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Abstract Plants growing unwantedly in an agro-ecosystem are defined as weeds.
Weeds modify crop plant growth, development and yield, not only through their
competition for light, water, nutrients, but also through the establishment of eco-
logical niches suitable for the growth and development of plant pathogens and
pests, and the role they play as the host of hazardous organisms. Furthermore, some
weeds produce allelopathic compounds that directly affect the growth and devel-
opment of agricultural crops and even lead to their death. Such toxic compounds
may be found in the leaf, flower, fruit, root, rhizome, and seed of the producing
plants. To control weeds, various mechanical, agricultural, biological and chemical
approaches are applied. Chemical control with herbicides is considered as the most
easiest and attractive method applied in the control of weeds. Recently, compounds
of biological origin have been introduced against weeds, of which mycoherbicides,
of fungal origin, are the most famous group. Herbicides can impact the growth,
development, reproduction, distribution, and survival of plant pathogens in several
ways. Therefore, their rational use is considered as a vital part in integrated plant
disease management programs.
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1 Introduction

The plants unwantedly growing in fields and gardens are called weeds. Weeds as a
part of agro-ecosystems play various roles in the fluctuation of plant disease risk
and are important from several different view points. While most of weeds may help
in disease risk diminishment, however, there may be some weeds that considerably
affect crop plant vigor and its potential for growth and development throughout its
germination of seed till the end of its life in various direct and indirect manners, and
necessitate weed control programs. The easiest strategy to control weeds is the
application of herbicides that if applied in a rational and aware manner, can help in
disease risk decrease. Therefore, any action against weeds shall be taken with
enough knowledge of their direct and indirect impacts on weed-weed, weed-crop,
weed-pathogen, and weed-vector, weed-beneficial organisms, pathogen-biological
control agent interactions, and it is very clear that such a high level of disease
management in a stable agricultural system necessitates detailed information of
agro-ecosystem ecology as well as more innovative work on the development of
new generations of herbicides that are environmentally non-hazarduos and toxi-
cologically safe for crop plant.

The effects of herbicides on environment was the subject of the book
“Herbicides and Environment” edited by Kortekamp (2011), and the impact of
herbicides on soil biology and function has been reviewed by Rose et al. (2016).
The application of herbicides requires more precise information not on groups of
microorganisms, but on relevant species in agriculture and plant pathology, and
their inter-relationships with other important species (such as weeds, host plant,
vectors, beneficial microorganisms, biological control agents, and pathogens). Here,
we intend to imply to the importance of the weeds in the increase of disease risk,
and to the capacity of different herbicides of various classes for the applications in
integrated disease management programs. The necessity of such a review was
severely sensed because of the increased crises with the environmental pollutions
and health risks related to the residues from the applied agrochemicals left on/in the
food stuff ready for human as well as livestock consumption, and mounting list of
pesticide resistance development in hazardous organisms, as well as the current
global trend towards the establishment of stable agricultural systems. There are
increasing reports of the involvement of cellular membrane Adenosine
triphosphate-Binding Cassette transporters (ABC-transporters) in the development
and appearance of resistant adapted microorganisms (Del Sorbo et al. 2000).
Herbicides of different molecular topology and structure, and of antimicrobial
activity can play a considerable role in pesticide resistance management, especially
when they are applied in combination with biological control agents.

The widespread use of herbicides in agriculture fields raises serious and often
controversial issues related to ambient soil pollution and changes in biological
balance. Herbicides act as a “stress factor”, and change soil microbiological bal-
ance. In a study on the changes of soil microbiology after herbicidal treatment, soil
samples were collected from a cambic chernozem at depth ranges of 0–20 cm from
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the experimental field. Herbicides used were clorsulfuron (Dacsulfuron® with doses
ranging from 0.005 to 0.035 mg g−1 soil) and MCPB-Na also known as sodium
4-(4-chloro-2-methylphenoxy)butanoate (Butoxone®, with doses ranging from 0.5
to 3.5 MCPB-Na of 400 g L−1 g−1 soil). Potato Glucose Agar (PGA) was used for
the isolation and identification of fungal colonies. Determination of mold colonies
was performed up to genus level using identification keys. The following types of
molds were identified in the control sample: Penicillium sp., Humicola sp.,
Actinomucor sp., Aspergillus sp., Fusarium sp. and Mucor sp. In the experimental
variants treated with Dacsulfuron®, the presence of additional genera was noticed:
Trichoderma, Cladosporium, Chaetomium, Botrytis and Curvularia. By compar-
ison with the control samples, in the variants treated with Butaxone®, additional
presence of the genus Rhizomucor was found. Some types were found in the soil
samples treated with increasing doses of Dacsulfuron® and Butaxone®, others
reduced their number or disappeared as the result of their sensitivity to the toxic
action of xenobiotics. These xenobiotic substances disturbed soil biology and
microbiology, and negatively influenced the quality and quantity of soil fungi
communities. Dacsulfuronu® had lower toxicity on soil fungi communities than
Butoxone® (Craciun et al. 2013). This was due to the large number of genera that
occur in experimental variants treated with Dacsulfuron®. This information was
confirmed by analysis of the diversity expressed by the Shannon-Weaver index
(Shannon and Weaver 1949) which indicated a value of 0.84 for dacsufuron and
0.63 for Butaxone®.

Praveena et al. (2007) reported that herbicides could either negatively affect the
growth and sporulation of the fungus Fusarium pallidoroseum, known as a
potential biocontrol agent of water hyacinth [Eichhornia crassipes (Mart.) Solms],
or had no significant effect on the fungus. They evaluated the in vitro effect of
different herbicides including paraquat, pretilachlor, glyphosate, 2,4-D, and 2,4-D/
anilofos mixture on Fusarium pallidoroseum colonies. Three treatments of the
tested herbicides (pretilachlor, 2,4-D and 2,4-D/anilofos mixture) inhibited fungal
growth and sporulation completely, whereas paraquat and glyphosate exhibited a
relatively low level of inhibitory. Additionally, when lower concentration of the
herbicides was used, paraquat, glyphosate, 2,4-D and 2,4-D/anilofos mixture could
support the fungal growth (Praveena et al. 2007). These findings highlight the
importance of herbicide dosage applied in order to suppress the weed‘s develop-
ment. Highly concentrated herbicides not only damage the environment, but also
might reduce the biocontrol effect of fungal agents.

2 The Effect of Weeds on Plant Diseases

Weeds as unwanted components of an agroecosystem interact with cultivated
plants, therefore, the control of weeds is considered as an inseparatable part of the
management of plant pathogens (Wisler and Norris 2005). Weeds can influence on
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plant diseases through their direct and indirect effects on the components of disease
triangle (host plant, pathogen, and biotic as well as abiotic environmental factors):

2.1 Direct Effect of Weeds on Plant Physiology

Weeds generally exert their hazardous effects on crop plant growth through com-
petition for the limited water supplies, limited rates of available nutrients, space and
light. Fast growing weeds can germinate and emerge earlier and reduce crop plant
germination and growth through the interception of sun beams and use of water
supplies. For example, the seeds of the weeds like Datura stramonium, and Abutilon
theophrasti (Fig. 1) germinate synchronous to soybean seed germination, grow fast
and form their well-developed canopy over soybean seedlings, the result is clear:
soybean seedlings will not be able to catch light required for photosynthesis, and will
consequently be etiolated and ultimately die (Merrill and Lembi 2009). In sugarcane
fields, the increased growth and development of weed grasses leads to the decreased
and weak growth and development of sugarcane, so that the weakened plants are
difficult to discriminate from those suffering from ratoon stunting disease.

Fig. 1 Velvetleaf (Abutilon theophrasti), an allelopathic malvaceaous weed with velvet-like
heart-shaped leaves, yellow flowers and capsular button-like fruits (Source http://nyc.books.
plantsofsuburbia.com/) (Color figure online)
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Additionally, some of weed plants actively produce and secrete toxic chemicals
that after their release to soil environment impose their inhibitory effects on crop
seed germination. Such a phenomenon first discovered by H. Molisch in 1937, was
called “allelopathy”. Dependant on the level of phytotoxicity of the secreted
compounds and the concentration of the produced chemicals, environmental con-
ditions, and the susceptibility of the crop plant in the given stage in the life cycle, it
can end to the postponed germination and emergence of the seedlings, or to the
death of the sensitive embryo of the crop seed or its germlings. Such allelopathic
compounds may be found in the leaves, roots, flowers, fruits, and rhizomes of the
producing weeds (Putnam and Weston 1986). Fischer (1986) reported that the
sesquiterpene lactones found in the water after washing of the leaves of the plants
belonged to the families Asteraceae, Apiaceae, and Magnuliaceae were inhibitory to
the seed germination of other plants. In mixed culture systems, the allelopathic
compound, juglone produced and secreted by the leaves of walnut (Juglans regia)
trees can suppress the germination of herbaceous plant seeds.

In the evaluation of the allelopathic effects of the weeds Chenopodium album,
Amaranthus retroflexus (Fig. 2) and Cynodon dactylon on the rapeseed germination
and seedling growth, Yarnia and Rezaei (2006) found that root and shoot extracts of
A. retroflexus and C. dactylon resulted in the 65% reduced seedling height, while
that of C. album caused 38% reduction. Rapeseed seed germination percentage was
decreased 30% with C. album extract, however, more than 90% with the extracts of
other weeds. In a similar study with soybean, Farajzadeh et al. (2006) concluded
that the extract prepared from the weed C. album reduced soybean height
of seedling more than 80% (compared with control) and that of other weeds
A. retroflexus and C. dactylon caused 60% reduction. They also found that soybean
seed germination was decreased 70% as the result of the treatment with the extract
of C. album, and 30% with the extracts of other two weeds. Rezaei et al. (2006)
obtained similar results with the extracts of above-mentioned weeds and safflower.

Weeds that secrete their allelopathic compounds from the root system near to the
depth of soil, or those that produce water-soluble compounds easily washed from
the leaves and penetrate to the soil, where crop seeds are laid, will expectedly be of
the most inhibitory influence on crop seed, however, the major allelopathy seems to
occur by the chemical compounds released from plant residues as the result of
microbial activity after weed death, the effect that has been reported by several
authors (Patrick 1971; Rice 1984; Barnes et al. 1986). Although these chemicals
may be non-toxic in feature, however, can potentially lead to considerable localized
changes in soil pH and/other factors that can end to phytotoxic effects imposed on
crop seed, germlings and seedlings. Rhizomes and residues of the graminaceous
weed Agropyron repens affect on the growth of small-grain cereals (Ohman and
Kommedahl 1960) and corn (Bandeen and Buchholtz 1967). Weeds like Sorghum
halpense, Setaria viridis, Digitaria spp., and Helianthus annus impose their
allelopathic effects on agronomical crops and convert environmental conditions to
those favorable for their own growth and development.
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2.2 Creation of Favorable Conditions for Pathogen Growth
and Development

Some of plant pathogens require moist and humid conditions for their growth and
development, and the epidemics of these diseases are in close relation to wet and
high relative humid conditions and the primary foci of such diseases are found in
the points of fields and gardens, where such conditions are provided. Weed plants
especially those with large and broad leaves with higher densities of stomata absorb
soil water and evapotranspirate it to the air, and provide the conditions conducive
for pathogens.

Oomycetous airborne microorganisms like those causal of downy mildews are a
good example for such a topic. Grapevine downy mildew disease caused by
Plasmopara viticola is well encountered wherever moist conditions are provided by
any biotic or abiotic factor such as irrigation water furrows, and weeds. Grey mold
disease of grapes caused by Botrytis cinerea is more severe under humid condi-
tions, and the same is true with the rot and blight diseases induced by the generalist
pathogen Sclerotinia sclerotiorum (Agrios 2005). Powdery mildews another group
of plant diseases develop from their foci in the points where high relative humidity
exists (Agrios 2005). Bacterial pathogens need free water layer and water soaked

Fig. 2 Amaranthus retroflexus (Source http://www.narodrecept.ru/)
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leaves in order to penetrate plants and cause disease (Agrios 2005), and the relative
high humidity provided by weeds creates localized climates that may end to dew
drop formation on sensitive host plants in dawns. Weeds grown under trees and in
their crown vicinity provide humid conditions that predispose trees to the attacks by
various fungi and fungus-like microorganisms. Phytophthora species and basid-
iomycetous wood-rotters like Armillariella spp. are among famous pathogens of
tree plants to exemplify.

2.3 The Effect of Weeds on the Dissemination of Pathogens

Weeds can play their role in pathogen dissemination and disease spread by two
ways, directly and indirectly.

2.3.1 Direct Effect of Weeds on the Dissemination of Pathogens

In a direct way weeds may help pathogens to be distributed through their organs
like seeds which have been infected or contaminated by the pathogens such as
viruses. In fact, most weed are disseminated through their wind-born seeds
(Sorensen 1985), and seed dissemination crosses various groups of pathogens
(Gamliel 2008). Most of the dangerous fungal diseases of sugarcane such as red rot
caused by Colletotrichum falcatum and smut caused by Ustilago scitaminea survive
on perennial host grasses as Kan grass (Saccharum spontaneum) and Munj grass
(S. munja) often grown around sugarcane fields. Grassy weeds like wild oats
(Avena fatua L.) and ryegrass (Lolium spp.) maintain cereal cyst nematode
(Heterodera avenae Woll.) populations and should be controlled. The seed-gall
nematode Anguina tritici parasitizes rye and the wheat ancestors, emmer, spelt, and
Aegilops (Wiese 1987). The root-knot nematodes, Meloidogyne species infect an
abundant number of the plants belonged to the family Solanaceae, and the produced
propagules are transferred through water and soil translocations to the plots culti-
vated with vegetables and cucurbits. Some weeds grown among more disease
resistant crop plants may be more susceptible to a pathogenic invasion, and can be
infected earlier and increase the potential of pathogen inoculum that leads to further
temporal and spatial distribution of the disease. The increased potential of inoculum
can lead to spill over of disease and break of resistance of crops (Keesing et al.
2006). The fungal pathogen of brown leaf spot of paddy, Bipolaris oryzae is found
also on the alternative host plants Oryza montana as well as Leersia hexandra in
nature (Chattopadhyay and Chakrabarti 1953). The wounds resulted from the
compact growth and harsh contacts can potentially help disease spatial progress.
Tilletia controversa, the wheat dwarf bunt fungus can infect wheatgrass Agropyron
repens and a variety of other wild grasses. Bromus, Dactylis, and Poa species are
infected by Cephalosporium gramineum, the only true vascular fungal pathogen of
wheat that cause a soilborn disease called wheat cephalosporium stripe.
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Pathogens either of obligatory or facultative, specialized or non-specialized
types are usually of vast host ranges. Some of the pathogens are found restricted to
a plant species while others can infect very abundant plant species of different
families. Highly specialized pathogens such as rust pathogens are of physiological
races and they may not essentially attack from infected grasses to cultivated wheat
or barley plants. However, wheat black stem rust pathogen Puccinia graminis
f. sp. tritici a heteroeceous macrocyclic rust fungus infects quackgrass and wild oats
as, and spreads over wheat, barley and oat cultivars grown in the farms. Thus, by
this means, weeds can act as foci for the distribution and spread of the diseases.
P. g. f. sp. striiformis another rust fungus causes stripe rust or yellow rust as well as
glume rust on barley, wheat, and other grasses including perennial grasses that play
an important role in disease establishment and development as the reservoirs for the
fungus. The main problem occurs with the non-specialized pathogens of vast host
ranges that take advantage of weeds, wild hosts as well as self-sown host plants for
their own survival, spread and reproduction in the presence or absence of their main
host plant. The direct tranfer of diseases may occur through root and/or shoot
bridges where infected weeds directly involve in the spatial distribution of plant
diseases. With the increase of host densities, contacts between hosts will also
increase and allow more opportunities for the transmission of pathogen, which is
very important in the transfer of some viruses as well as fungi and bacteria.
Furthermore, the probability of a pathogen death in a host population will decrease
at high population densities (Anderson and May 1991), which is of high importance
in the spread of the diseases caused by biotrophic pathogens such as powdery
mildews as well as facultatively saprophytic pathogens such as Phytophthora
species which are very weak saprophytes in the absence of their hosts. Weeds may
act as green bridges and facilitate the hastened development of soil-born pathogens.
This is most important with the pathogens which are of vast host range.
A noticeable classic example of such pathogens may be the ascomycetous fungus
Sclerotinia sclerotiorum that invades more than 400 plant species of more than 75
plant families (Boland and Hall 1994). Similarly, Sclerotium rolfsii has an extensive
host range, and at least 500 species in 100 families are susceptible. The most
common hosts are the legumes, crucifers, and cucurbits. The fungus persists in
many weed hosts as well (Punja 1985). Cucumber mosaic virus (CMV), some of
powdery mildew fungi (such as Erysiphe polygoni), and root-knot nematodes
(Meloidogyne spp.) each are capable to infect more than 700 host plant species.
Podosphaera xanthii (syn. Sphaerotheca fuliginea; powdery mildew of cucurbits)
infects 570 host plant species. The host range of the root rot causal fungus,
Phymatotrichum omnivorum includes at least 1300 plant species (Taubenhaus and
Ezekiel 1936). The main danger of the presence of additional hosts is the transfer of
plant pathogens from a season to another season, as well as the provision of the
conditions required for the propagation of inoculum and its development to the
levels needed for an epidemic occurrence of the disease on the main culture in the
early season. P. xanthii overwinters on wild cucurbits and also on the cultivated
shade plants out of the season. Such a mechanisms seems be true with the viruses of
cucurbitaceae and many other host plants. The soil-born take-all fungus
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Gaeumannomyces graminis var. tritici although specialized for the pathogenicity on
wheat, however, it also invades bromegrass (Bromus spp.), wheat grass, and
quackgrass (Agropyron spp.), and the weeds can play the role of green bridges to
facilitate and accelerate fungal spread in the area, wherever wheat plants have not
form a dense cover of vegetation (Singh 2001).

Some pathogens may be transmitted via the absorptive organs (haustoria) of
parasitic weeds involved in the suction of host plant phloem sap. Dodder (Cuscuta), a
twining yellow, orange, sometimes tinged with purple, red, and occasionally almost
white plant can feed on an infected weed and spread over crop plants in the close
vicinity of its first host weed. Dodder with the very thin and threadlike or relatively
stout stems is classified as a member of the Morning-Glory Family, convolvulaceae
(Garcia et al. 2014). Cuscuta spp. have a broad host range, including many cultivated
crops such as tomatoes, tobacco, clover, and dicotyledonous weeds as well as trees
and shrubs, but only a few grasses or monocotyledonous weeds (Dawson et al. 1994;
Albert et al. 2008). Some other dodders such as Cuscuta campestris (Fig. 3), and
C. pentagona are agriculturally important, found worldwide, and can synchronously
infect a broad range of higher plants (Lanini and Kogan 2005). Dodders parasitize
various kinds of wild and cultivated plants, and is especially destructive to agro-
nomic plants (alfalfa, lespedeza, flax, clover and potatoes) as well as ornamentals
(chrysanthemum, dahlia, helenium, virginia-creeper, trumpet-vine, English ivy and
petunias). Water, minerals and carbohydrates are absorbed from the host through
haustoria (modified adventitious roots) that press up against the stem of the host plant
and penetrate its tissue. Although dodder rarely ends to host plant death and leads to
stunting of its host growth, however, it transfers a range of diseases. In addition to
leaf hoppers, dodder can transmit phytoplasmas, the cause of more than 200
so-called yellows diseases (Swift 2010). Bennett (1940) indicated that dodder would
transmit viruses from a plant to another. The transmission of the viruses probably
takes place through plasmodesmata that provide transient connections sites between
dodder haustorial tip and host cell cytoplasm.

Fig. 3 Vines of dodder (Cuscuta campestris) turned around green host stem. Note to the clusters
of small white flowers each harboring five white triangular petals (Source http://smmflowers.org/)

Weeds, Herbicides and Plant Disease Management 49

http://smmflowers.org/


Dodder-vectored transmission is similar to grafting in some aspects, however,
graft compatibility is limited to quite closely related plants, usually within a genus.
Dodder, on the other hand, can be used to transmit a virus between distantly related
plants (Desjardins et al. 1969). While some viruses can be replicated inside dodder
body (such as cucumber mosaic virus) others are transmitted in a passive manner
with no replication (such as tobacco mosaic virus) (Bennett 1940). However,
capability of a virus to replicate inside a dodder does not mean its ability to be
transmitted by the proliferative dodder. Grapevine Leafroll associated virus 7
(GLRaV-7) can be transmitted from one host to another by Cuscuta reflexa and
C. europea in which it appeared to replicate, however despite its replication in
C. campestris, it could not be transmitted to another host via this dodder species
(Mikona and Jelkmann 2010). Dodders may sometimes harbor an unsuspected
virus. It has been indicated that symptomless C. californica is frequently infected
with a virus that causes serious diseases in several unrelated plant species. The virus
was called as dodder latent mosaic virus (Bennett 1944). Dodder is regarded as an
insignificant factor in the transmission of economically important viruses in the
field, and has rarely been used in experimental work in recent times (Hull 2014).
Dodder has been shown to spread the yellows disease pear decline, aster yellows,
tomato big bud, Vinca virescence and elm phloem necrosis. Furthermore,
phloem-inhabiting “rickettsia-like” bacteria have been found to be present in dodder
(Swift 2010). It is not known if the viruses can be transmitted from the holoparasitic
plant bromrape (Orobanche sp., Fig. 4) to other hosts of this parasitic plant (Hull
2014). Cucumber mosaic virus (CMV), tomato mosaic virus (ToMV), potato virus
Y (PVY), and tomato yellow leaf curl virus (TYLCV) can be translocated from
infected hosts to the broomrape. CMV and possibly other viruses replicate in the
parasitic plant Phelipanche aegyptiaca (Gal-On et al. 2009). Horizontal gene
transfer between plants has been reported to take place by another parasitic plant,
witchweed, Striga hermonthica (Yoshida et al. 2010; Fig. 4). Although there are no
records of virus transmission by this important parasite in tropical countries, the
capability of horizontal gene transfer indicates the parasitic weed potential as a
vector (Hull 2014). The witchweed is a hemiparasitic plant that parasitizes the roots
of cereals and other poaceous plants. Millets (Panicum spp.), finger millet (Eleusine
coracana), rice (Oryza sativa), sorghum (Sorghum bicolor), sugarcane (Saccharum
officinarum), and maize (Zea mays) are regarded as the main hosts of witchweed
(www.cabi.org/isc/datasheet/51849).

2.3.2 Indirect Effect of Weeds on the Dissemination of Pathogens

Indirect role of weeds in plant disease spread is through their hosting for the
organisms that feed on them and can potentially act as vectors of the pathogens,
however, if weed is an alternative host for the vector but not for the pathogen, then
its presence may lure vectors away from the focal host, and decrease transmission
(Keesing et al. 2006). In some vector-born diseases, several vector species can
transmit the pathogen, therefore, infectious diseases are considered as inherently
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ecological systems that involve the interactions among small to large networks of
species. It is then not so surprising that the potential connection between species
diversity and diseases transmission has long been recognized (Keesing et al. 2006).
Such a diversity can for instance be resulted either from the intercropping of dif-
ferent agricultural plants, or the diversity of different vectors and host weeds grown
among crops, etc. The connection between diversity and disease was also recog-
nized by Elton (1958), who suggested the possibility of plant disease amelioration
in complex ecosystems provided that the existent complexity reduces host plant
density for a disease. However, there are controversial results obtained by different
researchers, for instance, various empirical and modeling investigations have sug-
gested the reduction of disease risk as the consequence of the increased species
diversity that occurs through regulation of the abundance of an important host
species (Burdon and Chilvers 1982; Rudolf and Antonovics 2005) or through
redistribution of vector meals in the case of the diseases transmitted by vectors (Van
Buskirk and Ostfeld 1995; Norman et al. 1999; LoGiudice et al. 2003). However,
other studies have suggested the increased disease risk resulted from the increased
diversity if the added species functions as alternative sources of infection, or if the
added species increase vector numbers or activity through provision of additional
sources of vector meals (Holt and Pickering 1985; Norman et al. 1999; Gilbert et al.
2001; Schmidt and Ostfeld 2001; Saul 2003; Dobson 2004). High host densities are

Fig. 4 Two examples of weeds that parasitize root of crop plants (Left) Orobanche sp. on tobacco
(Source http://ephytia.inra.fr/); and (right) Striga hermonthica grown by its host plant, rice (Source
Mr. Eng. HAJM Toussaint from Wageningen University & Research)

Weeds, Herbicides and Plant Disease Management 51

http://ephytia.inra.fr/


likely to increase transmission rates both within the domestic populations and
between domestic and wild or weed species (Burdon and Chilvers 1982; Anderson
and May 1991; Gilbert 2002). In most multiple host systems, all host species are not
equal in their epidemiologically key characters such as resistance, tolerance, and
vector preference (Daszak et al. 2000; Woolhouse et al. 2001; LoGiudice et al.
2003), and consequently, the rates of transmission of a generalist pathogen with a
wide host range within and between different host species are generally highly
heterogenous and asymmetric (Woolhouse et al. 2001).

The effects of 21 weeds acting as hosts of tomato spotted wilt virus (TSWV),
temperature, thrips population and diversity on disease progress in chrysanthemum
cv. Polaris were studied. Under greenhouse conditions, only Taraxacum officinale,
Bidens sp., Reseda luteola and Mirabilis jalapa were hosts for TSWV. Of 38 weeds
species in the area surrounding a chrysanthemum field, Tithonia tubaeformis and
R. luteola had the highest populations of adult and immature thrips. These weeds, as
well as M. jalapa had an extensive seasonal distribution and may play a key role in
the disease progress. Seventeen thrips species belonging to the genera Bravothrips,
Thrips and Frankliniella were identified on weed flowers, with Frankliniella
occidentalis (FOC; Fig. 5) representing 9.5% of all thrips identified. Of 123 thrips
collected from chrysanthemum inflorescences, 9.75% were FOC, and only 2.5% of
them transmitted TSWV. Of all the thrips species collected from chrysanthemum
flowers in the field, only FOC was capable of transmitting TSWV. On 120
experimental plots established at two sites, with three transplanting dates (June, July
and August), it was estimated that 1.25% of the chrysanthemum cuttings were
already infected with TSWV when transplanted. Secondary spread, vectored by
FOC, occurred only for the earliest transplanting date and resulted in a further
2.36% disease incidence.

