
acts mainly with the hydrophobic belt de- 
limited by two rings of aromatic residues, 
consistent with the hypothesis proposed by 
Cowan and co-workers (4). In addition, the 
close fit of intercalating extracellular do- 
mains documented in Fig. 3C is responsible 
for the ordered interlayer interaction of 
double-layered 2D crystals. 

We observed that the extracellular porin 
surface may exist in two conformations. This 
finding is rare but reproducible, consisting of 
a 5A shift of the extracellular domains to- 

me.- I.'. . d T2.-.;+&&-- -,>+ -- :-*-;./p 
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Fig. 4. Two conformations of the OmpF porin as 
identified by AFM are compared to the model de- 
rived from the atomic structure. (A) Raw data of a 
trigonal2D crystal that exhibits the characteristic 
morphology of the extracellular porin trimer sur- 
face. The overlay shown in the lower left comer of 
AFM data (transparent, in dark and light blue) and 
the trimer model (opaque, red) were generated 
from the threefold symmetrized average (inset, 
lower right comer). (B) A different morphology re- 
corded with the same stylus on the same trigonal 
crystal as in (A). Trace and retrace scans were 
merged. Small patches with prominent trimeric 
protrusions arranged on an undistorted lattice 
were found embedded within a topography cor- 
responding to that displayed in (A). The compari- 
son of the threefold symmetrized average (inset, 
right) with the model (inset, left, colors as above) 
shows that the extracellular domains are shifted 
by 5 A toward the threefold axis ofthe porin trimer. 
The centers of the protrusions are indicated with 
red dots. Scale bars in (A) and (B), 10 nm. 

ward the center of the trimer (compare Fig. 
4A with Fig. 4B). Although energy require- 
ments cannot be estimated from a static 
atomic structure (4), the displacement ob- 
served appears sterically possible and would 
constrict the channel entrances. This may 
explain the two open-channel configura- 
tions of E. coli porins (1 1, 12). 

As demonstrated here, the comparison 
of the structural data from x-ray crystallog- 
raphy with those from AFM contributes a 
new insight into the structure of lipids in 
biological membranes. Also, because 2D 
crvstals of membrane  rotei ins are more eas- 
ili produced than 36 crystals, the combi- 
nation of cryoelectron microscopy and 
AFM may be an attractive alternative. Fi- 
nally, the two conformations of the extra- 
cellular surface of OmpF porin (Fig. 4) and 
the recent report on conformational fluctu- 
ations of active lysozyrne (13) suggest that 
the atomic force microscope may become 
an essential tool in monitoring function- 
related conformational changes. 
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A Morbillivirus That Caused Fatal Disease in 
Horses and Humans 

Keith Murray,* Paul Selleck, Peter Hooper, Alex Hyatt, 
Allan Gould, Laurie Gleeson, Harvey Westbury, Lester Hiley, 

Linda Selvey, Barry Rodwell, Peter Ketterer 

A morbillivirus has been isolated and added to an increasing list of emerging viral 
diseases. This virus caused an outbreak of fatal respiratory disease in horses and 
humans. Genetic analyses show it to be only distantly related to the classic morbilli- 
viruses rinderpest, measles, and canine distemper. When seen by electron microscopy, 
viruses had 10- and 18-nanometer surface projections that gave them a "double- 
fringed" appearance. The virus induced syncytia that developed in the endothelium of 
blood vessels, particularly the lungs. 

T h e  emergence of new viruses may result in 
previously unrecognized or new diseases (1- 
3). Although emerging viruses may contain 
novel mutations or represent gradual evolu- 
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tion (3), more often they emerge because of 
changes in behavior or the environment 
whereby they are introduced to a new host 
(3-5). Viruses that are pathogenic in novel 
human and nonhuman hosts include Mar- 
burg and Ebola viruses; hantaviruses; human 
immunodeficiency viruses; Lassa virus; dol- 
phin, porpoise, and phocine morbilliviruses; 
feline immunodeficiency virus; and bovine 
spongiform encephalopathy agent (3). 

