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which strand is being copied, so that a
rejection of the null hypothesis is expect-
ed, yielding an asymmetry in [A]=[T] or
[C]=[G] equifrequencies. This asymmetry
is expected to switch polarity at the origin
and terminus of replication of the chro-
mosome and does switch polarity at the
origin and terminus of replication in Esch-
erichia coli, Bacillus subtilis, and Haemophi-
lus influenzae, splitting the circular chro-
mosome into two chirochores (4).

In Mycoplasma genitalium, the new method
clearly confirms the suggested origin of repli-
cation (Fig. 1). The asymmetry in base com-
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position, A-T, is —2.0% * 0.4 before the
origin of replication and +4.5% = 0.4 there-
after; and the asymmetry in base composition,
C-G, is +4.0% = 0.7 before the origin of
replication and —4.5% = 0.6 thereafter. The
switch of the polarity of base composition
asymmetries is then significant. This method
for the detection of replication origins is use-
ful for the analysis of a new genome when the
consensus pattern approach fails.
J. R. Lobry
Laboratoire de Biométrie,
Centre National de la
Recherche Scientifique,

Classification of the Arthropod Fuxianhuia

Jun-yuan Chen et al. (1) provided an in-
valuable description of Fuxianhuia, a prob-
lematic arthropod from the celebrated Chi-
nese Chengjiang fauna (2). Pointing to the
apparently rudimentary nature of the pro-
tocephalon and thé unspecialized morphol-
ogy of the trunk appendages, they classified
Fuxianhuia as a basal euarthropod, a primi-
tive and generalized representative of the
phylum. They did not, however, test their
assertion with the necessary cladistic anal-
ysis. Such an analysis reveals that Fuxian-
huia is an arachnomorph (3-5), specifically
grouping with the chelicerates (arachnids
and merostomes). This result establishes
Fuxianhuia as the earliest known chelicerate
by as much as 60 million years.

[ coded the new information from
Chen et al. into a growing database that
has been found effective for investigating
higher order relationships among Cam-
brian and Recent arthropods (3, 4). A
reduced set of taxa were analyzed using the
program PAUP 3.1.1 (Smithsonian Insti-
tution, Washington, DC), which pro-
duced gross topology consistent with that
derived from previous analyses (3, 6). Fux-
ianhuia consistently grouped with the che-
licerates (despite the absence of chelicerae
and minimal cephalizaton) in the larger
clade of arachnomorphs. To investigate
this relationship more fully, a further run
was made, reinstating the entire arachno-
morph clade (3) and incorporating data
from the Silurian eurypterid Baltoeu-
rypterus (7), the Devonian xiphosuran
Weinbergina (8), and the problematic Che-
loniellon (9, 10) (Fig. 1). Fuxianhuia con-
sistently fell within the chelicerates, with
Cheloniellon and Aglaspis basal to them.
The arrangement of several arachno-
morphs was modified over some previous
analyses (3), demonstrating the potential-
ly pivotal role of fossils exemplifying new
character state combinations (11).

As noted by Chen et al. (1), Fuxianhuia

746

displays a number of characters typical of
more basal arthropods. However, caution is
required when constructing a model solely
on the purportedly directional evolution of
small numbers of characters (12). The pres-
ence of numerous trunk somites bearing rel-
atively undifferentiated appendages is tradi-
tionally considered a plesiomorphic feature,
but recent work on homeobox genes indi-
cates that this may be an unwarranted as-
sumption (13). Multiarticulate endopods are
often regarded as primitive but are also
known from derived (3, 4) groups of atelo-
cerates (14), crustaceans (15), and other

Fig. 1. Simplified clad-
ogram of Recent and fos-
sil euarthropod taxa (strict
consensus). Detailed to-
pology illustrated for cheli-
cerates and allied genera.
1, Fossil genus. X, Loca-
tion of Fuxianhuia pro-
posed by Chen et al. (7).
Shared, derived charac-
ters are (DELTRAN opti-
mization): (i) Dorsal cuticle
trilobed. Cuticle strongly
tuberculate. Fourteen so-
mites in cephalon and
trunk. Exopod of second
appendage absent. Inner
rami of trunk appendages
composed of four po-
domeres and lacking
spines. (i) Six appendages
in the cephalon. Labrum
detached. Gnathobases
absent from trunk ap-
pendages. (i) First ap-
pendages chelicerae. Ce-
phalic shield with marginal
ecdysial sutures. Cardiac
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arachnomorphs (16). The significance of
diplosegmentation is as yet unclear (17, 18).
Thus, these characters do not oppose a che-
licerate affinity.