Fig. 5 Frankliniella occidentalis, the thrips that vectors tomato spotted wilt virus, and the disease
symptoms on fruits (Source Russell IPM Ltd, and Whitney Cranshaw from Colorado State
University)
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In heterogenous populations of host species, wild plants as well as weeds may
act as reservoir species that maintain a relatively high population of pathogen. In
such a situation, the pathogen typically reaches high prevalence in the reservoir and
after then spills over into the other host maybe an agricultural crop, a process called
“the spillover effect” or “pathogen spillover” (Daszak et al. 2000). The pathogen
spillover may lead to the reduced abundance of the non-reservoir hosts such as of
the interest agricultural crop, a pathogen-mediated phenomenon that is called
“apparent competition” (Power and Mitchell 2004). There are increasing documents
that support the theoretical predictions that such a phenomenon can control the
outcome of the interactions among wild weed plants and crop plants that share a
common natural enemy (Holt and Lawton 1994; Alexander and Holt 1998; Hudson
and Greenman 1998). The pathogen might be of different kingdoms. Ergot caused
by the fungus Claviceps purpurea is a historical disease that is repeatedly
encountered on wild grasses beside its cereal hosts like wheat, rye, barley and oats,
and insect vectors attracted to the secreted fungal honey dew deliver fungal conidia
produced by its asexual form Sphacelia segetum. Grasses, especially Agropyron
repens and Phalaris arundinacea are susceptible hosts for wheat chlorotic streak
virus as well as for its plant hopper vector Laodelphax striatellus (Fallén). Maize
streak virus (MSV), a Mastrevirus indigenous to Africa (Willment et al. 2001;
Fajemisin 2003; Karavina 2014), is one of at least eight viruses that cause signif-
icant agronomic losses in maize (Zea mays L.) worldwide (Redinbaugh et al. 2004).
It causes serious maize streak disease (MSD) of corn in sub-Saharan Africa (Martin
and Shepherd 2009) and south-east Asia. A Pennisetum strain of MSV infects
wheat in India, and others infect sugarcane, guinea grass (Panicum maximum
Jacq.), oats, barley, and certain wild grasses. The virus is circulatively transmitted
by the species of sap-feeding Cicadulina leaf hoppers (Homoptera: Cicadellidae:
Deltocephalinae: Macrostelini) (Bosque-Perez 2000), and despite all stages of leaf
hoppers transmit MSV, but transovarial passage has not been demonstrated. The
virus (like other African streak viruses) is neither seed nor mechanically trans-
mitible (Martin et al. 2008). Cicadulina species (Fig. 6) are generally considered as
grassland leafhoppers present in wild and pasture throughout the year, but can
migrate in large numbers to maize (Page et al. 1999). Agropyron mosaic virus
(AgMV), a Rymovirus infects wheat, rye, barley, and grasses like Elytrigia inter-
media, Elytrigia repens (a maintenance and propagation host in addition to bread
wheat), and Lophopyrum elongatum. The virus is transmitted by the mite Abacarus
hystrix distributed widely by air flows, however, it is not transmitted by seed,
pollen, and even bu other mites such as Aculus mckenziei, and Eriophyes tulipae
(Brunt et al. 1996; Dallwitz 1980; Dallwitz et al. 1993).

Aphids, white flies, thrips, leaf-hoppers, tree-hoppers, beetles, nematodes and
mites can feed and survive on their diseased weed hosts, and increase their popu-
lation feeding on them, and then transfer pathogens to crop plants. Aphids and
cabbage root maggots live on mustard weed, and then attack cabbage, cauliflower,
turnip, and radish plants. The barley yellow dwarf virus (BYDV) is a
phloem-limited Luteovirus obligately transmitted in a persistent manner by several
species of aphids feeding on wild grasses (Miller and Rasochova 1997) such as wild
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oats, Avena fatua a particularly appropriate host of BYDV that exhibits high sen-
sitivity to infection and harbors high concentrations of the virus when infected
(Power and Mitchell 2004). Power and Mitchell (2004) found no significant effect
of the number of host species (richness) in the plant community on the prevalence
of BYDV, but they perceived the significantly different prevalence of the virus
among host communities. In particular their planned contrast indicated that the
communities with A. fatua were of considerably higher BYDV prevalence com-
pared with those without A. fatua, a result suggesting less importance of host
diversity for the viral disease epidemiology versus high importance of the existence
of one highly susceptible suitable host species. Furthermore, they found that in the
communities with A. fatua, the proportion of the community made up by A. fatua
was of no significant impact on virus prevalence among all other species, however,
the simple presence of A. fatua affected virus prevalence in other plant species. The
presence of A. fatua led to greatly increased prevalence of the viral pathogen in
several other species demonstrating the pathogen spillover and illustrating the
crucial role of host community structure in the control of the generalist pathogen
dynamics. Additionally, virus spillover from wild oats decreased the abundance of
two other host species Lolium multiflorum and Digitaria sanguinalis through
pathogen-mediated apparent competition. Such studies indicate the role of reservoir
weed species in disease prevalence. On the other hand, increased diversity by
addition of host species which are less competent reservoirs may lead to reduced

Fig. 6 From left to right: the African maize leafhopper, Cicadulina mbila (Source www.dpi.nsw.
gov.au/keys/leafhop/species/cmbila.htm; credited by Holger Löcker) the most common and
ubiquitous leaf hopper that transmits maize streak virus (Ruppel 1965) with a capacity higher than
any other leafhopper species; Maize streak virus symptoms developed as chlorotik streaks on
leaves and deformed cob development (Source Blackwell Publishing Ltd 2007; credited by
Dr. F. Kloppers)
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disease risk if the newly added species diminish the probability of encounter
between the pathogen and the focal host species that is a highly competent reser-
voir. The resulted encounter reduction will end to reduced disease prevalence. Such
a phenomenon may occur in the multi-host plant species communities, where both
weeds and crop do not effectively allow the commonly shared pathogen trans-
mission. Most Indian wheat cultivars are susceptible to wheat mosaic streak virus
transmitted by sap and by the aphids Brachycaudus helichrysi (Kalt.) and
Rhopalosiphum maidis (Fitch.). The infected wheat plants occur near reservoirs of
the virus in cardamom (Amomum subulatum Roxb.) and are predisposed to the
infection by Bipolaris sorokiniana. Peanut mottle virus (PMV) has been isolated
from a few weed hosts in nature: Cassia obtusifolia L., C. leptocarpa, C. occi-
dentalis, and Desmodium canum. PMV is easily transmitted mechanically to and
from soybean plants. Several aphid species such as Aphis craccivora, A. gossypii,
Hyperomyzus lactucae, Myzus persicae, Rhopalosiphum padi, and R. maidis can
readily transmit PMV in a non-persistent manner. Several other plant species,
mostly legumes, can be infected with PMV: Calopogonium mucunoides, Canavalia
ensiformis, Cassia bicapsularis, Chenopodium amaranticolor, Cicer arietinum,
Cyamopsis tetragonoloba, Lathyrus odoratus, Macroptilium atropurpureum,
M. lathyroides, Phaseolus coccineus, Sesamum indicum, Trifolium hybridum,
Trigonella foenum-graecum L., Vigna cylindrica, V. oblongifolia, and V. unguic-
ulata subsp. unguiculata cultigroup sesquipedalis. It is believed that aphids involve
in the transfer of potato leaf roll virus from nightshade plants, where the virus
replicates to potato plants (Hartman et al. 1999).

Hairy nightshade, Solanum sarrachoides is a ubiquitous weed in potato
agro-ecosystems and nonagricultural lands of southeastern Idaho and the Pacific
Northwest. This weed increases the complexity of the Potato leafroll virus (PLRV)
(Luteoviridae: Polervirus)-potato pathosystem by serving as aphid and virus
reservoir. Previous field studies showed higher densities of green peach aphid,
Myzus persicae, and potato aphid, Macrosiphum euphorbiae, the two most
important vectors of PLRV, on S. sarrachoides compared with potato plants in the
same fields. Some of the S. sarrachoides plants sampled in these surveys tested
positive for PLRV. Viral infections can alter the physiology of plant hosts and
aphid performance on such plants. To understand better the potential effects of
S. sarrachoides on the PLRV-potato-aphid pathosystem, the life histories of
M. persicae and M. euphorbiae were compared on virus-free and PLRV-infected
S. sarrachoides and potato. Individual nymphs of each aphid species were held in
clip cages on plants from each treatment to monitor their development, survival,
and reproductive output. Nymphal survival for both aphids across plant species was
higher on S. sarrachoides than on potato, and, within plant species, it was higher on
PLRV-infected plants than on noninfected plants. With a few exceptions, similar
patterns occurred for fecundity, reproductive periods, adult longevity, and intrinsic
rate of increase. The enhanced performance of aphids on S. sarrachoides and on
PLRV-infected plants could alter the vector population dynamics and thus
the PLRV-disease epidemiology in fields infested with this weed (Srinivasan
et al. 2008).
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In California, a kind of life and three-faced transfer of a mycoplasma disease
from weeds to citrus trees has been discovered. A leaf hopper transfers the citrus
stubborn disease causal microorganism Spiroplasma citri to the weeds periwinkle
and London rocket Sisymbrium irio, and acquires it from them in next feeding
times, so that the weeds act as the sources of the inoculum required for the infection
of citrus trees. Eragrostis, Bromus, Panicum, and other grass genera are as sus-
ceptible as wheat plants to American wheat striate mosaic virus (AWStMV, a
rhabdovirus), and durum wheat plants appear most susceptible. While the virus can
not pass through eggs and plant sap, both nymphs and adults of the painted leaf
hopper Endria inimica transmit the virus. Elymana virescens F. is also another
vector involved in the transmission of AWStMV. European wheat striate mosaic
virus (EWSMV, a tenuivirus) occurs on oats, barley, rye, corn, and grasses (Lolium
spp.) in addition to wheat, and is transmitted persistently by plant hoppers, prin-
cipally Javesella pellucida, and to lesser extent, by J. dubia, Loadelphax striatellus,
Psammotettix alienus, Delphacodes pellucida, and Calligypona pellucida. The
pathogen is passed through eggs and apparently is stable within its vectors for
generations. Nymphs of J. pellucida are efficient vectors of both of oat sterile dwarf
virus and European wheat striate mosaic virus, as a result, host plants may be
doubly infected. Infectious nymphs overwinter on grasses and reach adulthood in
early summer. Wheat infections are most numerous in autumn and spring and
reflect the distribution and activity pattern of nymphs, more efficient vectors
compared with adults (Wiese 1987).

Onion thrips, Thrips tabaci (Fig. 7), regarded as a global pest of increasing
concern in onion (Diaz-Montano et al. 2011) feeds on amarantha (Amaranthus
palmeri), dandelion (Taraxacum officinale), mullin (Verbascum thapsus), golden-
rod (Solidago canadensis), Kochia (Kochia scoparia), sage (Salvia sp.), sunflower
(Helianthus annuus), smartweed (Polygonum spp.), yellow nutgrass (Cyperus
esculentus), ragweeds (Ambrosia spp.) and mustard (Brassica spp.) (Chittenden
1919; Doederlein and Sites 1993), and then invades onions (Rahman and Batra
1945; Ananthakrishnan 1971).

The transmission of tobacco streak virus by thrips was investigated by Sdoodee
and Teakle (1987) who mixed the adults or nymphs of Thrips tabaci with
virus-carrying pollen from Lycopersicon esculentum infected with tobacco streak
virus and then placed them on Chenopodium amaranticolor test seedlings, and
found that the virus was regularly transmitted. The virus was also regularly
transmitted when virus-carrying pollen was placed on the leaves of C. amaranti-
color test seedlings and the thrips then introduced. No transmission occurred when
test seedlings were exposed to virus-carrying pollen in the absence of the thrips or
to the thrips without pollen. Further, no transmission occurred when the thrips were
fed on virus-infected leaves and then transferred to test seedlings in the absence of
virus-carrying pollen. The evidence indicates that the transmission of tobacco streak
virus by Thrips tabaci depends on the presence of pollen-borne virus, which pre-
sumably infects via wounds made by the thrips. This method of virus transmission
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had not previously been reported. More importantly, T. tabaci is the only known
vector that transmits Iris yellow spot virus (IYSV, a Tospovirus from the family
Bunyaviridae) in many parts of the world. IYSV infects onions and induces
symptoms including straw-colored, dry, tan, spindle/diamond-shaped lesions on the
leaves and scales of onion plants and causes serious yield losses up to 100% in
several countries (Diaz-Montano et al. 2011).

Several weed species, including the monocotyledonous plants Alopecurus
myosuroides, Lolium multiflorum, Sorghum vulgare, S. halepense, and dicotyle-
donous plants Calystegia sepium, Capsella bursa-pastoris, Centaurea cyanus,
Convolvulus arvensis, Galinospora parviflora, Matricaria iodora, and Stellaria
media have been proved as alternative hosts for the beet necrotic yellow vein virus
(BNYVV; Fig. 8), and beet soil-borne virus (BSBV), as well as their common
plasmodiophorid vector, Polymyxa betae (Fig. 8). Also, Chenopodium album has
been identified as a host for P. betae, but it is not a host for the viruses as tested by
enzyme-linked immunosorbant assay (ELISA). The status of the weeds as alter-
native hosts has been pathologically confirmed through re-transmission of the
viruses by their vector from the infected weed roots to susceptible sugar beet plants.
Additionally, the use of molecular techniques (ITS sequence, and northern blot
analysis) has indicated that P. betae, but not P. graminis is the vector involved in
virus transmission from weed to sugar beet plants (Mouhanna et al. 2008). Several
wild Hordeum species were mostly susceptible to P. graminis and/or barley mild
mosaic virus, transmitted by B. graminis. An isolate of P. betae was used for
comparison, and caused slight infection on oats but not on other cereals. The
variation within and between Polymyxa spp. needs more detailed investigation
(Adams and Jacquier 1994).

Fig. 7 From left to right, Thrips tabaci (Source Thrips of California 2012, available online at
keys.lucidcentral.org) the polyphagus insect known as the only vector of iris yellow spot virus;
close-up of symptoms caused by IYSV on field onion leaf; and extensive leaf lesions on an onion
plant heavily affected by IYSV (Source www.cabi.org) (Color figure online)
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2.4 Weeds as Alternate Hosts of the Pathogens

A number of pathogens including heteroecious rusts need two kinds of host plants
in order to complete their life cycles. Some weeds have been known to play an
important role in the life cycle complementation of rusts. Wheat black stem rust
fungus Puccinia graminis f. sp. tritici forms its pycnia and aecidia on the leaves of
barberries Berberis vulgaris L. and B. canadensis, and certain species of Mahonia.
Berberis spp. are also the alternate hosts of the macrocyclic rust fungus,
P. striiformis (Fig. 9) that causes yellow rust also known as glume rust, and stripe
rust of cereals (Jin et al. 2010). With P. g. f. sp. recondita the causal fungus of a
wheat disease called leaf rust, brown rust, dwarf rust as well as orange rust, aecia
are formed on Anchusa, Anemonella, Clematis, and Isopyrum species (Prescott
et al. 1986).

JFig. 8 Symptoms of beet necrotic yellow vein virus (BNYVV) on sugar beet, and Polymyxa betae,
the plasmodiophorid vector of rhizomania disease caused by the virus. a Rhizomania-infected patch
(indicated with arrow) typical of BNYVV infection in the field; b classical “root madness”
symptoms in BNYVV-infected sugar beet; c a virus-free root; d necrotic yellow vein symptom only
observed under optimal disease conditions; e long-lived resting spores in sugar beet roots viewed
under light microscope; f multilobed zoosporangium (indicated with solid arrows) inside host root
cells after secondary zoospore release. Exit tubes where zoospores were released are visible
(indicated with dotted arrows). The P. betae zoosporangium had been fixed in situ in 10%
formaldehyde, pH 7.2, for at least 3 years prior to visualization and photography under the
microscope with ultraviolet illumination (Source McGrann et al. 2009) (Color figure online)

Fig. 9 Aecial pustules of the
wheat yellow rust fungus
Puccinia striformis on the
abaxial side of Berberis
chinensis leaf (Source Jin
et al. 2010) (Color figure
online)
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3 Herbicides

3.1 Herbicide Groups

According to the classification system proposed by Herbicide Resistance Action
Committee (HRAC) herbicides are classified in the HRAC groups (www.
hracglobal.com/pages/classificationofherbicidesiteofaction.aspx) as below:

3.1.1 HRAC Group A

This group includes the herbicides that inhibit lipid biosynthesis through the
inhibition of the first and key enzyme in the pathway of fatty acid biosynthesis,
acetyl CoA carboxylase (ACCase). Interestingly, these herbicides only inhibit the
eukaryotic form of the enzyme probably in the cytosol, but not the prokaryotic form
of the enzyme found in the chloroplasts of dicotyledonous plants. As graminaceous
plants lack accD gene (encoding a subunit of prokaryotic form of ACCase) in their
chloroplast genome, therefore do not have the insensitive prokaryotic form of the
enzyme and are sensitive to the herbicides of HRAC group A (Konishi and Sasaki
1994). Malonyl-CoA, as the product resulted from ACCase activity, is both an
intermediate in the de novo synthesis of primary fatty acids and also a substrate in
the formation of long-chain fatty acids and flavonoids in plants (Bretschneider et al.
2007; Fig. 10).

The enzyme is important for membrane synthesis. These herbicides are primarily
used in order to control post-emergence grasses in broadleaf crops. These herbi-
cides are used solely against grasses. Broadleaf species are generally of natural
resistance to the ACCase inhibitors from all three chemical families. The resistance
originates from the enzyme itself which is less sensitive. However, herbicides of
HRAC group A may induce symptoms on certain broadleaf crops. Natural tolerance
of some grasses is because of a less sensitive enzyme or a higher rate of metabolic
degradation (Mousavi et al. 2004). Some of these herbicides are active in soil to
some extent, however their main activity appears on grown gramineous plants after
their post-emergence application. They are effective on annual and perennial
grasses, and the activity rate of each herbicide depends on the herbicide type. The
translocation of these herbicides occurs through both xylem and phloem systems.
The most abundant effect appears when weeds in their stage of fast growth under
conditions with no stress are treated. The treated grasses decline and the complete
control needs a week or more. Shoot and root growth suppression, chenages in leaf
pigmentation, discoloration of leaves to red or pink colors (within 2–4 days),
subsequent progressive necrosis of meristem regions and its extension to whole
plant body are the symptoms encountered with the treated plants (Mousavi et al.
2004).
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The members of this group are from three chemically distinct families: ary-
loxyphenoxypropionates, FOPs (clodinafop-propargyl, cyhalofop-buthyl,
diclofop-methyl, fenoxaprop-P-ethyl, fluazifop-P-buthyl, haloxyfop-R-methyl,
propaquizafop, and quizalofop-P-ethyl), cyclohexanediones, DIMs (alloxydim,
butroxydim, clethodim, cycloxydim, profoxydim, sethoxydim, tepraloxydim, and
tralkoxydim), and phenylpyrazolines, DENs (pinoxaden). The chemical structure of
three herbicides as the representatives of three chemical families has been presented
in Fig. 11.

Fig. 10 The importance of the resistance of broadleaf legumes to acetyl CoA-carboxylase
inhibiting herbicides (HRAC group A). Flavonoids are involved in the initial legume-Rhizobium
recognition and subsequent induction of node genes expression (Source Laranjo et al. 2014)

Fig. 11 Chemical structure of a diclofop-methyl; b sethoxydim; and c pinoxaden (Source www.
chemspider.com)
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3.1.2 HRAC Group B

The group includes those herbicides that prevent amino acid biosynthesis through
the inhibition of acetolactate synthase (ALS), also known as acetohydroxyacid
synthase (AHAS), in the branched-chain amino acid pathway which results in the
restricted production of leucine, isoleucine, and valine. Plant death results from
events that occur as the consequence of the inhibition of branched-chain amino
acids, however, the actual sequence of phytotoxic process is unknown. These are
potent inhibitors of plant growth effective on both dicotyledonous as well as
monocotyledonous plants. The herbicides in the group exhibit either on-shoot,
in-soil activity, or both activities. The growth of the treated plants is stopped after
herbicidal spray. With ALS inhibitors, growing regions (terminal meristems)
become chlorotic and necrotic 2–4 days after herbicide application. The treated
plants are of stems with shortened internodes, reduced root growth, and converted
pigments. The plant death begins from growth points and spreads to whole plant, so
that it completely dies within 7–10 days (Mousavi et al. 2004).

The group includes the herbicidal compounds from five chemical families:
sulfunylureas (amidosulfuron, azimsulfuron, bensulfuron-methyl, cinosulfuron,
ethametsulfuron-methyl, ethoxysulfuron, flazasulfuron, flupyrsulfuron-methyl-Na,
foramsulfuron, halosulfuron-methyl, imazosulfuron, iodosulfuron, mesosulfuron,
metsulfuron-methyl, nicosulfuron, oxasulfuron, primisulfuron-methyl, pyrazo-
sulfuron-ethyl, prosulfuron, rimsulfuron, sulfosulfuron, thifensulfuron-methyl,
triasulfuron, trifloxysulfuron, triflusulfuron-methyl, tritosulfuron, sulfome-
turon-methyl, tribenuron-methyl, and cyclosulfamuron), imidazolinones (imazapic,
imazamethabenz-methyl, imazamox, imazapyr, imazethapyr, and imazaquin), tria-
zolopyrimidines (cloransulam-methyl, diclosulam, florasulam, flumetsulam, meto-
sulam, and penoxsulam), pyrimidinyl(thio)benzoates (bispyribac-Na, pyribenzoxim,
pyriftalid, pyrithiobac-Na, and pyriminobac-methyl), and sulfonylaminocarbonyl-
triazolinones (flucarbazone-Na, and propoxycarbazone-Na). The chemical structure
of five herbicides as the representatives of the chemical families has been presented
in Fig. 12.

3.1.3 HRAC Group C1

The herbicides of this HERAC group are characterized by their mode of activity,
the inhibition of photosynthesis at photosystem II. Photosynthetic inhibitors control
many broadleaf and some grass weeds. Generally, these herbicides inhibit photo-
synthesis by binding to D1 proteins of the photosystem II complex in chloroplast
thylakoid membranes. Herbicide binding at D1 protein blocks electron transport
and stops carbon dioxide fixation and production of energy required for plant
growth. However, the death of plant is primarily not caused because of photo-
synthate depletion but of an indirect effect on other processes. Blockage of electron
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transport in photosystem II promotes the formation of highly reactive molecules
that initiate a chain of reactions that cause lipid and protein membrane destruction
that results in membrane leakage, and leads to the desiccation and disintegration of
plant cells and cellular organelles. Moreover, some PSII inhibitors affect other plant
processes such as the biosynthesis of carotenoids, anthocyanins, ribonucleic acids,
and proteins.

This HERAC group includes herbicidal compounds from six chemically distinct
families: triazines (ametryne, atrazine, cyanazine, desmetryne, dimethametryne,
prometon, prometryne, propazine, simazine, simetryne, terbumeton, terbuthylazine,
trietazine, and terbutryne), triazinones (hexazinone, metamitron, and metribuzin),
triazolinones (amicarbazone), uracils (bromacil, lenacil, and terbacil), pyridazinones
(pyrazon, also known as chloridazon), and phenyl-carbamates (desmedipham, and
phenmedipham). The chemical structure of six herbicides as the representatives of
six chemical families has been presented in Fig. 13. Triazines, triazinones, uracils,
and pyridazinones are soil-applied and early post-emergent herbicides. These her-
bicides are absorbed by both roots and shoots, but translocated only in the xylem.
Phenylcarbamates are contact herbicides, primarily used as early post-emergence
treatments (Mousavi et al. 2004).

3.1.4 HRAC Group C2

The group includes chemicals that inhibit photosynthesis at photosystem II but bind
to protein D1 at photosystem II, however, at an attachment site different from that
of the members of HERAC group C1.

Fig. 12 Chemical structure of a iodosulfuron; b imazethapyr; c flumetsulam; d pyrimi-
nobac-methyl; and e flucarbazone-Na (Source www.chemspider.com)
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The members of this group are from two chemical families: ureas (chlorobro-
muron, chlorotoluron, chloroxuron, dimefuron, diuron, ethidimuron, fenuron,
fluometuron, isoproturon, isouron, linuron, methabenzthiazuron, metobromuron,
metoxuron, monolinuron, neburon, siduron, and tebuthiuron), and amides (propa-
nil, and pentanochlor). The chemical structure of some herbicides in the group has
been exhibited in Fig. 14. Ureas are soil-applied and early post-emergent herbi-
cides. These herbicides are absorbed by both roots and shoots, but translocated only
in the xylem. Amides are contact herbicides, primarily used as early
post-emergence treatments (Mousavi et al. 2004).

Fig. 13 Chemical structure of a atrazine; b metribuzin; c amicarbazone; d terbacil; e chloridazon;
and f desmedipham (Source www.chemspider.com)

Fig. 14 Chemical structure of a diuron; b linuron; c propanil; and d pentanochlor (Source www.
chemspider.com)
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3.1.5 HRAC Group C3

The mode of action of this group of herbicides is somewhat similar to that of HRAC
groups C1 and C2, however, they bind to a different attachment site of the protein
D1 at the photosystem II.

The group includes members from three families of chemicals: nitriles (bro-
mofenoxim, bromoxynil, and ioxynil), benzothiadiazinones (bentazon), and
phenyl-pyridazines (pyridate, and pyridafol). The chemical structure of some her-
bicides in the group has been exhibited in Fig. 15. The members of all three
chemical families are contact herbicides, primarily used as early post-emergence
treatments (Mousavi et al. 2004).

3.1.6 HRAC Group D

This group includes the herbicide that are known by the inhibition of photosyn-
thesis through electron diversion at photosystem I (PSI). PSI electron diverters are
primarily contact herbicides that are activated with light. These relatively
non-selective chemicals are used to control all existing vegetation and as
pre-harvest desiccants. The group includes two members (Fig. 16) of a single
chemical family: bipyridyliums (diquat, and paraquat). These herbicides accept
electrons from PSI and are reduced to form an herbicidal radical that reduces other
molecules to form extremely reactive and hazarduous molecules that readily destroy
membrane lipids, and chlorophyll.

The disintegration of cellular membranes leads to cytoplasm leakage that results
in rapid leaf wilting and desiccation (Mousavi et al. 2004). These herbicides kill
plants fast when applied on shoot and leaves. In order to act effectively, these
herbicides need to completely cover the weed leaves. The velocity of weed erad-
ication is very high when it is warm and very sunny. They cause the loss of water
from the tissues, and lead to the drying of the leaf tissues as the consequence of
cellular membrane disruption resulted from the activity of the free radicals gener-
ated as the result of the treatment with these herbicides (Mousavi et al. 2004).