Dolphin, porpoise, and phocine morbilli- 
viruses, rinderpest virus, and measles virus 
belong to the genus MorbiUivfnrs within the 
family Paramyxoviridae. Although nonhu- 
man morbilliviruses have been associated 
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with new and emerging animal diseases, no 
new human morbillivirus has been reported 
since the 10th century, when measles was 
described (6). In this paper, we describe a 
new species of morbillivim that fatally af- 
fected 14 horses and 1 human. 

In late September 1994, an outbreak of 
severe respiratory disease occurred in horses. 
Within 2 weeks, 14 of 21 sick horses, which 
were mainly on the 1 Brisbane (Queensland) 
property, died or were killed after an acute 
illness characterized by high fevers (up to 
41°C) and severe respiratory difficulty. 
These deaths followed that of a similarly 
affected pregnant mare 2 weeks previously 
on the same property. The 49-year-old-train- 
er of the horses and a 40-year-old stablehand 
who had close contact with the dvine mare 
also became ill with a severe infiuekalike 
illness. The stablehand recovered, but the 
trainer died after 6 days in intensive care and 
was found at postmortem to have had severe 
interstitial pneumonia. Although the trainer 
had a prior history of Ross River and hepa- 

titis A virus infections, he was well immedi- 
ately before this illness. 

Because a virus etiology was possible (7), 
homogenates of spleen and lung from two of 
the horses were inoculated into two recipi- 
ent horses intravenously and by intranasal 
aerosol as well as into a range of cell culture 
monolayers (8). On day 3 after inoculation, 
examination of the Vero cell cultures inoc- 
ulated with lung homogenate showed a cy- 
topathic effect with focal syncytia forma- 
tion, which subsequently spread throughout 
the entire monolayer. Postmortem lung, liv- 
er, kidney, and spleen samples from the de- 
ceased human were also inoculated into 
cell cultures. After 12 days, prominent 
syncytia were seen in LLC-MK2 and 
MRC5 cultures inoculated with kidnev 
material. Syncytia formation in cell cul- 
ture is characteristic of a number of virus- 
es, including morbilliviruses (9). 

After inoculation, the horses showed lit- 
tle sign of infection for 6 and 10 days, 
respectively; they then developed a disease 

Fig. 1. Blood vessel in 
the lung of a horse killed .+ - 
because of severe respi- 

,. 
containing 2 x lo7 

. 
number of multinucleate 

Hematoxylin and ' eosi4 
stained sections were 
prepared from paraffin- 
embedded formalin-fixed 
tissues. The immunofluo- 
rescence test was done 
on duplicate tissues. 
These were digested with 
0.05% protease (Pro- 
nase E, Sigma P-5147) in 
phosphate-buffered sa- 
line A (PBSA) for 20 min 
at 37OC. Nonspecific 
binding was blocked with 
5% normal goat serum in 
PBSA and 0.1% bovine 
serum albumin (BSA) for 
20 min, and samples 
were then reacted for 60 
min with serum from the human that recovered diluted 1 : 500 with PBSA-BSA. The secondary antibody 
was a 1 : 30 dilution of biotinylated sheep anti-human immunoglobulin (Amersham) in PBSA-BSA, incubated 
for 60 min. A 1 : 100 dilution of streptavidin-flumescdn (Amersham) diluted with 0.1 % BSA, 1 .O ml of 0.04% 
Evans blue, and 9.0 ml of PBSA was then reacted with antigen in the tissues for 1 hour at 37OC and 
examined by an uitraviolet light microscope. Controls for the test were duplicates of the tissues, except that 
the primary antibody was replaced with normal human serum. 

of 2 days' duration, with high fever and 
signs of respiratory distress, and were killed 
(1 0) on days 8 and 12 after inoculation. 
Supernatant from Vero cells containing 2 
X 10' median tissue culture infectious dose 
(TCID,,) per milliliter of virus was admin- 
istered to another two horses intravenously 
(5 ml) and by exposure to about 10 ml of 
nebulized aerosol. These horses became 
similarly affected, although the time course 
to terminal disease was onlv 4 davs in one 
and 5 in the other. Viral nudle&iisids were 
identified by electron microscopy in lung 
homogenates from all four recipient horses, 
and virus containing similar nucleocapsids 
was reisolated from the lungs, liver, kidney, 
and lymph nodes of all experimental horses. 

