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Common lambsquarters is an annual weed of many important crops. Ascochyta cau-
lina is a plant pathogenic fungus that causes necrotic lesions on the leaves and stems
of common lambsquarters. The objective of the present study was to estimate the
effect of plant N supply on the biocontrol activity of A. caulina isolates against
common lambsquarters. In greenhouse experiments replicated groups of common
lambsquarters plants raised with different N supplies were sprayed with various iso-
lates and concentrations of A. caulina 3 wk after planting. Height, number of leaves,
total leaf area, fresh and dry weight, and tissue N concentration of common lambs-
quarters 4 wk after emergence increased significantly with increasing N supply. Dis-
ease development was positively related to increasing plant tissue N and also to
increasing spore concentration. Fungal spore concentration also had a positive effect
on the plant tissue N percentage. Ascochyta caulina isolate W90-1 caused a greater
dry weight reduction in common lambsquarters than isolates I-001 and NW-6 did.

Nomenclature: Ascochyta caulina (P. Karst) v.d. Aa & v Kest.; common lambs-
quarters, Chenopodium album L. CHEAL.

Key words: Biological control, bioherbicide, dose response, mycoherbicide, spore
inocula.

Common lambsquarters is an annual dicotyledon weed
with a strong taproot (Scheepens et al. 1997). It is an im-
portant weed of many crops, including sugar beet (Beta vul-
garis L.), potato (Solanum tuberosum L.), cabbage (Brassic
oleraceae L.), and corn (Zea mays L.) (Holm et al. 1977). It
is one of the 12 most successful colonizing plants in agri-
cultural fields and set-aside land (Allard 1965), and in Eu-
rope it is ranked as the most abundant weed species in 10
major crops (Schroeder et al. 1993). It is fast growing and
highly competitive, and it produces many seeds that have
high longevity in soil (Kempenaar 1995). Common lambs-
quarters has developed resistance to some herbicides (e.g.,
atrazine) (Kempenaar 1995). The presence of common
lambsquarters may cause significant reductions in crop yield,
and in the most severe cases, complete loss of yield has been
reported (Zimdahl 1980).

The concern about herbicide residues in foods and in the
environment and the increasing incidence of herbicide re-
sistance in common lambsquarters have resulted in the need
for alternative control methods. Biological control agents,
especially plant pathogenic fungi, offer possible alternatives
to chemical herbicides for the control of specific, problem-
atic weeds.

Detailed knowledge of the physiological and environmen-
tal conditions required to facilitate disease development is
an important prerequisite for the development of biological

control agents (Egley 1989; Makowski 1993; Siriwardana
and Zimdahl 1984). In the case of common lambsquarters,
the optimum developmental stage for spraying with a bio-
logical control agent is when the fourth leaf is expanding
(approximately 15 to 27 d after emergence (DAE), depend-
ing on irradiance, temperature, etc.) (Ghorbani and Seel,
unpublished data).

Plant susceptibility to pathogens is also undoubtedly af-
fected by nutrition. Direct changes in host susceptibility to
infection in response to N supply have been postulated but
are still controversial (Savary et al. 1995). It is known, for
example, that fertilization with large amounts of N increases
the susceptibility of pear (Pyrus communis L.) to fire blight
[Erwinia amylovora (Burrill) Winslow] and of wheat (Triti-
cum aestivum L.) to rust (Puccinia graminis Pers.) and pow-
dery mildew (Erysiphe graminis DC. f. sp. Tritici Marchal)
(Agrios 1997). Sheath blight (Rhizoctonia solani Kuhn) in
rice (Oryza sativa L.) fields increases with increasing N level
(Cu et al. 1996). Applications of urea increase the severity
of Rhizoctonia blight (Colbach et al. 1996). Growth and
disease responses to high levels of NH4-N have been doc-
umented with a range of plants and pathogens (Marti and
Mills 1991; Reis et al. 1982; Sasseville and Mills 1979;
Smiley and Cook 1973). In contrast, reduced availability of
N may increase the susceptibility of tomato (Lycopersicon
esculentum Mill) to Fusarium wilt, of many solanaceous
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plants to Alternaria solani (Ell. & Mart.) Jones & Grout.
early blight and Pseudomonas solanacearum (Smith) Smith
wilt, of sugar beets to Sclerotium rolfsii, and of most seed-
lings to Pythium damping-off (Agrios 1997). Similarly, am-
monium fertilizer can decrease the disease levels and infec-
tion cycles of take-all [Gaeumannomyces graminis (Sacc) Arx
& Olivier var. tritici Walker (Ggt)] in wheat (Colbach et al.
1996). Thus, there is a need to determine the effect of N
supply on disease development and biocontrol activities of
mycoherbicides on common lambsquarters in order to assess
its likely performance under field conditions.