Fig. 15 Chemical structure of a bromoxynil; b bentazon; and c pyridate (Source www.chem-
spider.com)
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3.1.7 HRAC Group E

Protoporphyrinogen oxidase (PPO) is an enzyme in the chloroplast that oxidizes
protoporphyrinogen IX (PPGIX) to produce protoporphyrin IX (PPIX). PPIX is an
important precursor molecule required for the biosynthesis of both chlorophyll
(needed for photostnthesis) and heme (needed for electron transfer chains).
The herbicides of this group inhibit PPO and block chlorophyll and heme produc-
tion. Also, the inhibition of PPO results in the formation of highly reactive molecules
that attack and destroy lipid and protein membranes. The affected cells and cellular
organelles become leaky, dry and disintegrate rapidly (Mousavi et al. 2004).
The PPO inhibitors are members of eight chemical families and one form-family:
diphenylethers (acifluorfen-Na, bifenox, chlomethoxyfen, fluoroglycofen-ethyl,
fomesafen, halosafen, lactofen, and oxyfluorfen), phenylpyrazoles (fluazolate and
pyraflufen-ethyl), N-phenylphthalimides (cinidon-ethyl, flumioxazin, and
flumiclorac-pentyl), thiadiazoles (fluthiacet-methyl, and thidiazimin), oxadiazoles
(oxadiazon, and oxadiargyl), triazolinones (azafenidin, carfentrazone-ethyl, and
sulfentrazone), oxazolidinediones (pentoxazone), pyrimidindiones (benzfendizone
and butafenacil), and miscellaneous compounds (pyraclonil, profluazol, and
flufenpyr-ethyl). The chemical structure of some herbicides in the group has been
exhibited in Fig. 17. Sulfentrazone, Oxyfluorfen, and Oxadiazon are examples of the
herbicides from this group that are incorporated into soil as pre-emergence soil
herbicides. The herbicides of the group kill plants fast when applied on shoot and
leaves. In order to act effectively, these herbicides need to completely cover the weed
leaves. The velocity of weed eradication is very high when it is warm and very suny.
They cause the loss of water from the tissues, and lead to the drying of the leaf tissues
as the consequence of cellular membrane disruption resulted from the activity of the
free radicals generated as the result of the treatment with these herbicides (Mousavi
et al. 2004).

3.1.8 HRAC Group F1

This group is characterized by its particular mode of action, bleaching through the
inhibition of carotenoid biosynthesis at the phytoene desaturase step (PDS). In the
absence of carotenoid pigments, chlorophyll is disrupted in the presence of light,
and membrane fatty acids are destructed. The treated leaves are pale white and
translucent. Sometimes this paled situation is not complete but the areas between

Fig. 16 Chemical structure of a diquat; and b paraquat (Source www.chemspider.com)
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Fig. 17 Chemical structure of a oxyfluorfen; b fluazolate; c flumioxazin; d fluthiacet-methyl;
e oxadiazon; f carfentrazone-ethyl; g pentoxazone; and h benzfendizone (Source www.chemspi-
der.com)
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leaf veins are paled and pinkish or red hints develop in leaf margins. Norflurazon
causes veinal bleaching of the affected leaves (Mousavi et al. 2004).

The HERAC group F1 includes members from two chemical families and a
miscellaneous form-family: pyridazinones (norflurazon), pyridinecarboxamides
(diflufenican and picolinafen), and miscellaneous compounds (beflubutamid,
fluridone, flurochloridone, and flurtamone). The chemical structure of some her-
bicides in the group has been exhibited in Fig. 18.

3.1.9 HRAC Group F2

The group includes those chemicals that bleach treated plants through inhibition of
4-hydroxyphenyl-pyruvate-dioxygenase (4-HPPD). The enzyme catalyzes a key
step in plastoquinone biosynthesis. As plastoquinone as a cofactor of phytoene
desaturase, therefore, the lack of plastoquinone gives rise to bleaching symptoms
resulted from an indirect inhibition of carotenoid synthesis. In the absence of
carotenoid pigments, chlorophyll is disrupted in the presence of excessive light and
photo-oxidation (Mousavi et al. 2004). The treated leaves are pale white and
translucent. Sometimes this paled situation is not complete but the areas between
leaf veins are paled and pinkish or red hints develop in leaf margins.

These herbicides are from three chemical families and a form-family: triketones
(mesotrione and sulcotrione), isoxazoles (isoxachlortole and isoxaflutole), pyra-
zoles (benzofenap, pyrazolynate, and pyrazoxyfen) and miscellaneous compounds
(benzobicyclon). The chemical structure of some herbicides in the group has been
exhibited in Fig. 19.

Fig. 18 Chemical structure of a norflurazon; b diflufenican; and c picolinafen (Source www.
chemspider.com)

68 B. Pakdaman Sardrood and E. Mohammadi Goltapeh



3.1.10 HRAC Group F3

The members of the group are from four chemical familes: triazoles (amitrole),
isoxazolidinones (clomazone), ureas (fluometuron), and diphenylethers (aclonifen).
The chemical structure of these herbicides has been presented in Fig. 20.

The herbicidal compounds of this group impose their bleaching effect through
inhibition of carotenoid biosynthesis. In the absence of carotenoid pigments,
chlorophyll is disrupted in the presence of light. The treated leaves are pale white
and translucent. Sometimes this paled situation is not complete but the areas
between leaf veins are paled and pinkish or red hints develop in leaf margins.
Clomazone initially induces interveinal bleaching of the treated leaves (Mousavi
et al. 2004). The target site of these compounds is not known, however, there is an
evidence for the metabolization of clomazone to a phytotoxic form that inhibits
1-deoxy-D-xylulose-5-phosphate (DXP) synthase (Fig. 21). DXP is a key com-
ponent required in plastid isoprenoid synthesis. Amitrole inhibits the accumulation
of chlorophyll and carotenoids in the light (Burns et al. 1971) and it has been

Fig. 19 Chemical structure of a mesotrione; b isoxaflutole; and c pyrazoxyfen (Source www.
chemspider.com)

Fig. 20 Chemical structure of a amitrole; b clomazone; c fluometuron; and d aclonifen (Source
www.chemspider.com)
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reported as an inhibitor of lycopene cyclase in vivo (La Rocca et al. 1998) that can
lead to the accumulation of chlorophyll precursors (La Rocca et al. 2007) and
decreased salt tolerance (Chen et al. 2011). However, the specific site of its action
has not been determined.
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3.1.11 HRAC Group G

This group is characterized by the inhibition of 5-enolpyrovyl-
shikimate-3-phosphate synthase (EPSP) in shikimic acid pathway that leads to
the limited production of aromatic amino acids phenylalanine, tryptophane, tyr-
osine, and of many important secondary compounds (Fig. 22).

The members of this group are from only a single family: glycines (glyphosate,
and sulfosate). Glyphosate (relatively non-selective, Fig. 23) and sulfosate are
absolutely of on-shoot activity.

The herbicides are inactivated in soil because of high soil adsorption, however,
they are easily absorbed through plant foliage and translocated in the phloem to the
growing points. With EPSP inhibitors, some pale colored areas may appear round
the new growing regions, and plants die slowly within 1–2 weeks evenly turning to
brown. The treated plants are of stems with shortened internodes, reduced root
growth, and converted pigments. The plant death begins from growth points and
spreads to whole plant, so that it completely dies within 7–10 days.

3.1.12 HRAC Group H

This group is known by the inhibitory impact of its members on the enzyme that
converts glutamate and ammonia to glutamine, glutamine synthetase. The inhibition
results in the massive accumulation of ammonia in a treated plant which destroys
cells and directly inhibits both photosystem I and photosystem II reactions.
Additionally, high rate of the accumulated ammonia in plants reduces the pH
gradient across the membranes which inhibits energy production needed to support
plant growth and development (Mousavi et al. 2004). The members of the group
(Fig. 24) are from a single family: phosphinic acids (glufosinate-ammonium, and
bialaphos or bilanaphos).

JFig. 21 Isoprenoid and carotenoid pathway in plants. Schematic representation of the plastidial
MEP (2-C-methyl-D-erythritol-4-P) pathway: (DXS) deoxyxylulose-5-phosphate synthase, (DXR)
deoxyxylulose-5-phosphate reductoisomerase; (DXP) deoxy-D-xylulose-5-P; (CMS) 2C-methyl-
D-erythritol-4-phosphate cytidyltransferase; (CMK) 4-(cytidine-5-diphospho)-2-C-methyl-D-
erythritol kinase; (MCS) 2C-methyl-D-erythritol-2,4-cyclodiphosphate synthase; (HDS)
4-hydroxy-3-methylbut-2-enyl diphosphate synthase; (HDR) 4-hydroxy-3-methylbut-2-enyl
diphosphate reductase; (IPP) (isopentenyl pyrophosphate); (GGPPS) geranylgeranyl pyrophos-
phate synthase; (DMAPP) dimethylallyl pyrophosphate; (IPI) isopentenyl pyrophosphate
isomerase; (GGPP) geranylgeranyl phosphate. The relevant genes for carotenoid synthesis are:
(PSY) phytoene synthase; (PDS) phytoene desaturase; (Z-ISO) f-carotene isomerase, (ZDS)
f-carotene desaturase; (CRATISO) carotene isomerase; (LCYB) lycopene b-cyclase; (LCYE)
lycopene e-cyclase; (BCH) carotenoid b hydroxylase; (CHYE) carotenoid e-hydroxylase
(CYP97C1, CYP97A3); (ZEP) zeaxanthin epoxidase; (VDE) violaxanthin deepoxidase;
(NSY) neoxanthin synthase; (NCED) 9-cis-epoxycarotenoid dioxygenase. Reported mutants in
isoprenoid and carotenogenic genes are written in blue. Chemical inhibitors of some enzymes are
included with a red T symbol. Light, referred as yellow ray can replace Z-ISO and CTISO activity
in photosynthetic organs (Source Rosas-Saavedra and Stange 2016) (Color figure online)
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Fig. 22 The mode of action of glyphosate, a member of the HRAC group G (Source www.
glyphosate.eu/glyphosate-mechanism-action)

Fig. 24 Chemical structure of a gluphosinate-ammonium; and b bialaphos (Source www.
chemspider.com)

Fig. 23 Chemical structure of a glyphosate (Source www.chemspider.com)
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These broad-spectrum post-emergent contact herbicides kill most annual grassy
and broadleaf plants fast when applied on shoot and leaves. In order to act effec-
tively, these herbicides need to completely cover the weed leaves. The velocity of
weed eradication is very high when it is warm and severely illuminated. They cause
the loss of water from the tissues, and lead to the drying of the leaf tissues as the
consequence of cellular membrane disruption resulted from the activity of the free
radicals generated as the result of the treatment with these herbicides (Mousavi et al.
2004).

3.1.13 HRAC Group I

The group is characterized by the inhibition of dihydropteroate (DHP) synthase.
The group only includes a single member from a single family: carbamates (asu-
lam). The chemical structure of asulam has been indicated in Fig. 25.

3.1.14 HRAC Group K1

This group includes microtubule assembly inhibitors that are generally applied
pre-emergently to control annual grasses and some broadleaf weeds in many crops
and turf grass. These herbicides, absorbed by both roots and shoots of emerging
seedlings are not readily translocated in planta. The herbicides of HRAC group K1
are mitotic poisons that bind to tubulin, the major protein required for the poly-
merization of microtubules that are essential for cell division. Thus, they inhibit cell
division. Hence, the meristematic regions such as growing points of stems and roots
are most affected. Root tips get swollen as the cells in the region neither divide nor
elongate because of the microtubule loss induced by these herbicides.

These herbicides are members of five chemical families: dinitroanilines (benefin
or benfluralin, butralin, dinitramine, ethalfluralin, oryzalin, pendimethalin, and tri-
fluralin), phosphoroamidates (amiprophos-methyl, and butamiphos), pyridines
(dithiopyr, and thiazopyr), benzamides (propyzamide or pronamide, and tebutam),
and benzoic acids (DCPA, also known as chlorthal-dimethyl). The chemical
structure of some herbicides in the group has been presented in Fig. 26.

Fig. 25 Chemical structure
of a asulam (www.
chemspider.com)
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3.1.15 HRAC Group K2

The group is known through the inhibition of mitosis or microtubule organization.
The members of this group are only from a single chemical family, carbamates that
includes chlorpropham, propham, and carbetamide. The chemical structure of these
herbicides has been exhibited in Fig. 27.

Fig. 26 Chemical structure of a trifluralin; b butamiphos; c dithiopyr; d pronamide; and
e chlorthal-dimethyl (Source www.chemspider.com)

Fig. 27 Chemical structure of a chlorpropham; b propham; and c carbetamide (Source www.
chemspider.com)
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3.1.16 HRAC Group K3

The group is characterized by the inhibition of cell division through the inhibition
of very long chained fatty acids (VLCFAs). These compounds typically affect
susceptible weeds (annual grasses and some small-seeded broadleaf weeds) before
emergence but do not inhibit seed germination. The primary absorption and action
site of these herbicides on broadleaf species is the roots, while that on grass species
is the emerging shoot (Mousavi et al. 2004).

The members of this group are from five chemical families: chloroacetamides
(acetochlor, alachlor, butachlor, dimethachlor, metazachlor, metolachlor, preti-
lachlor, propachlor, propisochlor, thenylchlor, dimethanamid, and pethoxamid),
acetamides (diphenamid, napropamide, and naproanilide), oxyacetamides (flufe-
nacet, and mefenacet), tetrazolinones (fentrazamide), and miscellaneous com-
pounds (anilophos, cafenstrole, and piperophos). Figure 28 represents the chemical
structure of some herbicides in the group.

3.1.17 HRAC Group L

The group is characterized by the inhibition of cellulose synthesis that leads to the
inhibition of cell wall synthesis. Herbicides in this group prevent cell division
primarily in developing root tips and are only effective on some germinating
broadleaf weeds and selected grasses. Chemically, the members of the group are
classified into four families: nitriles (dichlobenil and chlorthiamid), benzamides
(isoxaben), triazolocarboxamides (flupoxam), and quinoline carboxylic acid
(quinclorac; for monocots; also a member of HERAC group O). An herbicide from
the fifth family, alkylazines (indaziflam) is also classified in the HRAC group L
(Forouzesh et al. 2015). Figure 29 represents the chemical structure of some her-
bicides in the group.

Fig. 28 Chemical structure of a metolachlor; b napropamide; c mefenacet; d fentrazamide; and
e anilophos (Source www.chemspider.com)
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These compounds often used as pre-emergence herbicides include various
chemical compounds that directly or indirectly inhibit the biosynthesis of cellulose
and lead to reduced stability of cellular structure. They weaken the growth of weed
seedlings, and induce symptoms such as root suppression and inflation. Dichlobenil
and isoxaben used as pre-emergence herbicides are very effective on dicotyle-
donous herbicides. Quinclorac is applied in both pre-emergence and
post-emergence manners and completely inhibits cellulose biosynthesis by mono-
cotyledonous plants, while still regulates the growth of dicotyledonous plants
(Mousavi et al. 2004).

3.1.18 HRAC Group M

The members of the group impose their herbicidal effect through uncoupling of
oxidative phosphorylation and membrane disruption. The members of this group
are classified in the chemical family of dinitrophenols (dinitro-ortho-cresol or
DNOC, dinoseb, and dinoterb). Figure 30 represents the chemical structure of the
herbicides in the group.

Fig. 29 Chemical structure of a dichlobenil; b isoxaben; c flupoxam; and d indaziflam (Source
www.chemspider.com)

Fig. 30 Chemical structure of a dinitro-ortho-cresol (DNOC); b dinoseb; and c dinoterb (Source
www.chemspider.com)
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3.1.19 HRAC Group N

The members of this group inhibit lipid biosynthesis, however unlike the members
of the HRAC group A and as represented in Fig. 31, they inhibit lipid biosynthesis
in a target site other than acetyl coenzyme A carboxylase (ACCase). The specific
mode of action of these herbicides is not well elucidated, however, there is strong
evidence that these herbicides interfere with the biosynthesis of fatty acids and
lipids in the newly developing shoot, which may account for the reported reductions
in cuticular was deposition. Furthermore, these herbicides cause abnormal cell
development or prevent cell division in germinating seedlings.

They stop the plant from growing by inhibiting cell division in the shoot and root
tips while permitting other cell duplication processes to continue (Mousavi et al.
2004). These herbicides generally applied pre-planting or pre-emergence and
incorporated to soil, are most effective on annual grasses and some broadleaf
weeds. Most of these herbicides are volatile and need to be incorporated

Fig. 31 Simplified schematic of fatty acid synthesis and elongation in higher plants based on the
modification of Gronwald (1991). Abbreviations: ACCase, acetyl-CoA carboxylas; ACP, acyl
carrie protein; ACS, acetyl-CoA synthase; CoA, coenzyme A; dims, cyclohexanedione inhibitors;
FAS, fatty acid synthase; fops, aryloxyphenoxy propionate inhibitors; PDC, pyruvate dehydro-
genase complex (Source Dyer WE, Inhibitors of fatty acid synthesis and elongation. Available:
https://passel.unl.edu/pages/printinformationmodule.php?idinformationmodule=1130447055)
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immediately after application to avoid excessive vapor loss. The HRAC group N
herbicides are absorbed through both roots and emerging shoots but are translocated
only in the xylem. The primary site of absorption and action is the emerging shoot
and growing point. The members of HRAC group N are distributed in four
chemical families: thiocarbamates [butylate, cycloate, diallate, dimepiperate, esp-
rocarb, molinate, orbencarb, pebulate, prosulfocarb, thiobencarb or benthiocarb,
tiocarbazil, triallate, vernolate, and S-ethyl dipropylthiocarbamate (EPTC)], phos-
phorodithioates (bensulide), benzofurans (benfuresate, and ethofumesate), and
chloro-carbonic acids [(TCA), dalapon, and flupropanate] (Fig. 32).

3.1.20 HRAC Group O

The members of this group are known as synthetic auxins or plant growth regu-
lators, and act as the natural plant hormone, indole acetic acid (IAA). Most of these
herbicides although readily absorbable through both roots and shoots, are applied as
post-emergence treatments. Their translocation to the actively growing sites occurs
through both of xylem and phloem systems and their major effect is exerted on
weed shoot. These herbicides include some of more effective chemicals for
perennial broadleaf weed and brush control that impose their selective control
effects on broadleaf weeds grown in cereal fields. With perennial weeds, most of
these herbicides are transferred to the underground parts of the weed and put an end
to its life. The herbicides interfere with cell formation in the meristematic regions
and as the result, the primary symptoms on the newly developed leaves and shoots
appear as fast turnings and shoot epinasty, cupped and shrunken leaves, inflated
stems and the disruption of their phloem systems. Also, the damage in roots appears
as branched and bunchy secondary roots of suppressed growth. The exact action
site of this class of herbicides is not known, however, they seem to have multiple
action sites and lead to hormonal imbalance, the interfered metabolism of nucleic

Fig. 32 Chemical structure of a S-ethyl dipropylthiocarbamate (EPTC); b ethofumesate;
c dalapon; and d thiobencarb (Source www.chemspider.com)
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acids and the interfered synthesis of proteins that end to the changes in auxine
activity, weakness of cell walls, accelerated but useless cellular divisions, and final
death of the plant within a few days or weeks (Mousavi et al. 2004).

The auxin-like activity is observed in the herbicidal compounds of four chemical
families: phenoxy-carboxylic-acids [clomeprop, 2,4-dichlorophenoxyacetic acid
(2,4-D), 4-(2,4-dichlorophenoxy)butyric acid (2,4-DB), dichlorprop or 2-
(2,4-dichlorophenoxy)propionic acid (2,4-DP), 2-methyl-4-chlorophenoxyacetic
acid (MCPA), and mecoprop or meta-chlorophenylpiperazine (MCPP or CMPP)],
benzoic acids [chloramben, dicamba, and 2,3,6-trichlorobenzoic acid (TBA)],
pyridine carboxylic acids (clopyralid, fluroxypyr, picloram, and triclopyr), and
quinolone carboxylic acids (quinmerac, and quinclorac that also belongs to the
HRAC group L).

There is also an herbicidal compound, benazolin-ethyl that does not belong to
the chemical families mentioned above. The chemical structure of some of the
members of the HRAC group O has been shown in Figs. 33 and 34.

3.1.21 HRAC Group P

Two members (Fig. 35) of the chemical family phthalamate semicarbazones
(neptalam, and diflufenzopyr-Na) belong to the group characterized by the inhibi-
tion of auxin transport. Auxine transfer inhibitors like the soil herbicide neptalam,
and the on-shoot herbicide diflufenzupyr inhibit auxine activity or its distribution in

Fig. 33 Chemical structure of a 2,4-dichlorophenoxyacetic acid (2,4-D);
b meta-chlorophenylpiperazine (MCPP); c dicamba; and d picloram (Source www.chemspider.
com)

Fig. 34 Structural formula of a quimerac; b quinclorac; and c benazolin-ethyl (Source www.
chemspider.com)
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plants, and as the result of the reduced growth hormone required for cellular
development, bring about plant growth defects. The marked symptom of their
phytoxicity in addition to reduced growth is the upward reversion of the treated
plant root tips.

3.1.22 HRAC Group Z

This group includes a heterogenous collection of the herbicidal compounds of
unknown mode of actions. The target site of these herbicides are not known, and
may be different. The members of the group belong to three chemical families:
arylaminopropionic acids (flamprop-M-methyl/-isopropyl), pyrazoliums (difenzo-
quat), as well as organoaresenicals including disodium methanearsonate (DSMA),
and monosodium methanearsonate (MSMA). The chemical structure of these her-
bicides are indicated in Fig. 36.

There are also other herbicidal compounds of unknown mode of action: bro-
mobutide, (chloro)-flurenol, cinmethylin, cumyluron, dazomet, dymron (also
known as daimuron), methyl-dymron (also known as methyl-dimuron), etoben-
zanid, fosamine, indanofan, metam, oxaziclomefone, oleic acid, pelargonic acid,
and pyributicarb. The effect of herbicides on plant diseases has been the topic of a

Fig. 35 Structure formula of a neptalam, and b diflufenzopyr-Na (Source www.chemspider.com)

Fig. 36 Structural formulas of a disodium methanearsonate, b monosodium methanearsonate,
and c flamprop-M-isopropyl (Source http://comptox.epa.gov)
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number of previous reviews, either as a single topic (for example, Altman 1991;
Altman and Campbell 1977a; Katan and Eshel 1973; Levesque and Rahe 1992) or
as part of amore extensive review on secondary effects of pesticides (several of
these are in the book by Altman 1993) or chemical effects on microbial weed
biocontrol agents (Hoagland 1996).

3.2 Effect of Herbicides on Plant Diseases

Herbicides affect all three components of disease triangle (host plant, pathogen, and
biotic as well as abiotic environmental factors). Herbicide are capable to exert their
impacts on the incidence and severity of plant diseases (Altman and Campbell
1977a; Altman and Rovira 1989; Duke et al. 2007; El-Khadem and Papavizas 1984;
El-Khadem et al. 1979, 1984; Heydari and Misaghi 1998; Miller et al. 1979;
Moustafa-Mahmoud et al. 1993; Neubauer and Avizohar-Hershenson 1973;
Pinckard and Standifer 1966; Rovira and McDonald 1986; Sanyal and Shrestha
2008). Most of the reported effects of herbicides on plant diseases have been
obtained from field studies with no imply to the observed effect that if it is due to a
direct herbicide-pathogen interaction or it is due to an direct effect on plant, making
the plant less or more resistant to the pathogen. In general, most studies present no
clue to the mechanism of the antifungal activity. In some cases, like the decrease of
melon vascular wilt disease (caused by Fusarium oxysporum) followed by ace-
tochlor treatment, the possibility of direct fungitoxic effects of the herbicide was
rejected, but the mechanism was not revealed (Cohen et al. 1996). The decreased
incidence of cotton seedling disease induced by Fusarium oxysporum f. sp. vasin-
fectum has been recorded as the consequence of the soil incorporation of the her-
bicides trifluralin, dinitramine, flumeturon, diuron, dalapon, and prometryn under
field conditions (El-Khadem et al. 1984). Similarly, the use of EPTC and linuron
reduces the post-emergence but not the pre-emergence incidence of cotton seedling
disease caused by Fusarium oxysporum f. sp. vasinfectum (El-Khadem and
Papavizas 1984). Sharma and Sohi (1983) indicated that bromacil, diuron, nitrofen,
and alachlor all reduced disease severity of Phaseolus vulgaris induced by
Rhizoctonia solani, but they had no data to suggest amechanism for the observed
antifungal impacts. The severity of sheath blight disease of rice caused by
Rhizoctonia solani reduced as the consequence of the application of the herbicide
benthiocarb (Vasavan et al. 1980).

