
Mutation Rates and Dominance Levels of the deleterious allele is expressed in the 
heterozygote (14). Negative values of h rep-

Genes Affecting Total Fitness in resent overdominance, those between o and 

Two Angiosperm Species 0.5 represent partial dominance (primarily 
recessive alleles), and a value of 0.5 indi-

Mark 0.Johnston* and Daniel J. Schoen cates additivity. A value less than 0.5sig-
nifies inbreeding depression. 

If caused by partial dominance of dele-
Theories about the evolution of sex and the effects of inbreeding depend on knowledge terious mutations, inbreeding depression 
of the mutation rate and dominance level of deleterious alleles affecting total fitness. should decrease with the self-fertilization 
In two species of largely self-fertilizing annual plants, minimal estimates of such mu- rate in natural populations at equilibrium, 
tation rates were found to be 0.24 to 0.87 per sporophyte genome per generation, but because deleterious mutations are exposed 
confidence intervals exceeded 1.0 in each of the four populations. Dominance levels to  selection in the homozygous state ( 3 ,  
were near zero in one species and intermediate (0.28to 0.35) in the other. These results 4) .  Under a model of multiplicative fitness 
suggest that the detrimental effects of inbreeding are a result of new partially recessive effects of mutations, the extent of inbreed-
mutations rather than overdominance. ing depression in a wholly self-fertilizing 

population is determined by the domi-
nance coefficient and the mutation rate 
per diploid genome per generation, U:6 = 

T h e  mutation rate and dominance level of The deleterious effects of close inbreed- 1 - exp - (112 - h ) U ,  and not  by the 
deleterious alleles are decisive elements in ing have been well documented in both selection coefficient, s, an  approximation 
genetic theories of the evolution of sex (1) agricultural and natural species of plants that also holds for a model of synergistic 
and recombination (2) and the coevolution and animals (11 ,  12). In plants, inbreeding epistasis and selfing rates as low as 0.9 
of inbreeding depression and rate of self- depression is the proportional reduction in (15). Thus, higher mutation rates and 
fertilization (3-5). The deterministic muta- the fitness of progeny from self-fertilization lower dominance coefficients cause a 
tion hypothesis for the evolution of sex, for (selfing) as compared with that of progeny greater amount of inbreeding depression 
example, requires that mutation rates ex- from outcrossing. Two primary genetic in a population at equilibrium. 
ceed one per genome per generation (6). causes have been proposed, differing in the Amsinckia (Boraginaceae) is a genus of 
The generality of such theories can be de- dominance of causative alleles but both de- annual plants in which self-fertilization has 
termined only with data from a wide spec- pending on the fact that selfing increases evolved at least four times from still-extant 
trum of phylogenies and mating systems. offspring homozygosity (13). The over- outcrossing species or their common ances-
The few estimates of mutation and domi- dominance hypothesis suggests that the tors (16). In contrast to  their more highly 
nance that have been made are primarily heterozygote is superior to both the ho- outcrossing progenitors, plants in highly 
for viability in the fruit fly Drosophila (7), mozygous dominant and the homozygous selfing populations have smaller flowers, 
and none is for total fitness in a natural recessive. The partial dominance hypothe- lack heterostyly, and set seed autonomous-
population (6). Annual plant populations sis suggests rather that inbreeding depres- ly. W e  studied two populations in Califor-
that are largely self-fertilizing provide an op- sion is caused by exposure in the homozy- nia of each of two species, Amsinckia glo-
portunity to estimate both dominance levels gous state of wholly or incompletely reces- riosa, a tetraploid weed with disomic inher-
and mutation rates for genes affecting total sive deleterious alleles newly arisen through itance, and A .  spectabilis var. spectabilis, a 
fitness in natural populations. Total lifetime mutation. If the fitnesses at a single locus of diploid confined to coastal bluffs. For each 
fitness can be estimated by the number of nonmutant and mutant homozygotes are 1 population, the natural rate of self-fertiliza-
seeds produced autonomously; the usual dif- and 1 - s, respectively, then the heterozy- tion was estimated from field-collected 
ficulties of estimating the male-fertility com- gote fitness is 1 - hs, where h represents the seeds (17), and a mating design was used to 
ponent achieved through pollen dispersal do level of dominance, or the degree to which estimate inbreeding depression, dominance 
not exist. And, because such populations 
already consist of completely or nearly com-
pletely homozygous lines, complications aris- Fig. 1. Experimental design. Arrows indicate the 
ing from artificial establishment of inbred direction of manual pollen transfer in producing 
lines (7) are avoided. Progeny fitnesses from the self& and outcrossed Progeny,forwhich the 
self- and outcross fertilizations of hornozy- fitness measures are w,, and respectively, 

