
electron dens~ty om~t maps encompassing the 
NADH b~nd~ng site were used dur~ng refinement of 
the coordinates. The final model conta~ned all 268 
res~dues and 48 solvent molecules, wlth rms values 
of 0.021 A and 2.3" in bond lengths and bond an- 
gles, respectively. 

17. M. G. Rossmann,A. Liljas, C. Granden, L. Banaszak, 
The Enzymes, P. Boyer, Ed. (Academic Press, New 
York, ed. 3, 19751, vol. 1 lA ,  pp. 61-102. 

18. A. T. Brunger, J. Kur~yan, M. Karplus, Science 235, 
458 (1 987); A. T. Brunger, X-PLOR Version 3.0 Man- 

ual (Yale Univ. Press, New Haven, CT, 1992). 
19. A. J. Howard, A Guide to Data Reduction for the 

Nicolet Imaging Proportional Counter The XENGEN 
System (Genex Corporation, Gaithersburg, MD, 
1986). 

20. W. Furey and W. Swaminathan, Am. Crystallogr. As- 
soc. Program Abstr. 18, 73 (1 990). 

21. D. McRee, in Practical Protein Crystallography (Aca- 
demlc Press, New York, 1993), pp. 303-374. 

22. B.-C. Wang, Methods Enzymol. 11 5, 90 (1985). 
23. T. A. Jones, ibid., p. 157. 

Evidence from 18s Ribosomal DNA That 
the Lophophora tes Are Protostome Animals 

Kenneth M. Halanych, John D. Bacheller, 
Anna Marie A. Aguinaldo, Stephanie M. Liva, 

David M. Hillis, James A. Lake 

The suspension-feeding metazoan subkingdom Lophophorata exhibits characteristics of 
both deuterostomes and protostomes. Because the morphology and embryology of 
lophophorates are phylogenetically ambiguous, their origin is a major unsolved problem 
of metazoan phylogenetics. The complete 18s ribosomal DNA sequences of all three 
lophophorate phyla were obtained and analyzed to clarify the phylogenetic relationships 
of this subkingdom. Sequence analyses show that lophophorates are protostomes closely 
related to mollusks and annelids. This conclusion deviates from the commonly held view 
of deuterostome affinity. 

Understanding the phylogenetic affinities 
of the lophophorates (brachiopods, bryozo- 
ans, and phoronid worms) is a major unre- 
solved issue of metazoan phylogenetics. The 
lophophorate taxa are thought to constitute 
a monophyletic subkingdom, superphylum, 
or phylum (1,  2) because they possess a 
similar suspension-feeding apparatus, the lo- 
phophore [a ciliated ring of tentacles, invad- 
ed bv the mesocoelomic cavitv, that sur- , . 
rounds the mouth but not the anus (1,  3)]. 
Because of their unusual momhologies, the - 
phylogenetic relationships of lophophorates 
may provide important clues about the evo- 
lution of morphology and development in 
protostome and deuterostome animals. 

Many phylogenetic hypotheses have 
been proposed for the lophophorates. They 
have been classified as Drotostomes, as deu- 
terostomes, as members of both groups, or as 
an  indeoendent metazoan lineage. Earlier " 

researchers often allied lophophorates with 
Drotostome taxa on the basis of the Dres- 
ence in both lophophorates and deuteros- 
tomes of chitin, the lack of sialic acids, and 
several embryological features (1 ,  4). Anal- 
yses of incomplete 18s ribosomal DNA 

K. M Halanych, Department of Zoology, University of 
Texas, Aust~n, TX 78712, USA, and Molecular Biology 
lnstltute and Blology Department, University of Cal~forn~a, 
Los Angeles, CA 90024, USA. 
J. D Bacheller, A. A. Aquinaldo, S. M, Liva, J. A. Lake, 

(rDNA) data from an inarticulate brachio- 
~ o d  are also consistent with Drotostome af- ; . .  
inities (5). However, the most recent re- 

analyses of embryology (including blastopore 
fate, coelom formation, and cleavage pat- 
terns) (6, 7) and morphology have led most 
researchers to believe that lophophorates are 
basal deuterostomes (1,  2. 4). The deutero- . .  . . 
stome hypothesis has been supported by re- 
cent phylogenetic analyses of morphology 
and embryology (8,  9 )  on the basis of the 
presence in both lophophorates and deutero- 
stomes of a tripartite coelomic arrangement, 
a modified radial cleavage, a ciliary food- 
collecting system that captures particles up- 
stream relative to the ciliary beat, a lo- 
phophore-like apparatus (also present in 
echinoderms and pterobranch hemichor- 
dates), and a U-shaoed adult digestive tract. . . - 