There are other studies showing enhancement of plant diseases by herbicides. In
a survey of the effects of twelve herbicides (bentazon, acifluorfen, chlorimuron,
fluazifop, diclofop, sethoxydim, imazaquin, metribuzin, oryzalin, thidiazuron, dia-
minozide, and mefluidide) on disease severity of four plant pathogens (Alternaria
cassiae, Colletotrichum coccodes, C. truncatum, and Fusarium lateritium), all of
the herbicides enhanced disease severity of at least one of the pathogens to a host
plant but the mechanisms of these effects were not revealed (Caulder et al. 1987).
The increased occurrence of cereal cyst disease by the nematode Heterodera
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avenae (Altman and Rovira 1989), wheat take-all by Gaeumannomyces graminis
var. tritici (Rovira and McDonald 1986), and sugar beet damping-off by
Rhizoctonia solani (Rovira and McDonald 1986; Altman and Campbell 1977b)
have been attributed to the soil application of trifluralin, chlorsulfuron, and
cycloate, respectively. The application of chlorsulfuron resulted in increased levels
of pythium root rot in barley seedlings (Blowes 1987). Terbacil (a uracil from
HRAC group C1) increased the severity of sugarcane root rot induced by the
oomycetous pathogen Pythium arrhenomanes, but metribuzin was found of no
impact (Dissanayake et al. 1998). Heydari and Misaghi (1998) investigated the
impact of herbicides on the incidence and development of cotton seedling
damping-off caused by Rhizoctonia solani, and found that soil application of
prometryn led to the significant increase of the disease incidence in soil infested at
planting. Post-emergence soil infestation with the pathogen led to the considerably
increased incidence of the disease in the presence of pendimethalin and prometryn,
but not trifluralin. Field experiments with pendimethalin and prometryn confirmed
the results obtained under controlled environmental conditions of growth chambers.
Increase of various airborne as well as soilborne plant diseases have been recorded
following programmed application of glyphosate (Johal and Huber 2009). These
include apple canker induced by Botryosphaeria dothidea (Rosenberger and
Fargione 2004), banana Panama disease (Fig. 37) caused by Fusarium oxysporum
f. sp. cubense (Harper 2007), barley root rot induced by Magnaporthe grisea
(Smiley et al. 1992), bean anthracnose induced by Colletotrichum lindemuthianum
(Johal and Rahe 1984, 1988, 1990), bean damping-off, and root rot by Pythium
spp. (Johal and Rahe 1984), pythium root rot in barley seedlings (Blowes 1987),
bean root rot by Fusarium solani f. sp. phaseoli (Harper 2007), bean hypocotyl rot
by Phytophthora megasperma (Keen et al. 1982), canola crown rot by Fusarium
spp. (Harper 2007), canola wilt by Fusarium oxysporum (Harper 2007; Lange and
McLaren 2002), citrus variegated chlorosis by Xylella fastidiosa (Yamada 2006),
citrus crown rot by Phytophthora spp. (Yamada 2006), cotton damping-off by
Pythium spp. (Harper 2007), cotton bunchy top manganese deficiency (Harper
2007), cotton wilt by F. oxysporum f. sp. vasinfectum (Harper 2007), grape black
goo by Phaeomoniella chlamydospora (Harper 2007), melon root rot by
Monosporascus cannonbalus, soybeans root rot by Corynespora cassiicola (Huber
et al. 2005), soybeans target spot by Corynespora cassiicola (Huber et al. 2005),
soybean sudden death syndrome by Fusarium solani f. sp. glycines (Keen et al.
1982), soybean root rot by Phytophthora megasperma (Keen et al. 1982), soybeans
cyst nematode by Heterodera glycines (Geisler et al. 2002; Kremer et al. 2000),
soybeans white mold by Sclerotinia sclerotiorum (Harper 2007), sugar beet yellows
by Fusarium oxysporum f. sp. betae (Larson et al. 2006), sugar beet root rot by
Rhizoctonia solani (Larson et al. 2006), sugarcane decline by Marasmius
spp. (Huber, unpublished), tomato crown root rot by Fusarium (Bramhall and
Higgins 1988), tomato wilt Fusarium oxysporum f. sp. pisi (Harper 2007), various
canker diseases by Phytophthora spp. (Harper 2007), weeds biocontrol by
Myrothecium verrucaria (Boyette et al. 2006), wheat bare patch by Rhizoctonia
solani (Harper 2007), wheat glume blotch by Septoria spp. (Harper 2007), wheat
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root rot by Fusarium spp. (Fernandez et al. 2005, 2007; Harper 2007), wheat head
scab by Fusarium graminearum (Fernandez et al. 2005), and wheat take-all by
Gaeumannomyces graminis (Hornby et al. 1998). Such an extended list of diseases
affected by only an individual herbicide indicates the importance of the conscious
use of herbicides in agriculture. Herbicides can directly and/indirectly affect plant
diseases.

3.2.1 The Direct Impacts of Herbicides on Pathogens

Unfortunately, there are few data available on the direct effects of herbicides on
plant pathogens. However, some herbicides are directly toxic to plant pathogens at
the recommended rates. Three methods are conventionally used to investigate the

Fig. 37 Symptoms of Panama disease on Cavendish bananas in Jordan. External symptoms
included: a chlorosis and/or b necrosis of leaves, progressing from the oldest to the youngest in a
plant. Note in (b) that buckling of leaves also occurred before they became chlorotic or necrotic.
Internally, affected xylem and the associated parenchyma was reddish to dark brown which, when
viewed in c cross section was evident as discrete dots or contiguous sections of discoloration, and
when viewed in d longitudinal sections encompassed much of the pseudostem length (Source
Ploetz et al. 2015)
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effects of a number of commercial herbicides on the growth of certain soil fungi:
measurements of hyphal extension across agar plates; measurements of hyphal
extension along sterilized plant material; and manometric techniques. In particular,
three points emerged from these studies. First, that there was no stimulation of
fungal growth. Herbicide interference in growth included suppression of spore
germination, inhibition of the rate of linear extension of the mycelia, and abnor-
malities in growth habit and in patterns of spore production. Secondly, that some
herbicides (for example, linuron and paraquat) were more fungitoxic than others
(for instance, MCPA and simazine) to a range of organisms. Thirdly, there were
differences among fungi in their sensitivity to individual herbicides. All three
methods have shown consistent differences among fungi in their ability to tolerate
paraquat. Pero and Owens (1971) introduced a chromatogram-based micro-method
for the detection of antifungal activity of chemicals that could also be applied with
herbicides.

Direct Anti-pathogenic Effects of Herbicides

The direct influence of herbicides on pathogens has also been indicated by a
number of researches (such as Altman and Campbell 1977a; Black et al. 1996;
El-Khadem and Papavizas 1984; El-Khadem et al. 1979, 1984; Neubauer and
Avizohar-Hershenson 1973). The results from in vitro studies performed by Roberti
et al. (2006) implicated the inhibitory effect of glyphosate on mycelial growth of
most of the studied soilborne fungi. Abdel-Mageed et al. (2013) isolated, identified
and characterized forty-five rhizofungal isolates from 11 herbicides polluted-soil.
Among the isolates, 10 fungal species proved to be the most potent and promising
ones in herbicides tolerance. The herbicides exhibited severe and dramatic effect
and modulation on fungal DNA and protein as represented in DNA and protein
profile. Severe losses were found in the rate of total soluble cell ion (SCI) and total
cell protein concentration (TCPC). With the loss of SCI by glyphosate, Aspergillus
flavus (86.30%) was the most affected one, followed by Penicillium spiculisporus
(76.30%), Penicillium verruculosum (64.40%), and Alternaria tenuissima (64%),
respectively. For pendimethalin, A. tenuissima (54.01%) was the most affected
fungus. For diclofop-methyl, P. spiculisporus (74.20%) was the most affected
fungus. With the loss of TCPC by glyphosate, A. tenuissima (64.71%) was the most
effected fungus, followed by P. spiculisporus (57.14%), respectively. For pendi-
methalin, A. terreus (54.29%) was the most affected fungus. For diclofop-methyl,
P. spiculisporus (60%) was the most affected fungus, followed by A. tenuissima
(58.82%), and Aspergillus tamarii (55.56%), respectively. The results proved
severe reductions and alteration in protein, SCI, TCPC and DNA in fungal strains
exposed to these herbicides which might reflect a degree of tolerance occurred
during the assimilation of those toxic compounds from the pesticides polluted-soil.
The herbicidal product Galex®, the commercially available formulated mixture of
two active ingredients metolachlor (from the chemical family chloroacetamides and
a member of the HRAC group K3) and motobromuron (from the chemical family
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ureas and a member of the HRAC group C2) affected the growth of a few plant
pathogenic fungi including Fusarium oxysporum, F. monilliforme and Aspergillus
flavus and reduced the incidence of soil-borne disease in legumes (Olajire and
Oluyemisi 2009). Greenhouse experiments had previously demonstrated that
microbial population of cowpea soil was significantly reduced by applying the
normal field application rate of a pre-emergnece herbicide, Galex®, into the soil
(Fawole 2000). This reductive effect was more in fungal than bacterial population.
Thus among premoninant fungal genera including Mucor, Fusarium, Aspergillus
and Penicillium, Fusarium counts were remarkably reduced upon Galex® appli-
cation into the soil (Fawole 2000). Pretreatment of muskmelon seedlings with four
chloracetamide herbicides at 0.1 lg g−1 reduced the incidence of fusarium wilt by
22–79%. Also, acetochlor applied as a seed treatment (soaking for 5 h in 50 lg
acetochlor mL−1) reduced fusarium wilt in muskmelon seedlings, however, it was
less effective when applied as foliar spray (Cohen et al. 1992a). The herbicides
oxyfluorfen (a diphenylether from HRAC group E), butachlor (a chloroacetamide
from HRAC group K3), acetochlor (a chloroacetamide from HRAC group K3),
cinmethylin (of a yet unknown HRAC group), and oxadiazon (an oxadiazole from
HRAC group E) inhibited the mycelial growth and sclerotial germination of
Rhizoctonia solani on potato sucrose agar (PSA) medium, where the herbicidal
concentrations required for 50% growth inhibition (IC50) were 2.01, 4.16, 8.12,
11.97, and 22.01 mg L−1, respectively. Sclerotial germination was inhibited by
oxyfluorfen, acetochlor, cinmethylin, and oxadiazon at 100 mg L−1 (Hua et al.
2002). Here the literature is reviewed in the context of HRAC groups of herbicides
and the chemical families in which the member herbicides of antifungal activity are
classified.

HRAC Group A

Studies has indicated the direct antifungal activity of some herbicidal ACCase
inhibitors from the chemical families, aryloxyphenoxy propionates (FOPs) and
cyclohexanediones (DIMs). Diclofop-methyl is recorder to be of direct antifungal
effects on Colletotrichum truncatum (Caulder et al. 1987). Clodinafop-propargyl
exhibited direct antifungal activity against Ceratocystis radicicola,
Gaeumannomyces graminis, Rhizoctonia solani, Sclerotinia sclerotiorum,
Verticillium dahlia, and inhibited the growth of two oomycetous pathogens
Phytophthora sp., as well as Pythium sp., however, diclofop-methyl indicated
narrower range of antifungal activity and only inhibited Bipolaris sp., G. graminis,
V. dahlia, Phytophthora sp., and Pythium sp. (Pakdaman et al. 2002). Also, studies
with the herbicides applied in rapeseed or canola (Brassica napus var. oleifera)
fields demonstrated that cycloxydim, sethoxydim, and haloxyfop-ethoxyethyl were
of considerable antifungal impacts against Sclerotinia sclerotiorum, the causal
fungus of canola white stem rot disease (Pakdaman and Mohammadi Goltapeh
2007). Further studies on the mechanism of antifungal activity of sethoxydim
exhibited increased levels of malondialdehyde (MDA) in the biomass of the white
stem rot pathogen, S. sclerotiorum treated with the herbicide. MDA is the main
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product generated through peroxidation of polyunsaturated fatty acids and a reliable
indicator of the disintegration of fungal cellular membranes (Gaweł et al. 2004).
Also, hydrogen peroxide concentrations increased as the consequence of the her-
bicidal treatment of the pathogen (Pakdaman et al. 2007).

HRAC Group B

No information was found. However, the commercially available mixture of
mesosulfuron-methyl and iodosulfuron methyl sodium (Atlantis® OD) inhibited the
in vitro growth of the mycotoxigenic pathogen of fusarium head blight disease of
wheat and other small grain cereals, Fusarium graminearum as well as the bio-
logical control agent Trichoderma asperelloides on potato dextrose agar when its
final rate in the medium was adjusted to 5000 ppm (Pakdaman and Elahifard,
unpublished data).

HRAC Group C1

There are reports of the antifungal activity of some members of the chemical
families, triazines as well as phenylcarbamates. Schuldt and Wolfe (1956) proposed
the toxic effects of some s-triazine herbicides against Pythium spp. as a reason for
the improved emergence of soybean seedlings and decreased damping-off with the
addition of atrazine. Atrazine (25, and 50 lg mL−1) was of no significant effect on
Pectinobacterium carotovorum growth (Breazeale and Camper 1972). In an study
on the effect of 14 herbicides and two herbicide combinations on three microscopic
soil fungus species carried out following Miller’s method, Helmeczi et al. (1988)
found that the triazine derivative Hungazin PK (atrazine) was of the least inhibitory
impact on Aspergillus, Rhizopus, and Fusarium. Atrazine, simazine, and metribuzin
at 500 lg mL−1 inhibited the mycelial development of Sclerotinia sclerotiorum on
1.5% Bacto agar. Additionally, the carpogenic germination of sclerotia in the soil
amended with atrazine and simazine at the rate of 0.5–10.0 mg g−1 soil was not
affected as compared with that in untreated soil, however, sclerotia in the treated
soils produced abnormal apothecia, while those in the soil amended with 0.5 and
1.0 mg metribuzin g−1 soil could not germinate (Casale and Hart 1986). In contrast,
sclerotial germination was stimulated and a higher number of stipe initials was
developed in soils treated with metribuzin at 0.5 and 1.0 lg g−1, and atrazine at
0.5 lg g−1 (Radke and Grau 1986). Atrazine reduced the colony diameter of
Macrophomina phaseolina (Fig. 38) in sorghum (Sorghum bicolor; Fig. 39) but
did not reduce the production and germination of microscllerotia (Russin et al.
1995). Atrazine inhibited the mycelial growth of the oomycetous species Pythium
arrhenomanes (Dissanayake et al. 1998). Atrazine, a corn herbicide (Atrazine®,
tested in vitro at two concentrations of 3 and 33 lg mL−1) and cyanazine (Bladex®,
tested in vitro at two concentrations of 17, and 170 lg mL−1) were of no significant
effect on the hatching of Heterodera glycines when compared with that in deionized
water, however, they exerted a negative impact (P � 0.05) when compared with
hatching rate in the solution of zinc sulfate (3.14 mM).
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Bladex® was numerically (not statistically) a little more toxic than Atrazine®

(Wong et al. 1993). Desmedipham, a phenylcarbamate, indicated direct antifungal
activity against Bipolaris sp., Ceratocystis radicicola, Fusarium graminearum,
Gaeumannomyces graminis, Macrophomina phaseolina, Rhizoctonia solani,
Sclerotinia sclerotiorum, Verticillium dahliae, and two oomycetous pathogens
Phytophthora sp., and Pythium sp. (Pakdaman et al. 2002).

Fig. 38 Charcoal rot causal fungus, Macrophomina phaseolina, (Left) blackish mycelial growth
on potato dextrose agar plate (Source Photchana Trakunsukharati, Department of Agriculture,
Thailand); (Middle) hyphae and sclerotia of the fungus (Source Islam et al. 2012); (Right)
Osteolate pycnidium of the fungus and one-celled hyaline pycnidiospores (Source Islam et al.
2012)

Fig. 39 Charcoal rot disease of sorghum caused by Macrophomina phaseolina, a symptoms of
the disease on plant foot and foot breakage, b internal black rot of foot and stem and
undecomposed vascular tubes (Source Reddy et al. 2012)
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HRAC Group C2

The chemical compound from the family of amides, propanil (RogueTM, and
Stam-F-34) was of direct fungicidal activity against brown leaf spot fungus
Bipolaris oryzae (Sen and Kaiser 1972). Metoxuron, a member of the chemical
family of ureas, was of direct antifungal activity against Puccinia lagenophorae, a
rust fungus pathogenic on the perennial weed common groundsel, Senecio vulgaris
(Frantzen et al. 2005; Fig. 40).

Fluometuron and diuron, tested at both concentrations of 25, and 50 lg mL−1

were of no Impact on Pectinobacterium carotovorum growth rate (Breazeale and
Camper 1972). Diuron at 50 lg mL−1 inhibited the mycelial development of
Sclerotinia sclerotiorum on 1.5% Bacto agar (Casale and Hart 1986). Out from five
herbicides (also including isoproturon, 2,4-D ethyl ester, atrazine, and 2,4-D ethyl
sodium) tested under in vitro conditions, Tribunil® (methathiabenzuron, an urea)
applied at 100 ppm (equal to 100 lg g−1 soil; ppm: part per million) was the most
effective, and completely inhibited the sclerotial germination of Sclerotium rolfsii.
Another urea, isoproturon exhibited complete inhibition of fungal radial growth
when it was applied at the concentration of 250 ppm. Soil application of 0.4%
Tribunil® (equal to 4000 ppm or 4000 lg g−1 soil) led to complete ceasation of the
fungus saprophytic activity (Harlapur et al. 1989).

Fig. 40 Aecia of Puccinia lagenophorae, the rust fungus pathogenic on the perennial weed
common groundsel, Senecio vulgaris (Source http://www.naturefg.com/)
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HRAC Group C3

Direct antifungal activity of a member of the family benzothiadiazinones, bentazon
on Colletotrichum truncatum (Caulder et al. 1987), and of a member of the family
of nitriles, bromoxynil on Rhizoctonia cerealis and Pseudocercosporella her-
potrichoides (Kataria and Gisi 1990) have been recorded. Ioxynil, another nitrile
herbicide, inhibited in vitro growth of Pectinobacterium carotovorum when applied
at the concentration of 25 lg mL−1 (Breazeale and Camper 1972). Bentazone
(Basagran® tested in vitro at two concentrations of 50 and 500 lg mL−1) was of no
significant effect on the hatching of soybean cyst nematode Heterodera glycines
when compared with that in deionized water, however, it exerted a negative impact
(P � 0.05) when compared with hatching rate in the solution of zinc sulfate
(3.14 mM) (Wong et al. 1993).

HRAC Group D

Paraquat, a member of the chemical family bipyridyliums was found to be of direct
antifungal effect on Dreschlera teres (Toubia-Rahme et al. 1995). Diquat
(25 lg mL−1), another member of the family, and paraquat (50 lg mL−1) inhibited
the growth of Pectinobacterium carotovorum (Breazeale and Camper 1972).

HRAC Group E

Acifluorfen, as a diphenylether and protoporphyrinogen oxidase (PPO) inhibitor,
was found to reduce the radial growth of R. solani isolates of IA colonies by more
than 72% under in vitro conditions (Black et al. 1996), while fomesafen, another
diphenylether seemed to be of no significant direct impact on Sclerotinia sclero-
tiorum (Dann et al. 1999). Also, acifluorfen (Blazer®, applied in vitro at the rate of
50–500 lg mL−1) led to a 42–67 percentile reduction (compared with that in
deionized water) and to a 61–71 percentile reduction (compared with that in zinc
sulfate solution) of the hatched eggs of soybean cyst nematode (SCN) Heterodera
glycines. Therefore, this postemergence soybean herbicide may be of a potential
role in the management of SCN (Wong et al. 1993). The herbicides oxyfluorfen (a
diphenylether) and oxadiazon (an oxadiazole) inhibited the mycelial growth and
sclerotial germination of Rhizoctonia solani on potato sucrose agar (PSA) medium,
where the herbicidal concentrations required for 50% growth inhibition (IC50) were
2.01, and 22.01 mg L−1, respectively. Sclerotial germination was inhibited by
oxyfluorfen, and oxadiazon at 100 mg L−1 (Hua et al. 2002).

HRAC Group F1

No information was found.
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HRAC Group F2

No information was found.

HRAC Group F3

Fluometuron, tested at both concentrations of 25, and 50 lg mL−1, was of no
Impact on Pectinobacterium carotovorum growth rate (Breazeale and Camper
1972). An herbicide from the chemical family isoxazolidinones, clomazone
(Command®) tested in vitro at the concentrations of 50, and 500 lg mL−1 was of
no negative impact on the hatching of soybean cyst nematode Heterodera glycines
(Fig. 41) when compared with deionized water, however, its effect was statistically
significant (P � 0.05) compared with that of zinc sulfate solution (3.14 mM),
which increased hatching (Wong et al. 1993).

Fig. 41 Soybean cyst nematode, Heterodera glycines, (Top, Left) Juvenile larva with visible
stylet (Source Jonathan D Eisenback, Virginia Polytechnique Institute and State University,
Bugwood.org), (Top, Right) Lemon-shaped female cysts (Source Mactode Publications,
Bugwood.org); (Down) Adult male with distinct stylet and projected spicules (Source Jonathan D
Eisenback, Virginia Polytechnique Institute and State University, Bugwood.org)
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HRAC Group G

Glyphosate as the member of the chemical family, glycines, is capabale to impose
its antifungal effects on Puccinia lagenophora (Wyse and Müller-Schärer 2001),
Dreschlera teres (Toubia-Rahme et al. 1995), Calonectria crotalariae (Berner et al.
1991), Pythium ultimum and Fusarium solani f. sp. pisi (Kawate et al. 1992).
Glyphosate also inhibited pseudothecium formation of wheat tan spot fungus,
Pyrenophora tritici-repentis in wheat straw (Sharma et al. 1989). Glyphosate not
only inhibited aeciospore formation by the biological control rust fungus, Puccinia
lagenophora on common groundsel (Senecio vulgaris L.) but also inhibited the
germination of its aeciospores (Wyss and Müller-Schärer 2001). Spraying
glyphosate-resistant bread wheat (Triticum aestivum) plants with the glyphosate
commercially available formulation, Roundup® WeatherMAX at 0.84 kg a. i.
ha−1, inhibited plant infection in growth chamber experiments where more than
75% of check plants were infected to the rust fungus after they were sprayed with
water or formulation control. The rate of rust control was maximal just after gly-
phosate application and proportional to the herbicide concentration in planta, where
the herbicide persisted at least for a 14 day period. The antifungal activity of the
symplastic herbicide was attributed to its inhibitory impact on fungal 5-enolpyruvyl
shikimate 3-phosphate (EPSP) synthase (Feng et al. 2005). Similar results were also
obtained when glyphosate-resistant bread wheat plants were treated with the her-
bicide in order to study its effect on the wheat stripe rust (Puccinia striiformis
f. sp. tritici) incidence, progress, and severity (Feng et al. 2005). Interestingly, the
application of glyphosate on transgenic gluphosate-resistant (GR) wheat reduced
leaf rust (induced by Puccinia recondita f. sp. tritici) development, and black stem
rust (caused by Puccinia graminis f. sp. tritici) infection (The level of leaf rust
control decreased with the reduction in the application rates of glyphosate and the
transitory effect lasted for 21–35 days after application (Anderson and Kolmer
2005). These findings indicate the antifungal activity of the widely used
broad-spectrum herbicide, glyphosate that provides disease control benefits in
glyphosate-resistant wheat, where glyphosate exhibits both preventive and curative
activities against leaf rust pathogen, P. triticina (Fig. 42), and stripe rust causal
fungus, P. striiformis f. sp. tritici (Fig. 43) under greenhouse as well as field
conditions (Feng et al. 2005, and 2008).

A similar reduction of infection has been reported with Asian soybean rust
(ASR, caused by the fungus, Phakopsora pachyrhizi) as the result of the
glyphosate-resistant soybean plants treatment with glyphosate (Feng et al. 2005).
Glyphosate at the rates between 0.84 and 1.68 kg ha−1 delayed the onset of ASR in
glyphosate-resistant soybeans under laboratory conditions. However, field trials
conducted in Argentina and Brazil under natural infestations indicated variable
ASR control from the application of glyphosate in glyphosate-resistant soybeans.
Therefore, further field studies are ongoing in order to define the activity of gly-
phosate against ASR (Feng et al. 2008).
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Fig. 42 Effect of glyphosate on wheat leaf rust (Puccinia triticina) 13 days after infection. a No
treatment; b treated with 0.84 kg ae ha−1 Roundup® WeatherMAX 13 days before inoculation;
c treated with 0.84 kg ae ha−1 Roundup® WeatherMAX 1 day before inoculation (Source Feng
et al. 2005). Copyright 2005 National Academy of Sciences, USA

Fig. 43 Field evaluation of the effect of glyphosate treatment on stripe rust (Puccinia striiformis
f.sp. tritici) in glyphosate-resistant wheat cultivar Macon from natural inoculum near Pullman,
WA. Roundup® UltraTM (0.42–1.26 kg a. i. ha−1, 0.5� to 1.5� was sprayed preinfestation on
May 19, 2004 and/or postinfestation on June 30, 2004. Rust symptoms first appeared on June 25,
2004. Stripe rust incidence was calculated based on Area Under Disease Progress Curve (AUDPC)
from ratings on July 2nd, 8th, and 12th. The y axis describes rust severity (based on 1–9 scale)
from July 12th (Source Feng et al. 2005)
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HRAC Group H

Glufosinate and bialaphos, both glutamine synthase inhibitors belong to the single
family of phosphine acids, and exhibit considerable antifungal activities against
oomycetous, ascomycetous, and basidiomycetous pathogens. In a less definitive
study, Ahmad and Malloch (1995) found that 1 mM glufosinate (a member of the
family, phosphinic acids) reduced the bacterial population of the tested agricultural
soil by 40% within 14 days after soil treatment. Additionally, it indicates direct
antifungal activity against Aspergillus flavus (Tubajika and Damann 2002) and
Verticilium albo-atrum (Ahmad and Malloch 1995). The effect of the non-selective
herbicide glufosinate on plant diseases is known to be the result of direct fungitoxic
effects. Its effects are best seen in glufosinate-resistant crops. Glufosinate has
antimicrobial activity in glufosinate-resistant soybeans (Pline et al. 2001), rice
(Uchimiya et al. 1993), and creeping bentgrass (Liu et al. 1998; Wang et al. 2003),
protecting these crops from bacterial and fungal diseases. Liu et al. (1998) assessed
the antifungal activity of the herbicides bialaphos (another member of the family,
phosphinic acids) and glufosinate. Bialaphos, a natural herbicide, showed a higher
level of in vitro antifungal activity against Rhizoctonia solani, Sclerotinia
homoeocarpa and Pythium aphanidermatum than glufosinate. Glufosinate reduced
the radial growth of soybean fliar blight fungus, R. solani by up to 61%, and
reduced sclerotium formation under laboratory conditions. Glufosinate exerted a
fungistatic effect on R. solani isolates of IA colonies, but it was fungitoxic to the
isolates of IB colonies (Black et al. 1996). Glufosinate suppressed the mycelial
growth of R. solani (Fig. 44) and S. homoeocarpa, but it had no inhibitory effect on
P. aphanidermatum up to the highest tested concentration (Liu et al. 1998). In
contrast, gluphosinate ammonium inhibited the growth and propagation of
Phytophthora infestanc and Pythium ultimum in vitro, especially when tested under
nutritionally poor conditions (Kortekamp 2008). The rate of glufosinate required for

Fig. 44 Rhizoctonia solani (Left) mycelia and sclerotia of the fungus on agar plate (Source Paul
Bachi, University of Kentucky Research and Education Center, Bugwood.org); (Right) mycelia of the
fungus (Source Paul Bachi, University of Kentucky Research and Education Center, Bugwood.org)
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the complete inhibition of the mycelial growth of S. homoeocarpa (336 mg L−1)
was less than that for R. solani (448 mg L−1) (Wang et al. 2003), indicating that
S. homoeocarpa was more sensitive to glufosinate than R. solani (Liu et al. 1998;
Wang et al. 2003).

