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The alternating host cycle and persistent vector infection may constrain the evolution of arboviruses. To test
this hypothesis, eastern equine encephalitis virus was passaged in BHK or mosquito cells, as well as in
alternating (both) host cell passages. High and low multiplicities were used to examine the effect of defective
interfering particles. Clonal BHK and persistent mosquito cell infections were also evaluated. Fitness was
measured with one-step growth curves and competition assays, and mutations were evaluated by nucleotide
sequencing and RNA fingerprinting. All passages and assays were done at 32°C to eliminate temperature as a
selection factor. Viruses passaged in either cell type alone exhibited fitness declines in the bypassed cells, while
high-multiplicity and clonal passages caused fitness declines in both types of cells. Bypassed cell fitness losses
were mosquito and vertebrate specific and were not restricted to individual cell lines. Fitness increases
occurred in the cell line used for single-host-adaptation passages and in both cells for alternately passaged
viruses. Surprisingly, single-host-cell passage increased fitness in that cell type no more than alternating
passages. However, single-host-cell adaptation resulted in more mutations than alternating cell passages.
Mosquito cell adaptation invariably resulted in replacement of the stop codon in nsP3 with arginine or
cysteine. In one case, BHK cell adaptation resulted in a 238-nucleotide deletion in the 3’ untranslated region.
Many nonsynonymous substitutions were shared among more than one BHK or mosquito cell passage series,
suggesting positive Darwinian selection. Our results suggest that alternating host transmission cycles con-

strain the evolutionary rates of arboviruses but not their fitness for either host alone.

Arthropod-borne viruses (arboviruses) are transmitted
among vertebrate hosts by insect and tick vectors. Although
some can persist by vertical transmission from female arthro-
pods to their offspring, most must replicate alternately in ver-
tebrates and vectors in horizontal transmission cycles. Eastern
equine encephalitis virus (EEEV) and several other mosquito-
borne alphaviruses appear to undergo lower rates of evolution
than many other animal RNA viruses that replicate only in
vertebrate hosts, such as human immunodeficiency virus, hep-
atitis C virus, and poliovirus (37, 38). The factors responsible
for alphavirus genetic stability have not been addressed defin-
itively. One hypothesis is that alphavirus evolution is con-
strained by innate properties of their genome replication, while
others involve strong purifying selection imposed by the alter-
nating host transmission cycle or other factors related to their
transmission that minimize genetic drift and founder effects
(38). None of these hypotheses have been tested experimen-
tally.

Despite high mutation frequencies, the sequences of many
RNA viruses remain stable in nature and under certain labo-
ratory conditions, such as serial, low-multiplicity passages in
vitro (28). However, other conditions promote genetic disequi-
librium and rapid experimental evolution (29). One such factor
is the presence of defective interfering (DI) particles, which
are preferentially amplified during serial, high-multiplicity pas-
sages and interfere with standard virus replication. Selective
pressure for resistance to interference leads to rapid genome
evolution of vesicular stomatitis virus (VSV) (28). The pres-
ence of DI particles also contributes to rapid evolution of VSV
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in persistently infected cells (16). Another factor known to
promote rapid phenotypic changes in RNA viruses is the
founder effect or genetic bottleneck. When subjected to clonal
(plaque-to-plaque) passages, bacteriophage ¢6 (3), VSV (9),
and foot-and-mouth-disease virus (13) undergo fitness losses
due to Muller’s ratchet (25). Deleterious mutations presum-
ably accumulate in the genomes of these viruses because for-
ward mutation rates exceed those of back mutations. Clonal
passages can also prevent a more-fit variant present in the
original population from being selected during passage and
reduce the probability of regenerating mutation-free genomes
through genetic recombination or reassortment (2).

Multiplicities of infection and DI virus may be important
factors in the regulation of alphavirus evolution (38). Multi-
plicities in mosquito vectors may be limited by infectious virus
titers in vertebrate blood and by the small volume (generally
only a few microliters) of blood ingested. During progression
of virus from the mosquito midgut to the salivary glands, basal
laminae appear to interfere with alphavirus movement and
may limit multiplicities of infection in other tissues (33, 40).
Titers of alphaviruses in mosquito saliva also decrease after
about 1 week of infection (1, 40), limiting inocula and multi-
plicities of infection in vertebrate hosts and increasing oppor-
tunities for founder effects. Because the life cycle of alphavi-
ruses includes persistent infection of mosquito vectors, the
potential for rapid evolution under the influence of DI virus
has also been suggested (38).

To investigate the influences of alternating host replication,
infection multiplicity, founder effects, and DI particles on ge-
netic and fitness changes of an arbovirus, we used a cell culture
model system to study the evolution of EEEV. Alternating
host cell replication generally resulted in lower rates of genetic
change but similar fitness increases compared single-host-cell
passages. Undiluted passages, favoring the accumulation of DI
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particles, resulted in severe fitness declines and moderate ge-
netic change, as did persistent infection of mosquito cells.
Clonal passages resulted in little genetic change but reductions
in fitness in both cell types.

MATERIALS AND METHODS

Cell cultures. Monolayer cultures of BHK21 cells were grown at 37°C in
Eagle’s minimal essential medium (MEM) containing 5% heat-inactivated calf
serum. Aedes albopictus C6/36 mosquito cells were grown at 32°C in MEM
supplemented with nonessential amino acids and 10% heat-inactivated calf se-
rum.

EEEV infections. An unpassaged strain of EEEV, 2061-88, isolated in 1988
from field-collected Culiseta melanura mosquitoes in Pocomoke Swamp, Mary-
land, was used for experimental infections. The original triturated mosquito pool
was diluted and inoculated into a bottle of BHK cells to yield a single plaque, and
the harvested clonal pool was amplified once in BHK cells to generate the stock
used for all subsequent infections.

