
REPORTS 

13. M. Levin, R. L.Johnson, C. D. Stern, M. Kuehn, C. Tabin, 
Cell 82, 803 (1995). 

14. T. Boettger, L. Wittler, M. Kessel, Curr. Biol. 9, 277 
(1 999). 

15. Y. Yokouchi, K. J. Vogan, R. V. Pearse II, C. J. Tabin, 
Cell 98, 573 (1999). 

16. C. Rodriguez Esteban et al., Nature 401, 243 (1999). 
17. A. Isaac, M. G. Sargent. J. Cooke, Science 275, 1301 

(1997). 
18. M. Sefton, S. Sanchez, M. A. Nieto, Development 125, 

3111 (1998). 
19. A. K. Ryan et al., Nature 394, 545 (1998). 
20. M. Logan, S. M. Pagan-Westphal, D. M. Smith, L. 

Paganessi, C. 1. Tabin, Cell 94, 307 (1998). 
21. H. Yoshioka et al., Cell 94, 299 (1998). 
22. E. N. Meyers and G. R. Martin, Science 285, 403 

(1 999). 
23. S. Nonaka et al., Cell 95, 829 (1998). 
24. D. M. Supp, D. 	P. Witte, S. S. Potter, M. Brueckner, 

Nature 389, 963 (1997). 
25. M. Levin and M. Mercola, Development 126, 4703 

(1999). 
26. , Dev. Biol. 203, 90 (1998). 
27. K. Hatta, T. S. Okada, M. Takeichi, Proc. Natl. Acad. 

Sci. U.S.A. 82, 2789 (1985). 
28. K. Hatta and M. Takeichi, Nature 320, 447 (1986). 
29. In situ hybridization of antisense RNA probes was 

performed as described [A. K. Knecht, P. J. Good, I. B. 
Dawid, R. M. Harland, Development 121. 1927 
(1995); D. Henrique et al., Nature 375. 787 (1995)l. 
The full-length chicken N-cadherin (gift of M. Takei- 
chi) was digested with Pst I, and a 461-base-pair 
fragment corresponding to the extracellular domain 
was cloned into pBS II SK+ and used to detect 
N-cadherin expression. Other probes were used as 
recommended and provided as follows: Nodal (M. R. 
Kuehn), Snail (A. Nieto), Lefty and Pitx2 (J. C. Izpizua- 
Belmonte). Shh and FGF8 (C. Tabin), and ActRlla (C. 
Stern). 

30. V. Hamburger and H. L. Hamilton. J. Morphol. 88, 49 
(1951). 

31. R. L. DeHaan, Exp. Cell. Res. 29, 544 (1963). 
32. R. L. DeHaan, in Organogenesis, R. L. DeHaan and H. 

Ursprung, Eds. (Holt, Reinhart, Winston, New York, 
1965). p. 377. 

33. R. L. DeHaan, Contrib. Embryol. 263, 11 1 (1966). 
34. G. C. Rosenquist, Dev. Biol. 22, 461 (1970). 
35. V. Garcia-Martinez, I. S. Alvarez. G. C. Schoenwolf,j. 

Exp. Zool. 267, 431 (1993). 
36. V. Garcia-Martinez and G. C. Schoenwolf. Dev. Biol. 

159, 706 (1993). 
37. White Leghorn chicken embryos were staged accord- 

ing to Hamburger and Hamilton (30). Antibodies 
were used as follows: 1 PIof saturated hybridoma 
supernatant of monoclonal antibody NCD-2, anti-N- 
cadherin, or control antibody llH6C4 (chosen as a 
control because i t  recognizes an extracellular epitope 
present in both the primitive streak and the node of 
stage 4 to 6 chicken embryos) was applied from 
above to the ventral side of the node in embryos 
prepared for New culture according to [D. A. T. New, 
J. Embryol. Exp. Morphol. 3, 320 (1955)l. Affi-Gel 
beads (Bio-Rad) were rinsed three times in large 
volumes of phosphate-buffered saline (PBS) and in- 
cubated for 1 hour at room temperature in 0.1% BSA 
in PBS solution (control) or with activin (R&D Sys- 
tems; 10 un i t s l~ l )  or Shh (from E. Turner; 4 ~ g l p l )  
and rinsed briefly before implantation between the 
epiblast and endoderm. These dosages of activin and 
Shh were sufficient to randomize the direction of 
heart looping in our hands. 

