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Summary. Naturally established individuals of Plantago 
lanceolata with the inflorescence disease caused by Fusarium 
moniliforme var. subglutinans had more inflorescences and 
were more likely to be male-sterile than healthy plants. 
Half-sib families planted in the field varied in the percentage 
of diseased plants, the number of inflorescences per plant, 
the incidence of male-sterility, and the pattern of inflores- 
cence phenology. The rankings of families with respect to 
disease incidence was, however, not simply related to their 
reproductive phenotypes. Plants derived from field geno- 
types with a history of disease were slightly more likely 
to become diseased than plants derived from healthy geno- 
types. Inflorescence infection was more severe on plants 
derived from genotypes with a known history of disease. 
Since the fungus reduces seed production in the plants it 
infects, differential incidence of disease based on plant phe- 
notype and genotype may have ecological and evolutionary 
consequences for the host population. 

Plants that are infected by pathogens often have reduced 
survival, growth, and reproduction compared to nonin- 
fected plants (Horsfall and Cowling 1978, Burdon and Shat- 
tock 1980). Disease is thus likely to affect the ecology and 
evolution of plant populations, with the specific nature of 
its effect being determined by what factors influence an 
individual's probability of becoming infected. I f  all individ- 
uals have an equal probability of becoming infected, disease 
may cause only a general reduction in population growth 
rate. Differential infection of individuals may have more 
complex effects, such as altering demographic and spatial 
patterns or changing gene frequencies in the host popula- 
tion. 

Phenotypic characters that affect the susceptibility of 
crop plants to disease include the plant's developmental 
stage, size, morphology, and chemical composition (Wood 
1967, Gibbs and Harrison 1976, Deverall 1977). The com- 
mon practice of breeding disease resistant cultivars demon- 
strates that these traits are often heritable (Hooker and 
Saxena 1971, Day 1974) and genetic variation for disease 
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resistance has been found in wild relatives of cultivated 
plants (Leppik 1970, Zimmer and Rehder 1976). 

We have studied a population of Plantago lanceolata 
L. (the ribwort plantain) in which approximately 10% of 
the flowering plants had an inflorescence disease caused 
by the fungus Fusarium moniliforme var. subglutinans Wr. 
and Reink. The number of seeds produced per diseased 
inflorescence is inversely proportional to the severity of dis- 
ease (Alexander 1982). Our goals were 1) to document 
whether three reproductive traits (number of inflorescences 
per plant, inflorescence phenology, and sexual type (her- 
maphrodite or male-sterile) differed among diseased and 
healthy plants in the field and 2) to determine whether vari- 
ation in these reproductive traits and in disease incidence 
had a genetic component under natural conditions. 

Materials and methods 

Study site and organisms 

The study site was a mown field in Durham County, North 
Carolina (see Fowler and Antonovics 1981 for a site de- 
scription). During this study, the field was mown twice a 
year, early in the spring and late in the fall. 

Plantago lanceolata is a short-lived herbaceous perennial 
whose inflorescences develop from the axils of the basal 
rosette leaves. The plant is protogynous and obligately out- 
breeding (Ross 1973). Male-sterile plants, whose anthers 
are poorly developed or do not form, occur in the popula- 
tion. Nuclear genes and cytoplasmic factors control the ex- 
pression of this trait (Ross 1969, Van Damme and Van 
Delden 1982, Van Damme 1983). 

Inflorescences infected by F. moniliforme var. subgluti- 
nans are characterized by pink mycelium growing over the 
inflorescence, with concentration on the floral bracts (Alex- 
ander 1982). Disease severity can be estimated by the per- 
centage of the inflorescence covered by mycelium. The dis- 
ease cycle is probably initiated when spores blown or 
washed to the center of the leaf rosette produce limited 
saprophytic growth. Inflorescences come in contact with 
the fungus as they elongate, with actual infection of the 
flowers probably occurring at anthesis. The fungus is gener- 
ally localized to the inflorescence (Alexander 1982). Usually 
not all the inflorescences on one plant will become diseased; 
a plant with at least one diseased inflorescence is referred 
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to as a diseased plant. A plant that is diseased one year 
may be healthy the next year (Alexander 1982). 

