
~ 

the virus to recogmze and bind to target cells. 
It will be important in future experiments to 
compare the receptor binding of the two types 
of HK486 HAS. 

Here we have demonstrated that single 
amino acid substitutions in PB2 and HA are 
principal determinants of the difference in 
virulence between the two viruses tested. 
However, genes other than PB2 and HA may 
also contribute to this difference to a lesser 
extent, as suggested by the limited, but ap- 
preciable, increase in virulence upon replace- 
ment of the HK486 NA with that of HK483 
virus (HK6HA227S13NA) (Fig. l), consistent 
with the concept that influenza virus patho- 
genicity is multigenic (11-13). 
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Recombination in the 
Hemagglutinin Gene of the 

1918 "Spanish Flu" 
Mark J. Gibbs,* John S. Armstrong, Adrian J. Gibbs 

When gene sequences from the influenza virus that caused the 1918 pandemic 

were first compared with those of related viruses, they yielded few clues about 

its origins and virulence. Our reanalysis indicates that the hemagglutinin gene, 

a key virulence determinant, originated by recombination. The "globular do- 

main" of the 1918 hemagglutinin protein was encoded by a part of a gene 

derived from a swine-lineage influenza, whereas the "stalk was encoded by 

parts derived from a human-lineage influenza. Phylogenetic analyses showed 

that this recombination, which probably changed the virulence of the virus, 

occurred at the start of, or immediately before, the pandemic and thus may have 

triggered it. 


The 19 18 "Spanish flu" pandemic was the most nation (13-Is), but no evidence of this kind of 
severe recorded outbreak of acute human dis- genetic change has been found before in influ- 
ease and was also infamous because it killed an enza virus populations (16, 17). Here, we report 
unusually high number of young adults (1, 2). that the 19 18 HA gene was a recombinant, and 
Fragments of the genomic RNA of the 191 8 that the start of the 1918 pandemic and the 
virus were recently recovered from preserved recombination event were probably linked. 
tissues of three of its victims, and complete Complete HA gene sequences were ana- 
sequences for three genes, including the hem- lyzed from 30 HI-subtype isolates from the 
agglutinin (HA) gene, were reported (3-5). three main lineages (3): the lineages of iso- 
These sequences c o n f i e d  that the 19 18 Span- lates mostly from people, pigs, and birds. 
ish flu was caused by an influenza A of the H1 Sequences were aligned (18) and gaps (two 
N1 subtype, but they did not reveal why the codons) removed, producing an alignment 
virus was so virulent (3-7). 1695 nucleotides long. The mature HA pro- 

The virulence of influenza A viruses is tein consists of the NH,-terminal HA1 and 
largely determined by their HA. Mutations in COOH-terminal HA2 polypeptides; the first 
the HA gene have produced highly pathogenic 1026 nucleotides of our alignment encoded 
strains, and the major pandemics of 1957 and the HA1 and the remainder the HA2. 
1968 were largely caused by the introduction of Every possible combination of three se-
antigenically novel HA genes from bird-mfect- quences from the aligned set was examined by 
ing influenzas (8-11). It has been suggested the sister-scanning method (19) using, as outli- 
that the 19 18 pandemic was similarly caused by er, a fourth sequence generated by local ran-
the introduction of genes from an avian strain domization. Four HA gene sequences were 
(6, 12), but this theory was not supported when identified as likely recombinants-those of the 
sequences from the virus were obtained (3-5). 191 8 influenza (NSouth Carolinallll8) and 
Phylogenetic analyses showed that the 1918 three Iowa-cluster sequences: NswinelIowal 
virus was most closely related to H1 influenzas 15130 (Iowa), NAlma Ah114 17184 (Alma 
from mammals and suggested that progenitors Ata), and NswinelSt-Hyacinthel148190 (St-
of the virus had infected mammals for several Hyacinthe). Different regions of these genes 
years before 191 8, implying that some addition- contained dominant signals that were con- 
al event must have triggered the pandemic (3- flicting (Fig. 1) but significant (2scores 
7). New virulent variants of some other viruses >3.0) when compared with several combi- 
have been generated by homologous recombi- nations of HA sequences from isolates from 

pigs and humans. Two possible recombina- 
tion sites were found in the 19 18 sequence 
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Australian National Universitv. Canberra. ACT 2601, and three in the sequences; 

Australia. 

