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EFFECT OF DELETERIOUS MUTATION-ACCUMULATION ON THE FITNESS
OF RNA BACTERIOPHAGE MS2
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Abstract.—RNA viruses show the highest mutation rate in nautre. It has been extensively demonstrated that, in the
absence of purifying selection, RNA viruses accumulate del eterious mutations at a high rate. However, the parameters
describing this accumulation are, in general, poorly understood. The present study reports evidences for fitness declines
by the accumulation of deleterious mutations in the bacteriophage MS2. We estimated the rate of fitness decline to
be as high as 16% per bottleneck transfer. In addition, our results agree with an additive model of fitness effects.
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Due to the lack of proofreading by their replicates, RNA
viruses show the highest mutation rates in nature (Drake et
al. 1998). For this reason, RNA virus populations usually
consist of highly heterogeneous mixtures. In a defined en-
vironment, the mutant spectrum of a viral population is gen-
erally centered around one or several sequences that are more
fit, but nonetheless often represent only a minor proportion
of the mutant distribution (Domingo and Holland 1988).
Thus, during some infectious processes, when a single ge-
nome of the heterogeneous population is randomly chosen
to replicate and to generate a new population, thereis ahigh
probability that the new population carries a slightly dele-
terious mutation relative to the most fit members of the an-
cestral population. After further replication, the debilitating
mutation may revert or be compensated for by mutations at
other sites. However, when the effective population size is
small, compensatory mutations might not arise. Continuous
sampling or genetic bottleneck events followed by |ow-fi-
delity genome replication may lead to substantial fitness|oss-
es. Muller (1964) predicted that when mutation rates are high
and populations sizes are small, this process occurs in an
irreversible, ratchetlike manner that leads to the gradual de-
crease of fitness in a population, particularly in asexual or-
ganisms.

In recent years, increasing evidence of this pernicious ef-
fect of deleterious mutations combined with genetic drift has
been reported. Chao (1990) found that under demographic
conditions in which genetic drift is the major force, mean
fitness of the segmented RNA bacteriophage ¢$6 systemati-
cally decreased. L ater, this observation was extended to mam-
malian RNA viruses. Duarte et al. (1992, 1993, 1994), Clarke
et al. (1993), Novella et al. (1995, 1996), and Elena et al.
(1996) extended this observation to the nonsegmented RNA
virus vesicular stomatitis virus (VSV). These authors made
detailed analyses of the role that population size and initial
fitness have in the final outcome of the del eterious mutation-
accumulation process. Escarmis et al. (1996) made similar
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observations with another nonsegmented RNA virus, the
foot-and-mouth disease virus (FMDV). In addition, they
characterized, at the molecular level, which mutations were
responsible for the phenotypic fitness changes observed. M ost
recently, Yuste et al. (1999) also described the negative effect
that strong genetic drift and high mutation rates have in the
fitness of the retrovirus human immunodeficiency virus type
1 (HIV-1).

Here, we extend the study of Muller’s ratchet to popula-
tions of the nonsegmented RNA bacteriophage MS2. We also
propose a new technique, based on northern blot analyses,
that allows competition between two variants of aviruswhen
easily distinguishable phenotypic markers are difficult or im-
possible to find. In addition, because our method distinguish-
es the competitors based on their genotypes and not on their
phenotypes, the method avoids the problem of phenotypic
masking during mixed infections. (Phenotypic masking ap-
pears when coat proteins of one genotype encapsulate RNA
of the competitor genotype. This problem has been described
for the monoclonal antibody detection of MAR mutants in
the VSV system; Holland et al. 1989).

MATERIALS AND METHODS
Bacteriophages and Bacterial Host

The bacterial host employed in these experiments was
Escherichia coli strain GM-1 (F laclRApro-lac ara thi; Mill-
er et al. 1977). The bacteriophage employed was the coli-
phage MS2. MS2 belongs to the Leviviridae family and is
able to infect male-specific (F*) E. cali. Its genome is a pos-
itive sense, single-stranded RNA of 3569 nucleotides that
encodes four proteins. Two different genotypes of this phage
were employed, a wild-type clone and mutant A3. Mutant
A3 of MS2 contains a 13-base insertion between positions
1305 and 1306 and a point mutation (C to U) at position
1304 of the wild type genome (Ol sthoorn and van Duin 1996).
The insertion is located at the maturation-gene terminator
helix, a conserved region in all RNA coliphages. This in-
sertion has been demonstrated to be highly stable (Olsthoorn
and van Duin 1996). The fitness of the wild-type clone rel-
ative to the A3 mutant was estimated to be 3.1732 = 0.0071
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(mean = SEM), indicating that the insertion clearly has a
negative effect on the life cycle of the A3 mutant (see below
for a detailed description of the protocol for fitness estima-
tion).

Stocks of both phages were prepared as described else-
where (Sambrook et al. 1989) and kept at —80°C with 15%
glycerol (v/v). These two stocks constituted the entire viral
stock employed in our experiments.