Additionally, glufosinate directly inhibited the mycelial growth of grapevine
pathogens Botrytis cinera, Guignardia bidwellii, Penicillium expansum, and
Phomopsis viticola, when it was applied at various concentrations under in vitro
conditions (Albrecht and Kortekamp 2009). Interestingly, the reaction of different
fungi to the presence of gluphosinate was different. Gluphosinate was found of
almost a complete genostatic impact on the sporulation of P. expansum when it was
tested at the concentration 500-fold more diluted than the recommended dose for
field applications, a finding of importance in the control of late seasonal infections.
However, glufosinate was less toxic to its mycelial growth, while it reduced the
mycelial growth of G. bidwellii by about 80% at the same dilution effective on
P. expansum sporulation. Moreover, glufosinate severely inhibited the growth of
Plasmopara viticola, an obligate parasite and causal agent of grapevine downy
mildew. While it was phytotoxic at higher doses, glufosinate hermetically stimu-
lated chlorophyll content increase in grapevine leaves without any visible phyto-
toxicity at low doses (Kortekamp 2008, 2010). Various concentrations of bialaphos
solutions were applied to transgenic, bialaphos- and glufosinate-resistant creeping
bentgrass (Agrostis stolonifera var. palustris) inoculated with fungal pathogens.
Bialaphos applications were able to significantly reduce symptomatic infection by
R. solani and S. homoeocarpa on transgenic plants. Bialaphos significantly
inhibited P. aphanidermatum, but not to the same degree that R. solani and
S. homoeocarpa were inhibited. These results indicate that bialaphos may provide a
means for the simultaneous control of weeds and fungal pathogens in turf areas with
transgenic, bialaphos-resistant creeping bentgrass. Glufosinate ammonium specifi-
cally impeded appressorium formation of rice blast and brown leaf spot pathogens,
respectively Magnaporthe oryzae and Cochliobolus miyabeanus (sexual state of
Bipolaris oryzae) on hydrophobic surface as well as on 35S bar transgenic rice. In
contrast, conidial germination was not affected (Ahn 2008).

HRAC Group I

No information was found.

HRAC Group K1

Studies with the herbicides applied in rapeseed or canola (Brassica napus var.
oleifera) fields demonstrated that dinitroaniline herbicides trifluralin and ethal-
fluralin were highly toxic against Sclerotinia sclerotiorum, the causal fungus of
canola white stem rot disease (Pakdaman and Mohammadi Goltapeh 2007). The
direct antifungal activity of trifluralin against Fusarium solani (Yu et al. 1988), and
the oomycetous pathogen Aphanomyces euteiches (Jacobsen and Hopen 1981) has
also been recorded. Singh et al. (1999) indicated the inhibitory effect of two
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pre-emergence herbicides, fluchloralin and pendimethalin on growth and develop-
ment of Phytophthora drechsleri f. sp. cajani, the causal agent of pigeon pea blight.
Trifluralin was found on no impact on Pectinobacterium carotovorum growth rate
when tested at the concentrations of 25, and 50 lg mL−1 (Breazeale and Camper
1972). Fluchloralin drastically inhibited the growth of Sclerotium rolfsii (Fig. 45)
and Rhizoctonia bataticola under in vitro conditions (Tripathi et al. 1988).

Similarly, trifluralin and basalin inhibited the growth of S. rolfsii in vitro (Lal
and Nagarajan 1988). Trifluralin and pendimethalin were the most efficient herbi-
cides out of the tested herbicides (also including imazethapyr, metachlor, and a
mixture of acetochlor + imazethapyr) that significantly reduced the production of
viable sclerotia by S. rolfsii under in vitro conditions (Pastro and March 1999).
Also, the inhibition of the sclerotial germination of S. rolfsii has been reported with
fluchloralin studied using soil plate technique, where its inhibitory effect (94.02%)
was statistically at par (P = 0.05) with that of the most effective fungicides, car-
boxin (98.99%), and tridemorf (97.89%) (Bhoraniya et al. 2002). Trifluralin
(Treflan®), and ethalfluralin (Sonalan®), both tested in vitro at two concentrations
of 1 and 10 lg mL−1, were of no significant effect on the hatching of soybean cyst
nematode Heterodera glycines when compared with that in deionized water,
however, they exerted a negative impact (P � 0.05) when compared with hatching
rate in the solution of zinc sulfate (3.14 mM). The negative effect of Sonalan® on
the nematode hatching in zinc sulfate solution was almost twice that of Treflan®

(Wong et al. 1993).

HRAC Group K2

No information was found.

Fig. 45 Sclerotium rolfsii, (Left) Mycelia and sclerotia of the fungus on agar plate (Source
Howard F Schwarz, Colorado State University, Bugwood.org); (Right) Clamp connections
(hooked structures) on the mycelia of the fungus (Source http://www.paceturf.org/) indicating its
basidiomycetous nature
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HRAC Group K3

In an investigation on the antifungal activity of two soil herbicides conducted by
Kataria and Dodan (1983), alachlor (a chloroacetamide) was found more inhibitive
to Rhizoctonia solani growth than fluchloralin (a dinitroaniline from HRAC
group K1) in potato dextrose broth (PDB). However, the infective capacity of the
pathogen was not altered by growing it in a medium containing either of the
herbicides. Metolachlor inhibited of the sclerotial germination (62.78%) (Bhoraniya
et al. 2002). Alachlor (LaSSO®) tested in vitro at the concentrations of 24, and
240 lg mL−1 was of no negative impact on the hatching of soybean cyst nematode
Heterodera glycines when compared with deionized water, however, its effect was
statistically significant (P � 0.05) compared with that of zinc sulfate solution
(3.14 mM), which increased hatching (Wong et al. 1993).

HRAC Group M

The direct antifungal effect of dinoseb, an uncoupler and membrane disruptor
herbicide from dinitrophenols family, on the fungal pathogens Aspergillus niger,
and Alternaria tenuissima (Kovacs and Malligni 1975) as well as on the
oomycetous pathogen Aphanomyces euteiches (Jacobsen and Hopen 1981) has
been recorded.

HRAC Group N

Paul and Schönbeck (1976) studied the impact of the herbicide diallate (a thio-
carbamate) on several cereal pathogens in vitro, and found that the herbicide added
to agar reduced mycelial growth of Fusarium avenaceum, F. culmorum,
F. graminearum, F. moniliforme, and Bipolaris sorokiniana. Soil-incorporated
diallate reduced maize root rot caused by F. moniliforme, and wheat crown and root
rot induced by F. avenaceum, and F. culmorum. Diallate inhibited maize root rot
and also barley disease caused by B. sorokiniana in hydrocultural maize and barley
growing systems. Diallate severely prevented F. moniliforme penetration in stele
region, and hyphae in roots exposed to diallate often were partially deformed and of
the cytoplasm seemingly very granulated. Helmeczi et al. (1988) studied the effect
of 14 herbicides and two herbicide combinations on three microscopic soil fungi
following Miller’s method, and found that (i) none of the 14 herbicides and 2
combinations belonging to four derivative groups induced the growth of Aspergillus
niger, Fusarium oxysporum, and Rhizopus nigricans; (ii) higher doses of the her-
bicides prevented the growth of all test organisms significantly, and thiocarbamate
derivatives Alirox B 80 EC (EPTC), Anelda Plus 80 EC (butylate) and Anelda III
(butylate) were the most inhibitory; and (iii) the sensitivity of test organisms against
the examined herbicides decreased in the order of Fusarium, Rhizopus, Aspergillus.
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The herbicides of thiocarbamates family, cycloate (Ro-Neet® tested at
15 mg mL−1), pebulate (Tillam® tested at 21 mg mL−1), triallate (Avadex® BW
tested at 7 mg mL−1), and vernolate (Vernam® tested at 12 mg mL−1) eliminated
the subsequent hatch of Globodera rostochinensis and Heterodera schachtii eggs in
root diffusate. Tests with New Blue R (Shepherd 1962) indicated that triallate
applied at the recommended dose for field application (1.7 kg a. i. ha−1) killed 90%
of cyst contents. The thiocarbamate family seems to be the important factor in the
inhibition, and there is no link between the method of formulation and the effect on
hatching of nematode eggs. Furthermore, the effect of thiocarbamate herbicides on
hatch was markedly reduced by dilution, therefore, any thiocarbamate herbicide-
based control strategy probably as a pre-emergence treatment would have to
overcome the problem of soil incorporation to ensure that the required concentra-
tions contact the cysts (Perry and Beane 1989).

HRAC Group O

The synthetic auxin like growth regulator, 2,4-D inhibited in vitro growth of
Ceratocystis radicicola, Fusarium graminearum, F. oxysporum, Gaeumannomyces
graminis, Macrophomina phaseolina, Rhizoctonia solani, Sclerotinia sclerotiorum
(Fig. 46), Verticillium dahliae, and that of two oomycetous pathogens,
Phytophthora sp., and Pythium sp. (Pakdaman et al. 2002). 2,4-D drastically
inhibited the in vitro growth of Sclerotium rolfsii (Tripathi et al. 1988) and
Rhizoctonia bataticola (Tripathi et al. 1988), and R. solani (Pathak et al. 1996).

HRAC Group P

No information was found.

Fig. 46 Sclerotinia sclerotiorum, (Left) Mycelia and sclerotia on agar plate (Source Howard
F. Schwartz, Colorado State University, Bugwood.org), (Right) mycelia of the fungus (Source
Clarissa Balbalian, Mississippi State University, Bugwood.org)
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HRAC Group Z

Because of the high diversity of the origin, chemical structure, and mode of action
of these herbicides, here we ignore this group.

Direct Pro-pathogenic Effects of Herbicides

Some xenobiotic compounds such as herbicides are known as pro-pathogenic
agents that either directly enhance pathogen growth and development or directly
increase its virulence. Here, a new term is coined and “pathancer”, the abbreviation
of pathogen enhancer, is suggested. It is not unusual for low rates of herbicides to
stimulate in vitro pathogen growth (for example, Yu et al. 1988). Hormesis (the
stimulatory effect of a sub-toxic level of a toxin) is common with both fungicide
effects on fungi and herbicide effects on plants (Duke et al. 2006). Thus, dose rates
are likely to be highly important in both direct and indirect effects of herbicides on
plant disease. Some of the herbicides are not of direct toxicity to the pathogenic
fungi and oomycetes, and such herbicides can be used as xenobiotic sources of
energy as well as materials (such as carbon, nitrogen, phosphorus, sulfur and so on)
needed for the growth and development of these pathogens. For instance,
2,4-dichlorophenoxyacetic acid (2,4-D) can be biodegraded and catabolized by
Burkholderia cepacia (Bhat et al. 1994), B. graminis (Dejonghe et al. 2000),
Pseudomonas spp. (Musarrat et al. 2000), and the fungus Phanerochaete
chrysosporium (Yadav and Reddy 1993). The effect of the herbicides, pendi-
methalin, and prometryn (applied to the soil at 2.4, and 3.6 lg a. i. g−1 soil,
equivalent to the respective recommended field concentrations of 0.9, and
1.3 kg a. i. ha−1, respectively) on the incidence of Rhizoctonia solani-induced
cotton seedling damping-off was investigated in the microcosm conditions.
Prometryn significantly raised up the incidence of pre-emergence damping-off,
while post-emergence damping-off increased significantly after the application of
pendimethalin and prometryn. Also, similar results were obtained with both her-
bicides, particularly with prometryn in the fields treated with the herbicides before
planting (Heydari and Misaghi 1998). Arfarita et al. (2011) applied glyphosate as a
screening agent used as the sole phosphorus source for the isolation of soil-born
fungi from forest soil. Three fungal strains were able to grow consistently in the
presence of glyphosate as the only source of phosphorus (Fusarium sp. strain FRP1,
Scopulariopsis sp. strain FRP2, and Trichoderma sp. strain FRP3). On standard
medium, ten fungal strains were isolated and identified, Botrytis sp. strain FR1,
Mucor sp. strain FR2, Acremonium sp. strain FR3, Trichoderma sp. strain FR4,
Botrytis sp. strain FR5, Crysosporium sp. strain FR6, Scopulariopsis sp. strain FR7,
Trichoderma sp. strain FR8, Botrytis sp. strain FR9, and Acremonium sp. strain
FR10. Of the three screened fungal species, Scopulariopsis sp. strain FRP2 and
Trichoderma sp. strain FRP3 were of the highest ratios of growth diameter, and
were selected for further studies. Some herbicides are biodegraded or bioconverted
to non-toxic metabolites, and some are not lethal but restrict pathogen growth when
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applied following the recommendations on the labels. These herbicides can act as
pathancers. The application of glyphosate, and chlorsulfuron has been associated
with increased levels of take-all fungus, Gaeumannomyces graminis
(Mekwatanakarn and Sivasithamparam 1987). In a greenhouse study of the impact
of atrazine, the populations of Fusarium were increased up to four folds compared
with the soil not treated with atrazine added at 10, 30, and 100 lg g−1 soil.
Additionally atrazine amendment in the soil at the rate of 10 lg g−1 soil led to the
increased germination of Fusarium macroconidia, growth of germ tubes, as well as
the formation of chlamydospores (Percich and Lockwood 1975). The herbicides
like sethoxydim may be of potential pathancing effects on the virulence of some
pathogens such as head blight causal Fusarium species. Fusarium graminearum
(Fig. 47) is able to tolerate this herbicide and even to increase its rate of growth,
however, its characteristic carmine red color decreases to pale pink, indicating
reduced production of naphthoquinone pigments (Pakdaman and Kariman 2006)
that occurs through polyketide biosynthesis pathway (Kim et al. 2005). This can
lead to the fortification of trichothecene biosynthesis pathway (Pakdaman and
Kariman 2006). Trichothecenes are among the main virulence factors responsible
for the host plant yield loss, as well as the occurrence of mycotoxicoses in human
and livestocks.

Chan Cupul et al. (2014) evaluated the effect of atrazine concentrations on
mycelial growth and ligninolytic enzyme activities of eight Mexican ligninolytic
macrofungi in a semi-solid culture medium. Inhibition of mycelial growth and
growth rates were significantly affected (p = 0.05) by atrazine concentrations (468,
937, 1875, and 3750 mg L−1). In accordance with the median effective concen-
tration (EC50), Pleurotus sp. strain 1 proved to be the most tolerant isolate to
atrazine (EC50 = 2281.0 mg L−1), although its enzyme activity was not the highest.
Pycnoporus sanguineus (Fig. 48) strain 2, Daedalea elegans and Trametes maxima
showed high laccase activity (62.7, 31.9, 29.3 U mg/protein, respectively) without

Fig. 47 Fusarium graminearum (Left) mycelial colony on agar plate (Source http://mycota-crcc.
mnhn.fr/); (Right) Macroconidia (Source Liu et al. 2012)
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atrazine (control); however, this activity considerabely increased (p < 0.05) (to
191.1, 83.5 and 120.6 U mg/protein, respectively) because of the effect of atrazine
(937 mg L−1) in the culture medium.

Pleurotus sp. strain 2 and Cymatoderma elegans significantly increased
(p < 0.05) their manganese peroxidase (MnP) activities under atrazine stress at
468 mg L−1. The isolates with high EC50 (Pleurotus sp. strain 1) and high enzy-
matic activity (P. sanguineus strain 2 and T. maxima) could be considered for future
studies on atrazine mycodegradation. Furthermore, this study confirms that atrazine
can increase laccase and MnP activities in ligninolytic macrofungi (Chan Cupul
et al. 2014). During invasive growth of pathogenic fungi in host plants, three main
enzymes get directly or indirectly involved in the modification of lignin structures
that are lignin peroxidases (LiPs), manganese peroxidases (MnPs), and laccases
sensu stricto (Kuo et al. 2015). In addition to lignin degradation, fungal laccases
play notable roles in fungal morphogenesis (Zhu and Williamson 2004), stress
defence (Thurston 1994; Gianfreda et al. 1999), as well as fungal virulence (Zhu
and Williamson 2004; Kuo et al. 2015). MnP produces Mn3+ ions that play their
major role in the oxidation and degradation of lignin (Forrester et al. 1988). The
Mn3+ ions can directly oxidize the phenolic compounds in lignin. The Mn3+ ion can
degrade lignin through catalysis of alkyl-aryl cleavages as well as alpha-carbon
oxidation in phenols (Tuor et al. 2002). Additionally, the ions can oxidize some
organic sulfur compounds and unsaturated fatty acids that leads to the formation of
thiyl and peroxyl radicals. In the presence of molecular oxygen, the radicals can
oxidize lignin or form hydrogen peroxide as the result of their reaction to water
(Wariishi et al. 1989; Kapich et al. 1999).

Fig. 48 The laccase producing mushroom, Pycnoporus sanguineus (Source www.mycelia.be/)

100 B. Pakdaman Sardrood and E. Mohammadi Goltapeh

http://www.mycelia.be/


3.2.2 Indirect Impact of Herbicides on Plant Pathogens

Indirect Impact of Herbicides on Pathogens Through Control of Weeds

Herbicides control of the host weeds of pathogens that otherwise could serve as
survival, reservoir, alternative, alternate, and volunteer hosts and act their roles as
primary infection foci, or dispersal centers for pathogens, vectors, or both.
Herbicides play an important role in the control of plant diseases caused by fac-
ultative saprobes and biotrophic parasites. Soil-transient pathogens are not com-
petitive saprophytes in a complex soil medium. Therefore, the application of
non-selective herbicides will be helpful in the reduction of pathogen inoculum in
the soil before the next crop plant is grown. Heteroecious rust fungi as a group of
biotrophic fungi require plant hosts usually of different taxonomical groups, and
soil/pre-emergence application of herbicides will be helpful in the reduction of the
disease through eradication of the alternate host weeds and will lead to the plant
disease cycle beakage. On the other hand, the treatment with selective
post-emergence herbicides will have its own obliging effect in the combat against
autoecious as well as heteroecious rust pathogen development on alternative hosts
after emergence of host crop. Post-emergence herbicides would also be useful in the
control of biotrophic pathogens of broad host ranges such as Erysiphe polygoni, and
cucumber mosaic virus. However, with necrotrophic pathogens and with patho-
genic facultative parasites, the conditions will be very different. The application of
herbicides, either of non-selective pre-emergence type or of selective and/
post-emergence type, will provide a lot of predisposed plants and dead plant
materials that can easily be colonized by these saprophytically very competitive
groups of pathogens. Pathogens like Fusarium, Rhizoctonia, Alternaria, Botrytis
cinerea (Fig. 49) and Pythium ultimum lay in this group. Most of these
fast-growing pathogens are armed with the genes responsible for the biosynthesis
and the secretion of the toxins that are used in order to defend their territories in the
competition against other microorganisms. As the result of herbicidal treatment,
these necrotrophic pathogens will gain an exceptional opportunity for their fast
growth and development in the treated declining weeds with disturbed defense
system resistance. These conducive conditions will lead to the increased inoculum
potential of the pathogen as the consequence of its increased accessibility to dead
organic materials. This can result in the outbreak of these diseases if no contrivance
is made with the management of the remnant weed residues.

For instance, pendimethalin and atrazine inhibit the mycelial growth of Pythium
arrhenomanes, but neither decrease root rot severity in sugarcane. Glyphosate,
pendimethalin and terbacil are injurious to sugarcane and increase root rot severity
(Dissanayake et al. 1998). The increased sugarcane root rot after atrazine treatment
can be explained by its especial mode of distribution in planta (Jachetta et al. 1986),
and the method of application of atrazine in their work (spraying instead of soil
application). This strongly indicates the importance of herbicide application and
translocation mode in the determination of its final impact on plant disease control.
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The eradication of some weeds that host vectors of pathogens, with selective
post-emergence herbicides can lead to the attack of vectors to the main crop plants.
Such attacks will lead to disease transmission to the cultivated crop plants and
increased damages. However, if vectors need wild weed plants to complete the
primary stages of their life cycles, and if they are very vulnerable in the absence of
their host weeds and mostly are in the life stages of ignorable mobility, the elim-
ination of host weeds will create a severe break in their life cycle and will result in
the reduced rate of disease transmission. Some weeds are primary attraction foci for
most of the vector populations and therefore, the conscious and clever management
of these weeds will lead to the synchronized extermination of weed and vectors
after attraction of the first early season populations of the vectors in early growth
season and before planting or seeding of the main crop or before its emergence in
the field. For example, since airborne aphids are attracted to the color yellow
(Agrios 2005), weeds with yellow flowers will attract the aphids, and early season
control of weeds and aphids by an herbicide will be very useful in the control of the
pathogens associated with aphid vectors. Furthermore, some herbicides are known
to be directly entomotoxic, and may influence the insect vectors life and repro-
duction. For example, the mixture of glyphosate and 2,4-D was found of direct
insecticidal activity and caused 100% mortality of the adult grain beetle, Tenebrio
molitor. More beetles escaped from the herbicide as well as nitrate treatments,
suggesting a kind of behavioral avoidance of toxic environments (Castilla et al.
2010). 2,4-D ethyl ester (Weedkill 80 WP) was not toxic to the larvae of Spilarctia
obliqua (Lepidoptera: Arctiidae), while imazethapyr (Pursuit 10 EC) and quizalo-
fop ethyl significantly reduced the pest survival at almost all doses. The concen-
trations required to kill 50% of the pest larvae (LC50) were calculated for

Fig. 49 Gray mold, Botrytis cinerea (Left) mycelial growth with gray to brown conidiation and
sclerotial development on potato dextrose agar plate after 10 days of incubation at 20 C and 12 h
alternating cycles of darkness and fluorescent light (Source Xiao 2006); (Right) Conidiophore with
branches that end to fertile with denticles bearing conidia (Source Paul Bachi, University of
Kentucky Research and Education Center, Bugwood.org)
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quizalofop ethyl (LC50 = 0.230%), and imazethapyr (LC50 = 0.855%) through
probit analysis, and were almost equal to labeled doses (FR) of quizalofop ethyl
(FR = 0.16%) and imazethapyr (FR = 0.625%). These data indicate the high tox-
icity of these herbicides against S. obliqua larvae. Additionally, imazethapyr
exerted sublethal effects on the pest at almost all concentrations tested in the arti-
ficial diet. Quizalofop ethyl was of no sublethal effect, and exerted a markedly
significant effect on the pest survivorship. Therefore, quizalofop ethyl incorporation
into the integrated pest management module for S. obliqua in legumes or oilseed
crops with other biorational insecticides was suggested. However, despite of
entomotoxicity of imazethapyr, such a suggestion was not made with this herbicide
because of its sublethal effects (Gupta and Bhattacharya 2008). Studies with the
generalist endoparasitoid Palmistichus elaeisis (Hymenoptera: Eulophidae) indi-
cated the negative impact of glyphosate on its performance, however it was con-
cluded that the responsible use of this herbicide would be acceptable (Alcántara-de
la Cruz et al. 2017). Glyphosate severely reduced the reproduction and fecundity of
lacewing, Chrysoperla externa (Neuroptera: Chysopidae) the natural enemy of
aphids (Schneider et al. 2009). None of glyphosate-based products (Roundup
Original®, Roundup Ready®, Roundup Transorb®, Roundup WG®, and Zapp Qi®)
tested at the same acid equivalent concentration under laboratory conditions
according to the International Organization for Biological Control (IOBC) standard
methods for testing side-effects of pesticides on egg parasitoids, were found
harmful or moderately harmful to the parasitoid Telenomus remus (Hymenoptera:
Platygastridae) when exposure occurred at the pupal or adult stages. Therefore, all
mentioned glyphosate-based herbicides can be applied in agriculture with no
negative influence on the parasitoid (Stecca et al. 2016), an effective biological
control agent for various Spodoptera (Lepidoptera: Noctuidae) spp. (Cave 2000;
Morales et al. 2000; Pomari et al. 2012) responsible for heavy damages in soybean,
maize, and cotton crops (Cruz et al. 1999; Carmo et al. 2009; Santos et al. 2010). In
addition to insects, glyphosate improved this parameter for plant mites, the broad
mite, Polyphagotarsonemus latus (Acari: Tarsonemidae) and Tetranychus bastosi
(Acari: Tetranychidae) at the application rate of 360 g ae ha−1 (Saraiva et al. 2016).
On the other hand, the elimination of weeds, within or around fields, as the pro-
viders of nectar and shelter for natural enemies of insect vectors can significantly
affect the abundance as well as the diversity of parasitoids and predators (Altieri
1994). The removal of natural enemies of a given pest can lead to the resurgence of
vectors and the disease(s) transmitted. Map-based precision agricultural systems
can be a reliable solution, especially when the primary foci of the vectors are
determined and the required actions are performed in limited areas. Such an
approach not only can lead to reduced crop yield losses, but also helps in the
preservation of natural biodiversity and reduced environmental pollutions. With
nematodes, another group of pathogenic obligate parasites of plants, the early
seasonal pre-planting application of non-selective herbicides after emergence of
weeds and in the absence of host plants, will result in the death of nematodes larvae
because of starvation.
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Indirect Impact of Herbicides on Pathogens Through the Influence on Plant
Physiology

Herbicides may increase, decrease or have no effect on plant disease that depends
on the herbicide, pathogen, crop and environmental conditions (Altman and
Campbell 1977a). For instance, Jackson and Stack (2002) applied the herbicide
dicamba (a benzoic acid from HRAC group O) to the roots of potted Siberian elm
(Ulmus pumila) and Russian-olive (Elaeagnus angustifolia) trees under greenhouse
conditions. They used five herbicide concentrations equivalent to the rates of 0 (0),
93 (1/12), 140 (1/8), 280 (1/4), and 1121 (1) g ha−1 (lb ac−1) active ingredient. Two
weeks after herbicide application, each tree was inoculated with a single isolate of
the canker-causing fungus Tubercularia ulmea. The experiment was repeated using
two different T. ulmea isolates. Leaf cupping, a symptom of dicamba exposure, was
evident two to three weeks after herbicide application. Symptoms occurred at rates
of 140 g ha−1 (1/8 lb ac−1) and above in the Siberian elms and the 1121 g ha−1

(1 lb ac−1) rate in the Russian-olives. All four T. ulmea isolates caused cankers,
with canker size differences between fungal isolates and between tree species,
however, none of the herbicide treatments increased or decreased T. ulmea canker
size (Jackson and Stack 2002). In contrast, other herbicides applied and incorpo-
rated into soil before planting, including cycloate (a thiocarbamate from HRAC
group N), diethathyl-ethyl, EPTC (a thiocarbamate from HRAC group N), and
ethofumesate (a benzofuran from HRAC group N) as well as those applied after
emergence, including clopyralid (a pyridine carboxylic acid from HRAC group O),
desmedipham, desmedipham + phenmedipham (phenyl-carbamates from HRAC
group C1), and triflusulfuron-methyl (a sulfonylurea in HRAC group B) did not
affect severity of seedling disease and chronic root rot disease of sugar beet caused
by the soil born oomycetous pathogen Aphanomyces cochlioides compared to a
hand-weeded control (Roebke et al. 2002). However, herbicides may affect plant
physiology and lead to changes at both physical and biochemical levels (Altman
and Campbell 1977a). They may lead to the alterations in plant growth,
lignin-containing substances, b-glucosides (Paul and Schönbeck 1976), wax layers
on shoot and foliage (Heitefuss 1970, 1972), the rate of root exudates and the
release of nutrients from plant root system (Altman and Campbell 1977b; Liu et al.
1995, 1997; Wyse et al. 1976) and altered mineral nutrition (Neumann et al. 2006).
Reduced availability of important macro-, as well as micro-nutrients (potassium,
magnesium, iron, and zinc) and increased availability of sodium and calcium have
been reported as the result of herbicidal treatments with the recommended rates of
paraquat (4 L ha−1), glyphosate (4 L ha−1), Primeextra (4 L ha−1), and atrazine
(3 kg ha−1, applied for soil treatment) (Sebiomo et al. 2012). Also, low levels of
residual glyphosate in soil also reduce root uptake and translocation of Fe, Mn, and
Cu (Eker et al. 2006; Ozturk et al. 2008). Additionally, some herbicides may
enhance defense mechanisms including the elicitation and accumulation of phy-
toalexin and mimicry of the hypersensitive response (Landini et al. 2003; Nelson
et al. 2002a, b), and finally they may alter the level of host plant resistance to
pathogens (Starratt and Lazarovits 1996).
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Here, the effect of herbicides in the increase or decrease of plant diseases is
discussed due to its high importance in the integrated management of plant
diseases.

