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ABSTRACT

Kremer E (1998) Fitness of triazine susceptible and resistant Solanum nigrum L. in maize.
PhD thesis, Wageningen Agricultural University, Wageningen, 125 pp.

The introduction of selective herbicides has led to a rapid adoption of chemical weed
control by farmers. The success of these herbicides is based on high reliability and low
costs but the sole reliance on herbicides for weed control in cropping systems has resulted
in a fast increase in the incidence of herbicide resistant weeds worldwide. In the case of
triazine resistance, the resistance trait is linked with a fitness penalty in the absence of the
selecting herbicide. Aim of this study is to assess perspectives to use this fitness penalty in
the development of management strategies to control triazine resistant weed populations.

The determination of fitness requires knowledge on different life history processes.
Therefore, experiments on the germination, emergence, growth, seed production, and sced
longevity of triazine susceptible and resistant biotypes of §. migrum in maize were
performed. In germination experiments, a lower dormancy and a lower minimum
germination temperature requirement of the resistant biotype was found compared to that
of the susceptible biotype. The germinated seeds of the resistant biotype emerged better
from different soil depths than seeds of the susceptible biotype. A growth analysis with
both biotypes at low light levels under controlled conditions showed a lower final biomass
production of the resistant biotype after 29 days while the relative growth rates of both
bictypes in the young growth phase were similar. A lower biomass and seed production of
the resistant biotype compared to the susceptible biotype was also observed in field
experiments where both biotypes were grown in competition with a maize crop. Seed
longevity appeared to be much greater for susceptible seeds than for resistant seeds during
the summer, while in the winter, differences in seed longevity were minimal.

The integration of the different life history processes of both biotypes into a population
dynamics model showed a strongly reduced fitness of the triazine resistant biotype
compared to the susceptible biotype of S. nigrum in an agro-ecosystem with continuous
maize cropping. The performance of the resistant biotype was in most of the life history
processes inferior to that of the susceptible biotype which in combination resulted in a
strong fitness reduction. The relative fitness of the resistant biotype compared to that of
the susceptible biotype was 0.65. The most important determinant of the observed fitness
difference between susceptible and resistant plants was the difference in seed
characteristics.

The simulation mode! showed the importance of measures to reduce selection pressure
for the development of a triazine resistance management strategy. Management strategies
exploiting the observed fitness differences between triazine susceptible and resistant
biotypes of S. migrum in the continuous cropping of maize should be aimed at exhaustion
of the seed reserve of the resistant population in the seed bank.

Key-words: Solanum nigrum, black nightshade, maize, triazine resistance, fitness, life
history, population dynamics model, resistance management
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Chapter 1
General introduction

Herbicide resistance in weeds

Selective herbicides were introduced in agriculture about 50 years ago and became
very successful because of the high reliability and the low costs. The sole reliance on
herbicides for weed control in different cropping systems has resulted in a fast increase
in the number of herbicide resistant weeds worldwide. Herbicide reststance of weeds is
here defined as the naturally occurring inheritable ability of some biotypes within a
weed population to survive a herbicide treatment that would, under normal conditions
of use, effectively control that weed population (Heap 1997).

The first reports on resistant weeds concerned triazine resistant Senecio vulgaris L.
in a nursery in 1968 where simazine was used once a year for 10 years (Ryan 1970).
Within the following years, triazine resistance evolved rapidly (Fig. 1.1). In 1995, 43
dicotyledonous and 18 monocotyledonous weed species had evolved resistance to
triazine herbicides worldwide. The majority of triazine resistant weeds has been
identified in maize production areas in North America and Europe and in orchards in
Europe. Based on a survey, it is estimated that over three million hectares are infested
with triazine resistant weeds worldwide, making them the most widespread resistance
problem {Heap 1997). Other important herbicide groups to which resistance has been
observed are the ALS inhibitors, the bipyridiliums, the ureas/amides, the synthetic
auxins, and the ACCase inhibitors (Heap 1997).

Herbicide resistant weeds are often controlled by the use of alternative herbicides or
mixtures of herbicides with different modes of action. However, this strategy may
appear to be ineffective because of cross-resistance and multiple resistance. Cross-
tesistance is where a biotype is resistant to two or more herbicides due to the presence
of a single resistance mechanism. Multiple resistance is where the resistant biotype
possess two or more distinct resistance mechanisms. Since this means that alternative
herbicides might not always be the ultimate solution, other management strategies to
control resistant weeds should be developed as well.

Management strategies to delay and/or prevent the occurrence of herbicide
resistance can be based on two biological processes: alteration of selection pressure
and back-selection {Cousens & Mortimer 1995), If the herbicide resistance trait does
not come with a fitness penalty in the absence of the sclecting herbicide, reduction of
selection pressure is the most important element of herbicide resistance management.
Changes in selection pressure of chemical weed control measures may be achieved by
reduction of the dosage, reduction of herbicide persistence, switching to herbicides
with different modes of action, using herbicide mixtures, or a rotation of herbicides
with different modes of action over cropping seasons {Rotteveel et al. 1997). In the
case of propanil resistant Echinochloa crus-galli L. in rice, this resulted in a suggested
strategy which included rotating crops when possible, using tillage practices when
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Fig. 1.1 The increase in number of triazine resistant weed species worldwide,

possible, rotating herbicides with different modes of action, avoiding sequential
application of the same herbicide or herbicides with the same mode of action, and
application of mechanical control of weeds when fields are fallow (Baldwin et al
1995). In Australia, Lolium rigidum has become resistant to many herbicide classes
which forced the adoption of Integrated Weed Management strategies. The TWM
strategies to control herbicide resistant L. rigidum include various combinations of
factors including pasture and crop rotations, variation in seeding date, use of non-
selective herbicides, high crop seeding rates, vigorous crop growth and capture of
weed seed in the harvest operation (Powles et al. 1997).

The use of back selection in a resistance management strategy is possible when
there is a fitness difference between biotypes in absence of the selecting herbicide. The
fitness of a biotype is defined by its survival and reproduction which is determined in
the context of environmental conditions and other biotypes in that environment (Holt
& Thill 1994). The often assumed reduced fitness of the resistant biotype compared to
that of the susceptible biotype in the absence of the selecting herbicide may be further
reduced by competition or other environmental factors under the control of farm
managers (Cousens & Mortimer 1995).