The plaque harvest described above was used to initiate serial infections of cell
cultures and persistent infections. All passage series were carried out 100 times,
with the exception of the clonal (plaque-to-plaque) series, which was carried out
40 times, and persistent infections of mosquito cells, which were maintained for
200 days. All virus passages were carried out at 32°C to eliminate temperature as
a selection factor. Virus (diluted in MEM or undiluted) was adsorbed to cells at
room temperature for 30 min, followed by addition of MEM containing 5%
serum and incubation at 32°C. Plaque assays were carried out at 32°C with BHK
or Vero cells and 0.4% agarose in MEM for overlays. Randomly isolated plaques
(no more than three in a 25-cm? bottle) were harvested by using a Pasteur pipette
to obtain clonal pools of EEEV. Persistent infections of C6/36 mosquito cells
were initiated by infection at a multiplicity of 0.1. Following 7 days of incubation
at 32°C, cells were detached by vigorous shaking and diluted 1:20 with fresh
medium. Thereafter, cells were split 1:20 at 10-day intervals.

One-step growth curves. To examine changes in replication kinetics after
different passages, one-step growth curves were done in triplicate. Virus inocula
were diluted to yield a multiplicity of infection of 0.01. MEM was aspirated from
25-cm? bottles containing cell monolayers, and 0.25 ml of virus was added at 5°C.
Following adsorption for 1 h with frequent rocking, cells were washed three times
with phosphate-buffered saline, and MEM was added at 32°C. Supernatant
samples were taken at selected intervals and plaque assayed on Vero cells to
determine replication kinetics.

Competition fitness assays. Competition fitness assays were a modification of
those described previously (14). Each passaged virus was competed against the
same standard, the alternating host cell, diluted-passage-series virus (see Table
1) that had undergone a mutation in an Xhol restriction site within the nsP4
gene. Mixtures of viruses were prepared in defined ratios and passaged in
triplicate series with dilutions (10~* for BHK cells and 102 for C6/36) to
maintain multiplicities of ca. 0.01. Following incubation for 24 h (BHK) or 48 h
(C6/36), RNA was extracted from cell culture media and the nsP3-nsP4 fragment
was amplified by reverse transcription (RT)-PCR as described below. Approxi-
mately 500 ng of amplicons was purified by eluting DNA from 1% agarose gels
and digested with Xhol (5 units) for 2 h at 37°C. The ratios of viruses were
estimated by quantifying the DNA in uncut (542 bp) versus cut (398 and 144 bp)
bands with densitometry of ethidium bromide-stained gels and the 2-D Scan
program (Scanalytics, Inc., Billerica, Mass.).

T, oligonucleotide fingerprinting. Plaque clones and passaged EEEV popu-
lations were amplified by infection of BHK monolayers at 32°C with multiplici-
ties of infection of 0.01 to 0.1. Viral RNA was intrinsically labeled by adding 0.1
to 0.2 mCi of 3P, as inorganic phosphate, per ml to cell culture bottles during
virus amplification. Cell culture supernatants were harvested after 24 h, and viral
RNA was purified as described previously (39). Ribonuclease T, digestion of
genomic RNA and two-dimensional electrophoresis of oligonucleotides were
performed as described by Holland et al. (16). All RNA fingerprints were com-
pared to those obtained for the starting plaque clone of strain 2061-88. Missing
oligonucleotides, as well as newly appearing oligonucleotides, were recorded and
assembled in a master map.

RT-PCR amplification and sequencing. Viral RNA was extracted from 0.25 ml
of cell culture supernatants by adding 0.75 ml of Trizol LS (BRL, Bethesda, Md.)
and processed according to the manufacturer’s protocol. Yeast tRNA (0.2 ng)
was added to enhance RNA precipitation. cDNA was synthesized at 42°C with
Superscript reverse transcriptase (BRL) by using a primer of sequence 5'-T;oV-
3’, and PCR was conducted with the following three primer pairs: 5'-CGTGG
ACTTAATCACGTTTGACAG-3’ (sense) and 5'-CAGAGAGGTATGAGCCT
AT-3' (antisense), designed to amplify genome positions 5428 to 5969, covering
the C terminus of nsP3 and the N-terminus of nsP4 (sequence positions accord-
ing to reference 36); 5'-GGAGTAAAGGCACCGTACTTTTG-3" (sense) and
5'-AATGGAACGTCTCAGGTCCTC-3’ (antisense), designed to amplify ge-
nome positions 7196 to 7735, covering the C terminus of the nsP4 gene, the
promoter region and untranslated region (UTR) of the 26S mRNA 5’ region,
and the N terminus of the capsid gene; and 5'-TTACCTGCAAAGGRGATT
G-3' (sense) and 5'-GAAATATTAAAAACAAAATA-3' (antisense), designed
to amplify genome positions 11118 to 11678, covering the C terminus of the E1
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gene and the 3" UTR. PCRs were done according to a previously described
protocol (4), with 30 amplification cycles as follows: heat denaturation at 95°C
for 30 s, primer annealing at 49°C for 30 s, and extension at 72°C for 1 min. PCR
amplicons were extracted from 1% agarose gels and sequenced directly with the
PCR primers and the Applied Biosystems (Foster City, Calif.) Prism automated
DNA sequencing kit and sequencer, according to the manufacturer’s protocol.

RESULTS

One-step growth curves to determine passage dilutions. To
determine dilutions and passage times necessary to obtain se-
rial EEEV passages of predictable multiplicity, one-step
growth curves were determined for the parental strain 2061-88.
BHK infectious titers reached about 10'® PFU/ml within 24 h
of infection, when cytopathic effects (CPE) were 3+ to 4+,
whereas titers in C6/36 cells neared their maximum of about
10? after 48 h of incubation (data not shown). Infected C6/36
cells also showed a slight clustering and elongation at that time.
Diluted passages 20 and 50 showed similar kinetics. Therefore,
to insure adequate inoculum titers during serial passages and
multiplicities of about 0.01, BHK infections were incubated for
24 h and C6/36 infections were incubated for 48 h at 32°C for
each passage.

