
which strand is being copied, so tha t  a 
rejection of the  null hypothesis is expect- 
ed, yielding a n  asymmetry in [A] = [TI or 
[C] = [GI eyuifreqilencies. This  asymmetry 
is expected to switch polarity a t  the  origin 
and terminus of replication of the  chro- 
lnosonle and does switch polarity a t  the  
origin and terminus of replication in Esch- 
erichia coli, Bacilltis subtilis, and Haemophi- 
l t ~ s  influenzae, splitting tlie circular cliro- 
mosolne into two chirochores (4 ) .  

In Mycoplilsma genitalium, the new  neth hod 
clearly confirlns the suggested origin of repli- 
cation (Fig. 1). The  asymmetry in base com- 

position, A-T, is -2.0% ? 0.4 before the 
origin of replication and +4.5?/o i 0.4 there- 
after; and tlie asylnlnetry in base composition, 
C-G, is $4.096 i 0.7 before tlie origin of 
replication and -4.5% i 0.6 thereafter. T h e  
switch of tlie polarity of base colnposition 
asytnmetries is then significant. This method 
for the detection of replication origins is use- 
f ~ l l  for the analysis of a new genome when tlie 
consensus pattern approach i d s .  

J .  R. Lobry 
Laboratoire de Biome'trie, 

Centre National de la 
Recherche Scientifique, 

Classification of the Arthropod Fuxianhuia 

Jun-yuan C h e n  et al. (1 )  provided a n  ill- 
valuable description of Ftixianhuia, a prob- 
lernatic arthropod frorn the celebrated Chi-  
nese Chengjiang fa~lna (2) .  Pointing to the  
apparently r~~d imenta ry  nature of tlie pro- 
tocephalon and the unspecialized morphol- 
ogy of the  trunk appendages, they classified 
Fuxianhuia as a basal euartliropod, a primi- 
tive and generalized representative of the 
phyl~lm. They did not,  hoivever, test their 
assertion with the necessary cladistic anal- 
ysis. Such a n  analysis reveals tliat Fuxian- 
htiia is a n  arachnolnorph (3-5), specifically 
gro~lping with tlie chelicerates (arachnids 
and merostomes). This result establishes 
Fuxianhuia as the  earliest known chelicerate 
bv as much as 60 million uears. 

I coded the  new information from 
C h e n  et al. into a growing database tliat 
has been found effective for investigating 
higher order relationships among Carn- 
brian and Recent arthropods ( 3 ,  4 ) .  A 
reduced set of taxa were analyzed using the  
program PAUP 3.1.1 (Smithsonian Insti- 
tution, Washington, D C ) ,  which pro- 
duced gross topology consistent with that  
derived from previous analyses ( 3 ,  6 ) .  Fux- 
ianhuio consistently grouped with tlie che- 
licerates (despite the  absence of chelicerae 
and minimal ceplializaton) in the  larger 
clade of araclinomorphs. T o  investigate 
this relationship Illore fully, a further ruin 

was made, reinstating the  elltire arachno- 
morpli clade ( 3 )  and incorporating data 
from the  Silurian eurypterid Baltoeu- 
rypterus (7 ) ,  t he  Devonian xiphosuran 
Weinbergma (8), and the  problenlatic Che-  
loniellon ( 9 ,  10 )  (Fig. 1 ) .  Fuxianhuia con-  
sistently fell within the  chelicerates, with 
Cheloniellon and Aelasbis basal to  them.  ., . 
Tlie arrangement of several arachno- 
rnorphs was modified over some previous 
analyses ( 3 ) ,  de~nollstrating the  potential- 
ly pivotal role of f~ss i l s  exemplifying new 
character state colnbinations (1 1 ). 

As noted by Cl ien et al. (1 ), Fuxianhtiia 

displays a number of characters tykpical of 
Inore basal arthropods. However, caution is 
required when constructing a model solely 
on tlie purportedly di rect io~~al  evolution of 
smalt n~llnbers of characters (12). T h e  pres- 
ence of numerous trunk so~nites bearing rel- 
atively iu~idifferentiated appendages is tradi- 
tionally considered a plesiomorphic feature, 
b ~ ~ t  recent work o n  holneobox genes indi- 
cates that this may be an  unwarranted as- 
sumption (1 3) .  Multiarticulate endopods are 
often regarded as primitive but are also 
k~ lown from derived (3 ,  4 )  groups of atelo- 
cerates (14),  crustaceans (15),  and other 