gous individuals yield estimates of inbreeding where i # j .  Naturally produced seeds collected --I-
Hand T T

from the four California populations were germi- pollinations em>depression (heterosis), dominance levels of nated at the McGillUniversityphytotron, Some of 
Ovule parent 

G&ii 
mutations ('l and mutation these were subjected to electrophoresis to esti- =family ( i )  1 2 

rates (9). Here we Present evidence that mate the selfing rate (Table I ) ,  whereas others 
inbreeding depression in lifetime fitness for were grown to flowering and used in the con- Pollen parent O.) I 2 2 
two self-fertilizing angiosperms is caused by trolled matings. Flowers were emasculated before 
incompletely recessive alleles arising through anther dehiscence, and on each plant, two were Offspring wll w12 w22 

mutation at a rate similar to that reported for hand-selfed and two were hand-outcrossed with fitness (wii) 

Drosophila ( 10). the use of pollen from one other plant. For each 
family,one resulting selfed and outcrossed seed was used to evaluate four sequential and nonoverlap-
ping components of fitness: germination, survival to flowering,flower number of survivors,and autono-

M. 0. Johnston, Department of Biology, Life Sciences 
Centre, DalhousieUniversity, Nova Scotia, B3H mous seed production. Fitness measured as germination through flowering was the number of flowers 
4J1, Canada. produced by a seed and thus encompasses survival of a seed to flowering as well as flower number.The 
D. J. Schoen, Departmentof Biology, McGill University, total fitness of an individual selfed or outcrossed offspring (seed)was the number of seeds it produced 
1205 Avenue Docteur Penfield,Montreal, Quebec, H3A autonomously.Germination and survival to flowering were each nearly 100%for both treatments and are 
1B1, Canada. not reported, Inbreeding depression for any trait was 1 - )L(w,~)/)L(w,)where p indicates the mean, and 
'To whom correspondenceshould be addressed. dominance was the coefficient from the regression of w, on w,, + w,,. 
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levels, and mutation rates (18) (Fig. 1). 
Selfing rates exceeded 99% in all four pop-
ulations (Table 1). Inbreeding depression in 
total fitness, measured as the number of 
seeds produced by a seed, ranged from 9.9% 
(indistinguishable from zero) to 17% (P << 
0.001; Table 2).  

Mutation rates per sporophyte genome 
for genes affecting total fitness were 0.87 
and 0.79 in A. gloriosa populations and 0.40 
and 0.24 in A. spectabilis (Table 2). Confi-
dence intervals indicated that these rates are 
greater than zero for A. glwiosa and possibly 
greater than one in all populations. Muta-

tions affecting total fitness were significantly 
nonadditive (h < 0.5) in three of the four 
populations (Table 2). Dominance coeffi-
cients in both A. spectabilis populations were 
indistinguishable from zero, indicating re-
cessivity, whereas those in A. gloriosa exhib-
ited incomplete recessivity (partial domi-
nance, h > 0; Table 2). Mutations affecting 
flower number itself showed consistent val-
ues of partial dominance across the four 
populations, ranging from 0.23 to 0.32 (Ta-
ble 2). Although the only fitness compo-
nent exhibiting overdominance was auton-
omous seed production in the Alisal Slough 

Table 1. Estimated rates of self-feltilization in the four populations of Arnsinckia. 