Triazine resistant S. nigrum in maize

The development of IWM strategies based on back-selection requires detailed insight
in the differences of life history processes separately and in combination. This study
aimed to study these aspects in an integrated way in one cropping system-weed-
herbicide combination. The relatively simple system with triazine susceptible and
resistant S. aigrum in maize was selected because triazine resistant biotypes of S.
nigrum in maize are widespread in The Netherlands and triazine resistance is the most
well documented case of resistance (Warwick 1991, Holt & Thill 1994, Warwick &
Black 1994, Jasieniuk et af. 1996). The maize crop is grown continuously in the same
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field with the same cropping practice every year. This gives a very constant and stable
environment to study the dynamics of triazine susceptible and resistant biotypes of S.
nigrum in depth.

In the 1950s, herbicides from the triazine group were introduced for weed control in
different crops. The introduction started with simazine for the control of weeds in
nurseries and orchards in 1956, followed by atrazine, mainly used for weed control in
maize, in 1958 (Kirkwood 1987). Triazine herbicides inhibit the electron transport
between Q, and Qg in photosystem II in the chloroplasts (Holt er al. 1993). The
herbicide not only works as a contact herbicide, but alse has a long lasting soil activity
which gives opportunities for control of late emerging weeds such as S, nigrum.
Disadvantages of the lasting soil activity of triazines are the possible damage in a
susceptible crop grown afterwards, the contamination of groundwater, and the high
selection pressure put on the weeds.

In The Netherlands, triazine resistant weeds were not discovered until 1982. Van
Dord (1982} found atrazine resistant Chenopodium album L. in maize fields and
simazine resistant Poa gnnua in fruit orchards. In 1985 and 1986, Van Oorschot and
Straathof (1988) assessed the occurrence of triazine resistant weeds in soil samples in
The Netherlands. Triazine resistance was most frequently observed in C. album and S.
nigrum from maize fields.

Maize (Zea mays L.) has been known as a forage crop in The Netherlands since the
1930s. Starting in 1970, the area cropped with silage maize increased very rapidly up
to + 11% of the cropping area in The Netherlands (Fig. 1.2). Silage maize is mainly
grown at dairy farms on sandy soils. The crop is successful because it is easy to
cultivate, produces large quantities of high quality forage, the produce is easy to
conserve, the crop tolerates manure application in large quantities, cropping practices
can mainly be done by contractors, and the field does not have to be close to the farm.
The crop is sown at the end of April or the beginning of May because of the high
minimum temperature for growth. Most silage maize is grown in continuous cropping
with the same cropping practice every year.

Weed control in maize i1s mainly performed with herbicides although the use of
mechanical weed control methods increases. Weed control with soil-apphied herbicides
is easy to perform, does not require a lot of labour, and does not require a precise
timing of application. The three major dicotyledonous annual weeds in maize in The
Netherlands are Polygonum persicaria L., C. album, and S. nigrum. The continuous
use of soil applied herbicides from the triazine group in the continuous cropping of
maize resulted in the development of triazine resistant C. album and S. nigrum (Van
Qorschot & Straathof 1988). The uncontrolled S. nigrum population might not only
compete with the maize crop in the early growth stages but there is also a risk of
detrimental effects on animal health through the poisonous berries.

The species Solanum nigrum L. is endemic in temperate and tropical zones.
Nowadays it is a common and often notorious weed in both agricultural and
horticultural crops in most parts of the world. In The Netherlands, seeds germinate
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relatively late in the season (late April - July) because of a high minimum temperature
requirement (Weller & Phipps 1979, Givelberg & Horowitz 1984, Van den Brand
1985, Mahn & Lemme 1989) over a considerable time span (Weller & Phipps 1979).
Secondary dormancy is induced by high soil temperatures (Roberts & Lockett 1978).
The sympodial growth of S. nigrum results in a very high seed production which only
stops when the plants are killed by night frost or harvest operations. The autogamous
reproduction of S. nigrum allows for a rapid build-up of populations from a few
individuals (Basset & Munro 1985).

The seeds of S. rigrum can stay viable in the soil seed bank for many years (Roberts
& Lockett 1978). Seeds removed from the field in the harvest product spread easily by
contamination of seed crops, or in manure after ensiling and passage through the
alimentary tract of many animals (Weller & Phipps 1979, Elema & Scheepens 1992).
High densitics of 5. nigrum in the silage maize can be harmful for animals due to the
presence of toxic alkaloids (solanine and solanidine) and high nitrate levels (Weller &
Phipps 1979, Vogel & Gutzwiller 1993). To reduce competition of §. nigrum with the
crop and to prevent the risk of detrimental effects on animal health, complete control is
necessary including control of triazine resistant biotypes of S. nigrum.

In S. nigrum, the triazine resistance mechanism 1s based on a modification of the
target site which is caused by a mutation in the chloroplast psb4 gene and maternally
inherited. The mutation decreases the affinity of Qg for triazines and also reduces the
electron transport rate between Q. and Qg in photosystem II (Holt & Thill 1994).
Beside this most common form, in a few reported cases, triazine resistance was based
on enhanced metabolism of the herbicide (Gronwald ef al. 1989).

Triazine resistant biotypes are present in weed populations in varying, but low,
frequencies before any exposure to herbicides (Moss & Rubin 1993). Gressel (1991)
estimated an initial frequency of 107" to 10 triazine resistant biotypes in non-
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exposed populations but in some weed populations the initial frequency of triazine
resistance must have been considerably higher based on herbicide management history
of the field.

Trinzine resistance management based on fitness differences

The concern about the adverse environmental effects of chemical control has resulted
in legislation that restricts the amount of pesticides used in Dutch agriculture. Besides
the aim to reduce the amount of pesticides used in agriculture by 45% in 2000
compared to the reference period 1984-1988 (Anonymous 1991), dependence on
herbicides also has to be reduced.

In practice, triazine resistant weeds are mainly controlled with the use of alternative
herbicides or mixtures of different herbicides. This does not comply with the
objectives of the Dutch government. In field experiments, iriazine resistant weeds were
controlied by herbicide mixtures which included dicamba, bromoxynil, 2,4D, alachlor,
or metolachlor (Birschbach ef al. 1993, Parks et al. 1996). Triazine resistant S. nigrum
showed an increased susceptibility (“ncgative cross-resistance”) to bentazone and
pyridate (Van Qorschot & Van Leeuwen 1988, Claux et al. 1992, Arlt & Jittersonk
1992, Parks et al. 1996). This means that triazine resistant weeds are successfully
controlled but the amount of herbicides and the costs increase compared to situations
without triazine resistance. The increase in herbicide use and the continuing
dependence on herbicides does not agree with the Dutch policy. Therefore,
ecologically-based weed management strategies should become the most important
factor in the control of triazine resistant weeds.