Reproductive characters of naturally diseased 
and healthy plants 

To determine if diseased plants differed from healthy plants 
in the number of inflorescences produced per plant and 
in inflorescence phenology, we labeled all plants that flow- 
ered (diseased and healthy) in 1980 and 1981 in a 27.5-m 2 
area. We counted the number of inflorescences in three 
developmental stages: early (flowers with stigmas and/or 
stamens), middle (no stigmas or stamens present, ovules 
filling), and late (seeds mature) on three census dates in 
each year (1980: June 24-27, July 22-30, September 1 2; 
1981 : June 1 4-19, July 9-11, August 10-13). We compared 
phenologies of individual plants by constructing a plant 
phenology index defined as the number of inflorescences 
produced by a plant after the June census divided by the 
total number of inflorescences produced by a plant over 
the entire summer. 

We determined the relationship between male-sterility 
and disease incidence in 1980 and 1981. In the summer 
of 1980, we observed at monthly intervals 145 plants that 
had been diseased and 145 plants that had been healthy 
in 1979 in six 25-m 2 areas. We labeled each inflorescence 
individually on flowering plants and noted its developmen- 
tal stage and whether it was diseased. In 1981, we labeled 
30 diseased plants in June after a systematic search of a 
375-m 2 area; for each diseased plant, a healthy flowering 
plant within a 60 cm radius was chosen for comparison. 
At weekly censuses, we noted the developmental stage and 
incidence of disease for inflorescences on the 60 plants. In 
both years, all flowering plants were characterized as either 
hermaphroditic or male-sterile depending on the presence 
of developed stamens on inflorescences. 

Field experiments with half-sib families 

To determine if variation in these reproductive traits 
(number of inflorescences, inflorescence phenology, and 
sexual type) and the incidence of disease have a genetic 
component, we set up two experiments in which plant fami- 
lies were transplanted into field plots. In both experiments, 
we used a limited number of families since the low probabil- 
ity of an individual being diseased made high within-family 
replication necessary. In June 1979, we planted 50 young 
plants (approximately seven leaves per individual) from 
each of five half-sib families (family numbers 1-5) into a 
prepared seedling bed at the Duke University Botany Ex- 
perimental Plot (" Garden Plot"). The half-sib families were 
derived from seed collected in 1974 from five plants at the 
Unshaded Lawn site described in Primack (1976). In the 
plot, plants were separated by 20 cm and arranged in five 
randomized blocks of 50 plants each. The field in which 
this plot was located is described in Montes and Christensen 
(1979) and is 1.6 km from the main study site. On each 
experimental plant in the following year (1980), we counted 
diseased and healthy inflorescences and recorded their de- 
velopmental stage on July 15, August 6, and September 
8. 

In a second experiment (" Field Plot"), we planted six 
half-sib families in a hexagonal arrangement in five sites 
at the main field study site in the fall of 1980. At each 

site, we established two equal-sized plots (1.8-m2), one at 
a high density (7.5 cm spacing) and one at a low density 
(15 cm spacing); plots were separated by 2.5 m. High den- 
sity plots had 360 plants, with the six half-sib families ran- 
domly located within 12 blocks of 30 plants. Low density 
plots had 90 plants, with the six families randomly located 
within three blocks of 30 plants. A guard row of plants 
from different families was placed around each of the low 
density plots. 

To obtain the half-sib families for the 1980 plantings, 
single leaves were removed for cloning (Wu and Antonovics 
1975) from six plantains in the field in spring 1980. Three 
of the parent plants (family numbers 6, 7, 8) were heavily 
diseased in 1979, both in terms of percentage of the inflores- 
cences diseased and disease severity of individual inflores- 
cences. The other three parent plants (family numbers 9, 
10, 11) flowered but remained healthy in 1979. In 1980 
and 1981 these differences were maintained so that of the 
six plants, three had a prior history of disease and three 
were consistently healthy. 