Serial passages and DI particle generation. EEEV was sub-
jected to 13 different passage series in BHK and/or C6/36 cells,
including both diluted and undiluted, as well as clonal (plaque-
to-plaque) passages in BHK cells and persistent infection of
Co6/36 cells (Table 1). All passage series were carried out 100
times with the exception of clonal (plaque-to-plaque) series,
which were carried out 40 times, and persistent infections of
mosquito cells, which were maintained for 200 days. To eval-
uate the infectious titers of these passages and confirm the
presence of DI particles in the undiluted passages, culture
media from the first 13 undiluted and diluted passage series
were evaluated by plaque assay. Diluted passages maintained
relatively stable, high titers (ca. 10° to 10'° PFU/ml) in both
BHK and C6/36 mosquito cells. PFU titers were nearly iden-
tical on both BHK and Vero cell monolayers (data not shown).
Titers of undiluted passages dropped by about 100- to 10,000-
fold by passage 4 (C6/36) or 7 (BHK), followed by fluctuations
during subsequent passages. These results were consistent with
generation and amplification of DI particles in the undiluted
passage series, leading to fluctuations in titer (cycling) as DI
particles suppressed wild-type virus replication, followed by
drops in DI replication due to inadequate amounts of helper
virus (26). To confirm the presence of interfering activity in the
undiluted passage series, 10’ PFU of undiluted BHK and
C6/36 passages 7 were mixed with standard helper virus (orig-
inal clonal pool with one diluted BHK passage) at a multiplic-
ity of 10 and used to infect BHK and C6/36 cells in triplicate.
Infectious virus titers were measured at times listed below for
one-step growth curves. Replication in either BHK or C3/36
cells was suppressed at least 3-fold (P < 0.01 [Student’s ¢ test])
at early time points and at least 30-fold (P < 0.001 [Student’s
t test]) at late time points by both BHK and C6/36 undiluted-
passage viruses, relative to diluted passage 7 or first-passage
controls, indicating the presence of interfering activity. BHK
cell-generated DI particles interfered more with helper virus
replication in BHK cells than in C6/36 cells, and C6/36 cell-
generated particles interfered more in C6/36 cells.

One-step growth curves to evaluate fitness changes after
serial passages. Initial fitness testing of all passage series com-
prised one-step growth curves in both BHK and C6/36 cells at
32°C. Infectious titers after 5 and 20 h of replication in BHK
cells, or 20 and 44 h in C6/36 cells, are presented in Fig. 1.
Diluted passages (100) in BHK cells resulted in little or no
change in BHK replication measured at 5 or 20 h. However,
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TABLE 1. Oligonucleotide fingerprint comparisons of serial passages to starting clone®

Cell type Dilution No. of passages Oligonucleotides missing Newly appearing oligonucleotides Total changes

BHK 1074 100 3,8, 18 A, *C, F, G 7
10°° 3,4,5,8,13, 18, 19, 39 B,C G, N 12

Undiluted 2% A, C, *I, *F* 5

C6/36 107 100 2%, 8, 9%, 34 F, T,U 7
Undiluted 2,7, 22%, 36 V, W, X 7

Alternate Undiluted 100 A, M 2
107 Y 1

BHK Clonal 40 2,35, 40 S, N, 3% 6
0

0

0

C6/36 Persistent 200 days 29 1
0

“ Oligonucleotide numbers and letters refer to those in Fig. 5. *, oligonucleotide represents only a fraction of genomes.

b Oligonucleotide doubled in intensity compared to starting clone.

the passaged virus exhibited 3- to 300-fold declines in C6/36
cell replication after 20 and 44 h compared to the parent.
Likewise, diluted passage in C6/36 cells resulted in little or no
change in C6/36 cell replication after 20 or 44 h but in 5- to
more than 1,000-fold declines in BHK cell replication after 5 to
20 h. When viruses were passaged undiluted to enhance DI
particle accumulation, replication kinetics declined in both cell
types, with 10- to 1,000-fold decreases at both early and late
time points, except for the BHK passage series tested in BHK
cells at the 20-h incubation time. Alternating passage with
dilutions resulted in both increases and declines in replication
kinetics, depending on the cell type and time point in one-step
growth curves. Undiluted, alternating passage resulted in re-
ductions of 10- to 100-fold in replication in both cell types,
except for BHK cells at the 20-h incubation time.

Clonal (40 plaque-to-plaque) passage in BHK cells resulted
in 10-fold reductions in early replication in BHK cells and 3- to
1,000-fold reductions in early C6/36 replication, with smaller
reductions or increases at later sampling points. Reductions
were generally greater in C6/36 cell replication than in BHK
cell replication, probably reflecting some selection for BHK
cell replication during plaque formation. Persistent infection of
C6/36 cells resulted in large reductions in fitness for acute
infection of both BHK and C6/36 cells, with 4- to over 1,000-
fold reductions in virus titers at both early and late time points
of one-step growth curves. Reductions were generally greater
in BHK than in C6/36 cells, again consistent with some selec-
tion for maintenance of fitness in mosquito cells.

To determine whether fitness decreases in bypassed cells
were specific to the individual vertebrate and mosquito cell
lines used for adaptation, we also measured one-step growth
curves for the diluted passage series, as well as one persistent
C6/36 cell infection series, in Vero monkey kidney and Anoph-
eles albimanus mosquito cells. The results are presented in Fig.
2. As with BHK and C6/36 cell replication, the BHK-adapted
virus replicated more poorly than the parent in the Anopheles
albimanus mosquito cells, and the C6/36-adapted virus also
exhibited a fitness decline in Vero cells. Fitness levels of BHK-
adapted virus, as well as the alternating passage virus, were
similar to the parent in Vero cells, and the C6/36-adapted and
alternating viruses also had similar replication kinetics to the
parent in Anopheles albimanus cells. These results indicate that
the fitness declines in the bypassed cell lines were probably

vertebrate and mosquito specific and not restricted to a single
host cell line. The persistent C6/36-adapted virus also exhibited
declines in replication in both cell types during acute infection,
with the exception of the 20-h time point in Vero cells, when
infectious titers were similar to those produced by the parent
(Fig. 2).