Besides the increase in herbicide use, cross-resistance to other herbicides will make
these herbicides useless for weed control in fields containing triazine resistant weeds.
Depending on the weed species, triazine resistant weeds may be cross-resistant to
herbicides of the chemical groups of carbamates (Solymosi & Lehoczki 1989), uracils
(Fuerst et al. 1986), or urea’s (Burnet ef al 1991). The development of multiple
resistance is another reason why triazine resistant weed populations should be properly
controlled (Matthews 1994).

Triazine resistance seems to be the only case where the resistance trait comes with a
reduced fitness and where back-selection is a serious option for the management of
resistant biotypes, This would reduce the amount of herbicides used and also reduce
the reliance on herbicides. It is suggested that the less efficient electron transport,
arising from the mutation causing resistance, results in reduced vigour and overall
fitness of the resistant biotype compared to the susceptible biotype in the absence of
the herbicide (Cousens & Mortimer 1995). The fitness component survival may be
further subdivided into success of seed, seedling, and mature plant which in turn are
functions of processes such as seed persistence, germination, dormancy, establishment,
and growth. Reproductive success is determined by pollen and seed production. The
estimation of relative fitness of susceptible and resistant biotypes is difficult because of
three problems: the choice of material for comparison, the experimental conditions
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under which the fitness is compared, and the plant characteristics used to measure
fitness (Jasieniuk ef al. 1996).

Early research about fitness differences between biotypes often included
comparisons between biotypes from different geographical origins with different
genetic backgrounds {e.g. Warwick & Marriage 1982). The different nuclear genome
controlled traits may compensate to some extent the seccondary effects of triazine
resistance (Holt & Thill 1994). Therefore, nuclear isogenic lines should be used to
study the effect of the chloroplast mutation separately from other genetic differences
{(Warwick 1991). However, Holt {1996) argued that the relevance of fitness
comparisons to develop management strategies should include field selected
susceptible and resistant biotypes since isogenic biotypes do not occur naturally in the
field. In that case, comparisons between susceptible and resistant biotypes from the
same field strongly improve the validity of the conclusions.

Since fitness depends on the environmental conditions, measurements of fitness to
understand the rate of resistance evolution or management of resistance should be
determined under field conditions with a relevant crop and with and without herbicide
application (Roush et ai. 1990). Basic processes e.g. growth of susceptible and
resistant biotypes might be studied under controlled conditions but results should
always be validated under field conditions (Jordan 1996).

The most common characteristics used o measure fitness are biomass production
and accompanying seed production. In general, the triazine susceptible biotype had an
equal or higher fitness than the resistant biotype when these parameters were examined
{(Warwick 1991, Warwick & Black 1994, Holt & Thill 1994, Jasieniuk et al. 1996).
Studies comparing isogenic lines indicate that resistant biotypes are either less fit, or as
fit as susceptible biotypes (Jasieniuk et al. 1996). However, not only vegetative and
reproductive growth, but other life history processes also determine the fitness of a
biotype.

Reports on germination characteristics of triazine susceptible and resistant biotypes
gave variable results. At optimal temperatures, similar germination responses of
susceptible and resistant were found in Amaranthus retroflexus L. (Weaver & Thomas
1986) and S. nigrum (Bulcke et al. 1985, Gasquez et al. 1981). A higher total
germination of the susceptible biotype was observed in Amaranthus powellii S. Wats.
(Weaver & Thomas 1986} and Brassica campestris L. (Mapplebeck et al. 1982). A
higher total germination of the resistant biotype compared with the susceptible biotype
was found in C. album (Warwick & Marriage 1982) and Phalaris paradoxa L.
(Schénfeld et al. 1987). The emergence of germinated seeds from a certain soil depth
was better for the triazine susceptible biotype of B. campesiris (Mapplebeck et al
1982) and better for the triazine resistant biotype of P. paradoxa (Schonfeld e al
1987). In one of the rare cases where seed longevity of triazine susceptible and
resistant biotypes were studied, Watson et ol (1987) found that the resistant biotype of
Senecio vulgaris L. had a greater seed longevity in the lower seed bank than the
susceptible biotype. In the surface seed bank (0-2 cm deep), seed longevity of both
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biotypes depended on management. The variable results of different experiments with
different species emphasize that fitness must be measured over the whole life cycle to
encompass the effect of selection on mortality and fecundity of survivors. Existing
population dynamics models show the importance of the evaluation of a number of life
history stages such as dormancy, germination, establishment, survival, growth,
pellination, and seed production too (Maxwell ef al. 1990).

In order to manage triazine resistance with back-selection, it is imperative that the
relative fitness of triazine susceptible and resistant biotypes in the absence of herbicide
selection pressure is better understood (Holt & Thill 1994). A reduced fitness of the
resistant biotype in the absence of selection by the herbicide allows alternative control
strategies to exploit this weakness (Cousens & Mortimer 1995). Available control
strategies may include an effective herbicide use, exploitation of unique aspects of the
biology of the weed species and its biotypes, and manipulation of the cropping system
to maxitize both chemical and non-chemical control of both biotypes.

Simulation modelis

Models for different life history processes have been developed such as emergence
(Vieeshouwers 1997) and crop-weed interactions (Kropff & Van Laar 1993). These
models are useful for analysis of parts of the life cycle. However, the integration of
genetic, ecological, and physiological aspects involved in the evolution and
management of herbicide resistance requires the development of simulation models
that contain all major life history processes. These models allow to assess the relative
importance of factors controlling the development and spread of herbicide resistance
inherited on one or a few major genes (Moss & Rubin 1993). Hardly any studies on all
aspects of the life cycle have been performed but in this thesis the fitness of triazine
susceptible and resistant biotypes is analysed with experimental data on the most
important components of the life cycle. The models of May and Dobson (1986) and
Gressel and Segel (1990) estimated the increase of the fraction resistant biotypes in the
population based on the initial frequency of the resistant biotype, the selection pressure
imposed by the herbicide, the relative fitness of resistant biotypes compared to
susceptible biotypes, and the longevity of seeds in the seed bank. Maxwell et al. (1990)
separated two major processes determining the dynamics of herbicide resistance, one
being fitness of the resistant biotype compared to the susceptible biotype and the other
one being gene flow in space and time. The four key components in the development
of herbicide resistance in the population arising from these theoretical models are
selection pressure, initial frequency of the resistance gene, seed persistence in the seed
bank, and the per capita rate of increase of both biotypes (Mortimer et al. 1992).

