confines the adjustment process to one
quadrant of directions.

The influence of vision on auditory
localization apparently decreases with
age. Before an owl is 50 to 60 days old, it
can adjust its auditory error in any direc-
tion, presumably guided by vision (7). In
the experiments presented here, in
which the owls were between 75 and 220
days old, younger birds made larger and
more rapid adjustments than did older
birds (for example, compare Fig. 2B with
2C), but in no case could an owl be
induced to change the sign of its auditory
error. Finally, adult owls (more than 7
months old) maintain auditory localiza-
tion errors indefinitely, even when they
experience normal vision (I). Thus, the
ability of vision to generate a corrective
force, or the ability of the auditory sys-
tem to respond to it, or both, diminish
with age. This corrective force exerted
by the visual system on the auditory
system provides a mechanism for fine-
tuning the associations that underlie au-
ditory localization during development.
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Evolution of Bunyaviruses by Genome Reassortment in Dually
Infected Mosquitoes (Aedes triseriatus)

Abstract. Aedes triseriatus mosquitoes became dually infected after ingesting two
mutants of LaCrosse (LAC) virus simultaneously or after ingesting, by interrupted
feeding, the two viruses sequentially within a 2-day period. After 2 weeks of
incubation, approximately 25 percent of the vectors contained new virus genotypes
as the result of RNA segment reassortment. New viruses were transmitted when the
mosquitoes fed on mice. Viruses ingested more than 2 days after the initial infecting

virus did not cause superinfection of the mosquito vectors.

BARRY J. BEATY

DANIEL R. SUNDIN

LAURA J. CHANDLER

Department of Microbiology,
College of Veterinary Medicine and
Biomedical Sciences,

~ Colorado State University,

Fort Collins 80523
Davip H. L. BisHor
Natural Environmental Research

Council, Institute of Virology,
Oxford, OX1 3SR, United Kingdom

The bunyavirus genome consists of
three negative-strand RNA segments,
designated L (large), M (medium), and S
(small) (). The M RNA segment codes
for the two virion glycoproteins (G1 and
G2) and a nonstructural protein (NSy).
The S RNA codes for the nucleocapsid
protein and a nonstructural protein
(NSs). The L RNA presumably codes
for a polymerase (/). The segmentation
of the genome provides a mechanism for
natural evolution of bunyaviruses by re-
assortment of RNA segments as de-
scribed for influenza viruses (2). Bunya-
virus segment reassortment has been re-
ported in vitro, in vivo in mosquitoes,
and in nature (1, 3). Either the vertebrate
host or the vector could be the site for

reassortment. Studies to demonstrate
bunyavirus genome reassortment in ver-
tebrates have been unsuccessful. In con-
trast, high-frequency reassortment was
detected when mosquitoes (Aedes triser-
iatus) were intrathoracically inoculated
with La Crosse (LAC) virus and snow-
shoe hare (SSH) bunyaviruses (3). Thus,
it seemed that the vector would be the
site of segment reassortment in nature.
However, subsequent studies complicat-
ed this hypothesis; interference to super-
infection was demonstrated between re-
lated bunyaviruses in intrathoracically
inoculated mosquitoes (4). Intrathoracic
inoculation is not a natural route of infec-
tion. However, if mosquitoes became
resistant to superinfection by natural
routes, opportunities for dual infection in
nature would be limited. Many mosqui-
toes exhibit a behavior called interrupted
feeding, which could preclude interfer-
ence (3). If defensive behavior of the host
interrupts the mosquito during engorge-
ment, the vector may finish engorgement
on an alternate host. Thus, a mosquito
could ingest a blood meal from two differ-
ent vertebrate hosts viremic with two
different viruses in a period of time short
enough to preclude interference. A se-
ries of experiments was, conducted to

Table 1. Phenotype of stock viruses after passage in mosquitoes.

33°C 40°C
Virus Meal titer* Infection Mean Infection Mean
frequencyt - titert frequency titer
LAC wt 7.0-7.3 5/5 1.6 x 10° 5/5 1.1 x 10°
LAC-II-58 6.8-7.1 515 1.7 x 10° 0/5 <10
LAC-I-16 6.5-6.6 5/5 9.9 x 10* 0/5 <10

*Log,e [tissue culture infective dose (TCID)sy per milliliter]. Range of titers of viruses used to infect

mosquitoes in three experiments.
quito.