38. K. K. Linask, K. A. Knudsen. Y. H. Gui, Dev. Biol. 185, 
148 (1997); S. Nakagawa and M. Takeichi, Dev. 
Growth Differ. 39, 451 (1997). 

39. C. Meno et al., Cell 94, 287 (1998). 
40. 	Supported by U.S. Public Health Service grant HD 

15527 (M.B.-F.), American Heart Association 1140- 
FI1 (M.1.G-C.), and the Summer Undergraduate Re- 
search Fellowship, Caltech (E.V.). We thank C. Baker, 
A. Groves, C. LaBonne, and B. E. Murray for helpful 
discussions and comments and R. Velasco for help 
with sectioning. 

11 November 1999; accepted 5 April 2000 

lnfluenza B Virus in Seals 

A. D. M. E. Osterha~s,'-~**G. F. Rimmelzwaan,' B. E. E. 

T. M. Bestebroer,' R. A. M. Fouchier' 

lnfluenza B virus is a human pathogen whose origin and possible reservoir in  
nature are not known. An influenza B virus was isolated from a naturally 
infected harbor seal (Phoca vitulina) and was found t o  be infectious t o  seal 
kidney cells in  vitro. Sequence analyses and serology indicated that influenza 
virus B/Seal/Netherlands/l/99 is closely related t o  strains that circulated in  
humans 4 t o  5 years earlier. ~ e t r o s ~ e c t i e  analyses of sera collected from 971 
seals showed a prevalence of antibodies t o  influenza B virus in 2% of the animals 
after 1995 and i n  none before 1995. This animal reservoir, harboring influenza 
B viruses that have circulated in  the past, may pose a direct threat t o  humans. 

Influenza A, B, and C viruses cause influenza prise, the presence of influenza B virus was 
in humans (I). Influenza A viruses have been identified by reverse transcription polymer- 
isolated from many species, and aquatic birds ase chain reaction (RT-PCR) analysis of 
may form the natural reservoir from which RNA isolated from the culture supernatant 
pandemics and subsequent epidemics in hu- (18). A semi-quantitative RT-PCR performed 
mans have originated (2). In contrast, influ- with the original throat swab obtained from 
enza C virus has been isolated from humans seal 99-012 confirmed the presence of influ- 
and pigs, and influenza B virus infection is enza B virus at levels equivalent to approxi- 
supposed to be restricted to humans. Previous mately 400 50% tissue culture infectious do- 
reports of influenza B virus infection of a dog sis (TCID,,) of virus, present in the superna- 
and a pig did not meet the established criteria tant of MDCK cell culture infected with in- 
to prove infection (3, 4). The origins and fluenza B virus (Fig. 1). This influenza virus, 
possible natural reservoirs of influenza B and BISeal/Netherlands!l!99, could be propagat- 
C viruses, as well as their potential to infect ed in primary seal kidney cell cultures (7, 19). 
other species, are unknown (I). To exclude sample contamination in the 

Herpes-, morbili-, calici-, and poxviruses laboratory, serum samples collected from 
have been identified as causes of significant seal 99-012 before and after virus isolation 
morbidity and mortality among pinniped spe- were tested for the presence of antibodies that 
cies (5-11). In addition, influenza A viruses inhibit hemagglutination (HAI) (20) of 
of avian origin, including four different anti- B!Seal/Netherlandsll/99. Samples collected 
genic subtypes (H3N3, H4N5, H4N6, and 44 days before and at the day of virus isola- 
H7N7), have caused outbreaks of influenza tion were negative (HA1 titer <6), whereas 
among seals (12-1 5). the sample collected 83 days after virus iso- 