,. 
of these, except one of the sites in the Iowa 
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combination (14) and were shown to be 
statistically significant in Monte Carlo tests 
using the ML method (20). Recombination, 
rather than convergence caused by selec- 
tion, was shown to be the cause of the 
conflicting relatedness signals, because sis- 
ter-scanning analyses using only synony- 
mous or third-codon differences also gave 
statistically significant signals (Fig. 1 ,  C 
and E). The conflicting signals were found 
only when one reference sequence was 
from a swine-lineage isolate and the other 
from a human-lineage isolate, and not in 
comparisons involving sequences from avi- 
an isolates, which form an outgroup to the 

Fig. 1. Conflicting phylogenetic sig- 
nals in HA gene nucleotide sequenc- 
es. (A) Percentage of identity be- 
tween the HA gene of the 1918 
influenza (AISouth Carolina/l/l8) 
and the HA genes of a human-lin- 
eage influenza (A/Kiev/59/79; dot-
ted plot) and a swine-lineage influ- 
enza (A/swine/Wisconsin/l/61; un-
broken plot). Variable positions 
were scored using a window of 200 
positions that was moved in steps of 
20 positions. (B) Z scores calculated 
by the sister-scanning method (79) 
for the identity scores of the same 
sequences. Scores were calculated 
after Monte Carlo randomization 
within columns in the alignment. (C) 
Z scores calculated only from iden- 
tities at synonymous sites in the HA 
genes of the 1918 influenza and a 
human-lineage isolate (A/Suita/l/ 
89; dotted plot) and a swine-lineage 
isolate (A/swine/Wisconsin/l/61; 
unbroken plot). (D) Z scores calcu- 
lated for identities at all variable 
sites between the HA gene of the 
Iowa influenza (A/swine/lowa/l5/ 
30) and the HA genes of the isolates 
A/Kiev/59/79 (dotted plot) and 
A/swine/Wisconsin/l/61 (unbroken 
plot). (E) Z scores calculated for 
identities at variable third-codon 
positions between the HA gene of 
the Alma Ata influenza (AIAlma 
Ata/1417/84) and those of the iso- 
lates A/Kiev/59/79 (dotted plot) and 
A/swine/Wisconsin/l/61 (unbroken 
plot). P values, shown above the 
Likely recombination sites, were cal- 
culated by comparing likelihood ra- 
tios obtained from the same se-
quences with ratios obtained from 
200 simulated sequence data sets 
that were not recombinant but were 
of equal length and similar compo- 
sition and heterogeneity (74, 20). 

other lineages. Split decomposition analy- 
sis (21) supported the conclusion that the 
older lineages had not evolved by simple 
bifurcating speciation (22). 

The results indicated that the 19 18 sequence 
was generated by recombination between two 
parental HA genes that were detectably differ- 
ent and were related to the extant human-lin- 
eage and swine-lineage HA genes. About 150 
nucleotides at the 5' terminus and 775 nucleo- 
tides at the 3' terminus of the 19 18 HA gene 
were derived from the human-lineage parental 
gene, and the sequence between these terminal 
regions was derived from the swine-lineage 
parental gene (Fig. 1, A and B). These regions 

200 400 600 800 1000 1200 1400 1600 
Position in the nucleotide alignment 

of the HA gene encode structurally distinct 
domains of the HA. The swine-lineage se-
quence encodes the globular domain of the 
HA1 polypeptide that includes the major anti- 
genic sites, the host cell receptor-binding site, 
and almost all the glycosylation sites (23). 
whereas the human-lineage sequence encodes 
the NH,- and COOH-tem~inal parts of the HA1 
and all the HA2 polypeptide, which together 
form the stalk that anchors the HA to the lipid 
outer layer of the virion. 

Likely early events in the evolution of the 
mammalian H1-subtype HA genes revealed 
by the recombination analyses are summa-
rized in Fig. 2. An ancestral avian influenza 
HI HA gene (3, 6) became established in -
mammals and diverged into two lineages be- 
fore 19 18. These produced the 19 18 HA gene 
by recombination in a mixed infection. We 
found no evidence of recombination in any 
human-lineage HA genes, which indicated 
that they probably evolved from one of the 
parental lineages and not directly from the 
19 18 gene. The 19 18 HA gene probably died 
out after the pandemic, because no other HA 
gene with its pattern of affinities is known. 