Competition passages to evaluate fitness changes after se-
rial passages. Competition relative fitness assays representing
a modification of those used previously to study VSV evolution
(14) were developed to overcome several limitations of one-
step growth curves: (i) limited accuracy due to the dependence
of virus replication on inoculum titers and the inherent impre-
cision of plaque assays, (ii) the possibility that plaque assays
underestimate C6/36 cell-adapted viruses that may lose the
ability to form visible plaques in vertebrate cells, and (iii)
inconsistent results we sometimes observed comparing relative
virus production at early versus late time points (Fig. 1). The
loss of an Xhol restriction site within the nsP3-nsP4 amplicon
sequence of the alternate-host-cell, diluted-passage series was
used as a genetic marker; this alternate-passaged virus was
used as a fitness standard and mixed with either the parent,
BHK diluted (10~%), or C6/36 diluted (10~2) series, as well as
the clonal passage viruses (series A to D), and competed in
BHK or C6/36 cells in triplicate series with dilutions (10~* or
1072 for BHK and C6/36, respectively) to minimize the influ-
ence of DI particles. Proportions of viruses following each
passage were monitored by RT-PCR amplification of the nsP3-
nsP4 genome region from the culture supernatant, followed by
Xhol digestion of the purified amplicon and agarose gel elec-
trophoresis to determine ratios of the two genotypes. All vi-
ruses used in competition assays were also passaged alone four
times to ensure stability of the marker (Xhol site present or
absent). An example of this assay is presented in Fig. 3. The
alternating passaged virus showed a consistent competition
fitness advantage over the parent in both cells, as did each
single-cell passaged virus in the adapted cell line (Fig. 4).
Surprisingly, the single-host-cell-adapted viruses showed little
or no advantage over the alternating-cell-passage virus when
competed in either BHK or C6/36 cells. Clonally passaged
viruses exhibited varying degrees of fitness declines, which
tended to be more severe in the C6/36 cell environment.

Genetic analyses. All 13 passage series were analyzed by
RT-PCR amplification and sequencing of three genome re-
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FIG. 1. Titers of EEEV in cell culture supernatant after one-step infection of BHK or C6/36 cells. The passage histories of viruses are shown below the graphs (all
series underwent 100 passages with the exception of the clonal [plaque-to-plaque] series, which were carried out 40 times, and persistent infections of mosquito cells,
which were maintained for 200 days). *, <1.3 log;, PFU/ml (below the detection limit of the plaque assay). Error bars show standard deviations of mean titers.

gions totaling ca. 1,500 nucleotides and by T, RNA fingerprint-
ing, which samples all EEEV genes (34). The results of the
fingerprinting analysis are presented in Table 1 and Fig. 5. For
BHK cell passages, the 10~° dilution series showed the most
change, with 12 oligonucleotide differences versus the parent
fingerprint. With a previous estimate of 13% sampling of the
EEEV genome in the large, unique, T,-resistant oligonucleo-
tides evaluated in fingerprints (34), this change corresponded
to about 0.9% sequence divergence from the starting clone.
The undiluted BHK series was more stable, with only five

oligonucleotide differences, or about 0.4% sequence change,
while the 10™* dilution series showed seven oligonucleotide
changes, or about 0.5% divergence. Several of the oligonucle-
otides in the 10~* and undiluted series were lower in molar
amount than nearby (similar-length) oligonucleotides (Table
1), indicating that they were not present in all genomes of the
virus population and suggesting the development of quasispe-
cies populations. The C6/36 cell passages showed seven oligo-
nucleotide changes versus the parent, while the alternating
passaged viruses showed only one or two oligonucleotide
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FIG. 2. Titers of EEEV in cell culture supernatant after one-step infection of Vero or Anopheles albimanus cells. *, <1.3 log;, PFU/ml (below the detection limit

of the plaque assay). Error bars show standard deviations of mean titers.

changes. One clonally passaged virus had six oligonucleotide
changes, while the persistent infections showed only one and
no changes, respectively.

Sequence analyses included three regions of the EEEV ge-
nome, each encompassing ca. 500 nucleotides excluding primer
sequences: genome positions 5428 to 5969, including the C
terminus of nsP3, the N terminus of the nsP4 gene, and the
termination codon; genome positions 7196 to 7735, including
the C terminus of the nsP4 gene, the promoter region and
UTR of the 26S RNA 5’ region, and the N terminus of the
capsid gene; and genome positions 11118 to 11678, including
the C terminus of the E1 gene and the 3° UTR. Consensus
sequences of PCR amplicons revealed nucleotide changes in
all passage series except for two of the four clonal passages
(Fig. 6; Table 2). The nsP3-nsP4 region showed the most
change, with a total of 21 nucleotide changes, 19 of which were
nonsynonymous. The nsP4-capsid region had 12 changes, 6 of
which were nonsynonymous, and the E1 3" UTR showed 17

A B CDEF GH I J KILWM

g

Parent

FIG. 3. Agarose gel electrophoresis showing results from an EEEV compe-
tition fitness assay. Parent and alternately passaged (100 times) viruses were
mixed in a ratio of approximately 13:1 and passaged serially in triplicate in C6/36
cells with 100-fold dilution to reduce the multiplicity of infection. RNA was
extracted from 250 pl of the original virus mixture as well as from the passages,
and the nsP3-nsP4 genome region was amplified by RT-PCR. The resulting
542-bp amplicon was eluted from a 1% agarose gel and digested with Xhol to
produce DNA fragments of 398 and 144 bp for the parental genotype only. A,
100-bp ladder; B, parent virus used in competitions; C, alternately passaged virus
used in competitions; D, mixture of parent and alternately passaged viruses used
to initiate competitions; E to G, triplicate first-competition passages; H to J,
triplicate second-competition passages; K, parent virus after four passages alone;
L, alternately passaged virus after four passages alone; M, 100-bp ladder.

changes, 2 of which were nonsynonymous changes in the E1l
gene. Eleven of the 3" UTR changes represented mixed nucle-
otide populations, especially in the undiluted BHK passage
series (Fig. 6).