There was histological evidence in 13 
field horses and 4 experimental horses of 
interstitial ~neumonia with ~roteinaceous 
alveolar edema associated with hemorrhage, 
dilated lvm~hatics. alveolar thrombosis and 
necrosis,' a1;eolar macrophages that may be 
necrotic, and necrosis of the walls of small 
blood vessels. The outstanding gross lesion 
in the lung was edema, which in the field but 
not the experimental cases was accompanied 
by hemorrhage and froth in airways. On the 
other hand. the ex~erimental cases had more 
advanced dilation of ventral lymphatics. 
Vascular lesions were remarkable in that 
there were syncytial giant cells in blood ves- 
sel walls, especially in the endothelium (Fig. 
1A). These were common in lung capillaries 
and arterioles, and in experimental cases 
were also seen in blood vessels associated 
with parenchymal lesions, in lymph nodes, 
the spleen, brain, stomach, heart, and kid- 
ney. Endothelial and syncytial cells as well as 
other tissues, including occasional foci of 
cells in bronchial epithelium, reacted strong- 
ly in indirect immunofluorescence and im- 
munoperoxidase tests with high-titer serum 
from the human cases (Fig. 1B). Syncytial 

Table 1. Tiers of human and equine sera tested by 
a serum neutralization (SN) test with virus isolated 
from the horses grown on Vero cells and immuno- 
fluorescence reahions when tested at a 1 : 10 dilu- 
tion on acetone-fixed virus-infected Vero cells. 

SN anti- Immuno- 
Name Date body fluor- 

titer escence 

Trainer 5/7/94 <2 Negative 
9/26/94 64 Positive 

Stable- 9/24/94 64 Positive 
hand 10/5/94 64 Positive 

Horse 9/24/94 <2 Negative 
no. 1 10/1/94 256 Positive 

Horse 9/24/94 1024 Positive 
no. 2 11/5/94 1024 Positive 

Horse 9/24/94 16 Positive 
no. 3 11/5/94 >2048 Positive 

Horse 9/24/94 128 Positive 
no. 4 11/5/94 >2048 Positive 
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giant cells are common in morbillivirus in- 
fections (I]), and their presence in the 
blood vessels indicated the vascular tropism 
of this virus. Within these giant cells, cyto- 
plasmic inclusion bodies consistent with the 
ultrastructure of nucleocapsids described for 
the family Paramyxoviridae (12) were ob- 
served by electron microscopy. These struc- 
tures were identical to those seen withii 
tissue culture cells inoculated with horse 
lung homogenates and were gold-labeled by 
immunoelectron microscopy after reaction 
with sera from the human cases (Fig. 2A). 
Similarly, free-lying nucleocapsids, which 
were observed within the horse lung homo- 
genates, were gold-labeled ( 13). 

Ultrastructural studies were made of virus 
isolated from the Queensland horses, the 
experimental horses, and from the kidney of 
the deceased human. The virus was pleomor- 
phic, ,possessed an envelope, and ranged in 
size from approximately 38 nm to more than 
600 nm. The envelope was covered with 10- 
and 18-nm surface projections giving the 
particle a "double-fringed" appearance (Fig. 
2. B and C). The suxmatant of the cell 
cultures contained free-lying herringbone 
nucleocapsids that were 18 nm wide and had 
a periodicity of 5 nm (Fig. 2D). These ob- 
servations are consistent with those de- 
scribed for the family Paramyxoviridae (14) 
and the genera Paramyxovirus and MmbiUiui- 
rw. However, the presence of double-fringed 
surface projections is unique and may repre- 
sent two viral surface glycoproteins that dif- 
fer in length more than is usual (15). V'  ruses 
were gold-labeled with sera from convales- 
cent horses and from both human cases (Fig. 
2E), which suggests that horses and humans 
were infected with the same virus. The hu- 
man and horse sera also neutralized the horse 
virus, whereas preexposure sera from the de- 
ceased trainer and experimental horses did 
not. Sera from the surviving horses reacted 
strongly with, and had high neutralizing an- 
tibody titers to, the virus isolated from the 
dead horses (Table 1). 