Seals stranded on the Dutch coast are lation showed a HA1 titer of 192, confirming 
admitted to the Seal Rehabilitation and Re- that seal 99-012 had been infected with influ- 
search Center (SRRC) in Pieterburen, the enza B virus. Sera from seven other juvenile 
Netherlands, for rehabilitation. In the spring harbor seals, kept in the same basin as seal 
of 1999, 12 juvenile harbor seals with respi- 99-012, were also tested for the presence of 
ratory problems, but not infected with pho- HAI. The serum of one seal, 99-041, collect- 
cine herpesvirus (PHV) or phocine distemper ed 61 days after the day of virus isolation 
virus (PDV), were tested for influenza virus from seal 99-012, showed a HA1 titer of 48. 
infection. Cytopathic changes were noted All the other sera from this and the other 
within 3 days of inoculation of a throat swab animals were negative (HA1 titer <6). We 
sample from an 8-month-old animal (seal were unable to detect influenza B virus by 
99-012) in Madine Darby canine kidney RT-PCR in the throat swabs collected from 
(MDCK) cells (16). The supernatant of this seal 99-041 at 34 days before and 61 days 
cell culture agglutinated turkey erythrocytes after virus isolation from seal 99-012 (1 7). 
in a hemagglutination (HAI) assay (16). Neg- Quantitative analyses of immunoglobulin 
ative contrast electron microscopic analysis G (IgG) antibodies to nucleoprotein (NP) 
of the hemagglutinin (HA)-positive culture (17) and envelope glycoproteins HA and 
supernatant showed the presence of ortho- neuraminidase (HA/NA) of influenza B vi- 
myxovirus-like particles (17). To our sur- rus, as well as IgM antibodies to NP as an 

indicator for primary infection, were per-
formed by enzyme-linked immunosorbent as- 

'National Influenza Center, Department of Virology, say (ELISA) (iO, 21) ( ~ i ~ ,  99-0122).
Erasmus University, Doctor Molewaterplein 50, 3015 and 99-041, IgG antibodies to HA/NA and GE Rotterdam, Netherlands. 'Seal Rehabilitation and 
Research Center, Hoofdstraat 94a, 9968 AG Pie- NP were detected, which increased over time 
terburen, Netherlands. and correlated with virus-neutralizing and 
*To whom correspondence should be addressed. E- HA1 antibodies (17). Both harbor seals dis- 
mail: osterhaus@viro.fgg.eur.nl played decreasing levels of IgM antibody to 
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Seal 99-1 2 throat swab B/Netherlands/429/98 

Fig. 1. RT-PCR analysis of influenza B virus in a 
throat swab from seal 99-012. RNA was isolat- 
ed from 20, 2,0.2, and 0.02 pI (lanes 1 through 
4, respectively) of a throat swab soaked in 1 ml 
of transport media and from 800, 80, 8, 0.8, 
0.08, and 0.008 TCID,, (lanes 5 through 10, 
respectively) of human influenza virus BINeth- 
erlands/429/98. RNA was then used for RT- 
PCR. Samples were analyzed by agarose gel 
electrophoresis and ethidium bromide staining 
(78). 

NP from the day of admission onward; virus 
was isolated from the throat swab of seal 
99-012 at day 44 after admission. The kinet- 
ics of IgM responses generally observed upon 
primary virus infection in mammals (22) sug- 
gest that both seals had been infected days 
(seal 99-012) or weeks (seal 99-041) before 
admissision. 

We'next amplified part of the nonstruc- 
tural (NS) gene segment and the first domain 
of the HA gene (HAI) from BISeaVNether- 
landsl1199, as well as from the original throat 
swab, by RT-PCR and then sequenced the 
amplified fragments. The sequences from the 
throat swab and from the virus isolate were 
identical. The NS fragment of 201 nucleo- 
tides displayed 99 to 100% nucleotide iden- 
tity to many human influenza B viruses. 
Comparison of the HA1 sequence from 
BlSeaVNetherlandslll99 with human influen- 
za B virus sequences revealed that the seal 
isolate closely resembled BlHarbinl7194-like 
strains (Fig. 3). In fact, one HA1 sequence in 
the database (BlArgentind4 105195) proved 
to be identical to that of BISealINetherlandsl 
1/99 (23, 24). Because this isolate had never 
been used in our laboratory and no reagents 
were used that were not fully accounted for in 
terms of their origin, contamination of our 

- 
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Fig. 2. Antibody response in seals infected with 
influenza B virus. Sera from seals 99-012 (A and 
C) and 99-041 (B and D) were tested for the 
presence of IgM antibodies to NP [(A) and (B)] 
and IgC antibodies to HNNA proteins [(C) and 
(D)] (27). Arrows indicate the time points when 
virus detection in throat swab samples was 
attempted, with isolate B/SeaVNetherlands/l/ 
99 represented as a solid arrow and negative 
results as dashed arrows. Abs, absorbance. 