Fig. 1. Simplified clad- 
ogram of Recent and fos- 
sil euarihropod taxa (strlct 
consensus). Detailed to- 
pology lustrated for cheli- 
cerates and allied genera. 
t, Fossil genus. X,  Loca- 
tion of Fuxianhuia pro- 
posed by Chen et a/. (1).  
Shared. derived charac- 
ters are (DELTRAN opti- 
mizatlon): ( i )  Dorsal cuticle 
trilobed. Cuticle strongly 
tubercuate. Fourteen so- 
mites In cephalon and 
trunk. Exopod of second 
appendage absent. Inner 
ram1 of trunk appendages 
composed of four po- 
domeres and lacklng 
splnes. ( 1 1 )  S I X  appendages 
In the cephalon. Labrum 
detached. Gnathobases 
absent from trunk ap- 
pendages. ( i i i )  Flrst ap- 
pendages chelicerae. Ce- 
~halic shield with marainal 

Unite' de Recherche Associe'e 2055, 
L'niversite' Claude Bernard, 

43 Botilevard dti 1 1 Novembre 19 18, 
F-69622 \'illetirbanne, 

Cedex,  France 

REFERENCES 

1 C. M. Fraser et a/ . .  Science 270, 397 (19951. 
2. N. Sueoka, J. Mol E ~ ~ o l .  40, 318 11995) J R,  lob^! 

/bid., p 326. 
3 .  N .  G. Nossa, Ann. Rev B~oc l ie~n.  53, 581 (1983). 
4. J. R.  Lobry, 1Wo1 Bioi. Evoi , in press. 

6 November 1995; accepted 27 Februari 1996 

arachnoniorphs (16). T h e  significance of 
diplosegmentation is as yet [Inclear (17, 18). 
T ~ L I ~ ,  these characters do not oppose a che- 
licerate affinity. 

Furianhuia also exhibits several fea- 
tures, however, that  make it u n i y ~ ~ e  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 ivorthy 
of comment. T h e  anteriorlnost appendages 
are multiarticulate antennae rather than 
chelicerae. Tlie absence of chelicerae was 
used to e x c l ~ ~ d e  tlie aglaspids from the che- 
licerates sensu stricto (21 ), but the two groups 
shoiv Inany derived similarities (Fig. 1)  and 
are probably closely related (22). Sinlilar 
considerations apply to Ftirianhuia. Al- 

\ Tachypleus 
""@ 

Weinberginat 1 

Cheloniellont 

Aglaspisf 

' i 
Other Arachnomopha 
14 genera (paraphyletic) 

Crustacea 
6 genera 

Marrellomopha 2 

\ Atelocerata 
3 genera 

ecdyslal sutures ~ar>lac 
lobe present Trunk tergtes wlth straght posterlor margn In dorsal aspect (IV) Cephalc shleld wlth margnal 
rlm Postcephalc ariculaton wthout overapplng pleurae Two medlan eyes Outer ram of trunk appendages 
lacklng flne filaments (rounded and ameate) Cutlcle smooth (v) Trunk tagmailzed (mesosoma and meta 
soma In eurypterlds and arachnids) (VI) Dorsal cutce not trlobed Inner and outer ram of trunk appendages 
absent Elghteen somltes In the cephalon and trunk 
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though its second appendages were not  
coded as chelicerae, they are uniramous, 
subchelate, and renliniscent of the  ranee 
of lllorphologr displayed by this appen i -  
age (23) .  Moreover, some schemes equate 
the  cheliceral somite with the  antenna1 
s o ~ n i t e  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. 

T h e  cepha lo~ l  in  F~txianhuia apparently 
incorporates' just taro  pairs of appendages 
rather than  six or seven as in other cheli- 
cerates (8). T h e  number of cevhalic limbs , , 

has proved to  be o n e  of the  inost labile 
characters in vrevious cladistic analvses of 
the  arthropo& (6 ) .  Its low consistency 
index is largely attributable to the  i~ lc lu -  
sion of Cambrian forms. T h e  inlplicatiolls 
of this finding for possible post-Cambrian 
developme~l ta l  entrenchment  and ca~lal i -  
zation have already been discussed ( 3 ,  20) .  
T h e  c e n h a l o ~ ~  has nroved difficult to de- 
fine for a number of taxa [for example, 
e ~ ~ t h ~ c a r c i l l o i d s  (25)  and Sidneyia ( 1 7 ,  
26)],  and it may be a n  oversimplification 
to  regard Fuxianh~tia as possessing only two 
pairs of limbs in  the  "head" (27) .  

