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Recently, the AIDS pandemic and other
new or emerging viruses have focused
attention on emerging infectious diseases
(1, 2). The factors involved in emergence
are diverse and include global transporta-
tion, urban crowding and poverty, chang-
ing behavioral patterns, rapid virus evo-
lution, human population growth, etc. Un-
til now, no studies have clearly linked
human population expansion with in-
creasing rates of virus evolution.
The flaviviruses are an important genus

containing more than 60 different viruses
(3). Most of them are arboviruses (arthro-
pod-borne viruses), but some are rodent
and bat viruses. Among the major flavi-
virus agents of human disease are yellow
fever virus, the dengue viruses types 1-4,
Japanese encephalitis virus, West Nile vi-
rus, St. Louis encephalitis virus, and oth-
ers. One human pathogen in the flavivirus
genus which is not transmitted by insects
or rodents/bats is hepatitis C virus, a

blood-borne pathogen which afflicts
1-2% of the human population. The four
types of dengue viruses have adapted very
well to replication in humans during the
last few centuries (3-5). Sporadic epidem-
ics were first described about 200 years
ago, but massive dengue fever epidemics
have occurred since World War II, and
dengue fever now involves many tens of
millions of people annually. The virus
replicates in monocytes and macrophages
of humans and nonhuman primates to
produce high blood levels of virus. These
can infect Aedes aegypti or Aedes albopic-
tus mosquito vectors taking blood meals
from infected individuals, thereby main-
taining human-mosquito transmission cy-
cles. In tropical areas of West Africa and
Asia, dengue virus is transmitted among
nonhuman primates by mosquitos, but lit-
tle is known about the role of such "forest
cycles" in human outbreaks. It is clear,
however, that most of the dengue epidem-
ics which now sweep tropical areas of the
world involve only human-to-mosquito-to-
human cycles of transmission. These cy-
cles are facilitated by population growth,
rapid transportation, crowding into large
urban centers, inadequate vector control,
etc. (3-5). Obviously, these human epi-
demic cycles allow (indeed require) these
viruses to adapt for efficient replication in
both human hosts and mosquito vectors.

In contrast to these urban epidemics of
dengue fever, the tick-borne flaviviruses

of Europe and Asia are mainly zoonoses.
Tick-borne encephalitis (TBE) viruses ex-
ist almost exclusively in "forest cycles"
involving ticks and various vertebrate
hosts. Humans play little if any role in
these cycles, and human disease is acci-
dental and dead-end (albeit sometimes
severe). In work described in this issue of
the Proceedings (pages 548-553), Zanotto
et al. (6) have compared the molecular
phylogenies of these flaviviruses and ob-
tained remarkable results. They observed
a continuous asymmetric phylogenetic
tree branching among the tick-borne fla-
viviruses, as compared with an explosive
radiation among the mosquito-borne fla-
viviruses for the last two centuries. The
data in Fig. 3 are sobering. The number of
dengue lineages has been increasing
roughly in parallel with the increasing size
of the human population over the last 200
years. As the human population (and the
number of human dengue fever epidem-
ics) have expanded, the opportunities for
generation of new dengue virus lineages
have grown apace.
The usual caveats must be applied to

