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Herbicide resistant crops will make weed control simpler and provide additional options which fit well in new concepts of weed
control. The possible transfer of resistance genes to weedy relatives, the increased probability of selecting herbicide resistant
weeds and the problem of volunieers need to be considered in the management of weeds, especially if such crops gain large
acreages and only few compounds are used/available. For these reasons and reasons of environmental contamination with herbi-
cides it is important that the farmer does not depend on an one-herbicide-only-control-strategy.
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Today, the use of herbicides is by far the most widely
used method of weed control in developed countries, and
has replaced to a large extent other control methods. But
also in less developed countries, chemical weed control
is gaining more and more of importance. The reasons are:
with herbicides large acreages can be handled in a mini-
mum of time at reasonable costs. Further, there are solu-
tions available for most of the weed problems in all major
crops, and, very important, in most cases herbicides work
reliably, so the farmer can depend on it.

The herbicides presently used for weed control in crops
are selective herbicides, i.e., they kill weeds and are safe
to the crop. The selectivity of such herbicides often is
limited to one crop or group of crop species and is based
on natural tolerance of the crop(s) to the specific herbi-
cide. However, this tolerance is not necessarily a com-
mon characteristic throughout the crop species, but can
differ between cultivars, and thus limit the use of the com-
pound. In general the efficacy of selective herbicides is
not broad spectrum, i.e. depending on the compound cer-
tain weed species are not controlled. With the new tech-
nology of herbicide resistant crops (HRCs), a herbicide
can be used in crops which have no natural tolerance but
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have been made resistant to the herbicide. This approach
is mainly used for non-selective compounds in order to
have a broader spectrum of weed control. The main dif-
ference between the conventional herbicide concept and
the HRC-technology is that with the conventional con-
cept an adequate crop safety for the herbicide has to be
optimized in the screening process, while with the HRC-
technology a target crop is tailored to the herbicide and
usually achieved by means of genetic engineering. With
this approach herbicide producers and seed companies
are trying to expand their respective market share.

At present the non-selective herbicides glyphosate and
glufosinate are the dominating compounds in this respect.
For glyphosate, resistant varieties of soybeans, cotton and
canola, and for glufosinate of maize and canola are al-
ready available, respectively. Further resistant varieties
are being developed as for oilseed rape, sugar beet and
rice. It is quite clear that there is an enormous potential
for this technology, and the rapid increase in acreage of
herbicide resistant crops is evidence enough for the ac-
ceptance of this technology by the farmers. However, there
is still an ongoing debate on the pros and cons of this new
tool in weed control.
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In the following the consequences of HRCs for weed
control and the environment will be discussed.

Weed control in HRCs: What is the difference
to conventional chemical control?

In general it is expected that with HRCs weed control
will be simpler and more advantageous than with the con-
ventional chemical control. The main reasons for that are:
— Weed species which either can not be controlled effec-

tively with the conventional system or only with addi-

tional efforts, e.g., herbicide mixtures, may not anymore
be considered as problem weeds. This includes also
parasitic and crop related weeds.

— With conventional weed control a proper timing of the
herbicide application is essential, otherwise control ef-
ficacy is reduced and/or the crop is damaged. With
HRCs the herbicide can be used at any growth stage
which provides more flexibility in timing. This can be
crucial if e.g., unfavourable weather conditions delay
the herbicide application.

— Weeds which have become resistant to conventional
herbicides can be controlled with the corresponding
HRC-herbicide. HRCs thus provide an additional tool
in the management of herbicide resistant weeds.

- Although conventional herbicides are considered as se-
lective, their selectivity usually is not complete, i.c.,
the crop may suffer somewhat from the herbicide which
can result in lower yields. With HRCs there is a poten-
tial for further improved selectivity and ultimately higher
yields.

— With conventional weed control in some crops pre-emer-
gence herbicides still have to be use as post-emergence
compounds are not available, and therefore economic
thresholds can not be applied. With HRCs the herbi-
cide is used post-emergence and the control decision
can be based on economic thresholds.