Opverall, 27 of the 50 total nucleotide substitutions observed
in the three genome regions were nonsynonymous. The BHK
passages and C6/36 persistent infections resulted in the largest
numbers of nucleotide substitutions, with 0.2 to 0.7% sequence
change, while the clonal passages showed smaller amounts of
change, 0 to 4 nucleotides (Table 2). The alternating cell pas-
sages also showed small amounts of change (one substitution
each) compared with the single-host-cell, diluted passages (two
to seven substitutions).

Analysis of individual nucleotide changes revealed that
many were common to a particular host cell passage type. For
example, both persistent infections of C6/36 cells resulted in
four common, nonsynonymous substitutions in the nsP4 gene
region, suggesting common, positive Darwinian selection for
polymerase amino acid changes. It is possible that these mu-
tations were present in the original parent population gener-
ated by a single BHK passage from the plaque clone pool.
However, this seems unlikely, because these mutations did not
appear in any of the BHK cell passage series. All four passage
series exclusively involving C6/36 cells resulted in a change in
the stop codon near the end of the nsP3 gene (Fig. 5); the serial
diluted and undiluted C6/36 passages resulted in arginine
(CGA) and cysteine (TGC) codons, while both persistent in-
fection series also underwent the arginine substitution. Anal-
ysis of sequence electropherogram peaks for C6/36 cell pas-
sages 5 and 10 revealed a gradual increase in the proportion of
the populations with sense codons, with the stop codons un-
detectable by passage 10. In contrast, all passage series involv-
ing BHK cells, either exclusively BHK or alternating C6/36-
BHK, retained the stop codon with no evidence of mixed
populations in these nucleotides.

Surprisingly, the untranslated genome regions we se-
quenced, the 26S junction region and 3" UTR, contained the
fewest consensus nucleotide sequence substitutions for most
passage series. However, one of the diluted BHK cell passages
(10~*) underwent a 238-nucleotide deletion in the 3" UTR,
beginning 23 nucleotides downstream of the structural poly-
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FIG. 4. Relative fitness plots for EEEV competition assays in BHK and
C6/36 cells. Parent, BHK 10~ *-diluted, C6/36 10~ 2-diluted (all 100 times), and
clonally passaged (40 times, A to D) viruses were competed with the alternate
diluted-passage virus that had lost the X#ol site in nsP4. Ratios of the competing
viruses were estimated following X#ol digestion of RT-PCR amplicons, as shown
in Fig. 3, by using densitometry and were plotted for up to four competition
passages. Fitness vectors were plotted by regression. The alternating-passage
virus served as the standard and thus has a fitness slope of 0 (horizontal line).
The digested DNA bands corresponding to the clonally passaged viruses were
not detected after the first C6/36 cell competition passage, so C6/36 ratios and
vectors for the clonally passaged viruses represent the maximum possible values.

protein stop codon. This deletion region includes all but one of
the repeated sequence elements believed to interact with cel-
lular proteins and to possibly regulate translation of the alpha-
virus genome (32).

DISCUSSION

Evolutionary implications of an alternating host transmis-
sion cycle. In some respects, our results support the longstand-
ing assumption that alphaviruses and other arboviruses must
adopt a compromise fitness level for replication in both verte-
brate and invertebrate cells. When EEEV was freed of the
alternating host cell transmission cycle, dramatic fitness losses
were observed in the bypassed cell environment. Another pre-
diction of this hypothesis is that elimination of one host from
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FIG. 5. T, oligonucleotide fingerprint of the clonal pool of parent EEEV
used to initiate adaptation passages. Map below shows oligonucleotides analyzed
for comparison of the parent virus to viruses generated after various passage
histories (Table 1).

an adaptation transmission cycle will result in the acquisition of
higher fitness for the retained host than will occur in an alter-
nating adaptation cycle. However, this was not observed in
either BHK or C6/36 cell adaptation (Fig. 4). The ability of the
alternating-host-cell-passaged viruses to acquire fitness gains
comparable to those observed during single-host-cell adapta-
tion indicates that two different kinds of genetic solutions to
fitness gains occurred, both host-specific and more generalized
adaptations. This remarkable ability of an RNA virus to adapt
efficiently to two different host cell environments is probably
reflected in the fact that nearly all arboviruses have RNA
genomes.

The hypothesis that alternating host replication limits rates
of arbovirus evolution is supported by our results. Using both
RNA fingerprinting and limited genome sequencing, viruses
subjected to alternating vertebrate-mosquito host cell passage
exhibited consistently smaller amounts of genetic change than
did viruses passaged in large populations in either cell type
alone. However, the reasons for the relative genetic stasis in
the alternating host cell adaptation may be more complex than



NSPSAe

v R L
CGTWGCAGACATTTTCGA . 57 fl”PRﬁT”TT””TFTLAA

QOOOPHEOOWETET
[ 8 0 e stasiaute!