W e  used molecular sequence analyses 
to circumvent several oroblems associated 
with the interpretation of morphological 
and embryological characters. T o  recon- 
struct the evolution of the lophophorates, 
we sequenced complete 18s rDNAs from 
representative lophophorate taxa, aligned 
them with existing data from other meta- 
zoan taxa ( l o ) ,  and analyzed them with 
standard phylogenetic techniques. W e  
chose rDNA to examine metazoan origins 
because it has evolved at an  appropriate 
rate 15. 1 1 ). Anemonia sulcata (an  antho- ~, 
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Fig. 1. Phylogenetic analyses of 18s rDNA se- 
quence data to determine the position of the lo- 
phophorate metazoans (10). Lophophorate taxa 
are lnd~cated In boldface. The consensus topolo- 
gy shown here is a consensus of the best trees 
given by four different methods: maximum likeli- 
hood analysis, bootstrap analysis of parsimony, 
bootstrap analysis of ne~ghbor-joining with maxi- 
mum likelihood estimates of Kimura two-parame- 
ter distances, and bootstrap analysis of paralinear 
distances. The numbers next to the nodes repre- 
sent the bootstrap propoflions (out of 500 itera- 
tions) for the parsimony analysis (top, bold num- 
bers), the neighbor-joining analysis (middle, italic 
numbers), and the paralinear distance analysis 
(bottom, roman numbers). 

be monophyletic on the basis of morpho- 
logical and molecular data ( 1  2). 

The consensus tree derived from our re- 
constructions is shown in Fig. 1. In all of 
the reconstructions (including likelihood, 
parsimony, and distance methods), the lo- 
phophorate taxa clustered within the pro- 
tostomate clade along with the annelid and 
molluscan taxa ( 13). The clade containing 
the lophophorates, the annelids, and the 
mollusks is present in 91.8, 99.8, and 100% 
of the trees derived from bootstrap recon- 
structions of data obtained through maxi- 
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mum parsimony, neighbor-joining with 
maximum likelihood estimates of Kimura 
two-parameter distances, and paralinear dis- 
tance reconstruction algorithms, respectively 
(14). Within this clade, the bryozoan is the 
deepest branching member (supported by 
60.5, 99.4, and 100% of the bootstrap repli- 
cates, respectively). A topology-dependent 
cladistic permutation tail probability test 
(15) confirmed the significance of the lo- 
phophorate-mollusk-annelid clade (P 5 

0.01) in the parsimony tree. Hence, these 
data provide statistically significant support 
for this clade within the protostomes. Our 
interpretation of these results is shown sche- 
matically (Fig. 2); although the deuteros- 
tomes appear as a monophyletic group, this 
branch is not consistently supported in our 
analyses (Fig. 1). 

Because these 18s rDNA analyses sup- 
port the hypothesis that lophophorates, 
mollusks, and annelids share a common 
ancestor to the exclusion of arthrooods and 
deuterostomes, we propose the node-based 
name (16) Lo~hotrochozoa, which is de- 
fined as the last common ancestor of the 
three traditional lophophorate taxa, the 
mollusks, and the annelids, and all of the 
descendants of that common ancestor. Al- 
though the similarity of the feeding appara- 
tus among lophophorates has long suggested 
monophyly (1 ), the 18s rDNA analyses 
show that the Lophophorata are paraphy- 
letic because the brvozoans are outside of 
the remaining Lophotrochozoa taxa. This 
finding raises the possibility that the lo- 
phophore has been derived multiple times 
or that it was Dresent in the ancestral lo- 
photrochozoan and has been lost in the 
mollusks and annelids. Clarification of this 
issue will require better resolution of trees 
and careful evaluation of other lines of ev- 
idence. Also, the position of the phoronid 
as the sister clade of the articulate brachio- 
pod suggests that the Inarticulata and Ar- 

rl Annelids 

Lophotrochozoa Bryozoans 

Articulates 
Phoronlds 

Protostom~a lnartlculates 

Arthropods 

Deuterostomes 

g 
n 5 

5 
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B 
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Fig. 2. The lophophorates are contained within 
the Protostomia. The lophophorates cluster with 
the mollusks and annelids to form the Lophotro- 
chozoa (which include these taxa, their last com- 
mon ancestor, and all of the common ancestor's 
descendants). 