The virus was tested against antisera to a 
range of paramyxoviruses, morbilliviruses, 
and pneumoviruses by immunofluorescence 
and protein immunoblot analyses (16). 
Rinderpest virus antisera gave very weak 
reactions by immunofluorescence and to a 
protein of approximately 1.8 X 10' kD by 
protein immunoblot, whereas all other sera 
were negative. None of these antisera neu- 
tralized the virus. The virus did not agglu- 
tinate erythrocytes from a range of species 
(1 7-1 8) or possess detectable neuramini- 
dase activity (19), indicating that the virus 
was not a paramyxovirus. 

From the above, the virus appeared to be 
a member of the genus Morbillivirw. This 
was confirmed by comparative sequence 
analyses of a portion of the matrix protein 
gene. A suite of polymerase chain reaction 

Fig. 2 (A) Electron micrograph of an ultrathin section containing an infected endothelial cell within the lung 
of an affected horse. The image shows a nucleus (Nu), cytoplasm (cy), and a cytoplasmic indusion body 
(cib) that had been gold-labeled with protein A-gold and the serum from the deceased trainer. (B and C) 
Ultrastructure of viruses isolated from affected horses and the kidney of the deceased trainer. howheads 
indicate surface projections of two distinct lengths. (D) A virus nucleocapsid displaying a herringbone 
pattern was observed after negative staining of tissue culture supernatant from infected cells. Other 
nudeocapsids were obwved in association with intact and disrupted viruses. (E) Intact virus (v) and a 
free-lying nucleocapsid (nc) that were isolated from the lung of an affected horse were gold-labeled with 
protein A-gold and the serum from the deceased trainer. All magnification bars represent 100 nm. Lung 
tissue from affected horses was tixed in 0.1 % (v/v) glutaraldehyde and 2% (w/v) paraformaldehyde in 0.1 M 
cacodylate buffer (pH 7.2; 300 mosmol) for 60 min. Samples were processed through to L. R. White resin 
as described by Hyatt (27). Ultrathin sections on gold grids were labeled as described by Hyatt (27) with the 
use of sera from the deceased trainer and 9-nm protein A-gold. Supematant from infected cell cultures was 
adsorbed to carbon-coated parlodion-filmed grids and stained with 2% phosphotungtii acid adjusted to 
pH 6.5 with 1 M KOH. Supernatants from infected culture cells and horse lung homogenates were 
adsotbd onto carbon-coated parlodion-filmed grids and labeled as described by Hyatt (27). The primary 
antibodies were either serum from convalescent horses or serum from the deceased trainer. Reactions with 
human serum were labeled with protein A-gold and those using horse serum were W e d  with protein 
Ggold (Amersham). All preparations were specifically gold-labeled; only one is shown. 

(PCR) primers (20-24) to amplify specific 
sequences from morbilliviruses (5'-ATGT- 
TTATGATCACAGCGGT and 5'-ATT- 
GGGTTGCACCACTTGTC), paramyxo- 
viruses (5'-ACATACAGTGGGATAAG- 
AACC and 5'-CAACCATGAAGCCT- 
CATCAGG), and pneumoviruses (5'-AA- 
TGGAAAAGAAATGAAATTTG and 
5'-CAATCACTTCATAGAAGCI') were 
tested for their capacity to initiate DNA 
synthesis in PCRs with RNA derived from 
viruses isolated from affected horses and hu- 
mans (Fig. 3A). All of these primer pairs 
were negative in PCRs. Due to the weak but 
consistent serological cross-reactions against 
rinderpest virus, other primer pairs were de- 
signed to amplify regions from the matrix 
protein (5'-TTCITAATGGTATAATA- 
GAAG and 5'-TGAAATTGCCGATAT- 
GTACCAT), the fusion protein (5 '-GT- 
TCAGGGAGTCCAGGACTACGTC 

and 5'-TCCAGTCTGTGGACTATAA- 
CCCCCTT), or the L protein (5'-GCA- 
TGGAGGGAGTTGGCCACC and 5'- 
TGACACTGTCATTTTGTAAGTCA) 
of morbilliviruses by initiation of PCRs at 
possible conserved nucleotide regions of 
these proteins. Only the matrix protein 
primer pair amplified a product of approxi- 
mately 400 base pairs (bp) after PCR. This 
was sequenced, and another pair of primers 
was designed to be specific for the amplified 
equine viral sequence. These primers (5'- 
CATGTAGATGCCGGAGTCAT and 5'- 
TTGTGTTCGGGTCCTCTGGC) gave a 
specific product of approximately 200 bp 
when the equine viral RNA was used. The 
virus isolated from a kidney of the horse 
trainer also gave a positive reaction, and 
sequence analysis revealed that both PCR 
products were identical (Fig. 3A). Transla- 
tion of this sequence and comparisons with 
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Fig. 3. (A) The alignment A . - 