The clones were grown under uniform conditions at the 
Duke University Phytotron for 5 mort to minimize maternal 
environmental effects. We obtained half-sib families by col- 
lecting seeds separately from each clone. Germinated seeds 
were transplanted into soil-filled paper tubes (5 cm diame- 
ter); when the plants had an average of three leaves, they 
were cold-hardened and then planted into the field in No- 
vember and December 1980. Due to low germination of 
family 129, additional seed lots had to be used and thus 
planting was delayed by 1-3 wk compared to the other fam- 
ilies. The field plots had been cleared of all naturally grow- 
ing plantains by use of a herbicide specific to broad-leaved 
plants (2 4 dichlorophenoxy-acetic acid) 3 wk before plant- 
ing and by hand weeding. By using a plastic tube to core 
out holes of the same diameter as the paper tubes, we 
planted the seedlings with minimal disturbance to the sur- 
rounding vegetation. We watered the transplants for ap- 
proximately 2 wk after planting. On censuses on June 22, 
July 17, and August 9, 1981, we labeled inflorescences on 
flowering plants, classified them as hermaphroditic or male- 
sterile, and noted the incidence and severity of disease. 

Stat&tical analyses 

We used the G-test (p. 737-8, Sokal and Rohlf 1981) to 
test the independence of variables due to the categorical 
nature of many of the traits studied. 

Results 

Reproductive characters of naturally diseased 
and healthy plants 

In both 1980 and 1981, diseased plants had significantly 
more inflorescences than healthy plants [1980: G=35.83, 
d f=2 ,  P<0.001;  1981: G=13.14, d r=2 ,  P<0.005;  cate- 
gories used for inflorescence number were 1-2, 3 4 ,  and 
>4]. 

The proportion of diseased inflorescences present in the 
field increased as the summer progressed: for example, in 
the 27.5 m 2 area in 1981, the percentage of the early and 
middle stage inflorescences that were diseased increased 
from 3.35% in June to 13.04% in August. In both 1980 
and 1981, diseased plants had slightly later phenologies 



than healthy plants but differences were not significant, 
using a normal approximation of  the Mann-Whitney U 
test (Zar 1974). 

In 1980, the percentage of  the diseased plants that were 
mate-sterile was 10.0% compared to 4.8% of  the healthy 
plants; in 1981, 19.4% of  the diseased plants were male- 
sterile compared to 12.5% of the healthy plants. A 3-way 
contingency test for the combined 1980 and 1981 data of  
disease status (diseased or healthy), sexual type (hermaph- 
roditic or male-sterile), and the total number of  inflores- 
cences per plant (1 2, 3 4, or >4),  had a nonsignificant 
3-way interaction. Sexual type was significantly associated 
with disease status, with 16.1% of the diseased plants being 
male-sterile compared to 5.9% of the healthy plants (G=  
5.06, d f =  1, P<0.025) .  The number of  inflorescences also 
varied with disease status, with diseased plants having more 
inflorescences than healthy plants (G=12.37,  d f = 2 ,  P <  
0.005). There was not a significant interaction between the 
number o f  inflorescences per plant and sexual type, al- 
though diseased plants with many inflorescences tended to 
be male-sterile. 

Field experiments with half-sib families 

In the Garden Plot experiment, 93.6% of the total 
250 plants flowered in 1980. Of  these flowering plants, 
12.8% had at least one diseased inflorescence. For  the Field 
Plot experiment, the percentage of  the 450 plants per site 
that flowered was, respectively, 44.9, 41.J, 2.7, 19.8, and 
2.9 for sites 1 through 5. The percentage of  flower plants 
in each site that were diseased was small: 1 =0.5,  2=7.0 ,  
3=0.0 ,  4=3 .4 ,  and 5=0.0 .  Due to low disease levels, we 
only examined the second site in the Field Plot experiment 
statistically. To maintain a reasonable sample size, the high 
and low density plots were combined in the following analy- 
ses (low disease levels prevented analysis of  the density 
treatment). Due to its late planting date, family 129 was 
not analyzed so that possible genetic differences among 
families would not be confounded with the environmental 
conditions they experienced; 2-way interactions could be 
examined since the 3-way interactions were never signifi- 
cant. 

In the Garden Plot experiment, families did not differ 
in the percentage of  flowering plants (Table l). For  plants 
that did flower, there was also no indication of  genetic 
variation affecting disease incidence or inflorescence 
number, al though phenology did exhibit significant varia- 
tion among families (Table 1). Diseased plants had later 
inflorescence phenologies than healthy ones (G=  4.50, d f =  
1, P<0.05) .  