5651
I P K P R K C v K Y T P P G V A R A I S A
TTCCAAAGCCGCGTARATGC GTSAAG“ACACGC%GCCACCTGGCGTCGCCAGGGCCATATCGGCAGCGGAAT

R S8 A D T T K P
Parent CGCAGCGCAGACACGATCAARCCAA

ugdlluted4
atin
ating undiluted

PSS eta}

. R N_{, PAS o 5751
Parent TTGACGAG’I‘TTCTCCG(JAGGCACTCAAATTGACCGTACGAAGCGGGCGCGTA(‘AT’”TTCTQA”‘CCGAGACGGGAC%AGGGCACCTGC%A gAAAATCTAC

6 ugd11u%ed4
natin
ating undiluted

Xho% 5 5851
TCGATCTCGAGCGTGAGAAGCTGTTGC%GAAG

C6/36

6/36 undlluted
lternati

1 ternatlng undlluted
Icnal A

%o

5950
AAACTAC%ATTGTGTGCTTCTGAAGGTAATCGGAGCAGGTATh%GTCmCGMAAAGTAGAGAACATGAAGGCAATCACCGTTGACCGTCTACTGC%GGGG

a
10~
undlluted
a

a

tlng undiluted

Nspd— o 7318
CCCAL'GTTCAILLTA(TCQAT anT‘ALAC”A: IAGT uCTAAGC”GTTTCCPCTCGAV

uted
luted
g undiluted

P T

Lo
55

slieipiplolphziclplplsclelerlis]
00T T TS O T

=12}
orer
[eahod

YOO QOWIRTEY

7518
A L K H G L
GCTACGAGGTGAACTACCTCTCAFTAATCATCACAbCGTTGACTACAT”AG(ATCTTCAGT”AGCAACTTTAAA”ACATAAGAGGTCACCCCATAACCCT

©
B3 oo
QLC0, |
mmUOmwﬂﬂ:owm»
4

@ (0 44— NTT T
=t=]
crer

helipialpipicnlglpluleslsviel
RRO0 0Ot~ ~RAAN
NRSZS300WW

e ata o tas]
[ e =

orer
W

265> Capsid— 7618
CTACGGCTGACCTAAATAGGTTGTGCATTAGTA’LTAACCTAWTTATATTATATTGCTATCCAAATATCAGAGATGTTCCCATACCCTACACTTAACTAC

B oort
T

mmgHaw\
PQ
3PS
-
=]
T
D
10,

10
lng und%luted

FIrUONNNEPOOIIEY
0 (0 SOV
DD 0 R R OO D
01 b3

orer

[efoY=lolhgy
j=i=]

orer
(e g

7714

F R P P L A A I
e CCGCCTATGGCGCCGATTAACCCGATGGCCTnCQGGGA“CCTAATCCGCCTAGGCGCAGGTGGCGGCCC TTAGGCCACCACTTGCAGCTC%AATT

£
G-
0-

n?lluted
undlluced

atin

ating undlluted

U s 5

riripielalphztilglplerielesl ]
(D (D OV TR Tn Y
crer

RH 0000 M IaxiRA
[U1Gkaleleledi R RN

n
1
1
u:
)
6
T
T
a
a
a
a
1
1

© 0 OO
jo3=]
crer
[evng

o

i

4322



VoL. 73, 1999

El—

DO |

R e S Noe Fe stasial]
© O DO TS OH oW

helislpiplplohzlgiglvriolviis]
RH 0000 T~ IRRr

0D S

v

unélluted
nating 10-4
rnatlng undiluted

R oo 28

helielolelglanhloiplvielsshel

3

elelgipigiphatidplplslslsris)
@ O - —OGVTT T

G
diluted
10-2

[ undlluted

%NS

nL
10
10
jtst
36

3

ernating

ernatlng indiluted
nal
nal B
T
T
s
s

elelolelalpichslolplererielie]
B e S o 2to Ny aste AT
R0 000t IRAN

a
a
a
1
1

YYNOOOPPOOEIINY

YOO R OOTHIY
@ D OO T L
R 0000 ror~ iR

A
TGLTTT’T‘A_ESGCTGC%GCTCTL’CACCAGTGCAGT AC TCLAAA

s F T 5 A I S5 A T A W S W L =
TCCTTTACGTCGGCGATATCCGCCACCGCGTGGTCGTGGC TAAAAGTGCTE!

CHANGES ACCOMPANYING ARBOVIRUS ADAPTATION 4323

11185
T E
TCAT. ATCCTCGATTATCCAGCA”XACA“ACCGAA

11285
VoL ¥V G 3 I
T G, GAACATCA”CATTTATTGTCCTGGGGCTTAAT”CTACAGCAG

UTR— 11385

FIG. 6. Aligned nucleotide sequences for the three EEEV genome regions generated by RT-PCR. Deduced amino acid sequences of the parent strain are shown
above second codon positions. Deletions are indicated by dashes, and dots indicate the same nucleotide as the parent virus. Ambiguous nucleotide symbols indicate
mixed populations represented by multiple peaks in the electropherograms of both strand sequences. The Xhol site at positions 5825 to 5830, used as a genetic marker for
competition fitness assays, is underlined. Numbers above nucleotides adjacent to righthand margins represent genomic EEEV numbering as previously published (36).

greater purifying selective constraints, since similar fitness
gains occurred in alternating and single host cell adaptation.

Serial passage of EEEV in cell culture also demonstrated
that this virus is capable of undergoing rapid sequence and
fitness evolution under appropriate conditions. For example,
the estimated 0.7 to 0.9% nucleotide sequence change that
accompanied 100 passages in cell culture represents the equiv-
alent of 44 to 56 years of natural EEEV evolution in North
America (35). This provides further indirect evidence that the
relatively low rates of alphavirus evolution in nature are not
due to innate properties of their genome replication, such as
high fidelity or proofreading by viral polymerases.