Mollusks 

ticulata (that is, the Brachiopoda), contrary 
to traditional hypotheses (1 7), do not form 
a monophyletic group. The paraphyly of the 
Brachiopoda was strongly supported by 
bootstrap analyses indicating that pho- 
ronids are derived lophophorates, but addi- 
tional complete 18s rDNA sequences will 
be needed before this issue can be defini- 
tively resolved. It has been proposed that 
phoronids evolved from a brachiopod-like 
ancestor (7 ,  18) on the basis of plausible 
evolutionary intermediates and the evolu- 
tion of the lophophore apparatus. 

Some molecular and structural findings 
support our conclusions. For example, earlier 
analyses of incomplete 18s ribosomal RNA 
seauences that included an inarticulate bra- 
chiopod had suggested that it was affiliated 
with the mollusks ( 5 ) ,  but that finding was 
based on only a single incomplete sequence. 
Also, the structure of the setae of brachio- 
pods is similar to those of polychaetes, oli- 
gochaetes, and pogonophorans, but is unlike 
those of arthropods (19). With this removal 
of the chitin-synthesizing lophophorates 
from the deuterostomes and the recent re- 
moval of the chaetognaths as well (20), new 
attention may be focused on prior proposals 
(21) that loss of the ability to synthesize 
chitin may be a synapomorphy of the deu- 
terostomes. 

Common perceptions of morphological, 
developmental, and genomic evolution are 
intricately tied to phylogenetic hypotheses. 
Traditional hypotheses posit that the lo- 
phophorates are protostomes, deutero- 
stomes, or a separate metazoan subkingdom. 
Molecular data from 18s rDNA genes, how- 
ever, support the position of lophophorates 
within the protostome lineage and suggest 
that some embryological features (such as 
coelom formation and cleavage patterns) 
are more plastic than has been traditionally 
recognized. 
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Sodef rin: A Female-Attracting Peptide 
Pheromone in Newt Cloacal Glands 
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H. Hayashi 

A decapeptide called sodefrin was isolated from the abdominal gland of the cloaca of the 
male red-bellied newt, Cynops pyrrhogaster. The native peptide, as well as the synthetic 
one, had a female-attracting activity. Sodefrin was found in the apical portion of the 
epithelial cells of the abdominal gland. Sodefrin is apparently species specific because 
it did not attract females of Cynops ensicauda. This is the first amphibian pheromone to 
be identified and the first peptide pheromone identified in a vertebrate. 
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rnone f rom the ahilorninal glanils o f  male 
nelvts. Female-attracting pheromone act lv-  
i t y  was moni tored hy  a preference test (5). 
An aqueous extract o f  the  ahi lominal  glanils 
had  a female-attracting pheromone activity. 
T h e  rn in l lnum effective amount  o f  extract 
m a sponge h lock  t ha t  attracted a female 
placed in a container f i l led  1~1th 1000 ml o f  
Ivater was the equivalent o f  O.ll>/;, o f  t he  
abdominal  gland content  (Flg. 1). T h e  ac- 
t i ve  substance in the a h d o ~ n i ~ ~ a l  glanil was 
soluhle 111 water hut n o t  in organic solvent. 
W h e n  the water-solul~le f ract ion was suh- 
jected t o  gel- f i l t rat ion co lumn  chromatog- 

I n  urodeles, chemical  s t imul i  contribute t o  
sex recogni t ion and courtship hehavior ( I  ). 
It has l ~ e e n  suggested that  lnales em i t  olfac- 
tory attractants or  pheromones t o  lure fe- 
males (2). T h e  abdominal  g lani i  o f  t he  c lo-  
aca has heen thought t o  be the site where 
these substances are produced (3). W e  have 
fi~uncl that  the water in w h i c h  sexuallv ac- 
t i ve  male newts (Cynops py~rho~aster) were 
kept  attracteel conspecific females (4). T h e  
attractant pheromone was secreteil hy  or  

