: 547-564.




FERRARI: CRUSTACEAN PHYLOGENY 769

, V. N. Ivanenko, and H.-U. Dahms. 2010. Body architecture and
relationships among basal copepods. Journal of Crustacean Biology 30:
465-477.

Hessler, R. R., and H. L. Sanders. 1966. Derocheilocaris typicus revisited.
Crustaceana 11:141-155.

Hgeg, J. T., M. Pérez-Losada, H. Glenner, G. A. Kolbasov, and K. A.
Crandall. 2009. Evolution of morphology, ontogeny and life cycles
within the crustacean Thecostraca. Arthropod Systematics and Phylog-
eny 67: 199-217.

Janetschek, H. 1970. 3. Ordnung Protura (Beintastler), 72 pp. In, J.-G.
Helmcke, D. Starck, and H. Wermuth (eds.), Handbuch der Zoologie,
IV. Band: Arthropoda-2. Hilfte: Insecta, 2. Teil: Spezielles. Walter de
Gruyter & Co., Berlin.

Koenemann, S., R. Jenner, M. Hoenemann, T. Stemmea and B. M. von
Reumont. 2010. Arthropod phylogeny revisited, with a focus on
crustacean relationships. Arthropod Structure and Development 39:88-
110.

, J. Olesen, F. Alwes, T. M. lliffe, M. Hoenemann, P. Ungerer, C.
Wolff, and G. Scholtz. 2009. The post-embryonic development of
Remipedia (Crustacea)—additional results and new insights. Develop-
ment Genes and Evolution 219: 131-145.

McLaughlin, P. A. 1980. Comparative Morphology of Recent Crustacea.
W. H. Freeman and Company, San Francisco.

Olesen, J. 1999. Larval and post-larval development of the branchiopod
clam shrimp Cyclestheria hislopi (Baird, 1859) (Crustacea, Branchio-
poda, Conchostraca, Spinicaudata). Acta Zoologica 80: 163-184.

. 2001. External morphology and larval development of Derochei-
locaris remanei Delamare-Deboutteville & Chappuis, 1951 (Crustacea,
Mystacocarida), with a comparison of crustacean segmentation and
tagmosis patterns. Biologiske Skrifter 531-59.

Pavlopoulos, A., Z. Kontarakis, D. M. Liubicich, J. M. Serano, M. Akam,
N. H. Patel, and M. Averof. 2009. Probing the evolution of appendage
specialization by Hox gene misexpression in an emerging model
crustaceans. Proceedings of the National Academy of Sciences, U.S.A.
106, 13897-13902.

Regier, J. C., J. W. Shultz, A. Zwick, A. Hussey, B. Ball, R. Wetzer, J. W.
Martin, and C. W. Cunningham. 2010. Arthropod relationships revealed
by phylogenomic analysis of nuclear protein-coding sequences. Nature
463, 1079-1083.

Richter, S., and G. Scholtz. 2001. Phylogenetic analysis of the
Malacostraca (Crustacea). Journal of Zoological Systematics and
Evolutionary Research 39: 113-126.

Rushton-Mellor, S. K., and G. A. Boxshall. 1994. The developmental
sequence of Argulus foliaceus (Crustacea: Branchiura). Journal of
Natural History 28: 763-785.

Sanders, H. L. 1963. The Cephalocarida, Functional Morphology, Larval
Development, and Comparative External Anatomy. Memoirs of the
Connecticut Academy of Arts & Sciences 15, 80 pp.

Schaller, F. 1970. 1. Uberordnung und 1. Ordnung Collembola (Spring-
schwinz). 72 pp. In, Helmcke, J.-G., Starck, D., Wermuth, H. (eds),
Handbuch der Zoologie, IV. Band:Arthropoda-2. Hilfte: Insecta, 2. Teil:
Spezielles. Walter de Gruyter & Co., Berlin.

Schminke, H. K. 1981. Adaptation of Bathynellacea (Crustacea,
Syncarida) to life in the interstitial (“Zoea Theory”). Internationale
Revue der gesamten Hydrobiologie 66: 575-637.

Schram, F. R. 1986. Crustacea. Oxford University Press, New York.

Schram, F. R., M. J. Emmerson, and J. Yager. 1986. Remipedia, Part 1,
Systematics. Memoirs of the San Diego Natural History Museum 15: 5-60.

Smith, R. J., and T. Kamiya. 2003. The ontogeny of Loxoconcha japonica
Ishizaki, 1968 (Cytheroidea, Ostracoda, Crustacea). Hydrobiologia 490:
31-52.

Vagin, V. 1947. Ascothorax ophioctenis and the position of Ascothoracida
in the system of Entomostraca. Acta Zoologica 27: 155-267.

Wiigele, J. W. 1983. Nebalia meerrubri aus dem Roten Meer. Journal of
Natural History 17: 127-138.

Wills, M. A. 1998. A phylogeny of recent and fossil Crustacea derived
from morphological characters. The Systematics Association, Special
Volume Series 55: 189-209.

REcervep: 25 April 2010.
AccepteD: 27 May 2010.