A theoretical model which included experimental data was developed for
chlorotoluron resistance in Alopecures myosoroides Huds. by Mortimer et al. (1992).
Selection coefficients were calculated from experimental data regarding the application
of chlorotoluron to susceptible and resistant 4. myosoroides grown at a range of
densities and frequencies in presence of a winter wheat crop. The selection coefficient
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was used to model changes of the resistance allele frequency, further based on crop
rotation, survival of seeds in the soil and survival of mature plants. Simulation results
showed the importance of the interaction between density-dependent and density-
independent regulation on the resistance allele frequency and showed that in herbicide
rotations the magnitude of density-independent regulation may be critical to the
success of herbicide rotations as part of a management programme.

Zanin and Lucchin (1990) determined the reproductive fitness of triazine susceptible
and resistant biotypes of S. nigrum in competitive conditions. This fitness parameter
was used in the simulation of the evolution of the resistance frequency in the
population depending on crop rotation and selection pressure of different weed control
strategies. Their simulation results emphasized the importance of selection pressure
and herbicide choice in a crop rotation as potential components of herbicide resistance
management strategies.

A major shortcoming of these studics is that when experimental data were used to
parameterize theoretical models, only the seed production per plant was included as
fitness parameter. The development of a resistance management strategy based on
ecological characteristics using the fitness differences between susceptible and
resistant biotypes requires the integration of parameters based on real data on different
life history processes. The study of the effect of fimess of biotypes on the population
dynamics in a crop should involve the use of a population dynamics model what is
parameterized using experimental data on all life history processes. In this way,
sensitivity studies show the relative importance of the differences found between
susceptible and resistant biotypes in the different processes and scenario studies are
more complete and may be more valid and closer to reality resulting in the
development of realistic management strategies to prevent or control triazine
resistance. This study aimed to conduct such a complete modelling study based on
experimental data on all life history processes for one crop-weed-herbicide
combination.

Objectives and outline of the study

The aim of this study was to determine fitness differences between triazine susceptibie
and resistant biotypes of S. nigrum in a maize crop. Fitness differences were analysed
by studying different life history processes of both biotypes from different populations
in the absence of the selecting herbicide. The obtained knowledge was integrated into a
population dynamics model. This model was used for sensitivity analysis and scenario
studies to explore how the observed fitness differences between biotypes can be
exploited to manage triazine resistant weeds by changing management practices
without an increase in herbicide use.

In Chapter 2, the emergence patterns of both biotypes in the field are described and
linked with results on germination and dormancy characteristics of triazine susceptible
and resistant seeds of §. nigrum. Possibilities for weed control with an extra early soil
cultivation are discussed. Chapter 3 describes the pre-emergence growth of germinated
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seeds depending on temperature and seed weight. Possible differences in maximum
emergence depths between biotypes might result in different fractions of the seed bank
that will successfully emerge. In Chapter 4, the basic growth processes of susceptible
and resistant biotypes from five different populations in the young growth phase were
studied in the growth chamber at different limiting light levels. Biomass and seed
production of both biotypes were also studied in the field. The effect of a maize crop
on the growth parameters of both biotypes is described in Chapter 5. In Chapter 6, the
survival of susceptible and resistant seeds in the seed bank during the year is described.
In Chapter 7, the experimental data from the different chapters are integrated in a
model for the dynamics of populations of susceptible and resistant biotypes. Scenarto
studies were used to explore the possibilities for successful management of triazine
resistant S. nigrum in maize. In the general discussion, the conclusions from the
experiments and the model are discussed.

..............................................................................................

* Population dynamics model

Chapier 7
Germination and emergence
Chapter 2,3
Seed survival in seed bank Early growth
Chapter 6 Chapter 4

Biomass and seed production in competion with crop
Chapter 5

Fig. 1.3 Schematic representation of the contents of the thesis.



Chapter 1

References

Anonymous (1965-1997) Rassenlijst voor landbouwgewassen. CPRO-DLO,
Wageningen.

Anonymous (1991) The multi-vear crop protection plan. Summary. The Hague:
Ministry of Agriculture, Nature Management and Fisheries.

Arlt K & liittersonke B (1992) Zur negativen Kreuzresistenz bei triazinresistenten
Unkrautarten,  insbesondere  Chenopodium  album L. Zeitschrift  fiir
Pflanzenkrankheiten und Pflanzenschutz 8, 483-486,

Baldwin FL, Talbert RE, Carey III VF, Kitt MJ, Helms RS, Black HL & Smith Jr RJ
(1995) A review of propanil resistant Echinochloa crus-galli in Arkansas and field
advice for its management in dry seeded rice. In: Proceedings Brighton Crop
Protection Conference - Weeds, Brighton, 577-585.

Basset [J & Munro DB (1985) The biclogy of Canadian weeds. 67. Solanum
ptycanthum Dun., S. nigrum L. and S sarrachoides Sendt. Canadian Journal of
Plant Science 65, 401-414.

Birschbach ED, Myers MG & Harvey RG (1993) Triazine-resistant smooth pigweed
{Amaranthus hybridus) control in field corn (Zea mays L.). Weed Technology T,
431-436.

Bulcke R, De Vleeschauwer I, Vercruysse ] & Stryckers J (1985) Comparison between
triazine-resistant and -susceptible biotypes of Chenopodium album 1.. and Solanum
nigrum L. Mededelingen Faculteit Landbouwwetenschappen Rijksuniversiteit Gent
50, 211-220.

Burnet MWM, Hildebrand OB, Holtum JAM & Powles SB (1991) Amitrole, triazine,
substituted urea, and metribuzin resistance in a biotype of rigid ryegrass (Lolium
rigidum). Weed Science 39, 317-323.