— It is expected that the HRC-technology will contribute
to further develop reduced tillage and no-till systems,
since weed control and mulch management will be eas-
ier and more effective (AMMON ef al. 1995). This could
substantially help to reduce soil erosion which is one of
the biggest problems in world agriculture.

— An aspect, one has not paid enough attention to, partial-
ly because it is difficult to practice in conventional weed
control, is the concept of pericd thresholds. With peri-
od thresholds, weeds are controlled at the time when
they interfer with the crop and cause damage (critical
period). At present the timing of the herbicide applica-
tion is determined mainly by the growth stage of the
crop and weeds, irrespective of the critical period. Due
to a more flexible timing, HRCs will facilitate control
according to period thresholds. Period thresholds have
already been developed for some major crops as maize
(KOCH & KEMMER 1980; ZIMDAHL 1988), sugar beets
(SCOTT & MOISEY 1972; DAWSON 1986), rice, soy-
beans and vegetables (ZIMDAHL 1988).

— The new future-oriented development of precision weed
control which takes in account the spatial variability of
weeds via patch treatment or sensor driven systems,
could promote HRCs and vice versa (HURLE & KU-
NISCH 1997; HURLE & WALTER 1998).

In summary: In comparison to conventional chemical
weed control the HRC-technology offers some additional
benefits and fits quite well in new concepts and develop-
ments in weed management. Provided this technology is
cost-effective, it could replace conventional systems to a
great extent.

What are the risks?
Outcressing of the herbicide resistance gene(s):
A problem for the environment or the farmer?

Lateral gene transfer, i.e., hybridization via polien be-
tween related plant species or between different varieties
of the same species, is a common natural process. In plant
breeding this can be a problem which breeders take into
account in their breeding program. It has been demon-
strated that in absence of a specific herbicide selection
pressure, plants with a herbicide resistance gene showed
no greater fitness than plants without this gene (CRAW-
LEY et al. 1993; KAREIVA et al. 1996; THILL 1996). Such
plants are not weedier and more invasive than susceptible
biotypes, and are no super weeds. Nevertheless it is im-
portant to know which species can hybridize with a her-
bicide resistant crop, as the outcrossing of herbicide
resistance is a new way in creating herbicide resistant
weeds.

A lot of research has been done during the last few years
in order to find wild plant species which are able to hy-
bridize with transgenic crops under field conditions. Ta-
ble 1 presents some examples for relevant crop-weed
combinations which produce viable and fertile F, genera-
tions. However, the probability of the occurrence of F,
generations is very low. In addition, the survival rate of
the hybrids is reduced and only a small percentage is able
to reproduce. This applies also to hybrids of crops and
their non-weedy wild relatives which per se are not of an
agricultural importance (for an overview see KEELER e al.
1996). Although until now not all hybridization partners
are investigated, the chance for crop-weed hybrids to ap-
pear as herbicide resistant weeds seems to be rather small.
If crop-weed hybrids do appear it will reduce the advan-
tages of HRCs, and we end up in a situation comparable
to the conventional chemical weed control, where close
relatives of the crop usually can not be controlled by se-
lective herbicides either. So far we have no experience of
how much of an agronomic problem outcrossing of her-
bicide resistance genes to wild relatives might be, and to
what extent it will interfere with the HRC-concept.

In this context it is worth mentioning that for genes con-
trolling the natural herbicide tolerance there are no re-
ported cases of outcrossing in related weed species (DYER
et al. 1993). The reason probably is that the natural her-

113




Vol. 36, No. 3: 112-116

Plant Protection Science — 2000

bicide tolerance depends on more than one gene or is cy-
toplasmatically controlled, and thus a gene flow via pol-
len is improbable and not possible, respectively.