Media and Culture Conditions

All phages and bacteria were grown in LC broth (10 g/L
bactotryptone, 5 g/L yeast extract, 8 g/L NaCl, 2 g/L MgSQO,,
140 mg/L thymine, and 1 mL/L 1 M Tris-HCI, pH = 7.6).
For plating, LC broth was solidified by adding agar at the
following concentrations: 1.5% for hard agar (bottom) and
0.7% for soft agar (top), respectively.

Detection of the A3 Mutant by Means of Northern Blot

To determine the ratio of wild type to A3 in a mixed
infection, a specific oligonucleotide hybridization in situ as-
say was performed (Sambrook et al. 1989; Beekwilder et al.
1996). The designed oligonucleotide was 5'-CTATCTG-
GATGTTCTATCTGAA-3', carrying a digoxygenin-uracil
group covaently linked to the 3’ end that allowed us to
visually detect mutant A3 plaques. In brief, the detection
protocol is as follows: first, a nylon membrane (Hybond N+,
Amersham, Uppsala, Sweden) was carefully put in contact
with the surface of the soft agar plates for 3 min, followed
by RNA fixation to the membrane by alkaline denaturation
(1 min with 0.1 M NaOH). Then, prehybridization (30 min,
room temperature), hybridization (1.5 h, at 37°C with 10
pmol/mL of labeled probe), and stringency washes were per-
formed as described by Beekwilder et al. (1996). Finally,
detection of the hybridization signals was performed follow-
ing the manufacturer’s instructions (Boehringer, Mannheim,
Germany).

Relative Fitness Assays

The determination of the relative fitness of the wild-type
phages relative to the genetically marked A3 ancestral mutant
was performed by an adaptation of the method described in
Holland et al. (1991). Previously titered populations of both
phages were mixed at a 1:1 ratio. Approximately 107 viruses
from this mixture were used to infect a growing culture of
E. coli (2 mL, ~106 cells). The infection was kept at 37°C
and shaken at 300 rpm overnight. Infections were always
done at amultiplicity of infection of 0.1 phages per cell. The
resulting lysate was centrifuged (twice, 5 min. at 3000 rpm)
and an aliquot of 10 pL of supernatant (containing ~107
viral particles) was used to continue the serial competition
passages. After each competition passage, appropriate dilu-
tions of the resulting mixed virus yield were plated on an E.
coli lawn in triplicate. After overnight incubation, the total
number of plaques was scored for each plate and the pro-
portion of A3 mutant plagues was determined by means of
the northern blot method described above. These two deter-
minations gave the proportion of wild type to A3 mutant at
time t (R). Fitness was defined as W = R/R,; (Chao 1990)
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bars represent standard errors.

and obtained by fitting InW to the time series data by the
least-squares method (Sokal and Rohlf 1995).

Mutation-Accumulation Process

All plague-to-plaque transfers were done with the wild-
type bacteriophage MS2. From the initial stock, four clearly
isolated plagues were randomly picked and separately dis-
persed in 0.5 mL of LC broth. Each of these four samples
was employed to initiate independent passage series. For each
series, viruses from a plaque were picked and transferred
daily in a plague-to-plaque regime for a total of 20 days.
Each day, the population was generated from a single viral
particle and, after a day of growth, the size expanded to
(1.7446 = 0.0354) X 10° viruses/plaque. The relative fitness
of virusisolated after 10 and 20 passages was determined as
described above.

REsuLTS

Figure 1 shows the change in fitness with the number of
passages of mutation accumulation for the evolved lines. All
four accumulation lines showed significant declinesin fithess
relative to the ancestral wild-type clone.

Fitness Decline Due to Accumulation of Deleterious
Mutations

After 10 passages of mutation-accumulation, the average
fitness across lines decreased from the initial value of 3.1732
+ 0.0639 to 0.4158 + 0.0424. This difference, which was
highly significant (t;5 = 35.9713, P < 0.0001), represents a
loss of fithess of approximately 87%. After 10 more passages
of mutation-accumulation (i.e., a total of 20 passages), the
fitness of the lines declined even more, reaching a value of
0.1365 = 0.0110. Obviously, this value was significantly
different from that obtained for the ancestral wild-type MS2
(t15 = 46.8478, P < 0.0001). At the end of the experiment,
theloss of fitness suffered by the mutation-accumulation lines
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TaBLE 1. Results of the linear regression analysis performed for each of the four accumulation lines (data from Fig. 1). Under the column
Us, the values of the rate of fitness decline per transfer (+ standard error) are reported.

Accumulation

line R? F df P Us

1 0.9229 131.6673 1,11 < 0.0001 0.1680 = 0.0146
2 0.9979 4851.8920 1, 10 < 0.0001 0.1824 = 0.0026
3 0.9854 810.7074 1,12 < 0.0001 0.1551 + 0.0054
4 0.9792 517.9010 1,11 < 0.0001 0.1689 = 0.0074

was about 96%, which represents an enormous competitive
disadvantage.