Large numbers of fungal propagules per unit host-leaf
area are generally required for significant disease develop-
ment (Amsellem et al. 1990). Hence, one potential limita-
tion of plant pathogenic fungi intended for commercializa-
tion is the frequent difficulty of producing large quantities
of spore inocula in culture (Mintz 1991). It is, therefore,
useful to determine the minimum spore concentration re-
quired for disease development when testing the suitability
of fungal plant pathogens as mycoherbicides.

Ascochyta caulina is a plant pathogenic fungus that causes
necrotic spots on the leaves and stems of Chenopodium and
Atriplex species (Kempenaar et al. 1996a; Vanderae and Van-
kesteren 1979). Scheepens et al. (1997) suggested that pyc-
nidiospores of A. caulina could be used as a mycoherbicide
to control the growth of common lambsquarters. Although
it has no effect on crops such as corn and sugar beet (the
latter being in the same family as that of common lambs-
quarters), application of pycnidiospores of A. caulina to
young common lambsquarters plants showed promising
control of the weed (Kempenaar 1995; Kempenaar et al.
1996b). Under field conditions, mortality of up to 70% of
common lambsquarters plants and a substantial growth re-
duction in the surviving common lambsquarters plants have
been achieved by one application of A. caulina (Kempenaar
1995). There has been no investigation of the effect of N
on disease development in this weed. Given that the range
of crops in which it occurs receive very different quantities
of N fertilizer, the aims of the present study were to inves-
tigate the effects of:

• N supply on common lambsquarters growth characteris-
tics and tissue N concentration;

• spraying of common lambsquarters with a range of spore
concentrations of a single A. caulina isolate at different
plant N concentrations.

• spraying of common lambsquarters with different isolates
of A. caulina at a range of plant N concentrations but
with constant spore concentration.

Material and Methods

Seed Source

Seeds of common lambsquarters were collected from in-
fested fields at Plant Research International, Wageningen,
The Netherlands. The seeds were air dried on glasshouse
benches and stored at room temperature.

Growth of Plants

Replicated groups of five plants were grown in 10-cm
pots (one group per pot) containing washed sand. In all the

experiments there were five pots per treatment. The plants
were grown under glasshouse conditions (mean daily tem-
perature was 18 to 24 C, and mean relative humidity was
65 to 75%).

N Supply

Results from a preliminary trial in common lambsquarters
plants collected from crop fields in The Netherlands and
Norway showed shoot N concentrations of 3 to 5% of shoot
dry weight at the four-leaf stage. In order to generate an
equivalent range of shoot N concentrations in glasshouse
plants, the amount of N to be added to each plant was
calculated using the technique of McDonald et al. (1996).
It was assumed that a maximum relative growth rate of 0.20
d21 could be attained by a relative addition rate (equal to
the relative uptake rate) of N equal to 0.20 d21. A seed N
content of 0.028 mg (determined as an average value from
previous data on average seed weight and seed N concen-
tration) was used, along with a growth period of 27 DAE
(the four-leaf stage known to be attained by this time).
Hence, the N content in each plant for maximum growth
27 DAE (N27DAE) 5 Nseed e0.20 3 27 5 6.19 mg N. The
amount to be added for maximum growth (single plant) 27
DAE (Nadd) 5 N27DAE 2 Nseed 5 6.16 mg N. The amount
to be added for maximum growth per pot (five plants) 27
DAE 5 5 3 6.16 5 30.8 mg N. On the basis of these
calculations, a range of plant growth rates and shoot N con-
centrations were generated by adding N at amounts less
than that required for maximum growth. The variable
amount added was 0.5, 1, 2, 3, 4, 5, or 6 mg N plant21.
The additions were made as KNO3 (Kirkby 1967).