In summary: There is a limited chance for outcrossing
of herbicide resistance genes to wild relatives. For spe-
cies which have no relevance as weeds this is neither an
ecological nor an agronomical problem. Wild relatives
which became resistant and are occurring in crops can
not be controlled anymore with the corresponding herbi-
cide. This will limit the advantages of the HRC-technolo-
gy but does not pose a problem the farmer would not be
able to handle.

Herbicide resistant weeds: An increasing problem with
herbicide resistant crops?

There are three ways for herbicide resistant weeds to
develop: a) selection of resistant biotypes, b) outcrossing
of resistance genes, and c¢) survival of seeds or other
propagules of resistant crops in the soil; b) and c) being
specific to HRCs.

The number of weeds possessing herbicide resistance
is increasing. More than 150 species are reported as re-
sistant throughout the world (RUBIN 1996). The occur-
rence of herbicide resistance in weed populations is
generally associated with a high selection pressure im-
posed by high frequency of use, high dosages, long-time
use and long-lasting soil activity of the compound. Out of
these factors, the repetitive use is the main cause for the
selection of insensitive, i.e., resistant biotypes. In princi-
ple the selection pressure in HRCs is not bigger than with
conventional chemical weed control. However, it will be
increased if in a crop more than one treatment is needed
to obtain sufficient control, and/or several HRCs resis-

tant to the same herbicide are cultivated on a farm. Fur-
thermore the frequent use of a herbicide usually leads to a
shift in the weed flora towards such species harder to con-
trol. In order to get these plants controlled, farmers often
increase the herbicide dose, and thereby also increase the
selection pressure. However, not all herbicides have the
same potential for selecting resistant weed biotypes, and
it is not possible to predict reliably how long a compound
can be used in a field until resistant biotypes will occur
(SUBRAMANIAN et al. 1996; HEAP 1997).

Although the possibility of outcrossing of the resistance
gene(s) to wild relatives is generally considered to be low
(see above), it contributes to the occurrence of resistant
species.

Crops can infest subsequently planted crops if their
propagules get into the soil and develop into plants. Such
volunteer plants are considered weeds. Some are posing
real problems as e.g., maize in soybeans, oilseed rape in
sugar beets, and small grains in oilseed rape. A more se-
rious volunteer problem could result from the transfer of
the resistance trait to the same crop species especially if
the recipient variety is resistant to another herbicide (mul-
tiple intraspecific resistance). This could happen with
neighbouring fields of easily hybridizing crop species.
Then the volunteers would be resistant to two herbicides.
If herbicide resistant volunteers develop into a weed prob-
lem they need special consideration for their control, which
in turn will increase the costs. To avoid these problems
farmers have to make sure not to use different herbicide
resistant crops with resistance to the same herbicide in
crop rotations.

Finally, there are many possibilities for an unintention-
al distribution of seeds of HRCs e.g., by agricultural ma-

Table 1. Possible partners for hybridization between crops and weedy relatives

Crop Weedy relatives

Reference

Oat (Avena sativa L.)
Qilseed rape (Brassica napus L.)

Chinese mustard (Brassica juncea (L.) Czern.)

Hoary mustard (Hirschfeldia incana (L.) Lagreze-Fossat)
Wild radish (Raphanus raphanistrum L.)

Wild mustard (Sinapis arvensis L.)

Dog mustard (Erucastrum gallicum O.E. Sch.)

Rice (Oryza sativa L.)

Sorghum (Sorghum bicolor (L.)
Moench)

Sugar beets (Beta vulgaris
ssp. rapacea (L.) Doll)

Sunflower
(Helianthus annuus L.)

Wheat (Triticum aestivum L.)

Wild oat (Avena fatua L.)

Turnip (Brassica rapa L.}

Red rice (Oryza rutipogon Griff.)
Johnsongrass (Sorghum halepense (L.) Pers.)

Wild beet (Beta vulgaris
ssp. maritima (L.) Arcang.)