samples by BlArgentind4105195 is highly 
unlikely. The high antibody titers to influenza 
B virus in seal 99-012 support this conclu- 
sion. The homology between BISeaVNether- 
lands11199 and 1995-like strains is surprising, 
as HA from human influenza B undergoes 
significant antigenic and genetic change over 
time, which indeed occurred from 1995 until 
1999 in humans (see the genetic analysis in 
Fig. 3 of BlHarbin-like strains in 1995 versus 
BNamanashi-like strains in 1999). More- 
over, influenza A viruses are known to un- 
dergo rapid adaptation to their new host upon 
zoonotic transmission (2). 

A HA1 assay was performed with serum 
from seal 99-012 and B/SeaVNetherlands/l/ 
99 as well as BINetherlandsl384195 and 
BMetherlandsl429198, which are prototypes 
of the 1994-1 995 and 1998 -1999 epidemics. 
Serum from seal 99-012 consistently showed 
an approximate twofold better recognition of 
homologous and 1995 viruses than of the 
1998 virus in independently repeated HA1 
assays. Although twofold differences in HA1 
titers are generally not considered significant, 
these data do suggest that seal 99-012 was 
indeed infected with a 1995-like virus (I  7). 

Because both seals seemed to have been 
infected in the wild, we tested the hypothesis 
that a human influenza B virus was introduced 
in the seal population in 1995 and had circulat- 
ed since. We screened sera obtained from 580 
seals before 1995 and from 391 seals during or 
after 1995 for HAI activity against BISeaV 
Netherlands11199 and confmed the findings by 
ELISA using HA/NA and NP as antigens. For 
seals stranded in 1995 or later, both the serum 
sample taken at the moment of admission to the 
SRRC and the last sample before release to the 

wild were included, to exclude seroconversion 
during rehabilitation. None of the seals admit- 
ted to the SRRC before 1995 were seropositive, 
whereas 8 (including 99-012 and 99-041) out of 
391 seals admitted from 1995 onward had HAI 
antibody titers between 24 and 768 (P < 0.001) 
(Fig. 4A). The six additional seals were four 
harbor seal pups and two grey seal (Halicho- 

B/Netherlands/l/97 

B/Yamanashi/l66/98 

INetherlandsl429l98 

B/Netherlands/2/95 
- BIBeijingll84193 

e m  grypus) pups. Harbor and grey seals are 
known to share the same habitat in the Dutch 
coastal waters. None of these animals had IgM 
antibodies to NP, and all of them displayed 
decreasing levels of IgG antibodies to HAINA 
(1 7) and NP (Fig. 4B) over time. This decrease 
correlated with a decrease in virus-neutralizing 
and HAI antibody levels (1 7). This is in con- 
trast to seals 99-012 and 99-041, which had 
decreasing IgM titers and increasing IgG titers. 
The estimated half-life of approximately 25 
days for NP-specific antibodies during the first 
2 months of life in these six pups is in accor- 
dance with the half-life of maternal antibody 
titers to PDV observed in seal pups (1 7), which 

- 

suggests that the detected antibodies are of ma- 
ternal origin. On the basis of available seal 
population data in the Netherlands (1 7), it may 
be estimated that between 0.5 and 2% of ani- 

- 
B/Netherlands/32/94 

B/Netherlands/31/95 

- B/Netherlands/580/89 

mals in the wild have experienced influenza B 
virus infection since 1995. 

B/Panama/45/90 

0.01 

Fig. 3. Phylogenetic analysis of influenza B virus 
vaccine strains and Dutch epidemic strains from 
1989 to 1999 and of B/SeaVNetherlands/l/99. A 
maximum likelihood tree was generated on HA1 
nucleotide sequences (23, 29) by means of the 
DNAML program of the Phylip 3.5 software pack- 
age with 100 bootstraps and three jumbles, re- 
vealing that B/SeaVNetherlands/l/99 is a 1995- 
like influenza B virus. Sequence data are available 
from CenBank under accession numbers 
AF217214 through AF217223. 