All nutrients (except N) were added to each pot as 50%-
strength Long Ashton solution (Hewitt and Smith 1975).
Half the calculated volume of KNO3 for each treatment was
added to the pots 7 DAE, and the remainder was added 14
DAE. To avoid loss of the intended N amounts during wa-
tering, each pot was placed on a separate saucer.

In the first investigation (effect of N on the growth and
tissue N concentration of common lambsquarters) all five
plants in each of the five pots per treatment were harvested
27 DAE. In the two subsequent investigations the shoot of
one plant per pot was harvested immediately before spraying
in order to determine the effects of N supply on growth
characteristics and tissue N concentration. The shoot of a
second plant per pot was harvested 24 h after spraying to
estimate spore distribution in the sprayed plants (data not
reported). The remaining three sprayed plants per pot were
grown for another 2 wk to determine the effects of spraying
on plants grown with different N supplies. In each investi-
gation, two or three replicate experiments were carried out.
The results of these replicates were pooled and are presented
here.

Ascochyta caulina Strains
Strains W90-1 and NW-6 were collected from common

lambsquarters and isolated by P. C. Scheepens and W.
Zweerde in Wageningen, The Netherlands. Strain I-001 was
collected from common lambsquarters in Iran by R. Ghor-
bani and isolated at Aberdeen University, U.K. Isolate W90-
1 was used when studying the effects of variable N concen-
tration at a range of spore concentrations. All three strains
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TABLE 1. Aboveground growth responses of common lambsquarters (Chenopodium album L.) to N supply 27 d after emergence (n 5 8).a

N supply
Shoot
height

No. of
leaves Leaf area Fresh weight

Dry weight
(DW) Tissue N

mg plant21 cm cm2 mg shoot21 mg shoot21 %DW

0
0.5
1
2
3
4
5
6

1.8 e
4.6 d
9.6 c

17.1 b
18.9 ab
19.8 ab
21.4 a
20.6 a

6.8 e
8 e

10 d
14 c
16 b
16 b
18 a
18 a

0.2 f
1.6 f
5.3 e

12.9 d
17.3 c
18.5 c
24.8 b
27.5 a

56.8 c
276.4 c
450.8 c

1,331.6 b
1,687.4 ab
1,806.4 ab
1,928.0 a
1,853.8 a

15.4 c
72.2 c

124.0 c
378.0 b
494.2 ab
580.0 a
595.4 a
575.2 a

0.1 e
1.1 d
1.4 c
1.6 c
1.5 c
1.9 b
2.0 b
2.6 a

a Different letters within columns indicate significantly different means (P , 0.05) according to Tukey’s Honestly Significant Difference test.

were used to determine differences in pathogenicity between
isolates.