phylogenetic studies of this kind, but the
data seem compelling. The flaviviruses
are positive-sense RNA viruses, and like
all RNA viruses, they have high mutation
rates due to lack of efficient proofreading
or mismatch repair systems (7, 8). How-
ever, the rates of evolution (mutation fix-
ation) for the flaviviruses, the alphavi-
ruses, and other arboviruses are generally
lower by an order of magnitude or more
than are the rates for many other (non-
arthropod-borne) viruses (9, 10). This
constraint on rates of arbovirus evolution
has been ascribed to the need for arbovi-
ruses to maintain efficient replication ca-
pacity in the quite different selective en-
vironments imposed by arthropod vectors
and vertebrate hosts (11). The two-phase
lineages-through-time plot (LTTP) ob-
served by Zanotto et al. for the mosquito-
borne viruses is most reasonably ex-
plained by the likelihood that up until
about 200 years ago most dengue epidem-
ics were small and lineage extinctions were
common. The authors discount the possi-
bility that small sample size, sample bias,
or choice of the E gene has affected the
important inferences in this paper, and
some completed polyprotein sequences
confirm their E-gene results. A potential
problem with all such analyses is the as-
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sumption of a somewhat constant molec-
ular clock, rather than episodes of punc-
tuated equilibrium. For example, the re-
cent evolution of vesicular stomatitis virus
in endemic foci in Central America shows
more evidence for a geographical "clock"
than for a temporal "clock" (12). Like-
wise, an earlier paper by Zanotto et al.
(13) showed a strong correlation between
the geographical and genetic distances of
TBE viruses. Also, the rates of evolution
of eastern equine encephalitis virus in
North America have apparently increased
by over an order of magnitude beginning
in the early 1970s (10). Nevertheless, all
RNA viruses can evolve quite rapidly and
inexorably (7, 8, 14), and the inferences
derived by Zanotto et al. (6) from the TBE
and mosquito-borne virus lineage com-
parisons seem inescapable. The recent
massive growth in epidemic spread of
human dengue fever and the explosive
radiation of dengue virus lineages are
related.

Other evolutionary factors involved in the
explosive radiation of the mosquito-borne
flaviviruses remain largely unexplored. De-
spite their high mutation rates, RNA virus
populations can often exhibit remarkable
evolutionary stasis. Zanotto et al. (6) favor
purifying selection over immune selection,
but evolutionary divergence might also be
promoted by other factors such as genetic
bottlenecks (15, 16) or selection during rep-
licative competition in large quasispecies
populations (17). Regardless of mecha-
nisms, these findings are cause for concern.
As Monath (4) has pointed out, the tropism
of dengue viruses for monocytes/macro-
phages and the related ability to replicate to
very high levels in human blood raise some
unsettling possibilities. New dengue virus
serotypes (in addition to the four now cir-
culating) will inevitably arise in future years.
This will in turn lead to significant increases
in dengue hemorrhagic fever and dengue
shock syndrome-severe, life-threatening
forms of dengue fever. These depend on
prior antigenic sensitization (without signif-
icant immunization) by prior infection with
a different serotype. Likewise, Monath (4)
has suggested that dengue virus variants
with altered tropisms might emerge during
one of the nearly one hundred million hu-
man infections occurring each year. Al-
though dengue viruses causing encephalitis
or hepatitis or direct hemorrhagic fevers
(without need for prior heterotypic infec-
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tion) would seem to be highly unlikely, the
probability is not zero. Similarly, the possi-
ble emergence of dengue virus strains ca-
pable of respiratory droplet transmission or
efficient sexual/blood-borne transmission
also cannot be assigned zero probability.
One must ask whether rapid evolution of

other viruses might also be promoted by the
burgeoning human population. The answer,
of course, is yes. The elegant studies of
Webster and his colleagues (18, 19) of the
evolution of the influenza Aviruses provide
one example. These viruses generally exhibit
relative evolutionary stasis in their avian
hosts but rapid radiation while moving
among human hosts. Human immunodefi-
ciency virus type 1 is another obvious ex-
ample of RNA virus quasispecies adapting
to, and rapidly evolving within, numerous
human hosts (20, 21). Finally, hepatitis C
virus is another explosively evolving RNA
virus, currently involving 1-2% of humans
and causing a high incidence of persistent
infection leading to cirrhosis or hepatocel-
lular carcinoma (22, 23). In the past, this
flavivirus quite likely evolved from an ar-
thropod-borne virus which shed its require-
ment for insect vectors. As Zanotto et al. (6)
point out, it is important to better under-
stand patterns of arbovirus dispersal and
evolution. It is also important to exert
greater efforts to control the ever-expand-

ing dispersal and evolutionary divergence of
viruses such as dengue viruses.