The HA genes of the Iowa cluster contain at 
least two, and probably three, recombination 
sites (Fig. 1, D and E). Two of these sites are 
located at positions close to those in the 19 18 
sequence, which suggests that they were inher- 
ited; the third is close to the HA1 -HA2 bound- 
ary. This third site probably marks a recombi- 
nation event in which the Iowa-cluster HA gene 
was produced when the HAl-encoding se-
quence from a 19 18 lineage gene was joined by 
recombination with a HA2-encoding sequence 
from a distinct swine-lineage gene. This is plau- 

swine 

avian 

Fig. 2. A scheme of the likely course of events 
in the early evolution of the HA genes of the 
1918 influenza and the human and swine lin- 
eages after the original bird-to-mammal host 
switch (triangle). Recombination events be-
tween HA genes are represented by circles and 
near-horizontal lines that join the parental lin- 
eages. Shaded bars represent the HA genes, 
with darker regions for human-lineage se-
quences and paler regions for swine-lineage 
sequences. The 1918 lineage and an early swine 
lineage probably became extinct (dotted lines). 
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sible because Iowa, the oldest swine isolate, is probably emerged from birds into mammals 
believed to have descended fiom the 1918 virus immediately before the pandemic, because 
(11, 24), and Alma Ata and St-Hyacinthe are there is little evidence of change in the 44 
descendants of Iowa (25, 26). amino acid residues that probably contribute 

It has been argued that the 191 8 virus to the four antigenic sites in the 1918 HA1 

A Human 

Scotland 94 

1 
Mongolia 91 - \  
CHR 83 Mongolia 85 

Kiev 79 USSR 77 
Leningrad 54 

Swine 
Nebraska 92 

I St-Hyacinthe 91 

Illinois 63 

Fort Monmouth 47 

Tokyo 67 St-Hyacinthe 90 

0.1 
1 I v 

Swine 

Nebraska 92 
St-Hyacinthe 91 

Wisconsin 98 
B Ehime 80 

1 
Human 

Scotland 94 

South Carolina 191 8 

Fig. 3. Phylogenies of the nucleotide sequences encoding a part of the globular domain of the HA1 
and a part of the HA2 domain of mammalian H I  influenzas. ML trees were inferred from aligned 
nucleotide positions 310 to 870 (A) and 1070 to 1650 (B) by the quartet punling method (27) 
using the Tamura-Nei formula to model substitution (32). Transitionltransversion ratios, purine1 
pyrimidine transition ratios, and nucleotide frequency parameters were estimated from the data 
through several rounds of optimization, as was an eight-parameter gamma distribution of the rates 
of change for variable sites. Both trees are rooted at the midpoint between the nodes for the Iowa 
30 and NWS 33 sequences. Bootstrap values calculated from 500 samples by maximum parsimony 
are shown for the major branches (gray boxes). Dates of isolation are shown next to  taxa name;. 
The code names of the isolates and the CenBank accession codes for their HA eene seauences are 
as follows: AlSouth Carolina11118 (AF117241), Alswinellowall5130 (AFO~I~O~), ~ i ~ l m a  Atal 

globular domain (3, 6). Our results suggest, 
however, that the antigenic sites have 
changed slowly, because the entire globular 
domain was derived from a strain that infect- 
ed pigs; antigenic sites also change relatively 
slowly when influenzas infect this host (11). 

Phylogenetic trees were inferred from the 
sequences by a ML method (27). To avoid 
topological errors resulting from recombination 
(28), we inferred separate phylogenetic trees 
(Fig. 3) for the two longest regions of the 
sequences that did not include recombination 
sites, namely, regions within the sequences en- 
coding the globular and HA2 stalk domains. 
We excluded the HA sequences of avian iso- 
lateewhich were used previously as outliers 
to root HA trees (3, 11)-because the position 
of the branch joining the avian sequences to a 
tree varied widely depending on the parameters 
of the ML model and because there was clear 
evidence that the sequences from bird and 
mammal isolates had been subjected to differ- 
ent modes of selection; they have distinct tran- 
sitionltransversion ratios (22) and synonymous1 
nonsynonymous ratios. 

In the ML trees, the sequences grouped into 
the swine and human lineages, as expected 
(Fig. 3). In the globular domain tree (Fig. 3A), 
the 1918 partial sequence was always on the 
swine-lineage side of a midpoint root, and in 
the HA2 tree it was always on the human- 
lineage side of this root, regardless of how the 
midpoint was estimated. In the globular domain 
tree, the ML patristic distance from the 1918 
sequence to the closest swine-lineage sequence 
(0.072) was half of that to the closest human- 
lineage sequence (0.144), but in the HA2 tree, 
the 1918 sequence was closer to a human- 
lineage sequence (0.061) than to a swine-lin- 
eage sequence (0.076). Uncorrected evolution- 
ary distances, calculated directly from pairs of 
sequences, also indicated a change in the rela- 
tionships (22). These results were consistent 
with our findings that the 191 8 HA was not the 
parent of both HA lineages and that the two 
parts of the 191 8 gene came from different parts 
of distinct and older genes. 