Inocula Production and Spraying

Inocula of A. caulina strains were prepared as follows. In
experiments with different N levels and spore concentra-
tions, inoculum of strain W90-1 was grown by subculturing
the fungus on oatmeal agar (72.5 g L21) (mineral salts were
not included) and incubating for at least 2 to 3 wk at 20
C under continuous fluorescent light. In experiments with
different isolates, inocula of strains W90-1, NW-6, and I-
001 were prepared by subculturing the fungus on wheat
bran culture. Large petri dishes (19 cm) were filled with 30
g wheat bran, 90 g silver sand, and 60 ml distilled water,
and the contents mixed. The dishes were autoclaved and
inoculated with 15 ml spore suspension (spore density 5
1.5 3 107 spores ml21). The dishes were kept at 20 C under
continuous light for 2 to 3 wk. Periodically, the dishes were
shaken to keep the culture mass loosely crumbled, and if
the culture was observed to be dry, water was added. After
2 to 3 wk, the culture was harvested, and the contents of
the dishes were dried between layers of paper towel and
stored at 4 to 5 C.

In the investigation with different spore concentrations,
spores of strain W90-1 were harvested from the agar plates
into a Tween 80 (0.1%) solution. In the investigation with
different isolates, spores were harvested into a Sylgard 309
(0.1%) solution. Spore suspensions were strained through
two layers of muslin, and spore concentrations were adjusted
to specific values (107 spores ml21 for the investigation with
different isolates and 105, 106, and 107 spores ml21 for the
investigation with different spore concentrations) using a he-
macytometer slide. Czapek-Dox Broth (3.5 g L21) and Yeast
Extract1 (0.4 g L21) were added to the spore suspensions
immediately before spraying. In the investigation with dif-
ferent spore concentrations, plants were sprayed until runoff,
and in the investigation with different isolates, plants were
sprayed with an adjusted amount (equivalent to 500 L ha21)
of spore suspension. After spraying, all treated plants were
immediately covered with plastic bags for 48 h and trans-
ferred to the greenhouse. Spore viability tests were conduct-
ed by spraying agar-coated microscope slides with spore sus-
pension, and the resultant germination percentage was re-
corded. Spore germination was . 95% in all the experi-
ments.

Assessment of Treated Plants and Statistical
Analysis

Three plants per pot were scored for disease development
10 d after spraying (27 DAE), using the following scoring
system: 0 5 no symptoms, 1 5 1 to 25% necrosis, 2 5 26
to 50% necrosis, 3 5 51 to 75% necrosis, 4 5 76 to 99%
necrosis, 5 5 plant death. The experiments were stopped
10 d after spraying by harvesting the shoots. Fresh weights
were measured immediately. The plants were then oven
dried at 70 C for 48 h before dry weight measurement.
Dried material was ground in a ball mill and total N con-
centration measured by the flash combustion method using
an elemental analyzer.2

All greenhouse experiments were designed as a random-
ized block design. Disease development data were analyzed
by multiple linear regression. Dry weight and tissue N re-
sults were analyzed by analysis of variance, followed by Tu-
key’s Honestly Significant Difference test. Significant differ-
ences between treatments were considered at the P , 0.05
level.

Results and Discussion

Effects of N Supply on Growth and Tissue N
Concentration of Common Lambsquarters Shoots

By varying N supply as a calculated dose with respect to
growth potential (McDonald et al. 1996), it was possible to
generate a range of plant tissue N concentrations that in-
corporated those observed in the field. The growth responses
of common lambsquarters to N supply (Table 1) were typ-
ical of many herbaceous weeds, where low N availability
results in restricted biomass, height, and leaf area. At the
end of the growth period (27 DAE), shoot height, number
of leaves, leaf area, shoot fresh and dry weights, and shoot
N concentration were greater at higher than at lower N
supply. Growth responses to N saturated at 3 mg plant21,
whereas tissue N continued to increase with supply (Table
1). The rate of leaf production was also much slower in
common lambsquarters growing with low N supply.