Increased Disease Resistance of Herbicide-Treated Crops

Increased plant resistance to disease as the consequence of certain herbicidal
treatment has been reported. Huber et al. (1966) indicated that although diuron (a
member of HRAC group C2) used at the rate of 1.12 kg ha−1 did not inhibit the
initial penetration by the winter wheat foot rot disease pathogen Cercosporella
herpotrichoides, it led to the increased winter wheat resistance to the disease.
Diuron was not of direct antifungal activity when it was used at the ratio below
100 ppm on corn meal agar. Also, it was shown that the populations of soil fungi,
bacteria, and actinobacteria were not affected by diuron applications. Heitefuss and
Bodendörfer (1968) found that urea and triazine herbicides could significantly
decrease wheat eye-spot disease caused by the fungus C. herpotrichoides and
powdery mildew caused by Blumeria graminis f. sp. tritici that was not related to
the removal of weeds, as the same reductive effect had also been observed in a
weed-free crop. The extracts from simazine-treated wheat plants added to agar
medium were inhibitory on C. herpotrichoides growth compared with control
media. However, this inhibitory effect disappeared after glucose was added to the
medium. They concluded that such an inhibitory fungitoxic impact was not ade-
quate to explain the observed disease reduction resulted from the field-application
of triazine and urea herbicides. Further experiments conducted by Brandes and
Heitefuss (1971) on the physiological and biochemical alterations as the conse-
quence of simazine (a triazine member of HRAC group C1) and monolinuron
(an member of urea family in HRAC group C2) revealed significant changes in
total nitrogen, sugar, 4-hydroxy-7 methoxy-1,4 benzoxazin-3 on-2 glucoside
(DMBO-glucoside), and 2,4-dihydroxy-7 methoxy-1,4 benzoxazin-3 on-aglucan
(DMBO-aglucan) that were totally related to the observed disease decrease in wheat
plants exposed to the attacks by both pathogenic fungi. Two herbicides dini-
trobutylacetate and ioxynil (a nitrile from HRAC group C3) were of no effect on the
occurrence of both wheat diseases mentioned above.

Protoporphyrinogen oxidase inhibitors (HRAC group E) cause enough oxidative
stress at sublethal levels to induce production of phytotalexins (Kömives and
Casida 1983). Some protoporphyrinogen oxidase inhibitor herbicides such as
azafenidin (a triazolinone; Viator et al. 2002), flumioxazin (a N-phenylphthalimide;
Viator et al. 2002), lactofen (Nelson et al. 2002a), fumesafen (Nelson et al. 2002a),
oxyfluorfen (Nelson et al. 2002a), carfentrazone (Nelson et al. 2002a), and
sulfentrazone (a triazolinone; Nelson et al. 2002a; Viator et al. 2002) reduce the
severity of sclerotinia stem rot of soybean (Dann et al. 1999; Nelson et al. 2002a, b),
decrease soybean cyst nematode reproduction (Levene et al. 1998), and the severity
of rhizoctonia foliar blight of soybean (Black et al. 1996) through induction of
host resistance that is believed to be associated with the singlet oxygen radicals
generation by PPOase inhibitor herbicides that destroy lipids in cell membranes
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(Daugrois et al. 2005). High levels of glyceollin are induced by lactofen (a nitro-
phenoxybenzen) in soybeans leading to the protection from white mold (sclerotinia
stem rot; Dann et al. 1999). The application of flumioxazin to the leaves of sug-
arcane resulted in the reduced severity of pythium root rot (Daugrois et al. 2005).
Lactofen applied at the V3 stage of soybean, reduced the severity of sclerotinia stem
rot by 40–60% in the years of high disease pressure (Dann et al. 1999). It is
believed that lactofen is unlikely to directly inhibit S. sclerotiorum because of its
rapid degradation in field, where it is of only a 3 day half-life. Therefore, the
disease suppression may be because of other reasons such as alteration of the
canopy environment or reduction in natural infection sites on the plant, or more
possibly because of the induction of other localized defenses in plants as it was
implied by the reduced lesion development resulted from the fungus in
lactofen-treated detached leaflets which were of higher levels of the soybean
phytoalexin, glyceollin (Dann et al. 1999). Most of the herbicides in the HRAC
group E induce the synthesis of glyceollin in soybeans (Landini et al. 2003). Keen
et al. (1982) indicated that glyphosate (a glycine from HRAC group G) application
led to the induction of glyceollin phytoalexin production and accumulation
by soybean plants, and resulted in the enhanced resistance to Phytophthora
megasperma f. sp. glycinea.

Glufosinate ammonium (a phosphinic acid in HRAC group H) reduced devel-
opment of rice blast and brown leaf spot diseases in 35S: bar-transgenic rice. Both
pre- and post-inoculation treatments with the herbicide decreased disease devel-
opment. Glufosinate ammonium diminished mycelial growth of both pathogens
however its inhibitory effect was attenuated under malnutrition conditions.
Glufosinate ammonium led to slight chlorosis and lower chlorophyll content,
however, these changes were almost completely restored in transgenic rice within
7 days. Glufosinate ammonium triggered transcriptions of pathogenicity-related
(PR) genes and hydrogen peroxide accumulation in the transgenic rice and PR1
transcription in Arabidopsis thaliana wild type Col-0 harboring 35S:bar construct.
All transgenic arabidopsis plants exhibited distinctive hydrogen peroxide accu-
mulation induced by the treatment with glufosinate ammonium. Fungal infection
could not alter the transcriptions of PR genes and the accumulation of hydrogen
peroxide induced by the herbicide. Glufosinate ammonium infiltration could not
affect appressorium formation of M. grisea in vivo, however, inhibited blast disease
development. Hydrogen peroxide scavengers nullified blast protection and tran-
scriptions of PR genes incited by glufosinate ammonium however, they did not
influence brown leaf spot development. Both direct inhibition of pathogen infection
and activation of defense systems are responsible for the protection of bar-trans-
genic rice against blast and brown leaf spot diseases (Ahn 2008; Fig. 50). Low
concentrations of glufosinate, although not effective on the release and germination
of the grapevine downy mildew pathogen zoospores, restricted the development of
its intercellular mycelium and dramatically reduced its sporulation (Kortekamp
2010). Higher doses up to that normally applied to the field were completely
effective in the inhibition of each developmental step of the disease cycle.
Glufosinate ammonium indicated prophylactic as well as curative activities.
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Pre-infectional and post-infectional treatments with the herbicide led to significant
reduction of sporulation rates. The herbicide exhibited more inhibitory effect on
spore production when the time intervals between inoculation and herbicidal
treatment decreased, since the pathogen could not access to the opportunity required
for the establishment of dense network of hyphae within the infected tissue and
sporulation. However, pre-inoculation herbicidal treatment increased prophylactic
impact when time intervals between treatment and inoculation increased, suggest-
ing the activation of plant defense pathways. Alternatively and additionally, the
herbicidal treatment might lead to the aggravated niche conditions due to the
reduced level of amino acids, reduced nitrogen availability, an altered pH and/or an
accumulation of ammonium. Especially, changes in the pH, nitrogen availability,
and ammonium concentrations have been suggested as a regulatory factor for
colonization of pathogenic fungi (Kortekamp 2011).

Fig. 50 Proposed model for glufosinate-induced disease resistance. Glufosinate initiates accu-
mulation of free radicals by irreversible binding with and inactivation of Gln synthetase. Toxic
ammonia derived from photorespiration or nitrogen assimilation is increased within the cell and
disturbed electron transport system within chloroplast. Free radicals were produced and in turn,
this molecule triggers disease resistance against Magnaporthe oryzae and Cochliobolus
miyabeanus (Ahn 2008)
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The use label for lactofen in the USA implies to its usability in soybean white
mold management. Grinstein et al. (1976) reported the increased resistance to
Rhizoctonia solani, Fusarium, and Verticillium dahliae as the result of the treatment
with dinitroaniline herbicide such as fluchloralin (a dinitroaniline from HRAC
group K1; Basalin®). Trifluralin decreased fusarium wilt on tomato and melon
(Cohen et al. 1986), while had no effect on rhizoctonia root and crown rot of sugar
beet (Ruppel et al. 1982). Trifluralin potentiates cotton and tomato to produce
fungitoxic compounds treating with vascular wilt-causing fungi (Grinstein et al.
1984). Cohen et al. (1992b) found that the growth of tomato seedlings (cv. Bonny
Best) in rooting substrate amended with the dinitroaniline herbicide, dinitramine
(1 ppm in sand/Pro-mix, 1:1 or 1:2, V V−1) caused a suppression in bacterial wilt
symptoms induced by Ralstonia solanacearum strain K60. Dinitramine was not
inhibitory to R. solanacearum in in vitro assays nor did it restrict the pathogen
multiplication in the treated plants. Dinitroamine reduced the severity of bacterial
canker caused by Clavibacter michiganense subsp. michiganense JD83-1, but had
no significant impact on the severity of bacterial speck, induced by Pseudomonas
syringae pathovar tomato DC894H. Resistance was not induced by similar expo-
sure of plants to the herbicides ethalfluralin or oryzalin (Cohen et al. 1992b).

Resistance to fusarium wilt, caused by Fusarium oxysporum f. sp. lycopersici,
was induced by the exposure of seedlings to the herbicides dinitramine, ethal-
fluralin, and oryzalin (Cohen et al. 1992b). Exposure of plants to the dinitroaniline
herbicide, trifluralin, did not induce resistance towards either bacterial wilt or
fusarium wilt (Cohen et al. 1992b). A related herbicide, pendimethalin, induces the
synthesis of the phytoalexin tomatine in tomato (El-Shanshoury et al. 1995).
Starratt and Lazarovits (1996) demonstrated the highly induced levels of tomato
seedlings to Fusarium oxysporum f. sp. lycopersici as the result of dinitroaniline
herbicide application. Lotan-Pompan et al. (2007) used suppression subtractive
hybridization (SSH) and cDNA-amplified fragment-length polymorphism
(cDNA-AFLP) techniques in order to identify the genes involved in trifluralin
herbicide-induced resistance of melon to Fusarium oxysporum f. sp. melonis. From
a total of 123 clones they isolated, sequenced and annotated, 60 clones had never
been isolated from melon. A significant proportion (35%) of the total 123 clones
was similar to genes previously described in relation to stress, or defense. They
analyzed the expression of thirty-two selected clones in detail, and found that
one-third of which were up-regulated in response to trifluralin treatment and/or
inoculation with the fungal pathogen. They discussed over the putative roles of
seven of the clones in stress. Further studies indicated enhanced expression of four
stress-related and up-regulated genes in the plants under salinity stress, suggesting
that trifluralin induces a general stress response which protects the plant against
fusarium wilt. Herbicides with different mechanisms of action can also stimulate
production of phytoalexins and thereby influence plant disease resistance. For
example, pretilachlor and butachlor (chloroacetamide members of HRAC group
K3) trigger the accumulation of the phytoalexins momilactone A and sakurantetin
in rice leaves (Tamogami et al. 1995). Acetochlor (a chloroacetamide in HRAC
group K3) induced tomato plant resistance towards fusarium wilt but did not
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towards bacterial wilt of tomato caused by Ralstonia solanacearum strain K60
(Cohen et al. 1992b).

In field trials, Jacobsen and Hopen (1981) demonstrated that dinoseb (a dini-
trophenol in HRAC group M) and trifluralin reduced aphanomyces root rot on peas
caused by A. euteiches. They found that both dinoseb and trifluralin were highly
effective against aphanomyces root rot of peas at economical field rates, with
dinoseb providing consistently superior control. Trifluralin offered better control of
annual grass weeds. They recommended the consideration of the interaction of
weed control, phytotoxicity, and disease control in the selection of herbicides. They
suggested dinoseb as an excellent choice in the case of obtainment of excellent
stands with minimal weed pressures and the occurrence of root rot as a limiting
factor. Where weed pressure was as great as or greater than disease control, they
recommended a combination of trifluralin + dinoseb, or trifluralin alone. They
wrote that the effect of these herbicides on A. euteiches might be beneficial in
controlling fungal pathogens with similar life cycles. Diallate (a thiocarbamate from
HRAC group N) a herbicide of decreasing effect on root rot diseases of cereals
caused by various Fusarium species reduces the abundance of the lipids, globules,
and spherical bodies in the cells of the treated plants, and leads to about 25% greater
b-glucosidase activity in diallate-treated cereal crops compared with controls (Paul
and Schönbeck 1976).

Increased Disease Susceptibility of Herbicide-Treated Crops

Resistant as well as susceptible maize hybrids became more sensitive to maize
dwarf mosaic virus (MDMV) with the increasing amounts of atrazine (a triazine in
HRAC group C1) so that the application of 20 ppm atrazine led to 100% infection.
Inoculation of maize plants with the virus and subsequent treatment with 1 ppm
atrazine inhibited maize growth (Cole et al. 1968, 1969a, b). Some herbicides
decrease crop resistance to plant diseases. For instance, the spring wheat plants
malformed as swollen and bulbous because of their exposition to the herbicide
mecoprop (a member of HRAC group O) were very amenable for easier penetration
of the take-all pathogen fungus Gaeumannomyces graminis (Nilsson 1973). Hsia
and Christensen (1951) recorded heavier infection with Bipolaris sorokiniana in the
wheat plants that had been weakened, stunted, and predisposed to fungal infection
due to the treatment with 2,4-D (a member of HRAC group O). The herbicide 2,4-D
stimulates the accumulation of protein in corn, that has been proposed as a probable
reason for the favored growth of the southern corn leaf blight pathogen Bipolaris
maydis and resulting increased disease in corns treated with 20–200 ppm 2,4-D.
Accordingly, the plants treated with only 10 ppm 2,4-D as well as untreated plants
were of fewer blight lesions (Oka and Pimentel 1976). Similarly, picloram (a
chloropropionic acid in HRAC group O) applied to soil increased wheat and corn
seedlings root rot caused by several soil-born pathogenic fungi (Semeniuk and
Tunac 1968) that was positively correlated with the significant increases in the
exudation of total carbohydrates and reducing sugars that might account for the
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increased root damage from soil-born root pathogens in soil treated with picloram
(Lai and Semeniuk 1970).

The application of great rates of the dinitroaniline herbicides (HRAC group K1)
trifluralin and nitralin under both growth chamber as well as field conditions led to
increased damage to cotton crop (Fig. 51). Damage increase was observed under
both field conditions of the large rates of R. solani and large rates of nitralin, as well
as of the large rates of trifluralin and small rates of the fungus (Chandler and
Santelman 1968). Neubauer and Avizohar-Hershenson (1973) found that trifluralin
increased susceptibility of cotton to R. solani and increased the saprophytic activity
of the fungus in soil.

Trifluralin (a member of HRAC group K1) increased phytophthora root rot
(Duncan and Paxton 1981) and fusarium foot rot (Carson et al. 1991) on soybean as
well as on rhizoctonia root rot on sugar beet (Ruppel and Hecker 1982). Cowpea
seedlings grown in alachlor-treated soil were more susceptible to R. solani than
those treated with fluchloralin (a member of HRAC group K1) and the untreated

Fig. 51 Symptoms of cotton seedling infection by Rhizoctonia solani, root rot and wilting of
leaves as the result of insufficient water uptake (Source http://cals.arizona.edu/)
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seedlings. Pre-sowing application of alachlor (a member of HRAC group K3) in
soil (5 lL a. i. kg−1) aggravated damping-off whereas fluchloralin decreased the
disease incidence to nearly half of that in untreated soil in greenhouse pot tests
(average temperature of 31 ± 5 °C). Both herbicides reduced damping-off in pots
kept at constant temperature of 30 °C and increased the disease incidence at 20 °C.
Impact of fluchloralin and alachlor on R. solani damping-off of cowpea appears to
be due to the predisposing effect by the herbicides on the susceptibility of the host
and is influenced by atmospheric temperature (Kataria and Dodan 1983).

Herbicide-treated sugar beet hypocotyls leaked or exuded more substance into
the soil than beet hypocotyls from beets grown in non-treated soil (Wheeler 1975).
Further research indicated that greater quantities of glucose and certain mineral ions
leaked out in all instances when plants were grown in soil treated with the herbi-
cides such as cycloate (a thiocarbamate from HRAC group N) suggesting one
reason for the increased disease that might be the increased availability of nutrients
for the pathogens such as Rhizoctonia solani (Altman 1972; Altman and Campbell
1977b; Altman and Ross 1967). The herbicides EPTC (a thiocarbamate in HRAC
group N) and linuron (an urea in HRAC group C2) applied to soil in the field at
three different concentrations of the recommended dose reduced post-emergence,
but not pre-emergence damping-off of cotton caused by R. solani. Both herbicides
at two high concentrations considerably decreased wilt induced by Fusarium
oxysporum f. sp. vasinfectum. Both herbicides reduced F. oxysporum f. sp. vasin-
fectum germination of chlamydospores under natural soil conditions but not in
streamed soil. The 2-fold concentration of EPTC and linuron decreased R. solani
saprophytic activity in soil. The impacts of both herbicides on both diseases were
attributed to their suppressor effects on the saprophytic activity of R. solani, and the
germinability of Fusarium chlamydospores in soil, respectively (El-Khadem and
Papavizas 1984). The enhanced disease severity or incidence may be because of the
herbicidal injury to the root system of the host plant that leads to the leakage and
exudation of the nutrients put available for the soil-born pathogens. Such a phe-
nomenon has been proved with the herbicide cycloate (a thiocabamate in HRAC
group N; application rate less than 32 lg g−1 soil) and sugar beet damping-off
pathogen, R. solani, where the herbicide enhances disease despite of its interference
with the growth of the pathogen (Altman and Campbell 1977b).

Sharon et al. (1992) indicated glyphosate (a glycine from HRAC group G)
suppression of an elicited response that led to the increased susceptibility of Cassia
obtusifolia to a mycoherbicide. The synergistic activity of glyphosate weed control
in predisposing plants to infectious organisms has been observed for many diseases,
and the extensive use of glyphosate in agriculture is a significant factor in the
increased severity or “re-emergence” of diseases once considered efficiently man-
aged. Glyphosate has made crops susceptible to normally non-pathogenic isolates
of Fusarium, and the population of Fusarium increases in soil after glyphosate
application (Levesque et al. 1987; Kremer et al. 2000). Glyphosate predisposes
tomato to fusarium crown and root rot by inhibiting the plant’s structural and
defense barriers (Bramhall and Higgins 1988). Cotton growers in Australia and the
Western United States have seen a resurgence of fusarium wilt since the
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introduction of Roundup Ready® cotton, and previously high levels of wilt resis-
tance appear to be less effective under glyphosate management programs (Harper
2007). Glyphosate also breaks resistance to cyst nematodes in soybeans (Geisler
et al. 2002). The increased fusarium yellows and Rhizoctonia solani diseases of
Roundup Ready® sugar beets prompted Larson et al. (2006) to comment that
“precautions need to be taken when certain soilborne diseases are present if weed
management for sugar beet is to include post-emergence glyphosate treatments.”
These authors also reported that the sugar beet variety resistant to Rhizoctonia was
as susceptible to this pathogen as the susceptible variety after glyphosate applica-
tion regardless of the time of inoculation. Fusarium head scab of cereals and other
diseases caused by Fusarium spp. increase following glyphosate applications
(Fernandez et al. 2005; Larson et al. 2006), and previously established “cardinal”
conditions (precipitation, flowering, and temperatures above 26°C) for head scab
are modified when glyphosate is applied prior to a susceptible cereal crop
(Fernandez et al. 2005, 2007). Glyphosate modifies plant nitrogen metabolism
similar to high temperature-induced changes that provide susceptibility to head scab
(Huber, unpublished) so that head scab and the mycotoxins produced by the causal
fungi are now prevalent in cooler areas where they were rarely observed before the
extensive use of glyphosate (Fernandez et al. 2005, 2007). Similar changes in
nitrogen and carbohydrate metabolism provide transient resistance of wheat and
soybeans to rust after glyphosate application (Anderson and Kolmer 2005; Feng
et al. 2005, 2007). Plants rely on multiple components of defense to deter pathogens
following infection (Hammond-Kosack and Jones 2000). Many of these active
resistance components are derived from the phenylpropanoid pathway, which
acquires almost all its precursors (notably phenylalanine and chorismate) from the
shikimic acid pathway (Hammond-Kosack and Jones 2000; Dixon et al. 2002).
A key inducible defense component associated with the shikimic acid pathway is
the production of antimicrobial phytoalexins that accumulate rapidly at the site of
infection. Lignification of cell walls at and around the infection site is another
shikimate-derived component that functions to fortify cells and ensure isolation of
the pathogen at the infection site. The production of salicylic acid (SA) following
infection represents another component of inducible defense. SA is synthesized
either directly from chorismic acid or indirectly through phenylalanine.
Although SA is not antimicrobial per se, it functions to signal and coordinate
various defenses following challenge by a pathogen; however, its direct role in
plant–pathogen interactions involving root tissue remains unclear. Another defense
component that relies on three final products of the shikimic acid pathway- tryp-
tophan, tyrosine and phenylalanine- is the production of a diverse variety of
pathogenesis-related (PR) proteins that function to curtail the advance of a patho-
gen. Many kinds of PR proteins have been identified (Hammond-Kosack and Jones
2000). Given the reliance of many plant defenses on the shikimic acid pathway, and
the fact that glyphosate blocks this pathway, it is not surprising that this herbicide
would render plants more susceptible to pathogens. Keen et al. (1982) were the first
to show that by inhibiting the phytoalexin glyceollin, glyphosate was able to
compromise resistance of soybeans to Phytophthora sojae (syn. Phytophthora
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megasperma f. sp. glycinea; Fig. 52). However, Ward (1984) considered the sup-
pressive effect of glyphosate on the anti-oomycotic activity of metalaxyl as an
evidence that host defence mechanisms contribute to metalaxyl inhibition of
P. sojae to soybeans. Using the bean-anthracnose pathosystem, Johal and Rahe
(1988, 1990) demonstrated that, while glyphosate did not interfere with the
hypersensitive reaction (HR) of incompatible interactions, it suppressed signifi-
cantly the production of all four of the bean phytoalexins. As a result, the pathogen
was able to kill the plant if it escaped the localized HR, a situation that occurred
only with glyphosate-treated plants.

The effect of glyphosate on the compatible bean anthracnose interaction was
even more dramatic (Johal and Rahe 1990). Glyphosate almost completely sup-
pressed the production of phytoalexins associated with susceptible lesion contain-
ment and permitted the pathogen to invade unimpededly until the entire hypocotyl
collapsed. As little as 2% of the recommended herbicidal rate of glyphosate was
enough to transform normally delimited lesions typical of anthracnose into con-
stantly expanding lesions (Johal and Rahe 1990). The defense studies mentioned
above were confined largely to diseases of aerial parts of host plants. There are
indications that defense components may vary significantly in root tissue that are in
intimate and continuous contact with potential pathogens (Hammond-Kosack and
Jones 2000). For instance, roots do not rely on HR-mediated defense to contend
with pathogens, although the exact defense components that keep roots
pathogen-free are only partially understood. To gain an insight into what con-
tributes to glyphosate-induced susceptibility of French beans (Phaseolus vulgaris)
to Pythium, Liu et al. (1995, 1997) assessed phytoalexins as well as lignification of

Fig. 52 The homothallic oomycetous fungus-like pathogen, Phytophthora sajae (Left) mycelial
growth on V8 juice agar plate (Source Jean B Ristaino); (Right) Morphology of the oomycetous
P. sojae (Upper row) globose and possibly subglobose oogonium with a mostly paragynous and
possibly amphigenous antheridium; ovoid and obpyriform, noncaducous, nonpopillate sporangia;
(Lower row) chlamydospores; empty remnants of intercalary spherical and irregular hyphal
swellings formed in aqueous culture (Source Vaziri A, reproduced from Erwin and Ribeiro 1996)
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root tissue in response to glyphosate treatment. By comparing phytoalexins in roots
of bean seedlings grown in different media, they concluded that phytoalexins were
induced by soil microorganisms. Interestingly, while phytoalexin accumulation was
affected only modestly by glyphosate in response to Pythium, lignification (a pro-
cess requiring Mn) was suppressed significantly. Thus, enhanced colonization by
Pythium in roots of bean seedlings treated with foliar applied glyphosate occurs as a
result of glyphosate interference with lignin-based defense mechanisms (Liu et al.
1997). However, these results also suggest that sustained production of phy-
toalexins in response to Pythium infection is maintained temporarily following
glyphosate treatment, whereas lignification is not. The herbicide glyphosate, N-
(phosphonomethyl) glycine, is a strong systemic metal chelator and was initially
patented for that purpose (Bromilow et al. 1993). Its herbicidal action is by
chelating with Mn, a cofactor for the 5-enolpyruvylshikimate-3-phosphate (EPSP)
synthase enzyme in the shikimate pathway, to inhibit this metabolic pathway of
plants and many microorganisms (Cerdeira and Duke 2006; Grossbard and
Atkinson 1985; Jaworski 1972). Many cations chelate with glyphosate, thus
reducing its herbicidal efficacy (Bernards et al. 2005; Hickman et al. 2002). Plants
with a compromised shikimate metabolism are predisposed to variousplant patho-
gens (Johal and Rahe 1988; Rahe et al. 1990), and glyphosate is patented as a
synergist for mycoherbicides to enhance the virulence and pathogenicity of
organisms used for biological weed control (Boyette et al. 2006; Duke and Cerdeira
2005). Glyphosate is known to predispose many plants to pathogens due to its
inhibition of the shikimic acid pathway (Holliday and Keen 1982), through which
phytoalexins, the compounds produced by plants to defend against pathogens are
produced. Mn plays an important role in plants’ disease defense mechanisms
(Thompson and Huber 2007). It has been proposed that glyphosate interferes with
absorption and utilization of Mn, thus increasing a plant susceptibility to disease.
However, the majority of research has not found reductions in Mn concentrations
within plants following glyphosate applications (Bott et al. 2008; Rosolem et al.
2009; Nelson 2009). Glyphosate had no effect on charcoal rot on soybean but when
plants were stressed by alachlor, chloramben or 2,4-DB and soil temperatures were
greater than 26 °C, the disease increased (Canaday et al. 1986).