Bolander’s sunflower (Helianthus bolanderi A. Gray)
Prairie sunflower (Helianthus petiolaris Nuit.)

Wild wheat (4degilops cylindrica L.)

DYER et al. (1993)*
DOWNEY (1992)
DOWNEY (1992)
DARMENCY et al. ( 1995)
DARMENCY et al. ( 1995)
LECKIE et al. (1993)
CHEVRE et al. (1997)
DYER et al. (1993)*
DYER et al. (1993)*

BOUDRY et al. (1993)
HEISER (1976)

HEISER (1976)
MALLROY-SMITH (1996)

*Review
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chinery to uninfested fields, where these volunteers could
create a problem if another HRC resistant to the same
herbicide is cultivated. Oilseed rape could serve as a good
example for unintentional distribution, since under prac-
tical conditions it is not very likely for the farmer to spend
enough time for cleaning the combine from the small seeds
of this crop.

It seems that in this context volunteers will be the main
agronomic problem, followed by the “normal” selection
of herbicide resistant weeds, and the emergence of herbi-
cide resistant wild relatives by hybridization.

In summary: It is very likely that with HRCs herbicide
resistant weeds, including resistant volunteer crops, will
be an increasing problem. To avoid this problem the farmer
must be aware of the possible risks, and take them into
account in his weed management strategies. The main stra-
tegic element must be an appropriate crop and herbicide
rotation.

Increased use of HRCs: A herbicide problem for the
environment?

Due to the very high registration standards for pesti-
cides, only environmentally benign compounds get on the
market, and the specific herbicides for HRCs are no ex-
ception, However, there is a correlation between the in-
tensity a compound is used and the probability of the
compound to become conspicuous in the environment e.g.
in ground, surface and rainwater and the atmosphere. In
the context with HRCs this could be the case if for a sin-
gle herbicide several major resistant crops are available,
and farmers plant the crops and use the herbicide on large
scale, because the system is cost-effective and provides
good weed control. Atrazine is an example for it. But it
could apply also for environmentally safer compounds if
they were used year after year on large scale, and there-
fore finally do not meet the safety standards set by the
society anymore (HURLE 1996). From this point of view
it is highly desirable not to depend too much on a one-
herbicide-only-strategy.

In summary: With HRCs there is a risk for environ-
mental problems if the system depends on a single/few
herbicide(s) and such crops are cultivated on large areas.

Conclusions

Until now there is no long-term experience with HRCs.
While the advantages for weed control are quite obvious,
the risks in connection with hybridization, selection of
herbicide resistant weed species and volunteers, and en-
vironmental contamination are clear in theory, but need
to be confirmed under practical conditions in order to
obtain a real estimate of the risk imposed by HRCs to
cropping systems and the environment. It seems quite
clear that the risks increase with the extent a HRC is
cultivated and the corresponding herbicide is used. Be-
sides careful consideration of the possible risks involved
with the introduction of HRCs during registration, it is

recommended to follow HRC-systems in a post-registra-
tion monitoring program in order to take action if neces-
sary. This new technology requires more strategic planning
of the management of weeds and of cropping systems in
general. Especially for developing countries with less
experience in chemical weed control this could be a cru-
cial point.
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Plodiny rezistentni viiéi herbicidiim zjednodusi regulaci pleveli a poskytnou dalsi moZnosti, které jsou v souladu s novymi
sméry v hubeni pleveld. Mozny pfenos geni rezistence mezi pfibuznymi plevely, zvysend pravdépodobnost selekce pleveli
rezistentnich v&i herbicidiim a problém vydrolu rezistentnich plodin musi byt zvaZen pii regulaci pleveli, obzvlasté pokud
takové plodiny zaujimaji velké plochy a je moZné pouzit tizké spektrum G¢innych latek. Z téchto diivodi a z diivodili kontaminace
Fivotniho prostfedi herbicidy je dileZité, aby péstitel nebyl zavisly na pouZiti jediného herbicidu.
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