Fuxianhuia also exhibits several fea-
tures, however, that make it unique among
chelicerates. Given the early plasticity of
arthropod bodyplans (3, 19, 20), these
differences may be expected, but their oc-
currence in a taxon in this location is worthy
of comment. The anteriormost appendages
are multiarticulate antennae rather than
chelicerae. The absence of chelicerae was
used to exclude the aglaspids from the che-
licerates sensu stricto (21), but the two groups
show many derived similarities (Fig. 1) and
are probably closely related (22). Similar
considerations apply to Fuxianhuia. Al-

Androctonus

Baltoeurypterust

Fuxianhuiat
Tachypleus

Weinberginat

Cheloniellont

Aglaspist %

Other Arachnomorpha
14 genera (paraphyletic)

Crustacea
6 genera

I

Marrellomorpha
3 genera

Atelocerata
3 genera

lobe present. Trunk tergites with straight posterior margin in dorsal aspect. (iv) Cephalic shield with marginal
rim. Postcephalic articulation without overlapping pleurae. Two median eyes. Outer rami of trunk appendages
lacking fine filaments (rounded and lamellate). Cuticle smooth. (v) Trunk tagmatized (mesosoma and meta-
soma in eurypterids and arachnids). (vi) Dorsal cuticle not trilobed. Inner and outer rami of trunk appendages
absent. Eighteen somites in the cephalon and trunk.
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though its second appendages were not
coded as chelicerae, they are uniramous,
subchelate, and reminiscent of the range
of morphology displayed by this append-
age (23). Moreover, some schemes equate
the cheliceral somite with the antennal
somite of crustaceans [for example, (24)],
so that chelicerae derive from the second
somite after the acron. Thus, the posses-
sion of a pair of antennae, as in Fuxianhuia
(9), may represent the primitive cheli-
cerate condition.

The cephalon in Fuxianhuia apparently
incorporates’ just two pairs of appendages
rather than six or seven as in other cheli-
cerates (8). The number of cephalic limbs
has proved to be one of the most labile
characters in previous cladistic analyses of
the arthropods (6). Its low consistency
index is largely attributable to the inclu-
sion of Cambrian forms. The implications
of this finding for possible post-Cambrian
developmental entrenchment and canali-
zation have already been discussed (3, 20).
The cephalon has proved difficult to de-
fine for a number of taxa [for example,
euthycarcinoids (25) and Sidneyia (17,
26)], and it may be an oversimplification
to regard Fuxianhuia as possessing only two
pairs of limbs in the “head” (27).

Statements that other Cambrian arthro-
pods should be drawn into the chelicerate
fold seem based on scant evidence. The
Lower Cambrian Eolimulus is known only
from carapaces and cannot be assigned to
the group with confidence (28). Sanctacaris
from the Middle Cambrian Mount Stephen
Formation has chelicerate-like tagmosis
(29) but has consistently failed to resolve
with the group cladistically (3, 4, 6). The
earliest, undisputed chelicerates therefore
date from the Arenigian (22).

Unweighted cladistic analysis places
Fuxianhuia within the arachnomorphs (3).
Only by making premature assumptions
about the sequence in which characters
are acquired (for example, recruitment of
appendages into the cephalon) or by at-
tributing overriding weight to these fea-
tures can Fuxianhuia be interpreted as bas-
al to the other euarthropods (1), a status
more probably afforded to the tardigrades
(4, 30). Rooting a phylogeny with a rela-
tively apomorphic taxon could seriously
mislead our understanding of arthropod
evolution.

Fuxianhuia therefore joins the growing
ranks of fossils that, despite their outward-
ly perplexing array of features, fit decisive-
ly into a small number of large and in-
creasingly densely occupied clades (4).

Matthew A. Wills

Department of Paleobiology, MRC-121,
National Museum of Natural History,
Smithsonian Institution,

Washington, DC 20560, USA

W

T

REFERENCES AND NOTES

1. J.-y. Chen, G. D. Edgecombe, L. Ramskold, G.-g.
Zhou, Science 268, 1339 (1995).

2. X.-g.Hou, Acta Pal. Sinica 26,272 (1987); —____, L.
Ramskdld, J. Bergstrém, Zool. Scr. 20, 395 (1991).

3. M. A. Wills, D. E. G. Briggs, R. A. Fortey, Paleobiol-
ogy 20, 93 (1994).

, M. Wilkinson, Verh. Dtsch. Zool. Ges. 88,
203 (1995).

5. J. Bergstrdm, Acta Zool. (Stockh.) 73, 287 (1992).
Bergstrdm considered the marrellomorphs to be
basal within the arachnomorphs.

6. D. E. G. Briggs, R. A. Fortey, M. A. Wills, Science
256, 1670 (1992); gross topology in all analyses has
been: Atelocerata versus [Marrellomorpha versus
(Crustacea versus Arachnomorpha)].