Our data do not allow conclusions about the 
pathogenesis of influenza B virus infections in 

u. 
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Fig. 4. Frequency of seals seropositive for in- 
fluenza B virus admitted at the SRRC over time 
and the decline of antibody titers in seroposi- 
tive seals. Serum samples obtained from seals 
in the past 10 years (580 seals before 1995 and 
391 seals from 1995 and later) were screened 
for antibodies against influenza B virus by HA1 
and confirmed by ELISA with NP and HNNA 
proteins (A) (20,27). White bars represent har- 
bor seals; black bars represent grey seals. Levels 
of IgC antibody to NP from longitudinal sam- 
ples obtained from the six seropositive seals 
admitted to the SRRC from 1995 to 1998 (A) 
were determined by ELISA (27) and plotted 
against seal age (B). Abs, absorbance. 
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seals. Although the two harbor seals with prov- 
en influenza B virus infection displayed respi- 
ratory symptoms during their rehabilitation pe- 
riod, this occurred at a time when many of the 
admitted juvenile seals suffered from lung- 
worm (Otostrongylus circumlitus and Para$- 
laroides gymnurus) infections (1 7). Associa- 
tion of lungworm infections in pigs with influ- 
enza A virus pathogenesis and transmission has 
been described (25), but the evidence was con- 
sidered weak (26). 

The combined serological and virological 
data obtained from seal 99-012 indicate that 
shedding of influenza B virus in seals was 
prolonged as compared to shedding in hu- 
mans (27, 28) and that IgG antibody respons- 
es to NP and HA/NA were delayed. Possible 
explanations for this apparent suboptimal im- 
mune response upon infection may be asso- 
ciated with xenobiotic-related irnmunosup-
pression (11) or the therapeutic use of corti- 
costeroids to combat the lungworm infections 
(17). Prolonged virus shedding in addition to 
the limited spreading of influenza B virus 
among seals (as shown in the SRRC and 
indicated by the limited seroprevalence of 
specific antibodies in the wild) may explain 
why little or no genetic and antigenic drift of 
influenza B virus is observed in seals. 

Our data not only highlight the fact that 
influenza B virus infections can emerge in 
seal populations but also show that seals may 
constitute an animal reservoir from which 
humans may be exposed to influenza B vi- 
ruses that have circulated in the past. 
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Noxa, a BH3-Only Member of 
the Bcl-2 Family and Candidate 

Mediator of p53-Induced 
Apoptosis 

Eri Oda,'* Rieko Ohki,'* Hideki Murasawa,' Jiro ~emoto, '  
Tsukasa Shibue,' Toshiharu Yamashita,' Takashi Tokino,' 

Tadatsugu Taniguchi,'? Nobuyuki Tanaka' 

A critical function of tumor suppressor p53 is the induction of apoptosis in cells 
exposed to noxious stresses. We report a previously unidentified pro-apoptotic 
gene, Noxa. Expression of Noxa induction in primary mouse cells exposed to 
x-ray irradiation was dependent on p53. Noxa encodes a Bcl-2 homology 3 
(BH3)-only member of the Bcl-2 family of proteins; this member contains the 
BH3 region but not other BH domains. When ectopically expressed, Noxa 
underwent BH3 motif-dependent localization to mitochondria and interacted 
with anti-apoptotic Bcl-2 family members, resulting in the activation of 
caspase-9. We also demonstrate that blocking the endogenous Noxa induction 
results in the suppression of apoptosis. Noxa may thus represent a mediator 
of p53-dependent apoptosis. 

The mechanism of p53-induced apoptosis has 
been extensively studied in the context of tumor 
suppression (I). p53-dependent apoptosis is 
regulated, at least in part, by transcriptional 
activation of its target genes ( I ) ,  and this pro- 
cess is dependent on the Apaf-licaspase-9 ac- 
tivation pathway (2). Among the identified tar-
get genes of p53, Bar encodes a pro-apoptotic 

Bcl-2 family of proteins that can activate this 
pathway (3). However, in Bar-deficient mice, 
DNA damage-induced apoptosis occurs nor- 
mally in thymocytes, and apoptosis induced by 
treatment with anticancer drugs is only partly 
inhibited in mouse embryo fibroblasts (MEFs) 
expressing the adenovirus oncoprotein E1A 
(4). Furthermore, thymocytes from p53-defi- 

www.sciencemag.org SCIENCE VOL 288 12 MAY 2000 	 1053 