Two of the genetic changes accompanying single-host-cell
replication are of particular interest. The replacement of the
stop codon near the 3" end of the nsP3 gene by arginine or
cysteine codons occurred in all four C6/36 cell passage series,
suggesting a selective advantage for the nsP1-nsP4 polyprotein
open reading frame in mosquito cell replication. This may
reflect more-efficient replication in mosquito cells when great-
er amounts of the nsP4 polymerase are present and a prefer-

ence for lower polymerase levels (generated only by read-
through) in vertebrate cell replication. In alphaviruses, the
nonstructural polyprotein precursor is cleaved by a virus-en-
coded protease that is part of nsP2 to produce four final prod-
ucts—nsP1, nsP2, nsP3 and nsP4—as well as partially digested
polyproteins. In 8 of 10 alphaviruses (including the 82V2137
strain of EEEV previously sequenced [36]), there is an opal
termination codon (UGA) between nsP3 and nsP4 that is read
through with moderate efficiency (5 to 20%), whereas in two
other alphaviruses, including o’nyong-nyong virus (ONNV),
this codon has been replaced by a sense codon for arginine
(CGA) (32). Although the first sequences of ONNYV obtained
indicated that it possesses a sense (arginine) codon rather than
a termination codon (22), Lanciotti et al. (20) recently report-
ed that consensus sequences of more recent ONNV isolates of
lower passage history have both stop and sense codons at this
position and exist in nature as quasispecies. All of the recent
isolates with stop codons also have a C residue immediately
downstream, which enhances readthrough in Sindbis virus (23).
When four recent ONNV isolates with the opal termination
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TABLE 2. Nucleotide sequence comparisons of serial passages to starting clone
o No. of No. of nucleotide substitutions in each genome region®
Cell type Dilution
passages nsP3-nsP4 nsP4-C E1-3" UTR Total
BHK 10* 100 2(2) 5(2) 1(1) 8(5)
10°° 0 2(2) 1(0) 3(2)
Undiluted 1(1) 0 9(1) 10 (2)
C6/36 1074 100 1(1) 0 0 1(1)
Undiluted 2(2) 1(0) 0 3(2)
Alternate 107* 100 1(1) 0 0 1(1)
Undiluted 0 0 1(0) 1(0)
BHK Clonal 40 2(1) 2 (0) 0 4 (1)
0 0 0 0
0 0 0 0
1(1) 0 1(0) 2(1)
Co6/36 Persistent 200 days 5(0) 1(1) 3(0) 9 (6)
6(5) 1(1) 1(0) 8(6)
Total 21 (19) 12 (6) 17 (2) 50 (27)

“ Numbers in parentheses indicate nonsynonymous substitutions. Genome regions include nsP3-nsP4 (positions 5428 to 5969, including the C terminus of nsP3 and
the N terminus of nsP4 and the termination codon), nsP4-C (genome positions 7196 to 7735, including the C terminus of the nsP4 gene, the promoter region and UTR
of the 26S RNA 5’ region, and the N terminus of the capsid gene), and E1-3" UTR (genome positions 11118 to 11678, including the C terminus of the E1 gene and

the 3' UTR).

codon were passaged in Vero cells (20), all were observed to
acquire the arginine codon found in the original 1959 Gulu
strain (22). These results suggest that the termination codon in
ONNV is subject to different selective pressures than that of
EEEV. Both results also suggest that previous passage in ver-
tebrate or invertebrate cells may have influenced the se-
quences reported for some alphaviruses.

The effects of the opal termination codon versus sense codons
on replication of Sindbis virus in both vertebrate and mosquito
cells was studied experimentally by Li and Rice (24). Sense
amino acids (serine, tryptophan, or arginine) or the other two
translation termination codons (amber or ochre) were intro-
duced into an infectious cDNA clone, and rescued viruses were
analyzed for replication in chicken cells. The sense codon mu-
tants overproduced nsP34 but not nsP4, indicating that the
level of nsP4 is not regulated solely by read-through of the opal
codon. NsP4 is rapidly degraded via an N end rule pathway (5),
and Sindbis virus mutants that replace the termination codon
with a sense codon do not accumulate excessive nsP4, presum-
ably due to protein degradation (24). Temperature-sensitive
Sindbis virus mutants that exhibit decreased levels of nsP34
and nsP4 production grow poorly in mosquito cells but nor-
mally in chicken cells at nonpermissive temperature (21), also
suggesting that greater amounts of nsP4 are required for rep-
lication in mosquito cells. Li and Rice (24) also determined
that the serine mutant of the Sindbis opal termination codon
was gradually replaced by the opal virus during mixed infection
of chick embryo fibroblasts. Taken together, these results sug-
gest that the termination codon confers a fitness advantage for
replication of some but not all alphaviruses in vertebrate cells.

The large deletion in the EEEV 3" UTR following 100
diluted BHK cell passages also suggests that this genome re-
gion may function differently during replication in vertebrate
than invertebrate cells. The alphavirus genomic RNA and 26S
mRNA 3" UTR include several repeated sequence elements
believed to interact with cellular proteins (32). The previous
finding that an engineered 3’ deletion of Sindbis virus repeated
elements has a much greater effect on replication in C6/36 cells
than in chicken cells (19) is consistent with our finding that the
EEEV 3’ UTR can undergo extensive deletions accompanied
by efficient replication in hamster cells. Both findings suggest
that parts of the 3" UTR may be more important for alphavirus
replication in mosquitoes than in vertebrates.