7. P. A. Selden, Trans. R. Soc. Edinb. Earth Sci. 72, 9
(1981).

8. W. StUrmer and J. Bergstrom, Paldont. Zeitschr. 55,
237 (1981).

. , ibid. 52, 57 (1978).

10. Adata matrix and list of characters are available from

the author. Tree statistics: Cl = 0.37, Rl = 0.60.

11. J. A. Gauthier, A. G. Kluge, T. Rowe, Cladistics 4,
105 (1988); M. J. Donoghue, J. A. Doyle, J. Gauthier,
A. G. Kluge, T. Rowe, Ann. Rev. Ecol. Syst. 20, 431
(1989).

12. See review of models in M. Averof and M. Akam,
Philos. Trans. R. Soc. Lond. B 347, 293 (1995).

13. M. Averoff and M. Akam, Curr. Biol. 3, 73 (1993).

14. W.D. . Rolfe and J. K. Ingham, Scott. J. Geol. 3, 118
(1967).

15. D. E. G. Briggs, Acta Zool. 73, 293 (1992).

16. H. B. Whittington, Philos. Trans. R. Soc. Lond. B
292, 329 (1981).

17. F. R. Schram and M. J. Emerson, Mem. Queens!.
Mus. 31, 1 (1991).

18. J. Zrzavy and P. Stys, J. Evol. Biol. 7, 743 (1994); W.
StUrmer and J. Bergstrom, Paldont. Zeitschr. 50, 78
(1976).

19. This lability is most marked for those features used to
define modern higher taxa, for example, head seg-
mentation and overall tagmosis.

20. S. J. Gould, Paleobiology 17, 411 (1991).

21. D. E. G. Briggs, D. L. Bruton, H. B. Whittington,
Paleontology 22, 167 (1979).

22. P.A.Selden, in The Fossil Record 2, M. J. Benton, Ed.
(Chapman and Hall, London, 1993), pp. 297-320.

23. J. W. Schultz, Cladistics 6, (1990).

24. F. R. Schram, Fieldiana Geol. 39, 61 (1978).

25. K. J. McNamara and N. H. Trewin, Palaeontology
36, 319 (1993).

26. D.L.Bruton, Philos. Trans. R. Soc. Lond. B 295, 619
(1981).

27. If the number of cephalic appendages is treated as
an ordered character [a problematic assumption (C.
Nusslein-Volhard and E. Weishaus, Nature 287, 795
(1980), but one implicit in Chen et al. (1)), the Fuxian-
huia emerges as the closest relative of Sidneyia in
one clade of arachnomorphs, opposing the cheli-
cerates Cheloniellon and Aglaspis in another.

28. J. Bergstrom, Geol. Féren. Stockh. Férh. 90, 489
(1968).

29. D. E. G. Briggs and D. Collins, Palaeontology 31, 71
(1988).

30. C. Nielsen, Animal Evolution: Inter-Relationships of
the Living Phyla (Oxford Univ. Press, Oxford, 1994);
J. Monge-Najera. Zool. J. Lin. Soc. 114, 21 (1995).

31. Thanks to D. E. G. Briggs, A. L. Allen, R. Chapman,
D. H. Erwin, C. Labandeira, S. J. Suter, and E. L.
Yochelson for helpful criticisms of this manuscript.

22 June 1995; accepted 13 October 1995; revised
12 March 1996

Response: We welcome Wills’s test of our
hypothesis (1) that Fuxianhuia is a basal
euarthropod. However, his conclusion that
Fuxianhuia is a chelicerate conflicts with
better quality data than those marshalled in
its support. The exercise he has undertaken
serves to illustrate some analytical problems

SCIENCE ¢ VOL. 272 « 3 MAY 1996

SRR

& TECHNICAL COMMENTS

that may be producing spurious results in
parsimony analyses of arthropod phylogeny.

The cladogram derived by Wills is con-
sistent with the traditional interpretation of
chelicerate tagmosis: No more than 19
somites are divided into a prosoma and
opisthosoma. The former bears six pairs of
appendages, or the appendage of a seventh,
opisthosomally derived somite may be in-
corporated into the prosoma (2). Fossil
arachnomorphs reveal that the precursors of
chelicerates had biramous head and trunk
appendages (3), but crown group cheli-
cerates provide clear evidence that one ra-
mus was suppressed on each tagma. Evi-
dence for a relict exopod on the prosomal
walking legs of chelicerates may be provid-
ed (4) by the flabellum on the sixth leg of
xiphosurids or by transient rudiments on
the embryonic prosomal limbs (5). On oth-
er prosomal appendages of xiphosurids and
all other chelicerates, there is meager evi-
dence for an exopod, leading to the general
conclusion that this ramus was lost in the
course of chelicerate evolution. Where
present, opisthosomal appendages of cheli-
cerates have been interpreted as predomi-
nantly exopodal. A relict endopod is repre-
sented by the small segmented median
branch on the platelike appendages of xi-
phosurids (4). Wills’s interpretation of Fux-
ianhuia within Chelicerata forces the re-
moval of prosomal-opisthosomal tagmosis,
despite the fact that these body regions may
be identified with precision in all other
chelicerates, living or fossil. Furthermore,
his hypothesis forces the reevolution of exo-
pods on all prosomal limbs except the che-
licerae, as well as the reevolution of opis-
thosomal endopods. Given the extreme
modification of the vestigial rami (when
present at all) in all other chelicerates, it is
most implausible that reevolved prosomal
exopods and opisthosomal endopods would
be completely undifferentiated from those
on the other tagma. Wills states that anten-
nae in Fuxianhuia provide support for their
existence in chelicerate ancestors, a hy-
pothesis already supported by Palaeozoic
fossils (6). Yet if Fuxianhuia is an ingroup
chelicerate as he argues, the presence of
antennae must be interpreted as reevolving
after a prior loss at node 3 of his cladogram.