100 
Tap water 

- Abdominal gland x x  8 

- Oviduct , ** , ,  * , nn 
T - 

Z - 
2 50 .- + 

0 
10-3 10~2 1 0 ~ ~  10" 
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Fig. 1. Female-attracting act~vity In the abdominal 
gland of the male newt. Twenty abdom~nal glands 
were homogen~zed In 20 ml of distilled water. The 
homogenate was centrifuged at 5000g for 1 hour 
at 4°C. The supernatant was Iyophll~zed and was 
used as the test substance. Oviducal extract was 
prepared slmllarly and was used as a control sub- 
stance. Preference test~ng was done as descr~bed 
(5). Each sponge block conta~ned tap water or 
extract from the Indicated amount of the abdom- 
lnal glands or ov~duct. Results represent mean 
values (t SE) of e~ght tests. "Probability of sign~f- 
cant difference (P) < 0.05; ""P < 0.01 

raphy, t he  female-attracting pheromone ac- 
t i v i t y  emerged In a fract ion w i t h  a relative 

through the ahiiornmal glancl o f  the  cloaca molecular mass helow 5000. Pronase iliges- 
hecause the water in w h i c h  a l~dorn ina l  t i o n  el iminated the ac t~v i t y ,  indlcat lng tha t  
gland-ablated males h a d  heen kept c l i i l  n o t  the  active suhstance is a peptiile. 
attract females (4). T o  isolate the  active peptide f rom a n  

W e  report here the  isolation ancl char- aqueous extract o f  the  ahclorninal glands, we 
acterization o f  the  female-attracting phero- useii t w o  pur i f icat ion cycles o f  reversed- 

Fig. 2. Purlfcatlon of female-attract~ng substance from the abdom~nal gland of the male newt. (A) The first 
reversed-phase HPLC. F~fty abdotnlnal glands were homogenlzed In 100 ml of dist~lled water. After 
centr~fugatlon at 5000g for 1 hour the supernatant was lyoph~lized. dissolved In 0.1 5 M NH,HCO, (pH 
8.0) and appl~ed to a Sephadex G-100 column (2.5 cm by 80 cm' Pharmacla) equilibrated wlth the same 
solution. Fractions wlth relat~ve molecular mass below 5000 whlch had female-attracting actlv~ty, were 
pooled and lyoph~llzed. The lyophllized sample was dissolved In 0.1 '10 trlfluoroacet~c acid (TFA) and 
applled to an octadecyl sllyl-sillca cartridge (C,, Sep-Pak: Waters). The adsorbed substances were 
eluted w~ th  acetonltrlle containing 0.1 % TFA. The lyophillzed Cl,-adsorbed fract~on was dissolved In 
0.1 % TFA and appl~ed to a 4 mm by 125 mm column [Superspher 60 RP-8(e) column Merck] equ~librated 
with 0.1 % TFA. A gradient of aceton~trlle was used at a flow rate of 1 ml min l .  The act~ve fraction. 
designated by the small hatched bar on the appropr~ate peak, was collected, (B) The second reversed- 
phase HPLC. The act~ve fraction from (A) was further pur~fied on a 4 mm by 150 mm phenyl column 
(Inerts~l. Gas-L~qu~d Sc~ence, Tokyo) with a gradient of acetonltrile at a flow rate of 1 ml m~n- '  In the 
presence of 0.1 % TFA. Female-attracting act~vlty was detected In the peak fract~on designated by an 
arrow. Detect~on of female-attract~ng act~vlty was done as described (5). Yleld of the final product was 0.6 
p g  per gland. 

- 0.4 40 1 .O 

E 6 

30 5 2 
V )  

0.3 - 2 0 5  5 
al - N 

C l o  6 8 

E 0,2 
' 5 0.5- 

0 :  P, 
n 0 

9 7 I 

SCIENCE \'OL 267 17  hlARCH 1995 1643 

'0 20 40 60 80 100 OO 20 40 60 Time (min) 
Time (min) 

~ B -30 

- - - - - I - 20Zm 

1 

A. 

-10 

I I I 