TNumber infected/number tested.
§The ts mutant viruses have been assigned to complementation-recombination groups. Group II

}Plaque-forming units per mos-

mutants contain a ts lesion in the L RNA segment; group I mutants contain the ts lesion in the M RNA
segment (/). The permissive temperature is 33°C; the nonpermissive temperature is 40°C.
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determine (i) if and when interference to
oral superinfection occurs in mosqui-
toes, (ii) if dually infected mosquitoes
could serve as a site for RNA segment
reassortment, and (iii) if newly generated
reassortant viruses could be transmitted
to vertebrates.

To determine if mosquitoes could be-
come dually infected subsequent to in-
gestion of two viruses and to determine
possible temporal limitations of the phe-
nomenon, A. triseriatus were permitted
to ingest a partial blood meal containing
a temperature-sensitive (ts) mutant vi-
rus, LAC-I-16 (Table 1). At predeter-
mined times, the mosquitoes were per-
mitted to engorge on a meal containing
wild-type (wt) LAC virus (Table 2). One
group of mosquitoes ingested LAC-I-16
and wt virus in the same meal. For
controls, mosquitoes ingested either a ts
mutant virus (LAC-I-16 or LAC-II-5) or
wt virus. After 14 days’ incubation, mos-
quitoes were triturated and assayed at
permissive (33°C) and nonpermissive
(40°C) temperatures. The titers of the
meal preparations used to infect the mos-
quitoes are shown in Table 1. All virus
preparations resulted in infection of 100
percent of the mosquitoes ingesting the
respective meal. The viruses were phe-
notypically stable; mosquitoes infected
with ts virus contained no demonstrable
wt virus when assayed at the nonpermis-
sive temperature (Table 1). Mosquitoes
that ingested the two viruses simulta-
neously or within 24 hours of each other
consistently became dually infected; 100
percent (49/49) of the mosquitoes that
ingested wt LAC within 4 hours of LAC-
I-16 contained wt virus (Table 2). In
contrast, only 27 percent (3/11) of the
mosquitoes that ingested wt LAC virus
48 hours after LAC-I-16 contained wt
virus. A greater elapsed time between
the two meals resulted in all mosquitoes
becoming refractory to superinfection.

To determine if mosquitoes dually in-
fected orally could serve as a site for
RNA segment reassortment, we con-
ducted two basic experiments: simulta-
neous dual infection and dual infection
via interrupted feeding. In the simulta-
neous infection experiments, A. triseria-
tus engorged either LAC-I-16 and wt
LAC or LAC-I-16 and LAC-II-5 viruses
in the same meal. In the interrupted
feeding experiments, the mosquitoes
were permitted to engorge partially on a
blood meal containing LAC-I-16 virus.
Approximately 2 hours later, the mos-
quitoes were permitted to engorge to
repletion on a meal containing wt LAC
or LAC-II-§ virus. Mosquitoes were re-
tained for 14 days and then assayed. At
this time, some of the mosquitoes were
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Table 2. Interference to oral superinfection of
A. triseriatus. Data were compiled from three
experiments. Mosquitoes first ingested LAC-
1-16 virus (titers ranged from 6.5 to 7.8 log;e
(TCIDsy/ml). Mosquitoes then ingested either
a partial meal to repletion or a full meal
containing wt LAC virus [titers ranged from
7.0 to 7.8 log,, (TCIDsy/ml)]. Mosquitoes
were then kept for 14 days before assay. All
mosquitoes assayed at 33°C were infected.

Time until Infection

ingestion of frequency*

challenge

virus 33°C 40°C

Simultaneous 15/15 15/15
30 minutes 8/8 8/8
2 hours 19/19 18/19
4 hours 717 717
1 day 18/18 11/18
2 days 11/11 3/11
7 days 6/6 0/6
14 days 5/5 0/5
21 days 33 0/3
28 days 4/4 0/4

*Number infected/number tested.

permitted to engorge upon suckling mice
to determine if newly generated virus
genotypes could be transmitted.

In the simultaneous infection studies,
all mosquitoes that engorged a meal con-
taining LAC-I-16 and LAC wt virus con-
tained wt virus after 14 days incubation
(Table 3). It should be noted that 25
percent of those engorging two ts mutant
viruses contained wt virus (Table 3).
Thus, segment reassortment between the
two ts viruses had occurred when these
mosquitoes were simultaneously infect-
ed with the two viruses.