Claux L, Dessouky L, Van Eycken F, Figeys HP & Lannoye R (1992) Mise en
evidence et modulation de la resistance croisee negative a la bentazone chez
Solanum nigrum resistant et sensible aux triazines. 9éme Collogue International sur
I’Ecologie, la Biologie et la Systématique des Mauvaises Herbes, Paris, 477-486.

Cousens R & Mortimer M {1995) The evolution of herbicide resistance. In: Dynamics
of weed populations (eds R Cousens & M Mortimer), pp. 243-282, University Press,
Cambridge.

Elema AG & Scheepens PC (1992) Verspreiding van onkruiden en planteziekten met
dierlijke mest. PAGV, Lelystad, 76 pp.

Fuerst EP, Amtzen CJ, Pfister K & Penner I (1986) Herbicide cross-resistance in
triazine-resistant biotypes of four species. Weed Science 34, 344-353.

Gasquez J, Darmency H & Compoint JP (1981) Comparaison de la germination et de
la croissance de biotypes sensibles et résistants aux triazines chez quatre espéces de
mauvaises herbes. Weed Research 21, 219-225.

Givelberg A & Horowitz M (1984) Germination behaviour of Solanum nigrum seeds.
Journal of Experimental Botany 35, 588-598.

10



General introduction

Gressel J (1991) Why get resistance? [t can be prevented or delayed. In: Herbicide
resistance in Weeds and Crops.: Proceedings of the 19th Long Ashton Symposium,
1989 (eds. J Caseley, GW Cussans & RK Atkin), pp. I-25. Butterworth Heinemann,
Oxford.

Gressel J & Segel LA (1990) Modelling the effectiveness of herbicide rotations and
mixtures as strategies to delay or preclude resistance. Weed Technology 4, 186-198.

Gronwald JW, Andersen RN & Yee C (1989) Afrazine resistance in velvetleaf
(Abutilon theophrasti) due to enhanced atrazine detoxification. Pesticide
Biochemistry and Physiologie 34, 149-163.

Heap IM (1997) The occurrence of herbicide-resistant weeds worldwide. Pesticide
Science 51, 235-243,

Holt IS (1996) Ecologicai fitness of herbicide-resistant weeds. In: Proceedings of the
second international weed control congress, Copenhagen, 387-392.

Holt JS, Powles SB & Holtum JAM (1993) Mechanisms and agronomic aspects of
herbicide resistance. Annual Review of Plani Physiology and Plant Molecular
Biology 44, 203-229,

Holt JS & Thill DC (1994) Growth and productivity of resistant plants. In: Herbicide
resistance in plants: biology and biochemistry (eds. SB Powles & JAM Holtum),
pp- 299-316, CRC Press, Boca Raton Florida.

Jasieniuk M, Brilé-Babel AL & Morrison IN (1996) The evolution and genetics of
herbicide resistance in weeds. Weed Science 44, 176-193.

Jordan N (1996) Effects of the triazine-resistance mutation on fitness in Amaranthus
hybridus (smooth pigweed). Journal of Applied Ecology 33, 141-130.

Kirkwood RC (1987). Herbicides and plant growth regulators. In: Herbicides (eds. DH
Hutson & TR Roberts), pp. 1-56, John Wiley, Chichester.

Kropff MJ & Van Laar HH (1993) Modelling crop-weed interactions. CAB
International, Wallingford, 274 pp.

Mahn EG & Lemme D (1989) Moglichkeiten and Grenzen plastischer Anpassung
sommerannueller Arten an anthropogen bestimmte Lebensbedingungen - Solanum
nigrum L. Flora 182, 233-246,

Mapplebeck I.R, Souza Machado V & Grodzinski B (1982) Seed germination and
seedling growth characteristics of atrazine-susceptible and resistant biotypes of
Brassica campestris. Canadian Journal of Plant Science 62, 733-739.

Matthews IM (1994) Management of herbicide resistant weed populations. In:
Herbicide resistance in plants. biclogy and biochemistry (eds. SB Powles & JAM
Holtum), pp. 317-335, CRC Press, Boca Raton Florida.

Maxwell BD, Roush ML & Radosevich SR (1990) Predicting the evolution and
dynamics of herbicide resistance in weed populations. Weed Technology 4, 2-13.

May RM & Dobson AP (1986) Population dynamics and the rate of evolution of
pesticide resistance. In: Pesticide resistance: Strategies and Tactics for
Management (eds. National Research Council), pp. 170-193. National Academy
Press, Washington.

11




Chapter 1

Mortimer AM, Ulf-Hansen PF & Putwain PD (1992) Modelling herbicide resistance -
a study of ecological fitness. In: Resistance '9!: Achievements and developments in
combating pesticide resistance (eds. I Denholm, AL Devonshire & DW Hollomon),
pp. 148-164, Elsevier, London.

Moss SR & Rubin B (1993) Herbicide-resistant weeds: a worldwide perspective.
Journal of Agricultural Science 120, 141-148,

Parks RJ, Curran WS, Roth GW, Hartwig NL. & Calvin DD (1996) Herbicide
susceptibility and biological fitness of triazine-resistant and susceptible common
lambsquarters (Chenopodium album). Weed Science 44, 517-522.

Powles SB, Prestion C, Bryan IB & Jutsum AR (1997) Herbicide resistance: impact
and management. Advances in Agronomy 58, 57-93.

Roberts HA & Lockett PM (1978) Seed dormancy and field emergence in Selanum
nigrum L. Weed Research 18, 231-241,

Rotteveel TIW, De Goeij JWFM & Van Gemerden AF (1997} Towards the
construction of a resistance risk evaluation scheme. Pesticide Science 51, 407-411,
Roush ML, Radosevich SR & Maxwell BD (1990) Future outlook for herbicide

resistance research. Weed Technology 4, 208-214.

Ryan GF (1970) Resistance of common groundsel to simazine and atrazine. Weed
Science 18, 614-616.

Schénfeld M, Yaacoby T, Michael O & Rubin B (1987) Triazine resistance without
reduced vigor in Phalaris paradoxa. Plant Physiology 83, 329-333.

Solymosi P & Lehoczki E (1989) Co-resistance of atrazine-resistant Chenopodium and
Amaranthus biotypes to other photosystem II inhibiting herbicides. Zeitschrift fiir
Naturforschung 44c¢, 119-127.,

Van den Brand WGM (1985) Biologie en ecologie van zwarte nachtschade (Solanum
nigrum). Series: Verslag/Proefstation voor de Akkerbouw en de Groenteteelt in de
volle grond, 35, 29 pp. PAGYV, Lelystad.