Families in the Field Plot experiment did differ in the 
percentage of  flowering plants (Table 1), suggesting there 
can be genetic variation for this trait. In analyses of  flower- 
ing plants there was considerable variation among families 
in disease incidence (Table 1). This variation does not ap- 
pear to be caused by genetic variation in either inflorescence 
number or phenology;  phenology exhibits no significant 
variation (Table 1) and although inflorescence number does 
exhibit genetic variation (Table 1), disease incidence was 
not statistically associated with inflorescence number in this 
experiment (G=4.34,  d f = 2 ,  NS). In contrast, part  o f  the 
observed genetic variation affecting disease incidence may 
be due to differences in the proport ion of  sexual types 
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Table 1. Percentage of diseased plants and reproductive characters 
for a families in the Garden Plot experiment, b families in the 
Field Plot experiment, and e plants with or without a history of 
disease in the Field Plot experiment 

a Garden Plot experiment Family 

1 2 3 4 5 p 

% flowering plants 98 94 98 96 90 

% diseased flowering plants 17 11 16 2 14 

% flowering plants with 
<16 12 24 26 21 32 

16-30 50 52 43 60 52 
>30 38 24 31 19 16 
inflorescences 

% flowering plants 
with earlyphenologies 42 65 45 43 64 

NS 
G=4.69, 
df=4 

NS 
G=5_14, 
df=4 

NS 
G=11.30, 
df=8 

P<0.05 
G= 10.39, 
df=4 

b Field Plot experiment Family 

6 7 8 9 10 

% flowering plants 32 48 44 63 25 

% diseased flowering plants 0 19 6 2 5 

% flowering plants with 
1-2 50 28 30 23 47 
3 4 8 30 30 49 37 

>4 42 42 40 28 16 
inflorescences 

% flowering plants with 
early 17 17 24 34 21 
middle 46 53 39 43 26 
late 37 30 37 23 53 
phenologies 

% male-sterile 21 47 0 6 0 
flowering plants 

P<0.001 
G = 26.39, 
df=4 

P < 0.025 
G= J~l.91, 
df=4 

P<0.025 
G=18.55, 
df=8 

NS 
G = 9.30, 
df= 8 

P<0.001 
G=41.67, 
df=4 

e Field Plot experiment History No history P 
of disease of disease 

% flowering plants 41 44 

% 

% 

% 

% 

diseased flowering plants 10 3 

flowering plants with 
1-2 34 30 
3 4 25 46 

> 4 41 24 
inflorescences 
flowering plants with 
early 19 30 
middle 46 38 
late 35 32 
phenologies 
male-sterile 
flowering plants 24 5 

NS 
G = 0.26, 
df= 1 
P<0.1 
G=2.92, 
df= 1 
P<0.025 
G = 8.34, 
df=2 

NS 
G=2.62, 
df=2 

P<0.001 
G= 12.18, 
df= 1 
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among families (Table 1), since sexual type was associated 
with disease incidence (G= 5.96, d r=  l, P<0.025). 

Because variation in disease incidence appears to have 
a genetic component, offspring of plants with a previous 
history of disease should be more likely to be diseased than 
offspring of plants without a previous history of disease. 
This expectation was examined using all plants that pro- 
duced inflorescences (prior history of disease did not influ- 
ence probability of flowering, Table 1). Plants with a prior 
history of disease produced offspring that were more likely 
to be diseased than the offspring of plants without a prior 
history of disease (Table 1). This difference was not quite 
statistically significant (0.05 < P < 0.1), however, the power 
of the experiment to detect significant differences was low 
due to the small number of families used. Nevertheless, 
the results are consistent with expectation. 

Phenology differences were not associated with prior 
disease history (Table 1). Inflorescence number was asso- 
ciated with disease history (Table 1), but not with disease 
incidence in the experiment (G=4.34, d f=2 ,  NS). Sexual 
type, however, was significantly associated with both dis- 
ease history (Table 1) and with disease incidence (G = 5.96, 
d f=  1, P<0.025). These results support the previous con- 
clusion that factors associated with sexual type, but not 
with phenology or inflorescence number, may be causally 
related to the probability of becoming diseased in this ex- 
periment. 