1. Lederberg, J., Shope, R. E. & Oaks, S. C.,
eds. (1992) Emerging Infections: Microbial
Threats to Health in the United States (Natl.
Acad. Press, Washington, DC).

2. Morse, S. S., ed. (1993) Emerging Viruses
(Oxford Univ. Press, Oxford).

3. Monath, T. P. (1990) in Virology, eds.
Fields, B. N. & Knipe, D. M. (Raven, New
York), pp. 763-814.

4. Monath, T. P. (1994) Proc. Natl. Acad. Sci.
USA 91, 2395-2400.

5. Halstead, S. B. (1988) Science 239, 476-
481.

6. de A. Zanotto, P. M., Gould, E. A., Gao,
G. F., Harvey, P. H. & Holmes, E. C.
(1996) Proc. Natl. Acad. Sci. USA 93,
548-553.

7. Domingo, E. & Holland, J. J. (1988) in
RNA Genetics, eds. Domingo, E., Holland,
J. J. & Ahlquist, P. (CRC, Boca Raton,
FL), Vol. 3, pp. 3-36.

8. Domingo, E., Escarmis, C., Martinez,
M. A., Martinez-Salas, E. & Mateu, M. G.
(1992) Curr. Top. Microbiol. Immunol.
176, 33-48.

9. Strauss, J. H. & Strauss, E. G. (1994) Mi-
crobiol. Rev. 58, 491-562.

10. Weaver, S. C., Hagenbaugh, A., Bellew,
L. A., Gousset, L., Mallampalli, V., Hol-
land, J. J. & Scott, T. C. (1994)J. Virol. 68,
158-169.

11. Weaver, S. C., Rico-Hesse, R. & Scott,
T. W. (1992) Curr. Top. Microbiol. Immu-
nol. 176, 99-117.

12. Nichol, S. T., Rowe, J. E. & Fitch, W. M.
(1993) Proc. Natl. Acad. Sci. USA 90,
10424-10428.

13. de A. Zanotto, P. M., Gao, G. F., Gritsun,
T., Marin, M. S., Jiang, W. R., Venugopal,
K., Reid, H. W. & Gould, E. A. (1995)
Virology 210, 152-159.

14. Holland, J. J., de la Torre, J. C. & Stein-
hauer, D. (1992) Curr. Top. Microbiol.
Immunol. 176, 1-20.

15. Chao, L. (1990) Nature (London) 348,
454-455.

16. Duarte, E., Clarke, D., Moya, A., Do-
mingo, E. & Holland, J. (1992) Proc. Natl.
Acad. Sci. USA 89, 6015-6019.

17. Novella, I. S., Duarte, E. A., Elena, S. F.,
Moya, A., Domingo, E. & Holland, J. J.
(1995) Proc. Natl. Acad. Sci. USA 92,
5841-5844.

18. Webster, R. G., Bean, W. J., Gorman,
0. T., Chambers, T. M. & Kawaoka, Y.
(1992) Microbiol. Rev. 56, 152-179.

19. Gorman, 0. T., Bean, W. J. & Webster,
R. G. (1992) Curr. Top. Microbiol. Immu-
nol. 176, 75-97.

20. Allan, J. S. (1992) J. NIH Res. 4, 51-54.
21. Moore, J. P., McCutchan, F. E., Poon,

S. W., Mascola, J., Liu, J., Cao, Y. & Ho,
D. (1994) J. Virol. 68, 8350-8364.

22. Martell, M., Esteban, J. I., Quer, J., Var-
gas, V., Esteban, R., Guardia, J. & Gomez,
J. (1994) J. Virol. 68, 3425-3436.

23. Purcell, R. H. (1994) Proc. Natl. Acad. Sci.
USA 91, 2401-2406.

546 Commentary: Holland