Effect of Herbicides Through Their Impact on Non-pathogenic
Microorganisms

The effect of herbicides on soil beneficial microorganisms is of significant impor-
tance in maintainment of soil fertility, and suppressiveness against plant pathogens.
Additionally, compatibility of herbicides with biological control agents is very
relevant in integrated management of plant diseases and pests, as well as in
development of new formulations that take advantage of compatible combination of
biological as well as chemical agents. Microbial organic matter transformation is
considered as a proven source of nutrient elements in nutritionally poor soils (Kang
et al. 2012), and microorganisms operate as a sign of soil quality because of the key
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roles they play in various soil functions (Schloter et al. 2003). Therefore, there has
been long standing interest in the effects of herbicides on soil microflora (Greaves
and Malkomes 1980; Simon-Sylvestre and Fournier 1979). Herbicides can affect
microbial activity, soil microbiology, soil biochemistry, soil fertility, and plant
disease incidence and severity. There are numerous records on the negative impacts
of herbicides on soil microbiology and fertility: bromoxynil (Abbas et al. 2014;
El-Ghamry et al. 2000; Pampulha and Oliveira 2006). The effect of an herbicide
varies with the type and the concentration of herbicide as well as the type of soil,
the experimental conditions (temperature, moisture, and the time of incubation), the
method and time of herbicide application concentration, the type of herbicide
formulation, the type and the rate of other materials applied in herbicide formula-
tion. Additionally, different groups of microorganisms, and even different strains of
a given species show different levels of sensitivities to an herbicide.
Carfentazone-ethyl had a stimulating effect on total oligotrophic as well as
organotrophic bacteria, but it inhibited the growth of Azotobacter, fungi,
spore-forming oligotrophic bacteria and actinobacteria (Tomkiel et al. 2015). With
sulfonylurea herbicides, most of the investigations carried out on the active
ingredients tribenuron, primi-, tria-, and prosulfuron, metsulfuron, sulfometuron
and thifensulfuron, chlorimeturon, chlorsulfuron and rimsulfuron, and nicosulfuron
have indicated that the recommended field rate of sulfonylurea herbicides were
generally of no significant impact on soil microbial number and activity (Allievi
and Gigliotti 2001). Among the bacteria including Bacillus, Pseudomonas and
Arthrobacter, Bacillus and Arthrobacter were primarily inhibited in the soil due to
the herbicide Galex® application (Fawole 2000). Acinetobacter calcoaceticus,
Actinomyces bovis, Actinomyces viscous, Nocardia farcinica, Bacillus subtilis,
B. licheniformis, B. megaterium, Flavobacterium aquantile, Pseudomonas putida,
P. stutzeri, Serratia marcescens, and Alcaligenes eutrophs were able to grow
heavily in the soil polluted with atrazine and Primextra® (a combined formulation
of atrazine and metolachlor). While the studied isolates of all the above-mentioned
bacterial species were able to grow on the herbicides as the sole source of carbon,
B. subtilis exhibited the highest growth (Sebiomo et al. 2011a). Similarly Bacillus
spp. degrade 80–95.6% of the herbicide oxyfluorfen within 21 days, while
Pseudomonas sp. (82.2%), Arthrobacter spp. (82.2%), Aspergillus sp. (77.8%),
Mycobacterium sp. (75.6%), Micrococcus sp. (73.3%), and Streptomyces
sp. (68.9%) were of relatively lower capabilities (Mohamed et al. 2011). The
growth of Bacillus sp. was inhibited by diquat (25 lg mL−1), paraquat
(5 lg mL−1), ioxynil (10 lg mL−1), and pentachlorophenol (PCP, 5 lg mL−1), but
was not affected by the tested concentrations (25, and 50 lg mL−1) of the herbi-
cides atrazine, diuron, trifluralin, and fluometuron (Breazeale and Camper 1972).
The application of the herbicides EPTC, and linuron in field soil at three doses i.e.
1/2 field recommended dose (FR), 1 FR, and 2 FR resulted in the significant
reduction of the vascular wilt caused by Fusarium oxysporum f. sp. vasinfectum and
of the germination rate of chlamydospores of Fusarium spp. in natural soil but not
in the steamed soil, implying to the role of soil microflora in the disease control via
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the herbicidal treatments performed with two higher doses (El-Khadem and
Papavizas 1984).

Glyphosate, N-(phosphonomethyl) glycine, is the most extensively used herbi-
cide in the history of agriculture. Glyphosate is similar to most herbicides in that
when it enters the soil it differentially affects soil microorganisms (Kremer et al.
2005). Ratcliff et al. (2006) applied the herbicide glyphosate at the recommended
field rate to a clay loam as well as a sandy loam forest soil that resulted in few
changes in microbial community structure. Total and culturable bacteria, fungal
hyphal length, bacterial: fungal biomass, carbon utilization profiles (BIOLOG), and
bacterial and fungal phospholipid fatty acids (PLFA) were unaffected 1, 3, 7, or
30 days after application of a commercial formulation (Roundup®). In contrast, a
high concentration of glyphosate (field rate) simulating an undiluted chemical spill
substantially altered the bacterial community in both soils. Increases in total bac-
teria, culturable bacteria, and bacterial: fungal biomass were rapid following
application. Culturable bacteria increased from about 1% of the total population in
untreated soil to as much as 25% at the high concentration by day 7, indicating
enrichment of generalist bacteria. Community composition in both soils shifted
from fungal dominance to an equal ratio of bacteria to fungi. Functional diversity of
culturable bacteria, estimated by C substrate utilization, also increased at the high
glyphosate concentration, particularly in the clay loam soil. Unlike the other bac-
terial indices, only minor changes in bacterial PLFA resulted after the third day
following the field rate application. Apparently the herbicide resulted in an
across-the-board stimulation of bacteria that was not reflected by the finer-scale
PLFA community structure. Changes in fungal properties (hyphae, propagules,
PLFA biomarkers) were few and transient. They concluded that the commercial
formulation of glyphosate had a benign affect on community structure when applied
at the recommended field rate, and produces a non-specific, short-term stimulation
of bacteria at a high concentration.

Using next-generation sequencing technology, it was known that glyphosate (as
Roundup®) application in a soil with a high clay content (41%; favorable for
sorption of the herbicide because of high surface area) and pH value of 6.9 (less
favorable for sorption of glyphosate) led to no considerable change in soil diversity
of bacterial populations. However, glyphosate application resulted in an increase in
relative abundance of proteobacteria (in particular, the gammaproteobacterial
members of Xanthomonadalean families, Xanthomonadaceae, and
Sinobacteriaceae) in soybean and especially in corn cropping systems, whilst it
reduced the relative abundance of acidobacteria. Further studies are required in
order to get precise information on the effect of glyphosate and its metabolites, most
notably, aminomethylphosphonic acid (AMPA) on soil bacteria at finer taxonomic
levels. It is believed that acidobacteria are highly involved in the biogeochemical
processes such as cellulose biodegradation. Decreases in the frequency of aci-
dobacteria over long-term can lead to the impaired ability of soil to perform certain
biogeochemical reactions carried out by acidobacteria, and can influence rhizo-
sphere nutrient status. Such adverse effects in the glyphosate-tolerant (GT) corn
cropping systems may be more exacerbated than in a corn-soybean rotation
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(Newman et al. 2016). Further studies have shown species-dependent as well
strain-dependent growth responses of Pseudomonas species grown on succinate (a
common root exudate) and treated with different concentrations (up to 5 mM) of
glyphosate. While the growth rate of both P. protegens Pf-5 and P. fluorescens
RA12 remained unchanged, both of the tested P. putida strains (KT2440, and S12)
exhibited growth inhibition from 0 to 100%. Monitoring disruptions in metabolic
homeostasis and fluxes via application of a 13C-assisted metabolomics approach,
and profiling of the whole-cell metabolome captured deviations in metabolite levels
involved in the tricarboxylic acid cycle, ribonucleotide biosynthesis, and protein
biosynthesis. Altered metabolite levels specifically in the biosynthetic pathwat of
aromatic amino acids, the target of toxicity for glyphosate in plants, implied the
same toxicity target in the soil bacterium. Kinetic flux experiments with
13C-labeled succinate revealed that biosynthetic fluxes of the aromatic amino acids
were not inhibited in P. fluorescens Pf-5 in the presence of low and high glyphosate
doses but these fluxes were inhibited by up to 60% in P. putida KT2440, even at
sublethal glyphosate exposure. Notably, the greatest inhibition was found for the
aromatic amino acid tryptophan, an important precursor to secondary metabolites.
When the growth medium was supplemented with aromatic amino acids, P. putida
S12 exposed to a lethal dose of glyphosate completely recovered in terms of both
growth rate and selected metabolite levels. Collectively, the glyphosate-induced
specific disruption of de novo biosynthesis of aromatic amino acids accompanied
with widespread metabolic disruptions was responsible for dose-dependent adverse
effects of glyphosate on sensitive soil Pseudomonas species (Aristilde et al. 2017).

Weed management programs in glyphosate-resiatant (GR) field crops have
provided highly effective weed control, simplified management decisions, and
given cleaner harvested products. However, this relatively simple, broad-spectrum,
systemic herbicide can have extensive unintended effects on nutrient efficiency and
disease severity, thereby threatening its agricultural sustainability. A significant
increase in disease severity associated with the wide spread application of the
glyphosate herbicide can be the result of direct glyphosate-induced weakening of
plant defenses and increased pathogen population and virulence. Glyphosate
applications to glyphosate-resistant (GR) crops alter the type and quantity of
compounds released from crops roots into the rhizosphere, including the exudation
of glyphosate. These changes in exudates can have a dramatic impact on the
microbes found in the root zone. Manganese is absorbed by plants in the reduced
state (Mn2+). High soil pH limits Mn availability due to oxidation to the Mn4+ state
under alkaline conditions. While the specific physiological mechanisms are poorly
understood, many plants are able to absorb Mn from soils with limited Mn avail-
ability. This is accomplished either via associations between the plant and
Mn-reducing bacteria, or alteration of the pH of the rhizosphere via root exudates
(Rengel and Marschner 2005). Indirect effects of glyphosate on disease predispo-
sition result from immobilization of specific micro-nutrients involved in disease
resistance, reduced growth and vigor of the plant from accumulation of glyphosate
in meristematic root, shoot, and reproductive tissues, altered physiological effi-
ciency, or modification of the soil microflora affecting the availability of nutrients
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involved in physiological disease resistance. Furthermore, even low levels of
residual glyphosate in soil can decrease root uptake and translocation of iron (Fe),
manganese (Mn), and copper (Cu) (Eker et al. 2006). Thompson and Huber (2007)
reported that glyphosate application to GR soybean altered the balance of Mn
reducing and oxidizing bacteria associated with soybean roots in a manner that
suggested that Mn would be immobilized in the soil. However, published data
documenting reduced soil availability of Mn due to the activity of glyphosate on
soil microorganisms is lacking. Furthermore, there have been no documented
reports of Mn crop deficiency symptoms in Iowa.

Manganese (Mn) deficiency symptoms occur in some regions of the cornbelt,
and these areas are where interactions between glyphosate and Mn nutrition have
been reported. Microorganisms proposed for biological control of this disease such
as Bacillus cereus and Trichoderma konigii are all strong Mn reducers that increase
Mn availability in the rhizosphere (Huber and McCay-Buis 1993; McCay-Buis
1998; Rengel et al. 1996). In contrast, the addition of Mn-oxidizing organisms
increases take-all (Crowley and Rengel 1999; McCay-Buis 1998; Rengel 1999;
Thompson et al. 1998; Fig. 53).

The virulence mechanism of some pathogens such as Gaeumannomyces,
Magnaporthe, Phymatotrichum, Corynespora, and Streptomyces involves Mn
oxidation at the infection site to compromise plant resistance mechanisms involving
the shikimate pathway (Thompson and Huber 2007). Isolates of these pathogens
that cannot oxidize physiologically available Mn2+ to the non-available Mn4+ are

Fig. 53 More severe take-all root rot of wheat grown following Roundup Ready® soybeans
sprayed with glyphosate (left) than following Roundup Ready® soybeans grown with a
non-glyphosate herbicide (right) (Source Johal and Huber 2009)
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avirulent and disable to cause significant tissue damage (Roseman et al. 1991).
Production of the Mn oxidizing enzyme(s) occurs soon after spore germination and
during epiphytic growth (Cheng 2005; Schulze et al. 1995; Thompson et al. 2005).
The damage from corynespora root rot, previously considered minor, may become
economically damaging in Roundup Ready® soybeans since application of gly-
phosate to Roundup Ready® soybeans greatly increases severity of the disease. This
fungal root rot is more severe when glyphosate is applied to soybeans under weedy
conditions even though the weeds may not be hosts for Corynespora cassiicola.
The weeds serve to translocate and release more glyphosate into the rhizosphere
environment to reduce the population of Mn-reducing organisms and increase
Mn-oxidizing organisms. This change in soil biology limits manganese availability
for plant uptake and active defense reactions, and acts synergistically with
Corynespora to increase disease (Huber et al. 2005). Similarly, various diseases
caused by Fusarium spp. are increased by glyphosate (Fernandez et al. 2005;
Sanogo et al. 2000, 2001). Here, the impact of herbicides on the microbial popu-
lation of importance in agricultural soil fertility and plant pathology is reviewed.

Effect of Herbicides on Nitrogen Cycle

Herbicides affect nitrogen cycle through their impacts on different groups of
microorganisms involved in nitrogen transformation in nature:

Effect of Herbicides on Symbiotic and Nitrogen-Fixing Rhizobium Species

Effect of herbicides on rhizobial nitrogen fixation depends on the variety of legume
crop, soil type, environmental conditions, the strain of a rhizobial species, the
herbicide, its dose and its application method and time. The effect of herbicides on
rhizobial nitrogen fixation can be considered from two viewpoints, their effects on
the process of legume host rhizobial nodulation, and on the process of
nitrogen-fixation in the developed nodules (Singh 2005; Fig. 54). Herbicides can
exert their adverse effects on legume plants and thereby prevent rhizobial nodula-
tion of their roots. For example, terbutryn/terbutylazine, trietazine/simazine and
prometryn negatively affect rhizobial nodulation of legume plants due to their
adverse effects on plants, and not on the rhizobial bacterium Rhizobium legumi-
nosarum, as these herbicides were of negative impact on the growth of R. legu-
minosarum only when they were tested at the concentration unexpected to occur
under normal field conditions, and bentazone was safe to rhizobia even under these
conditions (Singh and Wright 2002). Here, the effect of herbicide on rhizobial
bacteria is the subject of our focus. Out from three rhizobial species, Rhizobium
sp. IC 3342 (a pigeonpea nodulator), R. leguminosarum 2001 (nodulating lentil),
and R. meliloti 4013 (nodulating alfalfa), the former was found sensitive to all the
herbicides tested, butachlor, simazine, and oxyfluorfen. The herbicides were of
more adverse effects compared to tested insecticides and fungicides. Also, the
plants ifested with herbicide treated Rhizobium were of less dry weight and less
total nitrogen content because of the decreased growth and nitrogen fixing capacity
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of the rhizobial bacteria (Madhavi et al. 1994). Different strains of R. legumi-
nosarum, R. meliloti, and R. loti were able to reproduce when they were exposed to
the equivalent to bentazon (a benzothiadiazinone from HRAC group C3; 1–3 kg
ha−1) and glyphosate (1–3 kg ha−1), and MCPA (2-methyl-4-chlorophenoxyacetic
acid, 0.5–3.5 kg ha−1) and bacterial exposure to the herbicides exerted no imact on
the nodulating capacity of the bacteria except for glyphosate (Mårtensson 1992).
Bacterial growth in aseptic culture was not influenced by the amendment of 0.55
and 5.50 lM chlorsulfuron (Mårtensson and Nilsson 1989) and it was concluded
that the inhibition of nodulation and nitrogenase activity of alfalfa as well as red
clover nodules probably occurred as the result of the adverse impacts of the her-
bicides on the plant growth and development rather than on the rhizobia. The
significantly inhibiting effect of glyphosate (10 mg a. i. L−1), paraquat
(2 mg a. i. L−1), and chlorsulfuron (2 mg a. i. L−1) on the growth of R. trifolii in
nutrient broth is recorded (Eberbach and Douglas 1989).

The application or residues of acetolactate synthase inhibitor (ALS) herbicides
can reduce the growth and nitrogen-fixing ability of legumes (Anderson 2001), and
further studies indicate that common ALS herbicides such as Spinnaker® (ima-
zethapyr as ammonium), BroadstrikeTM (flumetsulfam), and Glean® (chlorsulfuron)
can reduce the amount of biologically fixed nitrogen in chickpeas by up to 70%,
leading to evidently slowed growth and reduced grain yields in alkaline soils.
Reduced productivity has also been observed for pea, medic, subclover, and
Lucerne. Apparently, the herbicides can interfere with rhizobial nodule formation
process through their influence on Rhizobium bacteria, rather than the growth of the
bacteria, or legume plant (Anderson 2001). Imazatapyr was rather non-toxic to
Rhizobium growth and higher doses more than 0.34 mM were required to cause
only slight effects on the bacterium growth in a defined medium. Additionally,
imazethapyr did not affected the nodulation ability of Rhizobium on pea roots.
Therefore, it was concluded that the herbicide would not inhibit rhizobial growth
under normal field conditions (Gonzalez et al. 1996). It was proposed that the high
acetolactate synthase (ALS) activity expressed by Rhizobium, both as free-living

Fig. 54 Nodules induced by
rhizobial bacteria in legume
roots (Source Jeremy Kemp,
San José State University,
Wikimedia.org)
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bacteria and as bacterioids, was related to the growth tolerance of rhizobia to
imazethapyr and it was related to the relative tolerance of symbiotic pea plants
(Royuela et al. 1998). Herbicides can affect Rhizobium-legume symbiosis in four
ways (Kalia and Gosal 2011), of which three ways are related to their effects on
Rhizobium symbionts: (i) herbicides can negatively affect the growth and survival
of the rhizobia, and reduce their nodulation capabilities (Anderson et al. 2004),
(ii) herbicides can reduce the efficacy of rhizobia in terms of their ability to nodulate
or form an effective symbiosis (Anderson et al. 2004), and (iii) herbicides can
reduce the nitrogen-fixing effectiveness of the symbiosis through inhibition or
interruption of biochemical pathways in the bacterioids (Drew et al. 2007). Sawicka
and Selwet (1998) indicated that seed treatment with imazethapyr (an imidazoli-
none from HRAC group B) could lead to the reduced nitrogenase activity of
root-nodule rhizobia and stimulate the development of resistant bacteria. Also, they
reported that the effect depended on the herbicide, its concentration, as well as on
the weather conditions. Accordingly, a reduction in nitrogenase activity of the
active strain KGL of R. leguminosarum biovar trifolii was reported in red clovers as
the result of Pivot® 100 SL (imazethapyr) application under both pot and field
conditions. The herbicide inhibited the proliferation of the microorganisms in the
soil under red clover plantations in the first days after treatment, but later stimulated
their multiplication (Niewiadomska 2004).

Yueh and Hensley (1993) reported that trifluralin though not significantly
effective on nitrogen fixation of soybean and limabean, adversely influenced
nodulation. Trifluralin was not toxic to Bradyrhizobium and Rhizobium species in a
study carried out using disc inhibition method (Durgesha 1994). The inhibition of
nodulation as the result of the application of trifluralin (a dinitroaniline from HRAC
group K1) and metribuzin (a triazinone from HRAC group C1) has been recorded
(Bertholet and Clark 1985). The triazine herbicides of the HRAC group C1 (pho-
tosystem II inhibitors), terbutryn, propyzamide, terbutryn + propyzamide, and
metribuzin were not of any significant effect on the rhizobial nodulation of pea
plants, however, carbetamide significantly increased the number of nodules per
plant. Hand weeding with no use of the herbicides also significantly raised rhizobial
nodulation rate (Zaid et al. 2014). Thiobencarb (a thiocarbamate from HRAC group
N), when applied at the rates of 2 and 4 mg kg−1 soil, inhibited Azospirillum
populations, anaerobic nitrogen fixers, and Azotobacter in an alluvial soil (Jena
et al. 1990).

Investigation of the in vitro effect of nine glyphosate commercial formulations
(Zapp QI®, Roundup®, Roundup Multiação®, Roundup Transorb®, Roundup®

WG, Trop®, and Agrisato®) on three Bradyrhizobium strains (B. japonicum SEMIA
5079, and two strains of B. elkanii, SEMIA 5019, and SEMIA 587) revealed the
different toxicity of the formulations and different vulnerability of the strains. Zapp
Qi® was the least toxic formulation to the strains, while Roundup Transorb® was of
the highest toxicity and reduced growth over 94% for all the strains tested. No
correlation was found among the type of salt, isopropylamine, ammonium or
potassic present in the formulations, and the toxicity degree to the strains. B. elkanii
strain SMIA 587 was known as the least tolerant to most formulation while the
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strain SEMIA 5019 was the most sensitive to the control treatment N-(phospho-
nomethyl) glycine, without salts or other additives (Santos et al. 2004). Reduction
in growth of the strains in the lowest tested glyphosate concentration (5.4 lg L−1)
was 18% for SEMIA 5079, 29% for SEMIA 5019, and 35% for SEMIA 587. In
general, the higher the concentration of the herbicide in the culture medium, the
greater the growth inhibition. The strains depicted differential sensitivity only at the
lowest concentration of glyphosate, and all exhibited undifferentially severe growth
reduction in the presence of the highest concentration of the herbicide (43.2 lg L−1)
(Jacques et al. 2010).

Effect of Herbicides on Free-Living Nitrogen-Fixing Bacteria

There are a number of free-living bacterial species from different genera that are
able to fix the atmospheric nitrogen (Lal 2006) out of which, the species from two
genera Azospirillum and Azotobacter have been regarded as potential nitrogen
fertilizers (Martín et al. 1993) and tested as plant growth promoting bacteria
(Baltensperger et al. 1978; Tejera et al. 2005; Yasari et al. 2008; Mirzae et al. 2010;
Naderifar and Daneshian 2012).

Effect of Herbicides on Azotobacter Species

Azotobacter is a genus of usually motile, oval or spherical bacteria that form
thick-walled cysts and may produce large quantities of capsular slime. The bacteria
in the genus are aerobic, free-living soil microbes that play an important role in
atmospheric nitrogen (a form of nitrogen inaccessible to plants) fixation and its
release as ammonia into soil (Kizilkaya 2009). The common characteristics of the
species in the genus Azotobacter are presented in Table 1.

Table 1 Biochemical
characteristics of Azotobacter
species

Biochemical tests Azotobacter species

Gram-staining Positive

Motility Motile

Catalase test +

Nitrate reduction +

Pigment production +

H2S production +

Urease test +

Citrate test +

Utilization of carbon source +

Glucose +

Fructose +

Maltose –

Indole test +

Source Kasa et al. (2017)
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The significance of the bacterium contribution to nitrogen fixation was under-
stood knowing that atmospheric nitrogen fixation by the bacterium occurs much
more efficiently in the rhizosphere, and the bacterium exists in larger numbers in the
rhizosphere than in “open” non-rhizospheric soil (Abd-El-Malik 1971). Beside
nitrogen fixation, Azotobacter spp. also synthesize some biologically active sub-
stances including some phytohormones (auxins, cytokinins, and gibberellin-like
substances) (Azcorn and Barea 1975) and stimulate plant growth (Jnawali et al.
2015). Additionally, the bacteria facilitate the mobility of heavy metals in the soil,
and help in the bioremediation of soil from heavy metals such as cadmium, mer-
cury, and lead. Azotobacter spp. produce siderophores that bind to the available
form of iron (Fe3+) in the rhizosphere, and make it unavailable to plant pathogens
and protect the plant health. Also, most of Azotobacter spp. produce and secret
antimicrobial compounds such as hydro cyanine (HCN, Althaf and Srinivas 2013),
and an antifungal antibiotic (Jnawali et al. 2015). Azotobacter in sufficient numbers
will outcompete pathogens for food. Some of the pathogens controlled by
Azotobacter spp. in the soil and on the leaf include: Alternaria, Fusarium,
Colletotrichum, Rhizoctonia, Macrophomina, Diplodia, Botryodiplodia,
Cephalosporium, Curvularia, Helminthosporium, and Aspergillus (Jnawali et al.
2015). Azotobacter spp. can also biodegrade chlorine-containing aromatic com-
pounds such as 2,4,6-trichlorophenol (Li et al. 1991), a mutagenic and carcinogenic
compound previously applied as an insecticide, fungicide, and herbicide. However,
the bacteria in the genus Azotobacter are extremely sensitive to soil contamination
and they are considered as the effective indicators of the pollution with crop pro-
tection products (Milošević and Govedarica 2002). It is, therefore, a reliable indi-
cator of the biological value of soil. The numbers of this group of nitrogen-fixing
bacteria decrease considerably in the period of 7–14 days after herbicide applica-
tion (Milošević and Govedarica 2002). Some herbicides such as carfentrazone-ethyl
(the most inhibitory effect at only 42.240 lg kg−1 soil; Tomkiel et al. 2015), a
mixture of diflufenican + mesosulfuron methyl + iodosulfuron-methyl-sodium
(4.560 mg kg−1 soil; Baćmaga et al. 2015), Successor T (pethoxamid + terbuthy-
lazine; Wyszkowska et al. 2016), sulfometuron (0.41 mM; Burnet and Hodgson
1991), chlorsulfuron (0.56 mM; Burnet and Hodgson 1991) inhibit the growth of
Azotobacter. The herbicides Agronex 50SC, Agroxone, and 2,4-Damine were toxic
to Azotobacter vinelandii, and the latter was of the most toxicity. Also, there was a
reduction in LC50 of herbicides with increased number of days, and the percentage
survival decreased with increased concentration of herbicides and days (Adeleye
et al. 2004). Dalapon and 2,4,5-T were neither effective on growth of A. vinelandii,
nor on its nitrogenase activity in pure culture (Mackenzie and Macrae 1972). The
reaction of Azotobacter towards different herbicides was highly variable. Some
herbicides such as metribuzin 70% WP (applied at the rate of 300 g ha−1) are
significantly toxic to Azotobacter. Similar results on the toxicity of metribuzin to
Azotobacter were also reported (Radivojevic et al. 2003). Certain herbicides such as
clodinafop propargyl 15% WP (applied at the rate of 400 g ha−1; Hussain et al.
2014), and quizalofop (Das et al. 2012) induce its growth as if they are favourably
exploited by the bacterium. 2,4-D (Balajee and Mahadevan 1990; Musarrat et al.
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2000), p-chlorophenoxy-acetic acid (Balajee and Mahadevan 1990),
p-chlorophenol (Balajee and Mahadevan 1990), and simazine (Martinez-Toledo
et al. 1991) were biodegraded by Azotobacter chroococcum as carbon sources,
which ultimately stimulated nitrogenase enzyme. Other herbicides such as isopro-
turon 75% WP (applied at the rate of 1333 g ha−1) are neutral and do not influence
it at all (Hussain et al. 2014). Similarly, linuron did not inhibit the growth of any of
fourteen strains of A. chroococcum (Lenart 2012), and pendimethalin (Stomp 330
EC, applied at the rate of 400 mL da−1) as well as s-metolachlor (Dual Gold 960
EC, applied at the rate of 150 mL da−1) were of no negative impact on the
development of A. chroococcum (Kalinova et al. 2014). Furthermore, the sul-
fonylurea herbicides such as metsulfuron-methyl (He et al. 2006),
mesosulfuron-methyl and iodosulfuron methyl sodium (Atlantis® 3.6% WG,
400 g ha−1; Hussain et al. 2014), and Sulfosulfuron® 75% WG (applied at the rate
of 33.33 g ha−1; Hussain et al. 2014) initially enhance its growth, and then depress
it. With UPH-110 54% WG (clodinafop propargyl and metribuzin) applied at the
rates of 400, 500, 600, and 1000 g ha−1, at all the doses barring the lowest dose, a
fall in the population of Azotobacter was observed at varying time intervals. With
UPH-110, the magnitude of toxicity and duration of hazard increased as with the
increase of the dose. The lower concentration of UPH-110 might have been
metabolized rapidly leading to no toxic effect, while higher concentration might
have persisted for a longer period and thereby led to the inhibition of Azotobacter
population (Hussain et al. 2014). A similar behavior has been reported with ben-
tazon that was not detected in soil after a few months when applied at 10 ppm
concentration, whereas higher amounts persisted for several months (Drescher and
Otto 1973; Marsh et al. 1978; Gaynor and Hamill 1983). With UPH-110 (500 g
ha−1), the Azotobacter count was well short of control at 3rd and 7th day of
incubation. The inhibitory impact of the higher doses of UPH-110 (600, and
1000 g ha−1) was observable up to one month after which it neutralized and par-
alleled with control (Hussain et al. 2014). Glyphosate not only inhibits nitrogen
fixation process in A. chroococcum but also reduces the bacterium respiration rate
by 40–60% and thereby precludes its positive effects (Chennappa et al. 2014).
Cinosulfuron, a sulfonylurea herbicide (applied at recommended field rate of
42 lg kg−1 of soil) influenced acetolactate synthase (ALS) activity and inhibits the
biosynthesis of three branched chain amino acids, however, its effect was limited
even at the doses higher than that recommended for field applications. Also, there
were apparent differences between the sensitivity of A. chroococcum strains (Allievi
and Gigliotti 2001).