Selfing 95% Number Number lsozyme 
Species and popluation rate confidence of of 

(s) interval families offspring 
marker 

A. gloriosa 
Paloma Creek Canyon 0.999 0.999,0.999 45 256 Aat 
New ldria 0.997 0.994,0.999 69 396 Idh 

A, spectabilis 
Alisal Slough 0.998 0.781,0.999 49 291 Adh 
Zumdowski State Beach 1.6 -1.2,4.5 53 159 (seetext) 

population of A. spectabilis, the confidence 
intervals indicated that some role for over-
dominant mutations affecting total fitness-
could not be ruled out in either population 
of this species. 

Mutations decrease the average fitness of 
populations by a proportion defined as the 
mutational load. Com~aredwith otherwise 
identical populations with no  mutations, the 
present study suggests that population mean 
fitnesses are decreased by about 35 and 33% 
in the two A. gloriosa populations and by 18 
and 11% in A. spectabilis ( 1 - exp - U/2) 
(1.5). A t  equilibrium, a higher selfing rate 
increases the number of homozygous muta-
tions per individual but decreases the het-
erozygous number to a greater extent, caus-
ing a decrease in the load (4,  19). Under a 
multiplicative selection model, the load in 
random-mating populations is one to two 
times the mutation rate, depending on 
whether the mutations are wholly or partial-
ly recessive (7, 14, 20). Thus, mutational 
loads in corresponding wholly outcrossing 
~ o ~ u l a t i o n swould be 87 and 79% in A. 
L L 

gloriosa (= 2 X rate per gamete for h > 0) 
and 20 and 12% in A. spectabilis (= rate per 
gamete, assuming h = 0) (14). Compared 

Table2. Estimated inbreeding depression (6),dominance levels (h),mutation components as well as total fitness in the four populations of Arnsinckia. CI, 
rates per sporophyte genome per generation (U)of genes affecting fitness confidence interval. 

Inbreeding depression Dominance Mutation rate 

Fitness measure 
6 P families h 95% CINumber of Number of 

families U 95% CI 

Flower number of 
survivors 

Fitness: germination 
through flowering 

Autonomous seed 
production 

Total fitness 

Flower number of 
su~ivors 

Fitness: germination 
through flowering 

Autonomous seed 
production 

Total fitness 

Flower number of 
survivors 

Fitness: germination 
through flowering 

Autonomous seed 
production 

Total fitness 

Flower number of 
survivors 

Fitness: germination 
through flowering 

Autonomous seed 
production 

Total fitness 

A. gloriosa: Palorna Creek Canyon 
95 0.23 0.14,0.31 

85 0.28 0.15,0.43 
A. gloriosa: New ldria 

80 0.32 0.17,0.50 

67 0.35 0.26,0.47 
A. spectabilis:Alisal Slough 

63 0.32 0.12,0.51 

24 0.14 -0.32,0.59 
A, spectabilis:Zrnudowski State Beach 
97 0.31 0.14,0.53 
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with multiplicativity, synergistic selection 0.57, and 0.55, and the calculated mutation ed by the inbreeding-depressionmethod, in which S 

would increase inbreeding depression but rates, assuming the same h, would be 4.0, = (w, - wn)l(wx- ws),where w,, w,, and w, are the 
mean fitnesses of progeny from hand outcrossing,

greatly decrease mutational load (7, 15). 5.4, 2.3, and 1.9. The estimation of domi- natural ~ollination.and hand self-fertilization, res~ec--

~ l t h o u ~ hsome data both from agricul-
tural plant species and from Drosophila sug-
gest overdominance, evidence indicates 
that detrimental recessive alleles are of 
overwhelming importance in causing in-
breeding depression (11, 12, 21). The con-
clusions from previous plant studies, how-
ever. are often com~licatedbv artificial se-
lection on characteis whose rklation to fit-
ness in a natural environment is unknown 
(22). One study of a natural population 
analvzed linked marker genes and found" 

evidence for a range of dominance, includ-
ing 0.5 < h < 1 (23). The dominance data 
from Drosophila are limited to parts of the 
life cycle, rather than total fitness, and sug-
gest levels of about 0.02 for lethal and 0.2 to 
0.4 for mildly detrimental viability muta-
tions (6,  8). 