It is evident from Figure 1 and from the comparison of the
mean values across lines obtained after 10 and 20 passages
of mutation-accumulation (both values are significantly dif-
ferent: ty4, = 6.3794, 1-taill P < 0.0001) that the decline in
fitness was constant during the experiment, in a ratchetlike
way, as a consequence of the fixation of several deleterious
mutations of equal effect, as opposed to a hatchetlike fashion
(Kondrashov 1993), which would be compatible with the
appearance one rare, extremely deleterious mutation. How-
ever, the decline suffered by one of the lines (solid line in
Fig. 1) may be compatible with the second possibility: This
line shows a large fitness decline in the first 10 passages and
almost no change in the last 10 passages.

The Rate of Fitness Decline

According to Lynch and Gabriel (1990) and Kibota and
Lynch (1996), and assuming a multiplicative fitness model,
the slope of the regression of log-fitness on passage number
can be taken as an estimate of the product Us, where U is
the deleterious genomic mutation rate per unit time, in this
case, daily transfer, and sis the expected reduction in fitness
due to any mutation. In other words, this product is the ex-
pected rate of fitness decline per transfer due to the intro-
duction of deleterious mutations in the genome of MS2. In-
dependent linear regressions were fitted to each of the ac-
cumulation lines shown in Figure 1. Table 1 shows the cor-
responding regression parameters. All four linear regressions
were highly significant, even after applying Bonferroni’ s cor-
rection for multiple comparisons (Rice 1989). An analysis of

TABLE 2. Analysis of variance comparing the fit of multiplicative and
synergistic models to the data from each independent mutation-
accumulation line shown in Figure 1. A partial-F-test was used to
assess the significance of adding an additional term to the model. The
addition of a synergistic term (B) uses one degree of freedom. SSR,
residual sum of squares; df, residual degrees of freedom; P, signifi-
cance level.

Accu-
mula-
tion

line Model SSR df F P

1 multiplicative 12.3951 12

synergistic 12.0832 11 0.2840 0.6050
2 multiplicative 12.4396 11

synergistic 11.9989 10 0.3672 0.5580
3 multiplicative 12.0922 13

synergistic 12.0394 12 0.0526 0.8225
4 multiplicative 12.2356 12

synergistic 12.1773 11 0.0527 0.8226

variance showed that these four estimates of Us were ho-
mogeneous (F3,; = 0.6447, P = 0.5949), thus allowing us
to pool all of the estimates in a single value. After doing so,
the average rate of fitness decline per transfer was estimated
to be 0.1595 *+ 0.0082. In other words, after each daily trans-
fer, fithess declined, on average, by about 16%.

Apparent Lack of Epistasis among Deleterious Mutations

In the previous section, we assumed amultiplicative fitness
function, which is equivalent to saying that each individual
mutation contributes independently to the final decline in
fitness. However, it is very important to ascertain whether
this assumption is true. For instance, in the mutational de-
terministic hypothesis for the origin of sexual reproduction
(Kimura and Maruyama 1966; Kondrashov 1988), it is the-
oretically shown that sexual reproduction provides aselective
advantage over asexual reproduction only if deleterious mu-
tationsinteract synergistically, that is, the reduction in fitness
suffered by an individual carrying two mutations is larger
than that obtained by merely multiplying the effects observed
for each mutation independently. Mathematically, this can
be described by the equation InW, = —ak — Bk2, where W,
is the average fitness of a genotype with k mutations, o« > 0
for deleterious mutations, and g definestheinteraction among
mutations. If mutations interact synergistically (8 > 0), then
the frequency at equilibrium of the less mutated classis high-
er and the mutation load smaller in asexual than in an asexual
population.

Table 2 shows the results of the partial-F-test (Kleinbaum
and Kupper 1978) comparing the goodness of fit of a syn-
ergistic versus a multiplicative model. None of the four in-
dependent mutation-accumulation lines showed a significant
reduction in the residual sum of squares with the addition of
a quadratic term to the regression equation. This indicates
that it is not necessary to call for a more complex model (the
synergistic one) to explain the observed data.

DiscussioN

The study of viral fitness has an important role in under-
standing the evolution of viruses. The emergence of antiviral
resistant mutants, the screening of new antiviral drugs/vac-
cines, and the analysis of the evolution of viral populations
in different cell types and/or demographic situations can be
monitored via studies of fithess variation (Leeand Yin 1996).
With our system, we have been able to determine fitness
differences between two viral populations easily and after
only a maximum of five competition passages. To our knowl-
edge, this work represents the first time that viral fitness
measurements have been performed by quantifying the ge-
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notypes of both competitorsinstead of their phenotypes. This
helpsin avoiding problems like phenotypic mixing and mask-
ing (pseudotypes) during mixed infections, where surface
proteins of one genotype can enclose the RNA of another
genome, as described for the monoclonal antibody detection
of MARM virus in the VSV system (Holland et al. 1989).
Our system also allows us to evaluate the biological fitness
of predesigned mutants (taking into account its evolutionary
stability) to determine accurately the replicative effect of any
changein thewild-type genome of the phage. Moreover, there
is even a chance for biological fitness studies between the
viruses belonging to the ssRNA coliphages family (QB, GA,
SP, etc.). This could help to clarify the phylogenetic rela-
tionships between them.