o f  the nucleotide se- 
quence (top) coding for GGC TAC AAC GAG AAA TTT GTG TTC GGG TCC TCT GGC CCG CTT CAT 

G Y N E K F V F G S S G P L H  
the equine morbiilivirus * v K * Q L * * N T * * * 
matrix protein with the --T GT- --G --A C-- C-G --A --T TAT AAT AAC AC- --A T-G --C 

"gnate region of canine CAT CTC TTA CCA TGG AAG AAG ATT CTG ACT GGC GGA TCA ATA TTC 
distemperv i rus(CDV7; H L L P w K K I L T G G s I F 

T:A AFT - fG - :- -:A -:- G\jC f T  :G AsT - f - GTG f - 

ot ideandaminoacidse-  AAT GCT GTC AAG GTT TGC CGC AAT GTG GAT CAG ATT CAA CTG GAG 
quences as dashes or N A K  c R N  v D Q 1 Q L  E 

S * N Q * * N T * N L * P * D  
asterisks, respectively -G- --A AAT CAA --C --T AA- -CA --C -TA --A -C- T-A --C 
(28). The amino acid se- 
quences shown in bold AAA CAA CAA TCA TTG AGG ATT TTT TTC TTG AGT ATT ACT A M  TTG 

K  Q S L R I F F L S I T K L  for CDV were those that I A ? * * * * * 
had previously been -T- GC- --- AG- --C - - -  G-G G-G -AT A-- --C --C - - -  CG- C-A 
found be 

AAT GAC TCC GGC ATC TAC ATG ATC CCA AGG ACA ATG CTA GAA 
among all morbilliviruses I I 
(29). The amino acids s * D * s * R * * * G v F  * 
shown in bold for the TCA --- GAT --A -GT - - -  -GA --T --C C-C GGG G-- T-T ---  

equine morbillivirus are 
conserved among all 
known morbillivirus ma- 
trix proteins. (B) Phyloge- 
netic analyses of matrix 
protein sequences of 
Paramyxoviridae were 
done on aligned sets of 
peptide sequences and 

B 
BRSV 
HRSV 

HPlVTl 
Sendai 
HPIVT3 
RPV-K 
RPV-R 
SSPE 

analyzed by programs of Measles 
the PHYLIP package 
(25). The relations are FL!M-AD 
presented as an un- CDV 
rooted tree. The se- MV-KI 
quences for measles, 
CDV, and phocine dis- 

temper virus IPDV) are ' 1 ' :  ' h ' ~ ~ ' ~ 0 ' L ' d ~ ' h ' C ~ ~ ~ ' ~ ~ ' ~ ~ ~ ' 5 ' 2 ' ~ ~ ' ~ ~ ' ~ ~ ~ ~ ~ ' h ' ~ ~ ' ~ ~ ' L ' ~ ~ ' ~ ~ ' ~  
described (29); the peste 
des petits ruminants sequence (PPRM-AD) is from Diallo and Barrett (30). Other sequences are equine 
morbillivirus (described in this paper); subacute sclerosing panenceph3litis virus (SSPE; strain Biken) (31); 
bovine respiratory syncytial virus (BRSV; strain A51 908) (32); human respiratory syncytial virus (HRSV; strain 
A2) (33); Sendai virus (Sendai; strain Harris) (34); bovine mo~billivirus (MV-Kl) (35); human parainfluenza 
virus type 3 (HPIVT3) (36); and human parainfluenza virus'type 1 (HPIVTI) (37j. 

k n o w n  Paramyxovi r idae m a t r i x  prote ins re- 
vealed 50% s im i la r i t y  w i t h  t h e  morb i l l i v i rus  

m a t r i x  prote ins a n d  80% s im i la r i t y  if conser- 
va t i ve  a m i n o  ac id  substi tut ions were used. 