We will not argue that structures lost in
phylogenesis can never be reacquired—an
atavistic scenario can always be evoked. But
it must be asked if such transformations can
be defended in the name of parsimony. The
low phylogenetic cost (as measured by num-
ber of steps) that Wills affords to such major
transformations as the reevolution of lost
limb rami may be an artifact of his method
of coding inapplicable characters. The data-
base used in his prior studies (7) often does
not distinguish between inapplicable char-
acters, such as prosomal exopods and opis-
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thosomal endopods (and exopods in arach-
nids), and missing data, both being scored
identically. This may have the effect of
optimizing a nodal state based on other
characters that conflict with the observed
absence (or inapplicability) of a state (8).
By allowing several appendage characters
for the scorpion and eurypterid to be spuri-
ously optimized as missing data, real differ-
ences from Fuxianhuia are not being ac-
knowledged in tree construction.

We observe that many of the putative
synapomorphies used by Wills to defend his
interpretation (his nodes 1 through 5) are
characters that are absent in Fuxianhuia (9);
his topology forces their interpretation as
reversals. Compelling chelicerate synapo-
morphies, such as genital modifications of
the eighth (first opisthosomal) somite, are
lacking in Fuxianhuia.

Wills dismisses the value of diploseg-
mentation as too ambiguous for comment
and endorses a phylogeny in which the
obliteration of basic chelicerate tagmosis is
associated with the evolution of diploseg-
ments de novo. That such a profound struc-
tural innovation would occur within the
crown group of Chelicerata opposes notions
that arthropod morphology was canalized
after the Cambrian explosion (10). Wills
alludes to this canalization being a post-
Cambrian phenomenon, an assertion con-
tradicted by his cladogram. Were Fuxian-
huia a chelicerate as he suggests, its euryp-
terid-arachnid sister group must be as old
(11), and xiphosurids even older. Again, we
concede that this is a possibility. This sce-
nario contradicts the known evidence con-
cerning the age of these groups as well as
widely held views on chelicerate evolution.

We conclude that the phylogenetic posi-
tion of Fuxianhuia is near the basal node of
the euarthropods. A more precise position-
ing awaits the results of our continued study
of the Chengjiang material, promising to
yield new data for use in a stringent phylo-
genetic analysis. Our original comparison
with euthycarcinoids has already been taken
up in an unorthodox study (12) that, in this
respect, may well be closer to the point than
the view held by Wills. Wills and his co-

workers regard euthycarcinoids as ingroup
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taxa for a curiously resolved Hexapoda (13).

This position conflicts with our data, which

indicate a more basal position (14), and, as

significantly, it forces robust apomorphies of

hexapods to be radically reversed in euthy-

carcinoids (for example, detailed homologies

of the tripartite thorax, cerci, and caudal

filament). A close affinity between Fuxian-

huia and euthycarcinoids is irreconcilable

with their cladogram (13), resulting from a

study rooted in the analytical problems (9)
repeated in Wills’s arguments.
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37:0, or the combined 40:1 and 42:0 are present in
Fuxianhuia. Character 25:0 shows rampant ho-
moplasy, being present also in Annelida,
Lobopoda, Atelocerata, and in several Crustacea
and Arachnomorpha. A trilobed dorsal cuticle, 10:
1, is almost ubiquitously present also in '‘Other
Arachnomorpha.”” ® Node 2: Neither 21:6 or 16:1
are present in Fuxianhuia. Character 43:0 shows
rampant homoplasy (distribution as 25:0 above).
@ Node 3: To code the subchelate appendages in
Fuxianhuia as chelicerae (23:2) is to assume a priori
that Fuxianhuia is a chelicerate. The lack of such
derived states as a movable finger and two or three
podomeres indicates a superficial resemblance.
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