The results reported here with MS2 extend previous ob-
servations of the deleterious effects of repeated bottlenecks
on the fitness of RNA viruses. Despite important biological
differences among thefiveviral systems studied (a segmented
phage, $6; a nonsegmented phage, MS2; two animal viruses,
VSV and FMDV; and aretrovirus, HIV-1), in all cases sig-
nificant decreases in mean fitness have been observed, pro-
viding support for Muller’s ratchet hypothesis.

The type of data obtained in these experiments allows, in
theory, an estimate of Us, the product of the deleterious ge-
nomic mutation rate and the average effect of deleterious
mutations. Several different methods have been proposed for
independently estimating U and s (for a review of the dif-
ferent methods, see Keightley 1998). However, because this
was not the main objective of our design (our original ob-
jective was to demonstrate the effect of Muller’s ratchet in
MS2), we did not include enough replicates in our experi-
ments to employ any of these methods. For this reason, we
decided to present data on the change in fitness rather than
erroneous estimates of its components. In fact, the study of
Us by itself is of great importance in evolutionary biology.
A heated debate surrounds the idea that many mutations of
small effect produce a fitness decline of about Us = 1% per
generation (Mukai et al. 1972; Ohmishi 1977; Kibota and
Lynch 1996; Shabalina et al. 1997) versus the conflicting
idea that fewer mutations of larger effect produce smaller
declines in fitness of Us = 0.1% per generation (Fernandez
and Lopez-Fanjul 1996; Keightley 1996; Garcia-Dorado
1997, Keightley and Caballero 1997). The decline in fitness
that we estimated for MS2 is 16% per day; however, we must
caution against straight comparisons for two reasons. First,
there are enormous differences among MS2 and DNA-based
organisms in terms of mutation rates and, second, our esti-
mate is on the scale of per day, not per generation. It is
difficult to determine how many generations of viral repli-
cation occur each day. However, we can base our study in
two different models of viral replication. Thefirst replication
model assumes a pure doubling process; the number of gen-
erations can be estimated then as log,(1.7446 X 1091) =
30.7 generations per day, which gives a per generation es-
timate of Us = 0.52%. A more realistic replication model
based on mixed lineal-exponential growth through negative-
sense intermediate strains (Schuster and Stadler 1999) gives
a much smaller figure of only eight generations per day,
therefore Us = 2%. These two replication models can be
considered as possible extremes. Thus, even at the upper
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boundary, our estimate is closer to the one supported by the
first group of authors than to the second, although the lower
limit is somewhat intermediate between both positions. In
addition, our lower boundary of a 0.52% fitness decline per
generation is comparable with the value of 0.39% recently
found by Elena and Moya (1999) in VSV. This similarity
between the values obtained for two different RNA viruses
gives extra support to the generality of the findings here
presented.

Recombination has been reported to occur during MS2
replication (Olsthoorn and van Duin 1996) at arate of ~10-6
events per replication round. The possible beneficial effect
of recombination in the elimination of deleterious mutations
(Muller 1964) may have a limited effect during plaque-to-
plague transfers of MS2 because of the low probability that
the same cell could be infected by two debilitated viruses
during the development of a plaque. Furthermore, the ben-
eficial effect of recombination on fitness may not beimportant
under certain biological scenarios because even experiments
specifically designed to test recombination’s effect on fitness
recovery found only a minimal advantage (Chao et al. 1997).

Our results indicate that the fitness effects of deleterious
mutationsin RNA virus MS2 interact in amultiplicative way.
Thisis not the first time that experimental results from RNA
viruses have indicated that deleterious mutations interact in
a multiplicative way. Elena (1999) also observed that dele-
terious mutations interact in such way in FMDV. In this case,
the number of mutations was directly inferred from sequenc-
ing the genome of FMDV (Escarmis et al. 1996). This lack
of synergistic interactions among del eterious mutations could
be real or the apparent result of two opposing effects: mu-
tations with synergistic effects (B8 > 0) and mutations with
antagonistic effects on fitness (3 < 0), producing in the for-
mer alog-concave-downward and in the latter alog-concave-
upward function. This mixed effect has been observed in E.
coli (Elena and Lenski 1997), in which the number of mu-
tations with synergistic and antagonistic effects is approxi-
mately the same, generating, on average, alinear relationship
among |log-fitness and mutation load.