Phylogenet ic  analyses o n  m a t r i x  p r o t e i n  se- 
quences b y  means of t h e  DNADIST a n d  

PHYLIP programs of Felsenstein (25) (Fig. 
3B) i nd ica ted  t h a t  th i s  morbillivirus i s  dis- 
t a n t l y  re lated,  to t h e  o t h e r  k n o w n  members 

of t h e  group. 

N o  fu r ther  cases were seen in horses o r  
humans  after the outbreak. Serosurvei l lance 

o f  approximate ly  1600 horses a n d  90 peop le  

by a serum neu t ra l i za t ion  test ind icates t h a t  

t h e  disease has n o t  spread. These  observa- 

t i ons  suggest t h a t  these n e w  h o s t  species h a d  

not prev iously  b e e n  exposed to t h e  virus. 
Be fo re  t h e  i so la t ion  of t h i s  virus, t h e  

h o s t  range of e a c h  virus in t h e  genus Mor- 
billivirus was rest r ic ted to a s ingle m a m m a -  
l i a n  order  (26). Phy logene t i c  analyses sug- 

gest t h a t  t h e  v i rus  has n o t  resul ted f r o m  a 
u 

single m u t a t i o n  o r  a f e w  k e y  point m u t a -  

t i ons  but m o s t  l i k e l v  is a v i rus  t h a t  has 

emerged from i t s  n a t u r a l  host. Invest iga-  

t i ons  are n o w  u n d e r  w a y  t o  i d e n t i f y  t h e  
o r i g i n a l  h o s t  species a n d  t h e  c i rcumstances 

u n d e r  w h i c h  t h e  v i rus  changed  hosts, a n d  to 
establ ish w h e t h e r  t h e  v i rus  rema ins  a 

threat .  Physicians a n d  veter inar ians wi l l  
now h a v e  t h e  o p p o r t u n i t y  to invest igate 

w h e t h e r  p rev ious  cases of acu te  respi ratory 

disease, syndrome might h a v e  a n y  associa- 
t ion w i t h  t h i s  virus. 

REFERENCES AND NOTES 

1. N. Nathanson, K. A. McGann, J. Wilesmith, R. C. 
Desrosiers, Virus Res. 29, 3 (1993). 

2. J. Lederberg, R. E. Shope, S. C. Oaks, Emerging 
Infections: Microbial Threats to Health in the United 
States (National Academy Press, Washington, DC, 
1 992). 

3. F. A. Murphy and N. Nathanson, Semin. Virol. 5, 85 
(1 994). 

4. F. A. Murphy, Adv. Virus Res. 43, 1 (1993). 
5. T. P. Monath, Semin. Virol. 5, 133 (1994). 
6. E. Norrby and M. N. Oxman, in Fieids Virology, B. N. 

Fields, D. M. Knipe, R. M. Chanock, Eds. (Raven, 
New York, 1990), pp. 101 3- 1044. 

7. At the time of the investigation, the sudden death of 14 
horses with clinical signs of respiratory distress and 
fever indicated a severe infectious or toxic process. 
Bacterial cultures were negative, Inoculations into 

horses were critical to determine whether the disease 
was infectious. This was confirmed by virus isolation, 
followed soon after by inoculations of the cultured 
virus into horses and subsequent viral reisoation. 

8. Cell monolayers inoculated were Vero, MDBK, 
RK13, BHK 21, and primary fetal equine kidney. Vi- 
rus growth was observed in all these cell cultures. 

9. C. R. Pringe, in Classification and Nomenclature of 
Viruses: Fifth Report of the International Committee 
on Taxonomy of Viruses, R. I .  B. Francki, C. M. Fau- 
quer, D. L. Knudson, F. Brown, Eds. (Springer-Ver- 
IagANien, New York, 1991), pp. 242-246. 

10. The challenge experiments conducted with the four 
horses were approved by the CSlRO Australian An- 
imal Health Laboratory's Animal Care and Experi- 
mentation Ethics Committee. Horses were killed by 
intracranial captive bolt as soon as signs of pain or 
stress appeared. 