Statements that other Cambrian arthro- 
nods should be drawn into the chelicerate 
fold seem based o n  scant evidence. T h e  
Lower Cambrian Eolirnulus is k n o a ~ ~  onlv 
from carapaces and callnot be assig~led to 
the  group with co~lfidence (28).  Sanctacaris 
from the  Middle Cambrian Mount Stephen 
Forinatio~l has chelicerate-like tagmosis 
(29)  but has consiste~ltly failed to resolve 
a i t h  the  group cladistically (3 ,  4, 6) .  T h e  
earliest, undisputed chelicerates therefore 
date from the Arenigian (22) .  

L .  

Unweighted cladistic a~lalysis places 
Fuxianhuia within the  arach~lonlorphs (3 ) .  
On ly  by making premature assumptions 
about the  sequence in which characters 
are acauired (for exarnnle, recruitment of 

L ,  

appendages into the  cephalon) or  by at-  
tributing overriding weight to  these fea- 
tures can  Fu~ianiz~t ia  be interpreted as bas- 
al t o  the  other  euar thro~ocls  ( I  ), a status 
more probably afforded to  the  tardigrades 
( 4 ,  30) .  Rooting a phylogeny with a rela- 
tively apomorphic taxon could seriously 
mislead our ~ ~ n d e r s t a n d i n g  of arthropod 
evolution. 

F~txianhuia 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 
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Response: W e  aelcorne Wills's test of our 
hypothesis ( 1 )  that Fuxianhuia is a basal 
euarthroood. However, his conclusion that 
Ft~xianht~ia is a chelicerate conflicts with 
better uualitv data t11a11 those ~nars l~al led in 
its s ~ ~ ~ i o r t .  T h e  exercise h e  has undertaken 
serves to illustrate some analytical problems 

that may be producing spurious results in 
parsi~nony allalyses of arthropod phylogeny. 

T h e  cladoeranl derived bv Wills is con- 
sistent a i t h  tCe traditional in'terpretation of 
chelicerate tapmosis. N o  Inore than 19 
so~nites are divided into a prosoma and 
onisthosoma. T h e  former bears six nairs of 
appendages, or the  appendage of a seventh, 
o~isthosomallv derived somite mav be in- 
corporated into the  prosoina (2) .  Fossil 
arachnomorphs reveal that the  precursors of 
chelicerates had biramous head and trunk 
appendages (3 ) ,  but crown group cheli- 
cerates nrovide clear evidence that one ra- 
mus was suppressed o n  each tagma. Evi- 
dence for a relict exonod o n  the  vrosomal 
walking legs of chelicerates may be provid- 
ed (4 )  bv the flabellurn o n  the sixth leg of , , 

xiphosur'ids or by tra~lsient rudiments'-on 
the embryonic proso~nal limbs (5) .  011 oth-  
er prosonla1 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 bee11 interpreted as predomi- 
nantly exopodal. A relict endopod is repre- 
sented by the  small segmented median 
branch o n  the  platelike appendages of xi- 
phosurids (4 ) .  Wills's interpretation of Fux- 
ianh~tia within Chelicerata forces the re- 
moval of prosomal-opisthoso~nal tagmosis, 
despite the  fact that these body regions may 
be identified with precision i11 all other 
chelicerates, living or fossil. Furthermore, 
his hypothesis forces the  reevolution of exo- 
pods o n  all prosoma1 limbs except the che- 
licerae, as well as the reevolution of opis- 
thosomal endopods. Given the  extreme 
~nodification of the vestigial rami (when 
present a t  all) in all other chelicerates, it is 
most implausible that reevolved prosornal 
e x ~ p o d s  a~nd opisthosomal endopods would 
be comvletelv undifferentiated from those 
o n  the  &her &ma. Wills states that antell- 
nae i11 F~txianh~tia provide support for their 
existence i11 chelicerate ancestors, a hy- 
pothesis already supported by Palaeozoic 
fossils (6) .  Yet if F~txianh~tia is a n  ingroup 
chelicerate as he  argues, the presence of 
antemlae must be interpreted as reevolving 
after a prior loss at node 3 of his cladogram. 

W e  will not  argue that structures lost in 
phylogenesis can never be reacquired-a11 
atavistic scenario can always be evoked. But 
it must be asked if such tra~lsforrnatio~ls can 
be defended in the  name of narsiinonv. T h e  
low phylogenetic cost (as measured by num- 
ber of steps) that Wills affords to such major 
transfor~natio~ls as the  reevolution of lost 
limb rami mav be an  artifact of his nlethod 
of coding inapplicable characters. T h e  data- 
base used in his vrior studies (7) often does 
not  d i s t i ~ l g ~ ~ i s h  beta8ee11 inapplicable char- 
acters, such as prosornal exopods and opis- 
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thosornal endopods (and exopods in arach- 
nids), and missing data, both being scored 
identicallv. This mav have the effect of 
optimizini a ~ l o d a l  i tate based on other 
characters that conflict with the  observed 
absence (or i~lappl icabi l i t~)  of a state (8). 
By allowing several appendage characters 
for the  scorpion and eurypterid to be spuri- 
ouslv ontimized as ~niss i~lg  data, real differ- , L 

ences frorn Fuxianh~tia are not  being ac- 
knowledged in tree construction. 