It is questionable how much of the results about epistasis
obtai ned from experiments with microbes can be extrapol ated
to more complex organisms. Obviously, the more complex
the genome, the more room for interaction among genes.
However, three arguments support these kinds of studies.
First, these studies intend to evaluate whether sex would be
advantageous for the microbe under study. The goal of these
studies is ‘‘to determine if there is a general tendency for
genetic architectures to exhibit synergistic epistasis among
deleterious mutations’” (Elenaand Lenski 1997, p. 396). Sec-
ond, this lack of epistasis has been observed in microorgan-
isms of dramatically different complexity, from simple RNA
viruses with only few genes encoded (this study; Elena 1999)
to E. coli (Elenaand Lenski 1997), which represents an enor-
mous jump in complexity when compared with RNA viruses,
and, finally, to the fungus Aspergillus niger (de Visser et al.
1997a) or the algae Chlamydomonas moewusii (de Visser et
al. 1996, 1997b), which also represent a tremendous increase
in complexity relative to E. coli. If we strive for a general
theory for the origin of sexual reproduction, we may want
to base it on some general and basic principle. Recombination
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is common at all levels of complexity, not only in higher
organisms, but also in certain microbes. Thus, any basic prin-
ciple to be used as the foundation of the theory must be
common at all organismic levels (i.e., including microbes).
Otherwise, we will have only organism-specific theories.
Third, how much of the results (if available) from higher
organisms can be extrapolated to microbes? Are we assuming
that higher organisms are more important than microbes? The
number, diversity, and clinical or economic importance of
microbes is large enough to justify studies of their evolu-
tionary mechanisms, even at the risk of being unable to ex-
trapolate conclusions to higher organisms, which, from our
point of view, is not the case.
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BALANCING SELECTION ON A FLORAL POLYMORPHISM
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Abstract.—The common morning glory, Ipomoea purpurea, exhibits a flower color polymorphism at the W locus
throughout the southeastern North America. The W locus controls whether flowers will be darkly pigmented (WW),
lightly pigmented (WWw), or white with pigmented rays (ww). In this report, we describe results of a perturbation, or
convergence, experiment using five plots designed to determine whether balancing selection operates on the W locus.
The pattern of gene frequency changes obtained are indicative of balancing selection operating at theW locus, providing
direct evidence that both the alleles are actively maintained by selection.
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A major focus of evolutionary biology is to account for
the great genetic diversity exhibited by natural populations
of most organisms, both at the molecular level and in eco-
logically important characters. Four general explanations can
account for genetic variation in aparticular trait: (1) variation
reflects passive accumulation of neutral mutations due to ge-
netic drift; (2) it reflects some form of mutation-selection
balance; (3) it reflects a transient phase in which natural
selection is causing certain genetic variants to replace others;
or (4) it reflects some form of balancing selection. At the
molecular level, explanations (1) and (4) seem consistent with
much DNA and protein sequence variation (Li 1997). For
some ecologically important traits, including sex ratio (Uyen-
oyama and Bengtsson 1979), self-incompatibility systems
(Charlesworth and Charlesworth 1979; Clark 1993; Veke-
mans and Slatkin 1994; Richman et al. 1995), heterostyly
(Eckert et al. 1996), and possibly disease resistance (Ennos
1983; Antonovics 1994), selection is believed to be inher-
ently frequency dependent, resulting in balancing selection.
For the vast majority of variable ecological traits, however,
inherent frequency dependence is not expected and there is
little information regarding which explanation accounts for
observed variation. In particular, the general importance of

1 Present address: Department of Women’s Studies and Depart-
ment of Ecology and Evolutionary Biology, Communications 108,
University of Arizona, Tucson, Arizona 85721; E-mail: banu@u.
arizona.edu.

balancing selection in maintaining genetic variation in eco-
logically important characters is unclear.

In this report, we describe results of a perturbation, or
convergence, experiment designed to determine whether bal -
ancing selection operates on a locus influencing floral pig-
mentation in the morning glory, Ipomoea purpurea. The W
locus, which controls whether flowers will be darkly pig-
mented (WW), lightly pigmented (Ww), or white with pig-
mented rays (ww), is often polymorphic in populations in
southeastern North America (Ennos 1981; Ennos and Clegg
1983; Epperson and Clegg 1986). The frequency of the white
(w) allele typically ranges from 0.0 to 0.4 (Epperson and
Clegg 1986). The primary pollinators, bumblebees, discrim-
inate among the color morphs and undervisit whites when
they are in the minority, which results in increased selfing
by whites, but no detectable pollen discounting (Brown and
Clegg 1984; Epperson and Clegg 1987; Rausher et al. 1993;
Fry and Rausher 1997). Flower color is thus ecologically
important in this speciesin that it modul atesinteractionswith
symbionts and influences the mating system.

METHODS

We performed a convergence experiment in which we es-
tablished five experimental populationswith initial allelefre-
quencies perturbed from their typical values. We then mon-
itored changes in gene frequency over one generation to de-
termine whether gene frequencies tended to converge toward
typical, intermediate values, as would be expected if bal-
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ancing selection were operating. Two of the populations
(populations 1 and 2) were begun with low frequencies of
the white allele (p,, = 0.13). Thisfrequency is approximately
equal to the mean frequency of the white allele (p, = 0.11)
in 19 polymorphic populations reported in a gene frequency
survey by Epperson and Clegg (1986). Although a lower
initial frequency in thesetwo experimental populationswould
have been desirable, the value chosen reflected a necessary
compromise between the need to begin at a frequency aslow
as possible and the need to have a sufficient number of plants
of the least common (white) genotype to provide sufficient
statistical power for detecting selection and a change in gene
frequency. A third population (population 5) was begun with
equal frequencies of thetwo alleles, which representsahigher
frequency of the white allele than has been recorded in natural
populations. Finally, two experimental populations (popu-
lations 3 and 4) were begun with high frequencies of the
white allele (p,, = 0.81). Our a priori expectation, based on
gene frequencies observed in natural populations and the as-
sumption that balancing selection operates, was that p,, in
populations 3-5 would decrease from high to intermediate
values, whereas p,, populations 1 and 2 would increase from
low to intermediate values.