There are fewer estimates of deleterious 
mutation rates. In plants, estimates for 
chlorophyll-deficient lethals range from 3.1 
X lop4 to 1.4 x lop3  per diploid genome 
per generation in several annuals with var-
ious mating systems (24, 25). A much high-
er rate, 7.4 x per haploid genome per 
reproductive episode, was found in the 
long-lived, highly selfing red mangrove Rhi-
zophora mangle (25). In laboratory strains of 
Drosophila, rates per diploid genome per 
generation are approximately 0.02 for le-
thals and 1.0 for mild detrimentals affecting 
viability alone (6, 21). In a study of muta-
tions affecting both viability and fertility 
(total fitness) in Drosophila, the rate was 
estimated at 0.5 for total fitness as well as 
for viability alone, which suggests that via-
bility mutations act pleiotropically to de-
crease fertility as well (10). In Amsinckia, in 
contrast, statistically significant inbreeding 
depression was often detectable in fertility 
components and life stages including fertil-
ity components but not in viability of the 
vegetative stage (the period from seed mat-
uration to flowering). 

Our analysis assumes that the popula-
tions are in mutation-selection eauilibrium. 
Inbreeding depression could be low in any 
of these populations as a result of loss of 
deleterious alleles during recent bottle-
necks. This was a ~r imarvmotivation for 
conducting the analyses in more than one 
population. Nevertheless, although the 
original seeds were from natural popula-
tions, the estimations of progeny fitness 
were conducted in relatively noncompeti-
tive conditions with ample resources, so 
that the fitness of selfed progeny could be 
greater than under natural conditions (26). 
For exam~le .if the ratio of selfed to out-

L , 

crossed progeny fitness was overestimated 
by a factor of 2, inbreeding depression in 
the four populations would be 0.59, 0.56, 

nance assumes a multi~licativeselection 
model. If mutations decreased fitness ac-
cording to synergistic epistasis, h would be 
slightly underestimated, again leading to 
underestimation of U.The results from this 
study, therefore, must indicate minimum 
estimates of the mutation rate. Whether 
multiplicativity or synergism is the correct 
selection model in natural populations, 
these estimates are sufficiently high for mu-
tation to be a major force in the evolution 
of reproductive systems (1, 4 ,  6 ,  15). It 
remains to be discovered whether degrees of 
pleiotropy for viability and fertility genes 
differ between plants and animals and 
whether rrenomic mutation rates are con--
stant among species differing in genome 
size, as has been suggested for some mi-
crobes (27). 
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Inhibition of Host Gene Expression Associated 
with Plant Virus Replication 
Daowen Wang and Andrew J. Maule* 

Pea seed-borne mosaic virus (PSbMV) RNA replication in pea cotyledonary tissues was 
restricted largelyto a zone of cells close to the infection front. In situ hybridizationprobes 
representing ninegenes from two pathwaysof metabolismfailedto detect RNAtranscripts 
within thiszone, although transcriptswere found insimilar amounts intissueson either side 
of the zone. Thus, in common with some animal viruses, PSbMV transiently suppresses 
the expression of host genes. Host protein accumulation was also affected. These ob-
servations provide insights into virus-plant interactions and symptom expression. 

Viruses exert their negative effects by in-
fluencing the metabolism of the host ( I ,  2 ) ,  
but the mechanism is poorly understood for 
plant viruses. Although alterations in plant 
gene expression have been linked to viral 
infection, they have not been related to 
specific events in virus multiplication (3). 
We used here a histochemical approach to 
identify cells in which virus is actively rep-
licating and to study the associated activity 
of host genes. 

Pea seed-borne mosaic virus (PSbMV) 
is a member of the potyviridae (4) and has 
a positive-sense RNA genome of approxi-
mately 10kilobases (kb).It is transmitted in 
seeds after infection of the embryo eaily in 
development (5). As the infection pro-
ceeds, the virus invades the cotyledon on an 
advancing front (6). 