Effects of clonal passages. Viruses undergoing clonal,
plaque-to-plaque passages in BHK cells exhibited declines in
replication in both BHK and C6/36 cells. The effect was most
pronounced when replication was measured early (after 5 and
20 h, respectively) and when competition assays were used to
measure relative fitness. Surprisingly, 20-h BHK cell yields of
clonally passaged viruses were actually higher than those of the
parent in one-step growth curves. A possible explanation for
the apparent recovery of replication later in infection is that
the reduced replication during early stages allowed the BHK
cells to remain productive longer for virus replication. This
hypothesis is supported by the observation that the clonally
passaged viruses showed less CPE than the parent after 20 h of
replication, and complete (no normal cells observed attached
to the plastic) CPE occurred ca. 8 h later in the clonal passage
group (data not shown). This difference in CPE of BHK cells
was also noted in the C6/36-adapted viruses and the undiluted
series adapted to both cell types. Another possible explanation
for the apparent recovery of clonally passaged viruses later in
BHK cell infection is that these viruses underwent reversion of
deleterious mutations or compensatory mutations to regain
fitness during hours 5 to 20 of replication. The small numbers
of mutations detected in these clonally passaged viruses are
consistent with this possibility and with previous studies of
foot-and-mouth-disease virus, which showed that small num-
bers of mutations mediate fitness declines following clonal
passage (13). To fully assess these hypotheses, an infectious
cDNA clone of EEEV is needed to produce genetically de-
fined viruses that can be used to test the effects of individual
mutations or combinations.

Effects of DI particles on EEEV evolution. Our results indi-
cate that the presence of DI particles, which accompany high
multiplicity or persistent infection of cell cultures, can have a
profound effect on EEEYV fitness for acute replication in both
vertebrate and mosquito cells. Whether DI particles exert a
significant influence on arbovirus evolution in nature remains
to be determined. DI particles have never been detected in
infected mosquitoes, though extensive investigations have not
been reported. Vertebrate host infections by alphaviruses gen-
erally are cleared after a few days, probably precluding the
generation of large DI populations. Although mosquitoes be-
come persistently infected with alphaviruses and can survive
for several months, rates of EEEV saliva infection decline 1 to
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3 weeks after an infectious blood meal (33, 40), and mosqui-
toes generally suffer high mortality rates in nature. These lim-
itations on the time that infected mosquitoes can transmit
suggest that DI particles may generally appear too late to
influence the evolution of the virus population that is trans-
mitted to the vertebrate host.

The greater amount of genetic change observed during se-
rial, dilute passages of EEEV, relative to undiluted passages,
was surprising considering previous findings with VSV. Spin-
dler et al. (28) reported that high multiplicities of VSV infec-
tion favor rapid and random evolution. However, Sanchez-
Palomino et al. (27) reported that dilute passages of human
immunodeficiency virus type 1, with multiplicities of infection
of 0.001, promote rapid genetic change in vitro. One possible
explanation for the greater rate of EEEV change in the dilute
passage series is that lower multiplicities resulted in more cy-
cles of genome replication than in undiluted passages. Greater
genome replication could augment evolution by either (i) in-
creasing the possibility of adaptive change by generating more
mutations, some of which might enhance fitness, or (ii) increas-
ing the number of mutants available for stochastic change
(genetic drift). A second possibility is that the reduction in
EEEYV population sizes, associated with dilution between pas-
sages, enhanced genetic drift. However, titers of virus in di-
luted passages indicated that, on average, inocula of the 10~°
passage series contained about 5 X 10* PFU of EEEV. If
mutation frequencies are on the order of 107 (7, 8, 15, 29),
most passages should have included a consensus genome in the
inoculum. Although our results suggest that adaptive change,
or natural selection, was responsible for much of the evolution
we observed in vitro, genetic drift may also have played a role.

Another possible explanation for this apparent discrepancy
between our results and those of Spindler et al. (28) is the
nature of the viruses and the recent host passage history of the
viruses used to initiate serial passages. Whereas Spindler et al.
(28) used a VSV strain which had been passaged many times in
BHK cell culture and was presumably “preadapted” to the
BHK cells used, our experiments and those of Sanchez-Palo-
mino et al. (27) used viruses of low passage history which may
have undergone more adaptation during serial passages. The
common nucleotide and oligonucleotide changes in our EEEV
passage series suggest positive selection; dilute passages may
have optimized selection by reducing the influence of DI par-
ticles in generating complex quasispecies populations that can
suppress mutants of superior fitness (6). Sanchez-Palomino
et al. (27) also speculated that their HIV mutants, which ap-
peared only after dilute passage, may have been previously
suppressed by DI genomes in complex quasispecies. Finally, DI
particles of VSV may be better able to suppress high-fitness
viruses and promote random change through selection for re-
sistance to interference than DI particles of EEEV. Experi-
ments such as those conducted by de la Torre and Holland (6),
examining the ability of high-fitness EEEV to replicate in com-
plex quasispecies populations, are needed to test this hypoth-
esis. The possibility that transfers in vertebrate hosts at mam-
malian or avian core body temperatures might select additional
genetic changes also should be addressed.

Host cell dependence of interference has been described
previously for DI particles of other alphaviruses. Several au-
thors have reported that DI particles of Semliki Forest and
Sindbis viruses generated in vertebrate cells do not interfere
with viral RNA synthesis in A. albopictus mosquito cells (11, 17,
31). Igarashi and Stollar (17) were unable to generate DI
particles with serial undiluted passages in A. albopictus cells,
although later work using longer incubation times for each
serial passage resulted in DI particle generation (30). King et
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al. (18) also reported the generation of Sindbis virus DI par-
ticles in mosquito cells; these particles did not interfere with
Sindbis virus replication in chicken cells, and others generated
in chicken cells did not interfere in mosquito cells. Persistently
infected mosquito cells have been shown to produce Sindbis
virus DI particles that can be replicated in both vertebrate and
mosquito cells (10, 12).

Our results also indicated some host cell dependence of
interference; DI particles produced in C6/36 mosquito cells
interfered more with EEEV replication in mosquito cells than
in BHK cells, whereas DI particles produced in BHK cells in-
terfered more with replication in BHK cells. However, in con-
trast to several studies with Sindbis and Semliki Forest viruses
(11, 17, 31), DI particles of EEEV produced in vertebrate cells
do appear to interfere with virus replication in mosquito cells,
and vice versa. Further studies are needed to determine wheth-
er this reflects fundamental differences in the replication of
EEEV versus Sindbis and Semliki Forest viruses and their
corresponding DI particles.
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