Experimental Procedures

Experimental procedures followed those of previous stud-
ies (Rausher and Simms 1989; Simms and Rausher 1989;
Rausher and Fry 1993). Each experimental population was
established by planting a sample of seeds of known genotypic
composition at the W locus. The seeds were planted in a
rectangular grid with one-foot spacing between rows and col -
umns. Individual seeds were randomly assigned to positions
in the grid and were allowed to grow and reproduce naturally.
After capsules began to mature, plants were visited twice
weekly to collect all seeds produced. For each population, a
random sample of offspring seeds were scored for genotype
at the W locus to estimate the change in gene frequency after
one generation. Locations of experimental populations were
at open fields within the Duke Forest at Duke University,
Durham, North Carolina. These sites were isolated from each
other and from all other localities with I. purpurea present
by at least 3 km, thus ensuring that gene flow into the sites
was probably nonexistent. In addition, all nonexperimental
I. purpurea were eradicated to prevent pollen contamination
from native plants.

Experimental population 5 was established in early July
1989 by planting 1968 experimental seeds (656 WW, 640
W, and 672 ww). These seeds were generated by a crossing
design similar to that reported by Rausher and Fry (1993),
which randomizes the genetic background for genes unlinked
to the W locus. This design involves three generations of
crosses. In generation 1, six pairs of dark X white crosses
were performed, with each pair constituting a “unit.” In gen-
eration 2, one light (heterozygous) offspring from each unit
was selfed to produce numerous offspring. In generation 3,
self-sibs (offspring within the same unit) were paired in three
ways (darks with darks, darks with whites, and whites with
whites) to produce the experimental seed (dark, light, and
white, respectively). Within each unit each cross type was
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replicated with three or four pairs, and within each pair re-
ciprocal crosses were performed.

Experimental populations 1-4 were established in early
July 1992 using seed produced in 1989 by population 5. To
ensure that the frequency of the white allele was low in pop-
ulations 1 and 2, these populations were established by plant-
ing 350, 40, and 20 seeds chosen randomly from those pro-
duced by dark, light, and white plants respectively in pop-
ulation 5. Similarly, to ensure that the frequency of the white
alele was high in populations 3 and 4, these populations
were established by planting 350, 40, and 20 seeds chosen
randomly from those produced by white, light, and dark
plants respectively in population 5. The initial gene fre-
quencies in these samples were determined by planting a
“companion” sample of seeds in the greenhouse at the same
time and scoring the color of the flowers they produced, as
described below.

Satistical Analyses

All statistical analyses of changes in gene frequencies are
based on two sets of seed samples. One set, the greenhouse
companion sample, consists of approximately 1500 seeds
produced by the experimental plantsin plot 5. In particular,
random samples of 523, 435, and 534 seeds were selected
from the seeds produced by darks, lights, and whites, re-
spectively, in the Plot 5 experiment. These seeds were ger-
minated in the greenhouse, allowed to grow to flowering, and
their genotype determined by inspection. This sample of
seeds was used for two purposes: (1) to estimate the final
gene frequency in population 5 by comparing offspring gene
frequency with the initial gene frequency in that population;
and (2) to estimate the initial gene and genotype frequencies
in plots 1-4 for comparison with final (offspring) gene fre-
quencies in these plots. The second set of samples, the “ off-
spring” samples, consisted of 545, 366, 680, and 444 ran-
domly chosen seeds produced by the plants in plots 1-4 re-
spectively. The seeds of these samples were also germinated
and grown in the greenhouse to estimate final genotype and
gene frequencies in each plot. Germination success of all
samples was greater than 95%, thus providing estimates of
genotype frequencies that are relatively free of potential bias
introduced by natural selection operating in the greenhouse.
In particular, this high germination rate makes it unlikely that
any observed change in gene frequency in population 5 could
be ascribed to differential seed mortality during the almost
three years between collection and scoring the offspring seeds
of that population.

The statistical significance of the change in gene frequency
in each population was assessed using likelihood methods
(Edwards 1972; Weir 1990). In each of the four populations
with extreme allele frequencies (populations 1-4), the un-
constrained joint likelihood of the observed genotype counts
in the greenhouse samples and in a random sample of off-
spring seed produced by that population is given by

= (1))

where i and j can take on the values D, L, and W, corre-
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sponding to dark, light and white genotypes; pj; is the prob-
ability that a parent plant of genotypei in population 5 pro-
duced an offspring seed of genotype j; N; is the number of
offspring of genotype j produced by a maternal parent of
genotype i in the greenhouse sample; p; is the probability
that an offspring seed produced by the population is genotype
i, and N; is the number of offspring in a random sample of
seeds produced by the population that has genotype i. The
null hypothesis that the allele frequencies in the offspring
seed produced by one of these populations is equal to the
initial allele frequencies, that is, that there is no change in
gene frequency from one generation to the next, is repre-
sented by the constraint

Ko +1 L (K c30) 4 (Kw)d
210 Pop 2pDL 210 PLo 2pLL 210 2pWL

1
=pp t EpL’

where K; is the number of offspring seed produced by ge-
notype i planted (note that 3,; K; = 410, the total number of
seeds planted in each experiment). The left side of this con-
straint represents the initial gene frequency as a weighted
average of the gene frequencies in the three greenhouse sam-
ples derived from maternal parents of different W-locus ge-
notype, were the weights are the fractions of planted seeds
that are offspring from these genotypes. This null hypothesis
is tested using the standard likelihood-ratio statistic A = —2
In where L is the maximum likelihood corresponding to L
with the constraint incorporated and L, is the maximum like-
lihood corresponding to the unconstrained version of L. Un-
der the null hypothesis of no change in gene frequency, the
statistic A has an approximate x2 distribution with one degree
of freedom.