In the globular domain tree (Fig. 3), the 
191 8 sequence was placed on the 'W con- 
necting the human and swine lineages; in the 
HA2 tree, it was joined to the trunk by a very 
short branch. The length of that branch indicat- 
ed that the HA2-encoding sequence of the 1918 
virus differed fiom the predicted ancestral 
(trunk) sequence at only 0.4% of sites. Genes of 
HI-subtype influenza viruses infecting mam- 
mals have accumulated changes at 0.6 to 1.2% 
per year since the 1930s (11), but rates as high 
as 3.9 to 7.9% per year have occurred irnmedi- 
ately after a host switch (29, 30). Our analysis 
indicated that between 1918 and 1933 the HA2 
nucleotide sequences of the human lineage 
changed by about 0.4% per year, although the 
rates were so variable that both data sets failed 
an ML molecular clock test. Because the pro- 
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genitors of the 1918 virus probably switched 
hosts from birds to mammals sometime after 
1900 (1, 6 ) , it is likely that the 19 18 HA gene 
changed at a rate of 0.4 to 8.0% per year after it 
was generated. Thus, using the predicted se- 
quence difference of 0.4% and the likely range 
of rates, we estimate that the recombination-to- 
preservation time was less than 1 year. 

The victims from whom the 19 18 influenza 
sequences were obtained died in the major 
"second wave" of the pandemic in late Septem- 
ber and October 19 18 (2, 3); thus, the 19 18 HA 
gene was probably generated in late 19 17 or 
early 1918. The "first wave" of the pandemic 
was in early 1918 (2) ,but the first outbreaks 
may have been in late 1917. Hence, the start of 
the pandemic coincided with a recombination 
event that might produce the phenotypic nov-
elty required to trigger a pandemic. This coin- 
cidence suggests a causal link. 

Recombination, like point mutation and 
reassortment, produces novel virus variants 
and can result in increased virulence (13-15). 
Because the HA gene is the maior virulence 
determinant (3-11). recombination in this 
gene may have similarly altered the 1918 
virus. The parental H 1 HA genes u ould have 
been progressively altered by point mutation 
after their divergence: we estimate that they 
differed at up to 30 amino acid positions at 
the time of the recombination, and that the 
1918 HA differed from each of its parents at 
about half as many positions. Recombination 
may have altered the antigenicity of the HA 
so that the immunity of those who had sur- 
vived earlier infections was ineffective. Sim- 
ilarly, the membrane-fusion or receptor-bind- 
ing function of the HA protein may have 
changed (3 ,  31), and this may have given the 
1918 virus an unusual tissue specificity, such 
that it spread from the upper respiratory tract 
to the lungs. Experiments comparing recon- 
structed 19 18 and parental HA proteins may 
distinguish betu-een these possibilities. 

Our analysis suggests that the two paren- 
tal lineages were probably mammal-adapted 
and capable of mammal-to-mammal trans-
mission, and yet they did not generate a 
pandemic. It is possible that the recombina- 
tion event triggered the pandemic not only by 
altering HA structure or function, but also by 
permitting the virus to outcompete these par- 
ents or to be the first of these HI-subtype 
influenzas to su-itch hosts from some other 
mammal into humans. 
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Control of Octopus Arm 

Extension by a Peripheral Motor 


Program 

German ~umbre,' Yoram Cutfreund,'* Craziano Fiorito,' 

Tamar F l a ~ h , ~  Binyamin Hochnerlt 

For goal-directed arm movements, the nervous system generates a sequence 
of motor commands that bring the arm toward the target. Control of the 
octopus arm is especially complex because the arm can be moved in any 
direction, with a virtually infinite number of degrees of freedom. Here we 
show that arm extensions can be evoked mechanically or electrically in arms 
whose connection with the brain has been severed. These extensions show 
kinematic features that are almost identical to normal behavior, suggesting 
that the basic motor program for voluntary movement is embedded within 
the neural circuitry of the arm itself. Such peripheral motor programs 
represent considerable simplification in the motor control of this highly 
redundant appendage. 

In directed voluntary movements, the ner- (2.  3).  by vectorial summation and superpo- 
vous system generates a sequence of motor sition of basic movement primitives (4 .  5). 
commands producing the forces and veloci- and by the use of a flexible combination of 
ties that efficiently bring the limb to the target muscle synergies (6). However, flexible 
(1) . In articulated appendages, the control of structures introduce a further dimension of 
goal-directed movements appears to be sim- complexity. 
plified by the planning of optimal trajectories The octopus arm can move in any direc- 

tion, using a virtually infinite number of 
degrees of freedom. This high maneuver- 
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