Effects of N Supply and Spore Concentration on
Biocontrol Activity of A. caulina Strain W90-1

Disease development 10 d after spraying was greater at
greater N supplies and greater spore concentrations (Figure
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FIGURE 1. Effects of N supply (mg plant21) and spore concentration (spores
ml21) of Ascochyta caulina (sprayed to runoff ) on disease development (1a)
and percentage dry weight reduction (1b) of common lambsquarters (Che-
nopodium album L.) 10 d after spraying. Each point represents the mean
of 12 measurements, and error bars are 6 SE of the mean. The regression
equations for the effect of N level on disease score for 105, 106, and 107

spores ml21 were Y 5 0.0739x 2 2 0.1164x 1 1.1736, R 2 5 0.72; Y 5
20.0698x 2 1 0.7878x 1 1.7063, R 2 5 0.97; and Y 5 20.047x 2 1
0.5354x 1 3.0353, R 2 5 0.90, respectively (Y 5 disease score and x 5 N
supply). The effects of N supply, spore concentration, and the interaction
of N supply and spore concentration on percentage dry weight reductions
of treated plants were all significant (P , 0.001).

FIGURE 2. Effects of N supply (mg plant21) on disease development (2a)
and percentage dry weight reduction (2b) 10 d after spraying of common
lambsquarters (Chenopodium album L.) with different isolates of Ascochyta
caulina (107 spores ml21 and 500 L ha21). Each point represents the mean
of 12 measurements, and error bars are 6 SE of the mean. The regression
equations for the effect of N level on disease score for W90-1, NW-6, and
I-001 isolates were Y 5 0.0194x 2 2 0.008x 1 1.3782, R 2 5 0.81; Y 5
20.0026x 2 1 0.0368x 1 1.2375, R 2 5 0.05; and Y 5 20.0036x 2 1
0.0249x 1 1.7874, R 2 5 0.01, respectively (Y 5 disease score and x 5 N
supply). The effects of N supply and fungus isolate were significant (P ,
0.001), but the interaction of N supply and fungus isolate on the percentage
dry weight reductions of treated plants was nonsignificant (P 5 0.062).

1a). Percent reduction in shoot weight showed a similar de-
pendence to that of disease development on both N supply
and spore concentration (Figure 1b). The effects of N sup-
ply and spore concentration, and the interaction of N sup-
ply and spore concentration on the percent dry weight re-
duction of treated plants were all significant (P , 0.001).
A dry weight reduction of more than 80% was observed for
treatments with more than 5 mg N plant21 and 107 spores
ml21 spore concentration.

The promotional effect of N supply on disease develop-
ment and dry weight reduction in common lambsquarters
treated by A. caulina in the present study may be attributed
to various factors. Apart from the possible effects of N sup-
ply on plant architecture and the microclimate (humidity)
(Sasseville and Mills 1979) affecting the germination of the
pathogen, increased N supply may affect cuticular proper-
ties, cell wall structure, and leaf metabolic activity. These

possibilities, when combined with high spore numbers, in-
crease the chance of complete control of common lambs-
quarters in the field.

Spore density had a striking effect on disease incidence
and percentage dry weight reduction (Figures 1 and 2). The
infection rates were higher when more spores were applied.
Spore suspensions of 107 A. caulina spores ml21 were suf-
ficient for 100% mortality of common lambsquarters seed-
lings if plants were sprayed till runoff.

Effects of N Supply on Biocontrol Activity of
Different Isolates of A. caulina (Strains: W90-1, I-
001, NW-6)

There were significant differences in disease development
between isolates (Figure 2a, P , 0.001). However, the ef-
fects of N supply, and the interaction between N supply
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FIGURE 3. Effects of N supply (mg plant21) on N percentage in the above-
ground tissue of common lambsquarters 10 d after spraying with different
spore concentrations (spores ml21) (3a) and various isolates (3b) of Asco-
chyta caulina (500 L ha21). Each point represents the mean of 24 mea-
surements, and error bars are 6 SE of the mean. The effects of N supply,
spore concentration, the interaction of N supply and spore concentration,
fungus isolate, and the interaction of N supply and fungus isolate on N
percentage in the aboveground tissue of common lambsquarters were all
significant (P , 0.001).