Some evidence suggests that disease severity is corre- 
lated with disease incidence and is affected by host geno- 
type. Although families did not differ significantly in severi- 
ty of disease among diseased inflorescences (Kruskal-Wallis 
test, P>0.5) ,  disease severity was greater for plants with 
a prior history of disease than for plants without a prior 
history of disease (Mann-Whitney U test, P <  0.025). 

Discussion 

Association between reproductive traits 
and disease occurrence 

For naturally growing plants of P. lanceolata, the incidence 
of disease caused by F. moniliforme var. subglutinans is cor- 
related with inflorescence number and plant sexual type. 
The half-sib family experiments further suggest that varia- 
tion in disease incidence, and probably disease severity, 
have a genetic component. The correlation observed be- 
tween disease incidence and male-sterility could be due to 
a genetic correlation caused by pleiotropic effects of the 
male-sterility trait. However the correlation between inflo- 
rescence number and disease incidence is probably not ge- 
netic in origin but instead arises due to probabilistic causes. 

Disease susceptibility could be a pleiotropic effect of 
the male-sterility genes since there was among-family varia- 
tion in both disease incidence and male-sterility as well as 
statistical associations between sexual type and both disease 
status and disease history class in the Field Plot experiment. 
Pleiotropic effects of male-sterility on various characters 
have been shown in P. lanceolata (Van Damme 1983); in 
many cultivated species, susceptibility to disease is a pleio- 
tropic effect of male-sterility (Johnson and Schmidt 1968, 
Puranik and Mathre 1971, Comstock et al. 1973). The cor- 
relation between inflorescence number and disease inci- 
dence found for the naturally growing plants is less likely 
to have a genetic basis, but could occur because the more 

inflorescences a plant has, the greater the probability that 
at least one will become diseased. 

We believe that plants with certain reproductive traits 
are more likely to become diseased; we realize that the 
correlation observed between disease incidence and particu- 
lar phenotypic traits could also occur due to physiological 
effects of disease changing the infected plant's phenotype. 
Ideally, we should inoculate healthy plants with the patho- 
gen and compare reproductive traits in the diseased plants 
with those of the non-inoculated control plants; reliable 
inoculation techniques proved, however, difficult to develop 
(Alexander 1982). With the male-sterility trait in particular, 
it is improbable that the fungus is inducing male-sterility 
since a) the genetic control of male-sterility is known, b) 
a plant produces either only male-sterile or only hermaph- 
roditic inflorescences although usually only a portion of 
a plant's inflorescences are diseased, and c) experimental 
plants were observed to be male-sterile prior to the appear- 
ance of disease. 

Evolutionary and ecological consequences of intraspecific 
host variation 

The existence of a genetic component to variation in P. 
lanceolata in disease incidence raises the question of why 
selection has not caused fixation of genes conferring disease 
resistance. Theoretical models suggest that temporal or spa- 
tial variation in selection intensity can act to maintain ge- 
netic variation within a population (Roughgarden 1979) 
if the trait of interest is negatively correlated with a fitness 
component. In P. lanceolata there is both year-to-year vari- 
ation in the effects of F. moniliforme var. subglutinans on 
seed production and spatial variation in disease incidence 
within the field site (Alexander 1982, 1984). Although con- 
sistent negative correlations between disease incidence and 
plant fitness components were not identified, there appears 
to be a negative relationship between male-sterility and dis- 
ease incidence. Greater survival and reproduction of male- 
sterile plants, and perhaps overdominance of sex loci, are 
considered important in the maintenance of male-sterility 
in P. lanceolata (Van Damme 1983) and possibly indirectly 
affect the level of disease resistance. 

Due to both phenotypic variation in reproductive char- 
acters and genetic variation influencing disease incidence, 
spores produced by a diseased plant may land on conspecif- 
ics but not initiate infection. Many spores will also land 
on non-host species in this diverse community. Thus hetero- 
geneity at both the population and community level, and 
the nature of the disease itself with its three week disease 
cycle (Alexander 1982), are probably responsible for the 
limited disease spread in this population. 
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