W e  observe that many of the  putative 
synapomorphies used by Wills to defend his 
interpretatihn (his  lodes 1 through 5)  are 
characters that are absent in Fuxianhuia (9 ) ;  
his topology forces their interpretation as 
reversals. Cornpelling chelicerate synapo- 
rnor~hies ,  such as ne~nital modifications of 
the  i i g h t h  (first oiisthosomal) somite, are 
lacking in F~txianh~tia.  

Wills dismisses the  value of diploseg- 
~ne l l t a t io~ l  as too ambiguous for cornment 
and e~ldorses a phylogeny in which the  
obliteration of basic chelicerate tagrnosis is 
associated with the  evolution of dinlosee- 

L < >  

lnents de novo. Tha t  such a profound struc- 
tural i n n a v a t i o ~ ~  would occur within the 
crown group of Chelicerata opposes notions 
that arthropod ~ n o r p h o l o g ~  was canalized 
after the Cambrian explosion (10).  Wills 
alludes to this canalization being a post- 
Cambrian phe~lomenon,  an  assertion con- 
tradicted by his cladogram. Were Fuxian- 
h~t ia  a chelicerate as he  suggests, its euryp- 
terid-arachnid sister group rnust be as old 
( I  1 ), and xiphosurids eve11 older. Ag, am,  we 
concede that this is a possibility. This sce- 
nario contradicts the  known evidence co11- 
cerning the  age of these groups as well as 
widelv held views (311 chelicerate evolution. 

W e  conclude that the phyloge~letic posi- 
tion of Fuxianhuia is near the basal node of 
the euarthropods. A more precise position- 
ing awaits the results of our co~ l t i~ lued  studv 

u 

of the Chengjiang material, prornisi~lg to 
yield new data for use in a stringent phylo- 
genetic analysis. Our  original comparison 
with e ~ ~ t h ~ c a r c i n o i d s  has already been taken 
up in an  unorthodox study (1 2) that, in this 
respect, may well be closer to the point than 
the view held bv Wills. Wills and his co- 
workers regard e ~ ~ t h ~ c a r c i n o i d s  as ingroup 

taxa for a curiously resolved Hexapoda (13). 
This positio~l conflicts with our data, which 
indicate a more basal position (14),  and, as 
sig~lificantly, it forces robust apornorphies 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- 
h~t ia  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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To Interpret ~t as synapomorphc at node 2, ~t must 
f~rst be reversed there (because of ~ t s  absence n 
Cheloniellon), only to be re-reversed at node 3. Th~s 
extenswe homopasy ndcates e~ther a ples~omor- 
ph~c  character or t s  mult~ple development as a 
funct~onal opt~mum. Node 4: Nether 9:O or 20: l  
are present In Fuxianhuia. Character 12: l  IS mls- 
coded for Fuxianhuia (no r m  IS present, the sheld 
surface slopes evenly before being flexed under). 
Even so, the character is coded present n numer- 
ous taxa below node 4, s~ ich as ~n Aglaspis and in 
other Arachnomorpha, and shows masslve ho- 
moplasy with several reversals and re-reversals. 
Character 45:0 occurs also n numerous arachno- 
morphs and crustaceans The presence of exopod 
f~laments n Weinbergina IS used to Interpret the~r 
absence as synapomorph~c at the next h~gher 
node, but for a character state w~th a near random 
d~str~but~on, we consder ths to carry httle weght. 
Character 3:O (smooth cutcle) IS coded so for all 
Atelocerata, Marrelomorpha, Crustacea, and most 
Arachnomorpha and thus IS a poor synapomorphy 
for node 4. Node 5 IS defned by a s~ngle char- 
acter that IS smilar to 39:1, trunk abdom~nal~zed. 
Th~s was coded as present in numerous arachno- 
morphs and crustaceans, and n some ateocer- 
ates, show~ng ralnpant homopasy. Trunk tagmoss 
can be consdered a synapomorphy for Fuxianhuia 
plus eurypter~ds and arachn~ds only f the tagmata 
n Fuxianhuia were homologous w~th  the meso- 
soma and Inetasoma, an unwarranted assertion 
given their very d~fferent numbers of somites The 
t r ~ ~ n k  tagmata In Fuxianhuia shows closer simarity 
with euthycarc~no~ds than w~th  eurypter~ds and 
arachnds. 
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