In the interrupted feeding experi-
ments, virus was detected at the nonper-
missive temperature in all but one mos-
quito challenged with wt LAC (Table 3).
Thus, there was virtually no interference
to superinfection at 2 hours post-en-
gorgement. When mosquitoes first in-
gested LAC-I-16 and then ingested LAC-
II-5 ts mutant viruses, 20 percent con-
tained wt virus (Table 3). Thus, reassort-
ment had occurred after dual infection
by interrupted feeding.

Since segment reassortment would be
epidemiologically significant only if virus

was transmitted, a study was conducted
to determine if new viruses could be
orally transmitted. After 14 days of incu-
bation, mosquitoes from the experiments
described previously were permitted to
feed in groups of five to seven on baby
mice. Brains were extracted from mori-
bund and dead mice and assayed for
virus at permissive and nonpermissive
temperatures. Wild-type virus was iso-
lated from mice that had been fed upon
by mosquitoes that had ingested LAC-I-
16 followed by wt LAC virus. Thus,
prior infection with one virus did not
inhibit transmission of the second virus.
Wild-type virus was also isolated from
mice that had been fed upon by mosqui-
toes that had ingested LAC-I-16 then
LAC-II-5 viruses. Therefore, a new vi-
rus had been generated in the dually
infected mosquitoes and the new geno-
type was transmitted. As related previ-
ously, attempts to generate reassortant
viruses in suckling mice after dual infec-
tion have been unsuccessful. Thus, reas-
sortment most likely occurred in the
dually infected mosquito. As in the mos-
quitoes themselves, no wt virus was de-
tected in mice fed upon by vectors that
had ingested one of the ts mutant virus-
es.

We have demonstrated that mosqui-
toes can become dually infected when
ingesting two bunyaviruses simulta-
neously or by interrupted feeding. After
dual oral infection, the mosquito can
serve as a site for reassortment of bunya-
virus genomes. These new viruses can
be transmitted by bite to vertebrates.
Should two different bunyaviruses be
able to replicate in the same mosquito
host, there is a real possibility that a new
reassortant virus could be generated,
transmitted, and established in the origi-
nal or in a new niche in nature. The M
RNA segment of LAC virus is a major
determinant of LAC virus infection and
transmission by A. triseriatus, viremia in
vertebrate hosts, and neurovirulence in
mice (6). LAC virus is a major cause of
encephalitis in children in the United
States, but other bunyaviruses, which

Table 3. Dual infection of A. triseriatus and generation of reassortant bunyaviruses.

33°C 40°C
Dual-infection
procedure Infection Mean Infection Mean
frequency* titert frequency titer
Simultaneous feeding
LAC-I-16 and LAC wt 15/15 4.7 x 10* 15/15 1.9 x 10*
LAC-I-16 and LAC-II-5 8/8 3.1 x 10% - 2/8 4.9 x 10°
Interrupted feeding
LAC-I-16 then LAC wt 19/19 2.8 x 10* 18/19 1.6 x 10*
LAC-I-16 then LAC-II-5 20/20 3.3 x 104 4/20 6.3 x 10?

*Number infected/number tested.

tPlaque-forming units per mosquito.
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could potentially reassort with LAC vi-
rus, infect humans much more frequent-
ly (7). Since LAC virus is sympatric in
portions of its distribution with certain of
these bunyaviruses, it is possible that
reassortment of genomes could occur,
resulting in serious epidemiologic conse-
quences.

Dual infection of mosquitoes by inter-
rupted feeding may enhance possibilities
for evolution of bunyaviruses in vectors.
Although A. triseriatus is a relatively
long-lived mosquito, the number of go-
nadotrophic cycles is limited (8). Thus,
chances for dual infection, segment reas-
sortment, and transmission of new virus
genotypes would be more likely if dual
infection occurred during the first gonad-
otrophic cycle. Opportunities for genera-
tion of new virus genotypes in mosqui-
toes infected with the first virus in one
gonadotrophic cycle and the second vi-
rus during a subsequent cycle would be
limited both by interference and by the
life history of the mosquito. Most fe-
males would not live long enough to
successfully transmit newly generated
reassortant viruses to susceptible verte-
brates. Virtually all mosquitoes became
dually infected in the interrupted feeding
studies (Table 3). In only about 25 per-
cent of the specimens did both viruses
infect the same cell, yielding reassortant
viruses. Perhaps different virus combina-
tions, different vector mosquitoes, or
different experimental conditions, such
as a longer incubation period or addition-
al gonadotrophic cycles, would yield
more reassortant viruses. Alternatively,
there may be genetic constraints on the
generation of reassortant viruses in mos-
quitoes.