A similar analysis was performed for population 5. In this
case, the initial gene and genotype frequencies were known
exactly. The likelihood function for the offspring seeds is

- (1)

and the constraint corresponding to no gene frequency change
over one generation is given by

(Sl 2] - (Smo + 20« (S

= initial frequency of dark alele,

where S [i O (D, L, W)] isthe total number of seeds produced
by plants of genotypei and S; = 3; S.

For all analyses, likelihoods were assessed by an iterative
grid-search method. Likelihoods were first calculated for all
combinations of the parameters p;; at intervals of 0.1. (For
example, for the unconstrained models, there are five free
parameters, each with the eleven possible values 0.0, 0.1,
... 0.9,1.0. Thisyielded agrid of 115 points. The likelihood
was evaluated at each of these points.) Inspection of the re-
sulting likelihood surface indicated that in all cases the sur-
face had asingle, global maximum. Using the grid point with
the maximum likelihood as an approximation of the global
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Fic. 1. Change in white allele frequency in experimental popu-
lations 1-5. Arrows indicate direction and magnitude of change in
frequency. Base of arrow indicatesinitial allelefrequency. Numbers
correspond to populations. Asterisks indicate significant changesin
gene frequency.

maximum, a second grid search was then performed. For this
search, the grid was centered on the maximum of the first
search and a new grid with intervals of 0.02 was searched
for the grid point with the maximum likelihood. A third
search was then performed using agrid with intervals of 0.002
for each parameter. The maximum likeihood found in the
third search was taken as a good estimate of the true maxi-
mum because the difference in likelihood val ue between that
grid point and adjacent points was always less than 2%.

Viability and Seed Production in Population 5

In addition to estimating changes in gene frequency in
population 5, we also compared the viability and fecundity
of plants of the three genotypes to obtain information about
the causes of any observed change in gene frequency. Via-
bility, which was estimated as the proportion of plants sur-
viving to produce at least one offspring seed, was compared
among genotypes with a standard G-test (Sokal and Rohlf
1969). Total seed production was determined for each plant
by collecting and counting seeds three times aweek (Rausher
and Fry 1993). Comparison of seed production among ge-
notypes was performed using analysis of variance (ANOVA).

REsuULTS

The pattern of gene frequency changes in the five popu-
lations are indicative of balancing selection operating at the
W locus (Fig. 1). The three populations with initial frequen-
cies of the white allele greater than normally observed (pop-
ulations 3-5) all exhibited a decrease in the frequency of the
white allele (Table 1). In contrast, the two populations (1 and
2) with initially low frequencies of the white allele each
exhibited an increase in its frequency. In all populations ex-
cept population 2, these changes were highly significant (Ta-
ble. 1). Overall, the direction of gene frequency change in
each of the five populations was as expected under the hy-
pothesis that selection is balancing. The probability of this
result under the null hypothesis of neutrality (equal likelihood
of increase or decrease in frequency in a given experimental
population) is P = 0.034. This pattern indicates that regard-
less of initial alele frequencies, selection causes frequencies
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TaBLE 1. Genotype and gene frequencies among seed samples used to estimate initial and final gene frequencies. Greenhouse samples were
obtained from the offspring of population 5, whereas offspring samples were obtained from the offspring of populations 1-4 (see text). p,, is
the frequency of the white allele in the sample. Ap, is the estimated change in gene frequency in the indicated experimental population during
the experiment. x2 and P are the chi-square value and associated probability corresponding to the likelihood-ratio test for change in gene
frequency (see text). Genotype frequencies for population 5 were estimated indirectly rather than by direct count, but this does not affect the

validity of the likelihood-ratio test.

Genotype
Sample wWwW Ww ww Py Ap, X3 P
Greenhouse: WW parents 0.87 0.13 —
456 67 —
Greenhouse: WWw parents 0.37 0.37 0.26
160 162 113
Greenhouse: ww parents — 0.21 0.79
— 114 420
Offspring: population 1 0.70 0.21 0.09 0.19 +0.06 11.37 0.001
384 114 47
Offspring: population 2 0.75 0.18 0.08 0.17 +0.04 1.75 0.02
274 64 28
Offspring: population 3 0.17 0.19 0.64 0.73 -0.08 20.70 0.001
114 131 435
Offspring: population 4 0.13 0.33 0.54 0.70 -0.10 24.09 0.001
57 146 241
Offspring: population 5 0.41 0.24 0.35 0.47 -0.04 441.1 0.0001
523 435 534

to converge to aregion in which the frequency of the white
alele is between approximately 0.25 and 0.45, which cor-
responds quite well to the range of frequencies commonly
observed in natural populations.