FIGURE 4. Effect of plant tissue N content on Ascochyta-induced dry weight
reduction of common lambsquarters treated with 500 L ha21 suspension
containing 107 spores ml21 of different A. caulina isolates. Each point rep-
resents the mean of eight replications 10 d after spraying. The regression
equations for the effect of N level on disease score for W90-1, NW-6, and
I-001 isolates were YW90-1 5 5.2422X 1 11.229, R 2 5 0.83; YNW-6 5
3.2825X 1 4.9603, R 2 5 0.89; and YI-001 5 3.4435X 1 15.299, R 2 5
0.90, respectively. The intercepts of I-001 line and W90-1 line, NW-6 line
and W90-1 line, and also NW-6 line and I-001 line were not significantly
different (P 5 0.153, P 5 0.916, and P 5 0.086, respectively). The slopes
of I-001 line and W90-1 line, NW-6 line and W90-1 line, and also NW-
6 line and I-001 line were not significantly different (P 5 0.087, P 5
0.071, and P 5 0.875, respectively).

and isolates on disease development were not significant (P
5 0.088 and P 5 0.621, respectively) in these trials, which
used 500 L spore suspension ha21. In all the treatments,
disease development was between 25 and 50% of the leaf
area (disease score of 1 to 2). Nevertheless, percentage re-
duction in dry weight of the treated plants increased with
N supply for all isolates (Figure 2b). There were also sig-
nificant differences among isolates, with strain W90-1 caus-
ing greater dry weight reduction compared with NW-6 at
all N supplies and greater dry weight reduction compared
with I-001 at N supplies in excess of 3 mg plant21.

The discrepancy between disease incidence at applications
of 500 L ha21 and at runoff (compare Figures 1 and 2)
indicates the importance of spore application procedures to
the success of infection. There are clear implications for the
effectiveness of the fungus as a mycoherbicide under field
conditions where spraying to runoff is not practical.

There was a significant positive interaction (P , 0.001)
between N supply, spore concentration, and shoot N con-
centration (Figure 3a). At a given N supply, control plants
had lower shoot N concentrations than sprayed plants did.

The effects of N supply, fungal isolate, and their interaction
on shoot N concentration were significant (P , 0.001).
Shoot tissue N concentration increased with increasing N
supply in all isolates (Figure 3b).

The tendency for infected plants to have increased shoot
N concentration relative to controls at any N supply may
have been because infection by A. caulina affects the net
assimilation of carbon more than that of N within common
lambsquarters. If higher N concentration makes leaves more
susceptible to disease development, then a positive feedback
of initial responses to infection on subsequent infection and
disease development may exist, which would tend to accel-
erate the consequent reduction in shoot dry weight. There
also appear to be differences in host tissue N depending on
the fungal isolate (Figure 3b), with the more virulent W90-
1 consistently leading to slightly higher host tissue N con-
centrations when compared with the uninfected controls. In
Figure 4 we show some data to illustrate clearly that there
is a response of the pathogen to host tissue N concentration
rather than to supply of N to the host. Certainly, plant tissue
N may be more relevant to the pathogen when compared
with N availability in the soil.

From Figures 3 and 4, it is apparent that there were large
differences among A. caulina strains in their effectiveness as
biocontrol agents. This has practical implications for the
choice of isolate, although the reasons for these differences
are currently unknown.

In summary, the use of N fertilizer is an important man-
agement consideration in the biological control of weeds by
fungi because high N supply may stimulate the growth of
both weed and pathogen. Little effort has been directed to-
ward integrating biological control with cultural practices.
Our results demonstrate the importance of N supply, spore
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concentration at spraying, and choice of A. caulina strain in
the biocontrol of common lambsquarters.

Sources of Materials
1 Broth and yeast extract, Sigma-Aldrich Company Ltd., Fancy

Road, Poole, Dorset, BH12 4QH England.
2 Model NA 1500 NCS, Fisons Instruments, San Raffaele Bio-

medical Science Park, Via Olgettina 58, 20132 Milano, Italy.
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