These studies demonstrate the poten-
tial for RNA segment reassortment of
bunyaviruses in dually infected vectors.
The frequency of these events in more
biologically relevant systems (such as
heterologous wt virus crosses) and the
significance of these events in nature
remain to be determined.
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Cyanobacterial Light-Harvesting Complex Subunits Encoded in

Two Red Light-Induced Transcripts

Abstract. The major light-harvesting complex in cyanobacteria and red algae, the
phycobilisome, is composed of chromophoric and nonchromophoric polypeptides.
Two linked genes encoding major chromophoric components, the polypeptide
subunits of phycocyanin, were isolated from the cyanobacterium Fremyella diplosi-
phon. Transcripts from this phycocyanin subunit gene cluster were present as major
species in the cyanobacterium grown in red light, but not in cultures maintained in
green light. The genes for the subunits of the red light-induced phycocyanin were
transcribed together (B-phycocyanin followed by a-phycocyanin) on two messenger
RNA species; one contained 1600 bases while the other had 3800 bases. The latter,
which encompassed the smaller transcript, contained additional sequences extend-
ing from the 3' end of the coding region of the a-phycocyanin gene. It may encode
other light-induced components of the phycobilisome. Since phycocyanin, which
effectively absorbs red light, becomes a dominant constituent of the phycobilisome in
red light, these different levels may reflect an important adaptive mechanism of these

organisms to their environment.
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Phycobilisomes are major light-har-
vesting complexes in prokaryotic cyano-
bacteria and eukaryotic red algae and
may constitute 50 percent of soluble cel-
lular protein (/). Chromophoric proteins
(phycobiliproteins) present in the two
domains of this complex, the core which
is directly anchored to the photosynthet-
ic membranes and the rods which are
attached to the core (2, 3), serve to
absorb light energy and transfer this en-
ergy to the photosynthetic reaction cen-
ter (4). The three major chromophoric
proteins are phycocyanin (PC), allophy-
cocyanin (APC), and phycoerythrin
(PE), each of which is composed of two
related subunits, « and B. In addition to
these polypeptides, specific nonchromo-
phoric linker polypeptides mediate the
association between the different phyco-
biliproteins. The constituents of the phy-
cobilisome in many cyanobacteria vary
to optimize the absorption of prevalent
wavelengths of light (/, 5), a phenome-
non termed complementary chromatic
adaptation (/). Evidence obtained with
inhibitors of transcription (6) suggests

that a change in light quality triggers
an alteration in the transcription of phy-
cobiliprotein genes. However, little is
known about the genes encoding phyco-
bilisome polypeptides and how their
transcription is controlled.

We recently isolated and character-
ized the genes for four phycobiliprotein
subunits (a- and B-PC and a- and B-APC)
from the plastid genome of the eukaryot-
ic alga Cyanophora paradoxa (7, 8). Oth-
ers have isolated PC genes from the
cyanobacterium Agmenellum quadrupli-
catum (9, 10). In eukaryotic algae, the
subunit genes for PC and APC are each
transcribed on a dicistronic messenger
RNA (mRNA) (8), as is the case for the
PC subunit genes in A. quadruplicatum
(9). The PC subunit genes of C. para-
doxa (7) were used in heterologous hy-
bridizations to isolate analogous genes in
the cyanobacterium Fremyella diplosi-
phon. Figure 1 shows a Southern hybrid-
ization in which two fragments generated
from the plastid-encoded PC subunits
were hybridized to genomic DNA from
F. diplosiphon digested with various re-
striction enzymes. One fragment used
was a 0.8-kilobase (kb) sequence (8) en-
coding almost all of B-PC and the amino
terminal third of o-PC. A second frag-
ment, generated by Sau3A digestion of
the insert from pCPC2368 (7), contained
63 base pairs (bp) encoding the con-
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