In population 5, genotypes exhibited no detectably signif-
icant differencesin either viability or seed production (Table
2). Moreover, the estimates of these fitness components for
the two homozygote genotypes were remarkably similar.
Whereas the viability estimate was slightly higher for the
dark genotype, the opposite was the case for seed number.
These differences compensated almost exactly to produce an
estimate of expected seed production (viability X seed num-
ber) that differed by less than 0.05% (Table 2). Mean seed
number exhibited a slight but significant degree of overdom-
inance (Table 2).

Discussion

The principle result of this study is that the W locus in I.
purpurea appears to be subject to balancing selection, at |east
in the area in which this investigation was conducted. We

TABLE 2. Fitness components of W-locus genotypes in population 5.
P is probability fitness component differs among genotypes. For via-
bility, P was determined by a G-test with two degrees of freedom (G
= 1.02). For In seed number, P was determined by ANOVA (F, s =
0.09), which contained other sources of variation in addition to ge-
notype. Numbers in parentheses are standard errors.

Genotype
Fitness component WW W ww P

Viability 0.83 0.73 0.79 > 0.90
(0.04) (0.05) (0.04)

In seed number 3.34 3.35 339 > 0.87
(0.99) (1.03) (0.96)

Viability X seed number 23.42 20.81 23.43

In mean seed size 2.89 2.93 291 < 0.008
(0.21) (0.19) (0.18)

infer balancing selection from the observation that both al-
leles seem to have increased in frequency when rare. Previous
investigations have suggested the operation of a mechanism
that likely causes the white allele to increase in frequency
when rare. When this alleleis at low frequency, white (ww)
plants exhibit a higher selfing rate than darks or lights, ap-
parently because bumblebees, the primary pollinator, visit
whites less frequently (Brown and Clegg 1984; Fry and
Rausher 1997). Coupled with an apparent lack of pollen dis-
counting (Rausher et al. 1993) and minimal inbreeding de-
pression (Pear 1983; S.-M. Chang and M. D. Rausher, unpubl.
ms.), this increased selfing is expected to contribute to a net
advantage to the white allele (Fisher 1941; Lloyd 1979; Wells
1979; Holsinger et al. 1984). The increase in the gene fre-
quency of the w allele reported here for populations 1 and 2
lends credence to this explanation and providesthe first direct
evidence indicating that selection acts to prevent the elimi-
nation of the white allele.

When the white allele is not at low frequency, pollinators
visit all color variants at the samerate, selfing ratesaresimilar
for the three genotypes (Epperson and Clegg 1987; Rausher
et al. 1993; Fry and Rausher 1997), and there is thus not
expected to be an analogous increase in the frequency of the
white allele. If no other evolutionary forces were operating
on the W locus, the white allele would be expected to even-
tually drift to fixation. Our observation that the frequency of
the white allele decreases when initially at high and inter-
mediate frequencies (popul ations 3-5) indicates that such fix-
ation is not occurring and that therefore some other process
must cause the dark allele to increase in frequency whenrare.

Previous experiments have provided inconclusive evidence
regarding the nature of this additional selective force. No
dark-allele advantage was detected by Rausher and Fry
(1993) in either survival or seed production. Overdominance
in seed size does seem to occur (Rausher and Fry 1993;
Mojonnier and Rausher 1997; Table 2), but its effects on
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offspring fitness appear not to be of sufficient magnitude to
maintain high frequencies of the dark allele (Mojonnier and
Rausher 1997). In an experimental population, Fry and
Rausher (1997) detected biased inheritance favoring the dark
alele in pollen produced by heterozygotes, which could act
to prevent the dark allele from being eliminated when rare.
However, subsequent experiments (S. Paulsen and M. D.
Rausher, in review) indicate that this mechanism does not
operate in all, or even most, polymorphic I. purpurea pop-
ulations.

Regardless of mechanism, our results provide direct evi-
dence that the dark allele is actively maintained by selection.
In addition, our estimates of viability and femal e fitness com-
ponents in population 5 provide additional support for some
of the conclusions derived from previous experiments. In
particular, the lack of differences among genotypes in these
fitness components confirms Rausher and Fry’ s (1993) results
and means that a dark-allele advantage in these fithess com-
ponents cannot explain the decrease in frequency of the white
allele observed in this population. The increase in frequency
of the dark allele in this population must therefore have been
due to a fitness advantage of that allele either through male
fitness or during the gametic stage, a conclusion that is con-
sistent with Fry and Rausher’s (1997) observation of non-
Mendelian inheritance in pollen from heterozygotes. Our re-
sults thus reinforce the notion that in some polymorphic pop-
ulations, but not all, some sort of biased inheritance may
contribute to maintenance of the dark allele. As Fry and
Rausher (1997) have shown, an interaction of this type of
force with the frequency-dependent transmission advantage
of whites associated with increased selfing is sufficient to
maintain gene frequencies by balancing selection at roughly
the values typically seen in nature.
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