To identify cells supporting active virus 
replication, we probed sections of immature 
infected Dea embrvos for virus coat rotei in 

imately one new cell every 2 hours (8). 
Negative sense RNA is part of the rep-

licative form of the virus (9). Negative 
sense RNA is mostly single-stranded in tis-
sues involved in active viral RNA replica-
tion but is predominantly part of a duplex 
when RNA replication is completed (10). 
In situ hybridization to detect PSbMV neg-
ative sense RNA identified a zone of tissue 
along the periphery of the infected area 
where this RNA was most abundant, with 
much smaller amounts detected within the 
infected area (Fig. ID). Hence, cells in this 
peripheral zone were those most recently 
involved in active viral RNA re~lication. 
We could not distinguish whether the weak 
signal seen farthest from the infection front 
was due to degradation of the replicative 
form of viral RNA or to our inability to 
denature fully double-stranded RNA. 

To investigate the consequence of virus 
replication on the metabolism of the host, 
we used the same approach to analyze the 
expression of nine pea genes in tissues of 
the cotyledon. Five genes encoded the pea 
seed storage proteins legumin (three mem-
bers of one gene family) ( I  I), vicilin (12), 
and convicilin (13). Four genes encoded 
isoforms of granule-bound starch synthase 
(GBSSI and GBSSII) (14) and the large 
and small subunits of adenosine diphos-
phate glucose pyrophosphorylase (ADPGP) 
(15), all of which are enzymes involved in 
starch biosynthesis. These genes represent-
ed two pathways of metabolism, different 
steady-state amounts of transcripts, and dif-
ferent timing of expression in relation to 
embryo development (14). Sections derived 
from uninfected and PSbMV-infected em-
bryos were treated with strand-specific 
wrobes for PSbMV RNA or for transcri~tsof 
the nine host genes (16). In sections of 
healthv tissue. host transcri~tsshowed uni-
form distribut'ion in the cortical tissue of 
the cotyledon, with greater expression of 
the seed storage protein genes in the pe-
ripheral and surface layers of the cotyledon 
(Fig. 2). In contrast, in sections cut from 
infected embryos, a band of cotyledonary 
cells with barely detectable host gene 
transcripts was consistently seen. This 
band was seen reeardless of whether the-
transcripts were normally found in large 
(for example, convicilin) (6) or small (for 
example, ADPGP) (6) amounts. In the 
cells that had been infected earlier and in 
which the amount of PSbMV negative-
sense RNA was declining, transcripts of 
the nine host eenes accumulated to an -
extent comparable to that found in unin-
fected cells of the same cotyledon section 
(Fig. 2, D through L). From the relative 
positions of this transcript-deficient band, 
the PSbMV-infected area, and the periph-

with a P S ~ M Va n i ~ b o d ~ ,and for tge posl- A B C D 
tive and negative senses of the RNA ge-
nome with the use of in sltu hybridization 
(7). Detection of both coat protein and 
positive PSbMV RNA showed that the vi-
rus had accumulated in tlssues proximal to 
the contact point with the embryonic axis, 
leaving a d~stalportion of cotyledon unln-
fected (Fig. 1 ,  B and C). In the infected 
area, there was a un~formaccumulat~onaf 
virus with a sharp differentiation between 
infected and uninfected areas, which sug-
gests that PSbMV replication is rapid. Esti-
mates for the rate of advancement of infec-
tions by a related potyvirus, tobacco etch 
virus, suggest that the virus infects approx-
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Fig. 1.Localization of PSbMV RNA and capsid protein in infected pea cotyledons.A PSbMV-infected pea 
embryowas sectioned close to the union between the embryonicaxis and the cotyledon as shown in (A), 
and serialsectionswere probed for the location of virus-specificprotein and RNA.Virus capsid protein (B) 
was detected by immunohistochemistry with a monoclonal antibody, whereas virus positive- (C)and 
negative- (D)sense RNA were detected by in situ hybridization (7) .There was a correlation between the 
distribution of viral capsid protein and the genomic positive-senseRNA and a sharp boundary between 
the areasof infected and uninfected tissue.Thefaint spotsof signal seen in the uninfected area result from 
loosened cells becoming displaced to distant areas during sectioning and processing. Viral negative-
sense RNA accumulation was greatest close to the infection boundary, indicatinga narrow zone of active 
viral RNA replication (arrow).Size bar: 5 mm. 

SCIENCE VOL. 267 13 JANUARY 1995 229 