11. T. C. Jones and R. D. Hunt, in Veterinaty Pathology 
(Lea and Febiger, Philadelphia, PA, ed. 5, 1983), pp. 
435-442. 

12. E. L. Pamerand M. L. Martin, in Electron Microscopy 
in Virai Diagnosis (CRC Press, Boca Raton, FL, 
1988), pp. 1 1 1-1 20. 

13. A. D. Hyatt, unpublished data. 
14. J. T. Finch and A. J. Gibbs, J. Gen. Virol. 6, 141 

(1 970). 
15. A. Scheid, in Animal Virus Structure, M. V. Nermut 

and A. C. Steven, Eds. (Elsevier Science, Amster- 
dam, Netherlands, 1987), pp. 233-247. 

16. Acetone-iixed virus-infected cells were tested with 
1 : 10 dilutions of antisera against Newcastle disease; 
human parainfluenza 1,2, and 3; bovine parainfluenza 
3; mumps; rinderpest; measles; distemper; and respi- 
ratory syncytial and turkey rhinotracheitis viruses. 
Bound antibody was detected with an appropriate 
antispecies fluorescein isothyocyanate conjugate. 
Serum from a horse that recovered was also tested as 
a positive control. The same viral antisera were tested 
by protein immunoblot at dilutions of 1 : 5. 

17. C. W. Beard and R. P. Hanson, in Diseases of Poul- 
tty, M. S. Hofstad, H. J. Barnes, B. W. Calnek, W. M. 
Reid, H. W. Yoder Jr., Eds. (Iowa State Univ. Press, 
Ames, A, ed. 8, 1983), pp. 452-470. 

18. Purified virus and infectious tissue culture superna- 
tant were tested for the ability to hemaggutinate 
human 0, monkey, equine, porcine, bovine, ovine, 
guinea pig, chicken, and goose erythrocytes at 4"C, 
2Z°C, and 37°C. 

19. R. A. Van Deusen, V. S. Hinshaw, D. A. Senne, D. 
Pelicani, Avian Dis. 27, 745 (1 983). 

20. T. Barrett et a/., Viroiogy 193, I01 0 (1 993). 
21. W. J. Belini et al. , J. Virol. 58, 408 (1 986). 
22. R. Cattaneo et al., Viroiogy 173, 41 5 (1 989). 
23. D. Hsu et ai., ibid. 166, 149 (1 988). 
24. M. D. Curran, Y. J. Lu, B. K. Rima, Arch. Virol. 126, 

159 (1 992). 
25. J. Felsenstein, Phylip 3.2 Manual (Univ. of California, 

Herbarium, Berkeley, CA, 1989). 
26. I. K. G. Visser et a/., J. Gen. Virol. 74, 631 (1993). 
27. A. D. Hyatt, in Electron Microscopy in Biology: A 

Practicai Approach, R. Harris, Ed. (IRL, Oxford, 
1991), pp. 59-81. 

28. Abbreviations for the amino acid residues are as 
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; 
H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, 
Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; andY, Tyr. 

29. M. D. Baron, L. Goatley, T. Barrett, Virology200, 121 
(1 994). 

30. A. Dialo and T. Barrett, personal communication. 
31. M. Enami. T. A. Sato. A. Suaiura. J. Gen. Virol. 70. 

2191 (1989). 
32. S. K. Samal and M. Zamora, ibid. 72, 1715 (1991). 
33. M. Satake and S. Venkatesan, J. Virol. 50,92 (1 984). 
34. B. M, Blumberg et a/., ibid. 52, 656. (1 984). 
35. M. Limo and T. Yima, Virology 175, 323 (1990). 
36. M. S. Ga~nski et a/., ibid. 157, 24 (1 987). 
37. K. Miyahara et al., Arch. Viroi. 124, 255 (1 992). 
38. We thank S. Brouwer, J. Kattenbelt, G. Russel, M. 

Cairns, D. Green, 1. Pritchard, T. Wise, and J. Mus- 
chiali for excellent support. T. Barrett and A. Diallo 
provided access to matrix protein sequences before 
publication, and M. Kennett provided antisera for the 
human viruses. We also thank B. Eaton for reading 
the manuscript and providing valuable comments. 

22 December 1994; accepted 23 February 1995 

SCIENCE VOL. 268 7 APRIL 1995 