Van Dord DC (1982) Resistentie van Chenopodium album L. (melganzevoet) tegen
atrazin en Poa annua L. (straatgras) tegen simazin in Nederland. Mededelingen
Faculteit Landbouwwetenschappen Rijksuniversiteit Gent 47, 37-44.

Van Qorschot JLP & Van Leeuwen PH (1988) Inhibition of photosynthesis in intact
plants of biotypes resistant or susceptible to atrazine and cross-resistance to other
herbicides. Weed Research 28, 223-230.

Van Oorschot JLP & Straathof HIM (1988) On the occurrence and distribution of
chloroplastic resistance of weeds to triazines in the Netherlands. 8éme Collogue
International sur I'Ecologie, la Biologie et la Systématique des Mauvaises Herbes,
Paris, 267-275.

Vleeshouwers LM (1997) Modelling weed emergence patterns. PhD  thesis.
Wageningen Agricultural University, 165 pp.

Vogel R & Gutzwiller A (1993) De la morelle noire dans I’ensilage de mais: prudence!
Revue Suisse d'Agriculture 25, 315-321.

12



General introduction

Warwick SI (1991) Herbicide resistance in weedy plants: physiology and population
biology. Arnnual Review of Ecology and Systematics 22, 95-114.

Warwick SI & Black LD (1994) Relative fitness of herbicide-resistant and susceptible
biotypes of weeds. Phyroprotection 75 (Suppl), 37-49.

Warwick SI & Marriage PB (1982) Geographical variation in populations of
Chenopodium album resistant and susceptible to atrazine. . Between- and within-
populations variation in growth and response to atrazine. Canadian Journal of
Botany 60, 483-493,

Watson D, Mortimer AM & Putwain PD (1987) The seed bank dynamics of triazine
resistant and susceptible biotypes of Senecio vuigaris - implications for control
strategies. In: Proceedings of the 1987 British Crop Protection Conference - Weeds,
Brighton, 917-924.

Weaver SE & Thomas AG (1986} Germination responses to temperature of atrazine-
resistant and -susceptible biotypes of two pigweed (Admaranthus) species. Weed
Science 34, 865-870.

Weller RF & Phipps RH (1979) A review of black nightshade (Solanum nigrum L.).
Protection Ecology 1, 121-139,

Zanin G & Lucchin M (1990) Comparative growth and population dynamics of
triazine-resistant and susceptible biotypes of Solanum nigrum L. in relation to maize
cultivation. Journal of Genetics and Breeding 44, 207-216.

13



Chapter 2

Germination and emergence characteristics of triazine susceptible and
resistant biotypes of Solanum nigrum

Abstract

Seedling emergence patterns of triazine susceptible and resistant Solanum nigrum in
the field were studied in Wageningen, The Netherlands. Emergence patterns were
similar in the first year, but in the second year resistant seedlings emerged faster and
the number of resistant seedlings was higher.

To explain emergence patterns, a germination experiment was carried out, Seeds
from two populations with triazine susceptible and resistant biotypes were buried in
late autumn and exhumed monthly during spring. Germination was assessed in
incubators at different constant temperatures. The lowest temperatures for germination
of seeds from the Achterberg population ranged from 20 °C on 1 February to 10 °C on
1 May for the susceptible biotype, and from 15 °C on 1 February to 10 °C on 1 May
for the resistant biotype. The lowest temperatures for germination of seeds from the
Zelhem population ranged from 23 °C on 1 February to 10 °C on 1 May for the
susceptible biotype, and from 15 °C on 1 February to 10 °C on 1 May for the resistant
biotype. The minimum germination temperature of seeds from the resistant biotype
appeared to be lower than that of the susceptible biotype.

Emergence patterns in the field could be explained by soil temperature and different
minimum germination temperature requirements of seeds from the triazine susceptible
and resistant biotype. This knowledge can be used to manage triazine resistant .
nigrum by the timing of soil cuitivation.

Key-words: black nightshade, dormancy, resistance management, seed size, triazine
resistance.

Introduction

Triazine resistant Solanum nigrum L. is becoming an increasing problem in silage
maize in Europe. Resistant plants survive herbicide applications, compete with the
crop, and may contaminate the harvest with poisonous berries. Herbicide resistance is
here defined as an evolved tolerance in a weed population in response to selection
through application of a herbicide (Cousens & Mortimer 1995).

A key factor in the development of herbicide resistance in the field is the seed bank.
The importance of a seed bank in evolutionary terms is that it represents a "memory™
of past selection events which may buffer evolutionary processes and may serve to
delay the onset of resistance (Templeton & Levins 1979). Gressel and Segel (1990)
also reported on the importance of seed longevity and dormancy to the dynamics of
resistant weed populations. Differences n viability, dormancy and germination
characteristics may have major implications in the management of fields infested with
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herbicide resistant weed populations and the persistence of these populations in the
field.

Depleting the seed bank by reducing dormancy or stimulating germination may
enhance the management of weeds in general (Dyer 1995, Johnson & Mullinix 1995).
Differences in germination and dormancy between resistant and susceptible weeds,
resulting in different emergence patterns, could be exploited to manage herbicide
resistant weed populations. If resistant seedlings emerge earlier than susceptible
seedlings, an extra control measure prior to crop sowing will result in a greater
reduction of the resistant population. This has also been suggested for the control of
earlier germinating sulfonylurea resistant Kochia scoparia (Thompson et al. 1994).

Differences in germination between triazine susceptible and resistant S. rigrum have
been reported. Gasquez and colleagues (1981) found that the fraction of triazine
resistant 8. nigrum that germinated at different alternating temperatures up to 25 °C
was lower than that of susceptibie biotypes. In a study by Bulcke ef al. (1985), resistant
and susceptible biotypes of 8. nigrum from different geographic origins showed similar
germination at 20 °C. A mechanistic explanation for differences in the pattemn of
germination between resistant and susceptible biotypes might be based on a
combination of two selection processes: earlier germination and emergence of resistant
seedlings will increase seed production in a competitive crop, and survival and thus
seed production of susceptible plants will be higher later in the season when triazine
levels in the soil may have decreased to a non-lethal level.

Once dormancy of seeds is removed, factors controlling germination are, amongst
others, temperature and individual seed weight. In many species a positive effect of
temperature on germination has been found (Bewley & Black 1994). In general,
germination increases until an optimum temperature above which germination is
restrained. Speed of germination is also temperature dependent. Seed weight affects
germination, viability and dormancy and varies under the influence of maternal
environmental and genetic effects (Wulff 1995). For example, smaller seeds of Runtex
have been observed to have a lower germination fraction than larger seeds (Cidecyan
& Malloch 1982) while no difference has been observed amongst seeds of different
size of Solanum ptycanthum (Hermanutz & Weaver 1991). The rate of germination
was, however, lower amongst smaller seeds of S, piycanthim (Hermanutz & Weaver
1991) and higher amongst smaller seeds of Erodium brachycarpum (Stamp 1990).
Preliminary investigations showed that in some populations at least seed weight of
triazine susceptible biotypes may be higher than that of resistant biotypes.

The objectives of this study were: 1) to separate the effect of biotype and seed
weight on germination characteristics of Solanum nigrum, 2) to determine the
germination fraction and speed of germination of triazine resistant and susceptible 5.
nigrum in order to explain the observed emergence patterns in the present study of
susceptible and resistant biotypes in the field and 3) to indicate whether the observed
emergence patterns of resistant and susceptible biotypes may have potential for the
ecologically based management of herbicide resistant weed populations.
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Materials and methods

The species

Solanum nigrum L. is a self-pollinating species. It is an important weed in arable field
crops in temperate and tropical regions. Germination of S. nigrum is promoted by light
and soil temperatures above 15 °C (Van den Brand 1985). Germination can be
enhanced with a cold pre-treatment or application of nitrate or gibberelic acid (Roberts
& Lockett 1978). In the field, S. nigrum has a seasonal emergence pattern: it
germinates in The Netherlands between April and August because of the high
minimum soil temperature needed for germination. Van den Brand (1985) reported a
minimurm soil temperature of 15 °C and Keeley and Thullen (1983) of 17 °C.

Triazines are the most common herbicide group used for weed control in maize in
The Netherlands. Triazine resistance in 8. nigrum consists of a single gene mutation in
the chloroplast. The relative frequency of the resistance gene in natural populations
without triazine applications ranges between 10° and 10", The resistance
characteristic is maternally inherited (Jasieniuk & Maxwell 1994). Resistant plants can
survive triazine doses up to 30 times the regular dose while the selection pressure of a
triazine herbicide is very high, killing over 98% of the susceptible plants. Several
authors suggested that there is a cost in fitness terms related to this mutation, i.e.
reduced photosynthesis (Holt 1997).

Emergence study
Triazine resistant and susceptible S. rigrum plants within one population were found in
a field in Achterberg (51°59° N, 5°35° E). Plants were collected and grown in a
glasshouse in 1992 for seed production. Seeds were extracted from berries by washing
and sieving after which they were dried and stored at room temperature. In November
1992, batches ot 4000 seeds were buried in nylon bags in the field at a depth of 5 cm.
Average dry thousand kernel weight of susceptible seeds was 0.906 g and of resistant
seeds 0.814 g. In spring of 1993, 10 PVC cylinders with a diameter of 30 cm were
buried in the soil to a depth of 10 cm. The soil was removed and X-ray radiated with 1
MRad to kill all seeds present. To imitate soil cultivation in a maize cropping system,
the over-wintered batches of 4000 seeds were on 4 May, each separately, thoroughly
mixed with soil from one PVC cylinder and put back in the cylinder in the field. This
resulted in a seed density in the PVC cylinder of 56588 seeds m™ per 10 cm depth.
Experimental set-up consisted of a randomized complete block design with 5
replicates; each replicate consisted of one cylinder with susceptible seeds and one
cylinder with resistant seeds. From May until mid-August 1993, the number of
emerged seedlings of 5. nigrum was counted every 3 to 5 days. After counting,
emerged seedlings were removed. In October, just before maize harvest, soil from all
cylinders was removed and separately stored at 5 °C.

The same soil was again laid out in PVC cylinders in the field on 6 May 1994 and
emergence of triazine resistant and susceptible 5. nigrum was again observed for more
than three months. The number of seedlings m™” in each cylinder was in both years best
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characterized by a double Gompertz curve and a binomial distribution of the response
variable:

_e—Bl(x— M) _e—Bz(x—Mz)

y=Cixe +Crxe (Eq. 2.1)

In this model, y is the number of scedlings m” at time x. C1 and C?2 are asymptotes and
Br and B2 are shape parameters. M7 and M2 represent the x-value of the inflection
points where emergence rate is maximal, 1/A/7 is used as a measure of the emergence
rate (day™). Analysis of variance determined whether différences in parameters
between biotypes existed. The total number of seedlings was analysed using a
generalized lingar regression model with a binomial distribution (Payne ef al. 1987).

Germination study

To explain observed differences in field emergence patterns between susceptible and
resistant biotypes, a study was carried out to determine the germination characteristics
of both biotypes in relation to individual seed weights and temperature. In September
1995, ripe berries were harvested from §. nigrim plants grown in an experimental field
under similar environmental conditions with no inter- or intra-specific competition.
Plants originated from two maize fields with both biotypes present in each field
(Achterberg (51°59" N, 5°35° E) and Zelhem (51°59° N, 6°18° E )).

Triazine resistance of plants was confirmed using measurements of quantumn yield
based on the knowledge that resistant plants have a lower photosynthetic activity
{Dominguez et al. 1994). Berries were collected from 10 to 19 plants per biotype.
Seeds were washed, sieved and dried at room temperature. Dry seeds from each
biotype and population were divided into three batches with equal numbers of seed and
different seed weights attained by separation with air, using a South Dakota blower.
Individual seed weights per batch and their standard errors were determined by
weighing 200 single sceds (Table 2.1). Average seed weight of the resistant biotype of
the Achterberg population was significantly lower than that of the susceptible biotype.
The Zelhem population showed no significant differences in average single seed
weights between both biotypes. In both populations the variation in seed weights of the
susceptible biotype was greater. Experimental set-up consisted of a randomized design
with the treatments population, biotype, seed weight, exhumation date and germination
temperature in two replicates.

On 22 December 1995, 48 nylon bags per seed batch, filled with a mixture of soil
and 100 seeds of that specific batch were buried in the field at a depth of 5 cm. As a
control, seeds were also dry stored at room temperature. In January, the dry stored
seeds were laid out in petri dishes on moist filter paper to germinate in incubators with
constant temperatures of 5, 10, 15, 20, 25 and 30 °C (12 h light). Sceds were assumed
to have germinated when the radicle was visible, Germination was recorded every day.
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Seeds, buried in the field, were dug up at monthly intervals on 1 February, 1 March, 1
April and 1 May 1996. Seeds were washed from the soil at 15 °C and germinated at the

same 6 constant temperatures. Total numbers of germinated, apparently viable and

dead seeds were recorded for every treatment at each exhumation date, The data were

analysed by a stepwise multiple genecralized lincar regression with a binomial

distribution (Payne ef al. 1987) where the total fraction germinated was defined as the

number of germinated seeds divided by the total number of viable seeds. Factors in the

regression model were exhumation date, population, biotype, temperature and seed

weight. Cumulative germination fraction in time (z) was best characterized by a

Gompertz curve with a binomial distribution of the response variable:

e—B(x - M}

z=Cxe (Eq.2.2)

In this formula, x is time, M is a time scale constant, B is a shape parameter, and C
represents the asymptote. The formula was used to determine the 755, which represents
the time at which 50% of the total germination fraction has germinated. Germination
rate was expressed as 1/75, (day™) and analysed within the temperature range where a
sufficient number of seeds had germinated. Analysis was performed with a stepwise
multiple linear regression with a normal distribution (Payne et a/. 1987).

Table 2.1. Mean individual seed weights of . nigrum of the different sized fractions of the
biotypes from different populations.

Population Biotype Fraction Seed weight (1 06 g) with

standard error in parentheses

Achterberg Susceptible )| 784.8 (7.61)
I 805.4 (6.46)

111 879.7 (6.71)

Resistant I 727.6 (6.71)

I 751.6 (6.75)

111 793.9 {6.28)

Zelhem Susceptible I 677.3 (8.68)
I 759.2 (7.96)

11T 820.0 (7.72)

Resistant I 745.5 (7.05)

I 785.1 (6.96)

1t 800.3 (5.97)
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Results

Emergence study

There were no differences in emergence patterns of the resistant and susceptible
biotypes from the Achterberg population in 1993 (Fig. 2.1). The onset, emergence rate
and total number of emerged seedlings were similar. The total number of emerged
secedlings represented about 45 % of the number of seeds within the potential
emergence depth of 5 cm. In 1994, the differences in the emergence pattern between
both biotypes were very clear. The total number of emerged resistant seedlings was
significantly higher than the total number of susceptible seedlings (P<0.05).
Emergence rate of the resistant seedlings was also significantly higher than that of the
susceptible seedlings (P<0.05). To further interpret emergence patterns, average daily
soil temperatures at 5 cm depth under bare soil at a nearby field station in Wageningen
arc presented in Fig. 2.2. In 1993, average daily soil temperatures were already above
the minimurn germination temperatures of 15 °C or 17 °C early in the season (Fig.
2.2a), while in 1994 (Fig. 2.2b), after storing the seeds and soil at 5 °C during the
winter, soil temperatures were lower than in May 1993.
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Fig. 2.1 Emergence patterns of susceptible ( } and resistant { — — — ) 8. nigrum from
Achterberg in a) 1993 and b) 1994. Vertical bars indicate two times the standard error.
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Germination study

During the germination experiment in 1996, soil temperatures at 5 cm depth were
recorded at the same field station in Wageningen (Fig. 2.2¢). In Fig. 2.3, the average
germination fraction of the three equal sized batches of seed with different seed
weights of one biotype are shown. In both populations, biotype had a strong significant
effect (Table 2.2) with eatlier, faster and greater germination of resistant seeds m all
treatments (Fig. 2.3). Minimum temperature requirements for germination of resistant
seeds were lower during the whole experimental period. Within biotypes, delaying the
time of exhumation generally resulted in an increase in the germination fraction. This
increase was population dependent (Table 2.2) and higher for the Achterberg
population and especially the susceptible biotype. Germination fraction of dry stored
seeds was very low at all temperatures. Seeds exhumed from the field initially showed
no germination at 10 °C, but in May exhumations, some germination was observed.
Increasing temperatures up to 25 °C increased germination while a temperature of 30
°C inhibited germination. Seed weight had a significant positive effect upon
germination (Table 2.2) as is illustrated in Fig. 2.4 for the May exhumation. This effect
was independent of exhumation date and biotype. Although significant, the positive
effect of seed weight on germination was minimal compared to that of exhumation
date and biotype. Data on the germination rate, expressed as 1/ts, (day™), is presented
in Fig. 2.5, it increased sigmficantly with a delay in exhumation date and as
temperature increased within the range wsed. The highest germination rate was
achieved at 30 °C after exhumation on 1 May.

Table 2.2. Results of the stepwise multiple regression analysis. Germination fraction is
binomially distributed and germination rate (1/t5,) is normally distributed. For large numbers
of observations the deviance ratio can be interpreted as an F-ratio (Payne et al. 1987). Non-
significant effects on both parameters are omitted.

Germination fraction Germination rate

(day )
Factor Deviance ratio F-ratio
Exhumation date 2384254+ 65.44%**
Population 6R.61*** 0.96
Biotype 7230.87%%* 22.01%%*
Temperature 4040.17%%* 294.775%**
Seed weight 672.48%** 0.03
Exhumation * Population 70.62%%* 0.30
Exhumation * Biotype 196.1 8% 2.27
Exhurnation * Temperature 131.95%%* 23 79%%%
Population * Biotype 8BS5.99*x¥ 0.03
Population * Temperature 14.20+* 0.34
Biotype * Temperature 30.42%** 0.54

*P <005, ** P < 0.01; ** P <0.001
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Fig. 2.3(a) Average germination fraction from population Achterberg (a), Zelhem (b) and
susceptible and resislant biotypes at different exhumation dates and germination temperatures.

23



Chapter 2

Zelhem, susceptible

Temperaturs
Temperature

uojloel usjeUILIBD UGB UOPELILLIDL

Exhumation date
Exhumation date

Zelhem, resistant

Fig. 2.3(b)

24