Effect of Herbicides on Azospirillum Species

Azospirillum species are found in much larger numbers in the rhizosphere of some
cereals and grass seed crops than in the soil itself (Döbereiner and Pedrosa 1987;
Cárdenas et al. 2010). Newer findings have indicated the possibility of its adap-
tation in the soils of the highland (Aguirre-Cadena et al. 2014). Furthermore, the
beneficial impact of Azospirillum spp. is not restricted to monocotyledonous crops,
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and they seem as universally well-distributed general root colonizers and not the
plant-specific bacteria restricted to poaceous crops and grasses. In contrast to
Azotobacter spp., these bacteria are not so sensitive to environmental pollutions
(Bashan and Holguin 1997). Azospirillum spp. enhance the growth of various plants
including sorghum, sugarcane, triticale, barley, wheat, corn (in a
genotype-dependent manner), rice, sunflower, carrot, mustard (in a
genotype-dependent manner), tomato, eggplant, cotton, pepper, chick-pea, and oak
seedlings (Bashan and Holguin 1997; Bashan et al. 1989; Del Gallo and Fabbri
1990; Pedraza et al. 2009; Saha et al. 1985). Azospirillum spp. are of other inter-
estingly positive characters (Bashan and Holguin 1997). Seed application of cobalt
and molybdenum together with seed inoculation with A. brasilense promoted the
highest leaf nitrogen content, hundred-grain weight, yield, and profitability with
soybean crop (Galindo et al. 2017). Several studies have marked the ability of
Azospirillum spp. to stimulate plant growth, yield, and nitrogen content
(Díaz-Zorita and Fernández-Canigia 2009), dinitrogen fixation, radical prolifera-
tion, and hormone development activities (Dart 1986; Bashan and de-Bashan
2010). Inoculation of corn seed with A. brasilense reduced iron concentration in
leaf and increased leaf chlorophyll index (LCI), and leaf concentration of phos-
phorus, agronomic efficiency, and grain yield. Therefore, the use of A. brasilense
was found viable even when high rates of nitrogen were applied (Galindo et al.
2016). Similarly, plant growth promotion was observed with potato seed tubers
inoculated with an Azospirillum sp. studied beside other plant growth promoting
bacteria (Naqqash et al. 2016; Fig. 55).

Fig. 55 Effect of bacterial inoculation of seed tubers on the health and root system of potato
(variety Kuroda) plants. Plants were harvested 60 days after sowing (Naqqash et al. 2016)
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A number of factors such as plant type and age, soil type, composition of
microbial community, agricultural practice, root constituents and chemical com-
pounds applied to the soil and plants, may influence the ecology and dinitrogen
fixation of Azospirillum (Balandreau 1986). Herbicides may influence the growth
and activity of Azospirillum in vitro, and in soilum. For instance, in an in vitro
assay, all tested herbicides led to an initial decrease in the growth of A. lipoferum
(after 24 h) followed by a recovery in the later stages of incubation. The negative
effect of butachlor on the growth of the A. lipoferum in N-free malic acid broth
(5.128 log CFU mL−1) was recorded compared with 2,4-diphenoxy-2-ethylhexyl
ester (2,4-DEE; 5.188 log CFU mL−1), pretilachlor (5.226 log CFU mL−1), and
pyrazosulfuron ethyl (5.258 log CFU mL−1). Among the different concentrations,
the maximum inhibition of growth was recorded at a dose 100 fold of the rec-
ommended dose for field application (100 FR; 5.059 log CFU mL−1), while the
dose of 1 FR caused the least inhibition (5.244 log CFU mL−1). 2,4-DEE, buta-
chlor, pretilachlor, and pyrazosulfuron ethyl were found to reduce the growth and
nitrogenase activity of A. lipoferum when the herbicides were applied at the con-
centrations of 0.375, 0.50, 0.15, and 0.125 lg mL−1 (Latha and Gopal 2010). It
seems that no of the tested herbicides including butachlor can exert a hazardous
impact on A. lipoferum populations in soilum, where herbicides are biodegraded by
some members of soil microflora, or they lose their bioactivity being sequestered by
organic and inorganic components in soilum. With A. brasilense, the reduction of
dinitrogen fixation and adenosine triphosphate (ATP) content of the bacterium has
been reported in a chemically defined medium as well as in a dialyzed soil medium
as the result of their exposure to either of the herbicides, alachlor or metolachlor.
However, the adverse effects due to metolachlor disappeared after 48 h indicating
the tolerance of high concentrations of metolachlor by A. brasilense (Salmeron
et al. 1991). The sulfonylurea herbicides, chlorosulfuron and rimsulfuron inhibited
the growth of Azospirillum, and the significantly enhanced toxicity of the com-
mercial formulations of rimsulfuron was attributed to the surfactants applied
(Forlani et al. 1995). Another in vitro study indicated the inability of
2,4-diphenoxyacetic acid (2,4-D) to affect the growth and nitrogenase activity of A.
brasilense when the herbicide was amended at 100, 200, and 300 lg mL−1

(Martinez-Toledo et al. 1990). However, 2,4-D influenced growth and protein,
DNA and RNA synthesis of A. brasilense. At a concentration of 1 mM, 2,4-D
inhibited bacterial cell growth tat was reversed via transferring the bacteria to a
control 2,4-D-free medium or to a 2,4-D treated medium supplemented with
polyamines. The inhibitory effect of 2,4-D on in vitro protein synthesis was also
reversed by the addition of polyamines to the 2,4-D treated medium (Rivarola et al.
1992). The influence of the herbicides metamitron, metribuzin, ethiozin, and
paraquat on the growth and nitrogenase activity of A. lipoferum and A. brasilense
indicated that metamitron (35, and 70 lg mL−1) and ethiozin (20 lg mL−1) were
not of any inhibitory effect on nitrogenase activity of the tested bacteria, while
metribuzin (7, and 14 lg mL−1) and ethiozin (50 lg mL−1) caused a marked
decrease in the enzyme activity (Gadkari and Klingmuller 1988). In vitro screening
of the field recommended doses of the herbicides applied on sugarcane for those
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that do not affect neither growth nor the biological nitrogen fixation (BNF) process
of the diazotrophic bacterium A. brasilense indicated that out of eighteen herbicides
including paraquat (8.49 lg L−1), ametryn (56.60 lg L−1), amicarbazone (19.81 lg
L−1), diuron (45.28 lg L−1), metribuzin (27.17 lg L−1), hexazinone + diuron
(5.60 + 19.87 lg L−1), clomazone (15.57 lg L−1), hexazinone + clomazone
(3.54 + 14.15 lg L−1), isoxaflutole (3.71 lg L−1), sulfentrazone (11.32 lg L−1),
oxyfluorfen (16.98 lg L−1), imazapic (3.47 lg L−1), imazapyr (7.08 lg L−1),
trifloxysulfuron-sodium + ametryn (0.52 + 20.70 lg L−1), S-metolachlor
(27.17 lg L−1), glyphosate (25.47 lg L−1), MSMA (40.75 lg L−1), and 2,4-D
(14.22 lg L−1), some herbicides could reduce the bacterial growth in liquid DIG
medium. This effect was found with the herbicides paraquat, oxyfluorfen,
trifloxysulfuron-sodium + ametryn, and glyphosate. With (trifloxysulfuron-
sodium + ametryn), the effect was associated with increases in both the length
of lag phase as well as the generation time, whereas with glyphosate, it was only
associated with the increased generation time. MSMA, amicarbazone, and specially
paraquat reduced the BNF of A. brasilense. Other herbicides were effective on
neither growth nor the BNF of A. brasilense (Procópio et al. 2011). In a similar
study, nitrogenase activity of A. lipoferum was assayed in the presence of gly-
phosate, 2,4-D, mecoprop + dichlorprop, and the commercial products Roundup®

(glyphosate), Nurmikko-Hedonal® (2,4-D), Mepro® (mecoprop), and Dipro®

(MCPA) tested at different doses of 0, 5, 25, and 100 mg L−1. In average field soils,
where d = 1 kg dm−3, the highest recommended dose of herbicides, affecting the
5 cm-thick top layer is 5 mg L−1. Apart from Mepro® and mecoprop, no phenoxy
acid herbicide inhibited the nitrogenase activity of A. lipoferum. Glyphosate and
Roundup® were of no impact on the growth of A. lipoferum, but stimulated its
nitrogenase activity (Haahtela et al. 1988).

Studies performed under greenhouse conditions indicated the occurrence of a
significantly positive synergistic effect on the growth of a local cultivar of maize,
Galal, when the potted soil inoculated with A. lipoferum strain ATCC29145 (2 mL
of a bacterial suspension with the concentration of 3.2 � 108 cells mL−1) was
treated with one of the herbicides bromoxynil (0.42 L ha−1), or particularly afalon S
(a mixture of linuron and monolinuron; 0.42 kg ha−1). The incorporation of the
recommended field dose of either bromoxynil or afalon S into the soil was seem-
ingly of no significant effect on nitrogenase and dehydrogenase activities (Fayez
et al. 1983). In another study under greenhouse conditions, the seed of wheat
cultivar, Altiplano were inoculated with A. brasilense before planting, and the
herbicides were applied 40 days after planting. The treatments including
(i) uninoculated plants (absolute control), (ii) inoculated with A. brasilense
(inoculated control), (iii) inoculated with A. brasilense + application of an
organochlorine herbicide, 2,4-D, (iv) inoculated with A. brasilense + application of
an organophosphate herbicide, glyphosate, (v) treatment with 2,4-D without any
inoculation, and (vi) treatment with glyphosate without any inoculation were
applied in a completely randomized design with ten replicates. The survival of the
bacteria in the root system was recorded via the use of the most probable number
technique, recording plant height and weight. Two herbicides were of no significant
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influence on the population of A. brasilense. Wheat plants inoculated with
A. brasilense, with or without herbicide treatment indicated increased biomass
compared with the non-inoculated plants. The application of organochlorine her-
bicide, 2,4-D (250 g ha−1) resulted in the increased biomass production of the
wheat cultivar planted in an unsterilized sandy (Bouyoucus) soil mixed with
organic soil waste and filled into 1 kg pots with perforated bases to promote
drainage. The pH of the mixture was 7.5 (2:1 potentiometer), and its total nitrogen
and phosphorus contents were respectively 0.13 ppm (Kjeldahl), and 7.5 mg kg−1

(Olsen/spectrophotometer). While both herbicide induced Azospirillum prolifera-
tion in inoculated as well as uninoculated unsterilized soil mixture, glyphosate was
more inductive than 2,4-D, but still of more negative impact on wheat growth
(Aguirre-Cadena et al. 2014). In contrast, the herbicides, 2,4-D and atrazine neg-
atively influenced Azospirillum populations in the rhizospheric soil of groundnut
crop, as well as soil enzymatic activities (Mohiuddin and Mohammed 2014). In
another study on the effect of fertilizers (urea, diammonium phosphate and potas-
sium chloride) and herbicides (glyphosate and 2,4-D) on the viability of A. brasi-
lense strain C16 performed with three different concentrations for each
agrochemical in a minimal salt medium at 0, 12, and 24 h of growth, the herbicides
indicated more toxicity than fertilizers. In addition to type of the tested agro-
chemical, the concentration and time of exposure for each agrochemical were
directly correlated with their antibacterial effects. After 24 h exposure to the
maximal concentration, glyphosate, 2,4-D and potassium chloride reduced C16
viability by 43, 27, and 26%, respectively. Instead, urea (23%), and diammonium
phosphate (50%) promoted its growth by 12 and 6% (Romero-Perdomo et al.
2015). The study on the effect of thiobencarb (also known as benthiocarb) on two
Azospirillum spp. in pure cultures as well as in association with rice under both
laboratory and field conditions indicated that the herbicide was of no negative effect
on A. lipoferum 4B, but it inhibited the growth of A. brasilense N040. Also, despite
of its negative impact on the growth of aseptically grown rice plantlets, thiobencarb
did not influence dinitrogen fixation when rice plantlets were first inoculated with
Azospirillum strains in gnotobiotic conditions containing the herbicide (Omar et al.
1992). However, Azospirillum populations were inhibited with low levels of
thiobencarb applied to three tropical rice soils incubated under non-flooded con-
ditions (Jena et al. 1990). The inoculation of corn seeds with A. brasilense together
with the application of nitrogen fertilizer (140 kg urea ha−1; applied at 26 days
after sowing) minimized the harmful effects of the herbicide mesotrione
(192 g ha−1; applied at 21 days after sowing) in the initial development of corn
(Bulegon et al. 2017).

Effect of Herbicides on Cyanobacteria (Green-Blue Algae)

Heterocystous and filamentous cyanobacteria are considered as a considerable part
of soil microflora of paddy fields in tropical countries that significantly contribute to
soil fertility (Singh 1961; Venkataraman 1981) through photosynthetic and pho-
toheterotrophic dinitrogen fixation (Stewart et al. 1975). Biofertilization with

128 B. Pakdaman Sardrood and E. Mohammadi Goltapeh



cyanobacteria and green algae is able to increase rooting of grapes cuttings and
germination of sunflower seeds, and improve plant growth as observed in rice,
barley, oats, tomato, radish, cotton, sugarcane, maize, chili, lettuce, wheat, gilly-
flower, grapevine (Spiller and Gunasekaran 1990; Romanowska-Duda et al. 2004,
2010; Saadatnia and Riahi 2009; Tajuddin and Subramanian 2005; Song et al.
2005; Nilsson et al. 2005; Karthikeyan et al. 2007; Abd El-Moniem and Abd-Allah
2008; Shanan and Higazy 2009; Sahu et al. 2012; Shariatmadari et al. 2013;
Grzesik and Romanowska-Duda 2014, 2015). Additionally, the effectiveness of the
foliar application of cyanobacteria and green algae in enhancing the photosynthetic
performance and growth of willow (Salix viminalis L.) plants has newly been
indicated under limited synthetic fertilizers application (Grzesik et al. 2017).
Cyanobacteria possess photosynthetic machinery similar to that of the chloroplasts
of higher plants (Fogg et al. 1973; Stewart 1973) and therefore, can be influenced
by the certain groups of the herbicides that affect photosynthesis or respiration
(Dodge 1975). The herbicides can also exert an indirect negative influence on
cyanobacterial dinitrogen fixation through inhibition of cyanobacterial photosyn-
thesis (Vaishampayan 1984). The effect of herbicides amitrole, a derivative of
amitrole (3,5-diamino-1,2,4-triazole), diquat, paraquat, linuron, MCPA, and mon-
uron on nitrogen-fixing blue-green algae, Anabaena cylindrica, Aulosira sp.,
Calothrix elenkenii, Chlorogloeae frischii, Cylindrospermum muscicola, a phyco-
biont Nostoc sp. from the lichen Collema tenax, N. muscorum, Tolypothrix tenuis,
and Westiellopsis sp. was studied. The responses were recorded as an initial period
of depression followed either by an increased activity, or by a distinct decrease on
prolonged incubation. Some herbicides could severely restrict the nitrogen-fixing
capacities of the cyanobacteria, and thereby generally influenced the overall
nitrogen economy of soils (DaSilva et al. 1975).

Pre-emergence herbicides applied at field recommended doses, 3 days after
transplanting (DAT) rice plants inhibited cyanobacterial growth and dinitrogen
fixation inoculated 10 DAT. The inhibition lasted up to 20 DAT. Butachlor and
oxadiazon were more toxic than benthiocarb and pendimethalin. The application of
0.5 kg ha−1 active ingredient of 2,4-DNa (Na-2,4-dichlorophenoxy acetate) inhib-
ited cyanobacterial growth, but the post-emergence herbicide 2,4-DEE
(2,4-dichlorophenoxyacetic acid ethyl ester) applied 30 DAT inhibited cyanobac-
terial growth as well as dinitrogen fixation. The inoculation of 10 kg ha−1 of dry
mixture of blue green algae 10 DAT could produce the maximum biomass 60 and
80 DAT in control and herbicide treated plots, respectively. The biomass and
nitrogen produced by cyanobacteria were higher in controls than in the herbicide
treated plots. The application of cyanobacterial biofertilizer along with herbicides
increased the grain and straw yields as well as panicle number and nitrogen uptake
by rice over no cyanobacterial treatment. The cyanobacterial treatment even without
weeding resulted in the increased rice yield up to that of herbicide and biofertilizer
treatments (Singh et al. 1988). The herbicides Saturn and Knockweed inhibited the
growth of blue-green alga at relatively higher concentrations, while exerted no
significant effect on heterocyst frequency. Saturn depicted more toxicity than
knockweed as reflected by their lethal doses of 20 ppm and 1000 ppm, respectively
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(Ahluwalia 1988). Herbicides chlorotoluron and diuron effectively induced mutants
of Nostoc muscorum to 50–100 times more than background level. The mutants
indicated a range of characters including pigment deficiency, no fixation of dini-
trogen, as well as cyanophage resistance (Amla and Kochhar 1982). Prolonged
cultivation of the cyanobacterium A. variabilis in the presence of sublethal con-
centrations of diuron indicated a two-stage adaptation to the herbicide action. In the
relatively short-time first stage, physiological adaptation was observed as the
increased ratio of phycobilin/chlorophyll. In the more prolonged second stage, cells
with low sensitivity to diuron were selected in the population. These cells were of a
low ratio of phycobilin/chlorophyll (Andreev and Maslov 1988). Monuron inhib-
ited growth and heterocyst formation in the nitrogen-fixing blue-green alga Nostoc
muscorum (Fig. 56), where the inhibitory impact was reversible in both
nitrogen-free and nitrate media (Vaishampayan 1984).

The herbicides DCMU [3-(3,4-dichlorophenyl0-1,1-dimethylurea], isoprop-
turon, and ioxynil not only blocked photosynthetic photosystem II in the aquatic
cyanobacterium, Synechocytis salina, but also more strongly inhibited the photo-
synthetic oxygen evolution. Phenylurea herbicides (DCMU, and isoproturon) were
found of stronger impact on cyanobacterial PSII activity compared to the
phenol-type ioxynil (Yotsova et al. 2017). Interestingly, herbicides can increase the
rate of nitrogen fixation, wherever they omit the impact of green algae interactions
with the effective herbicide-resistant cyanobacterial strains. This has been indicated
by developing a variant of the nitrogen-fixing cyanobacterium, Aulosira strain 68
resistant to the herbicide simetryne at the concentrations that prevented the
development of indigenous algae. Interference from indigenous algae may hamper
the development of nitrogen-fixing cyanobacteria introduced into rice fields in
attempts to increase biological nitrogen fixation (Wilson et al. 1979).
Monosulfuron, applied at 0.03–0.3 nMol L−1 under laboratory conditions, stimu-
lated the growth of the nitrogen-fixing cyanobacteria Anabaena flos-aquae (a

Fig. 56 (Left) Nostoc muscorum, filamentous structures called trichomes with enlarged cells
called heterocysts (Source http://dbmuseblade.colorado.edu/); (Right) Nostoc (Anabaena) azollae
trichomes and heterocysts (Source http://www.pinterest.com/)
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free-living soil cyanobacterium that mat be toxic to some organisms; Fig. 57),
A. azollae (a cyanobacterial symbiont with the water fern, Azolla spp., Fig. 56), and
A. azotica (a free-living soil cyanobacterium with a high nitrogen-fixing capability;
Fig. 57), but applied at higher concentrations of 30–300 nMol L−1 inhibited pro-
tein. The production of 16 amino acids was reduced in A. flos-aquae from 7 to 69%
with increasing the herbicide concentration. The application of monosulfuron at
3–300 nMol L−1 substantially inhibited in vitro activity of acetolactate synthase
(ALS) enzyme as indicated by 50% inhibition index values of 3.3, 65.2, and
101.3 nMol L−1 for A. flos-aquae, Nostoc (Anabaena) azollae, and A. azotica,
respectively. Apart from A. flos-aquae at higher concentrations of 30–300 nM L−1,
the activity of the extracted ALS was not affected in the algal species treated with
monosulfuron when applied at the rate of 0.03–300 nMol L−1. Thus, A. flos-aquae
was found as the species most sensitive to monosulfuron.

The toxicity of the herbicide to three cyanobacterial nitrogen-fixers was attrib-
uted to its interference with protein metabolism via the inhibition of branch-amino
acid biosynthesis and particularly ALS activity. In rice cropping systems where
monosulfuron is applied at low concentration (3 nMol L−1), the use of the bene-
ficial nitrogen-fixing cyanobacteria A. azotica and A. azollae may be suitable as
“biofertilizers” given their high tolerance to the sulfonylurea herbicide (Shen et al.
2009). The sensitivity of cyanobacteria to PSII inhibitors such as s-triazines, and
phenylurea has been reported (Lockert et al. 2006), and blue-green algae exhibit
less sensitivity than green algae to the phenylura herbicide diuron applied at
0.16 mg L−1 (Abdel-Aty and El-Dib 2016).

Effect of Herbicides on Nitrifying Bacteria

Studies on the effects of selected herbicides on the parameters of soil nitrification
processes (Fig. 58) led to the separation of four distinct groups of herbicides. The
formulated octanoates of bromoxynil and ioxynil (NPH1320 and Totril, respec-
tively) were the most toxic herbicides. Because of their very high toxicity, ioxynil
and bromoxynil might also, in spite of their low practical field rates of

Fig. 57 Trichome of (Left) Anabaena flos-aquae with heterocyst, and (Right) A. azotica
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0.25–0.5 kg ha−1, exert a small though temporary depressing effect (Debona and
Audus 1970). Next in order of toxicity were chlorbufam, phenmedipham, formu-
lated oxadiazon, formulated legurame, ioxynil, formulated trifluralin, and bro-
moxynil. Terbacil, dicamba, and tricamba were of low toxicity, whereas asulam and
related experimental herbicide MB9555 influenced some parameters only when
they were tested at the very high concentrations. Bromoxynil application resulted in
the decreased population of the bacteria involved in nitrification. Nitrobacter
winogradskii was more sensitive than Nitrosomonas europaea to four groups of
herbicides.

Legurame and oxadiazon were relatively more toxic to N. europaea in culture,
but this differential toxicity was not found in the soil. Dicamba, tricamba, trifluralin
and chlorbufam were more toxic to N. winogradskii than to N. europaea in the
soil. However, the formulated trifluralin seemingly stimulated the growth of both
nitrifiers but only in the soil, suggesting the suppression of antagonistic organisms
as a possible reason. It was extrapolated that terbacil was the only herbicide that
might cause small inhibition of nitrification at the rates recommended for field
applications. However, terbacil was found disproportionately toxic at low con-
centration. The formulated octanoates of bromoxynil and ioxynil, and possibly
dicamba and oxadiazon can cause small inhibitions when applied at the rates
somewhat in excess of normal (Ratnayake and Audus 1978). The bacteria involved

Fig. 58 Nitrification and denitrification and the bacteria involved in the phenomena (Source
http://nsspo.com/p1/Nitrification.htm/)
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in nitrification process show highest sensitivity to bromoxynil herbicide
(Topp et al. 1992) and the inhibition of the activity of ammonium oxidation by the
bacteria has also been reported in soils treated with the herbicide (Pampulha and
Oliveira 2006). The actions of these two herbicides are nearly similar, and both
effectively inhibit nitrification to the 50% level even at the concentrations much
lower than 50 ppm (Debona and Audus 1970). Chlorflurazole was not an inhibitor
of nitrification as complete as propanil, and even at 100 ppm inhibited only a little
more than 80% of nitrification. Chlorflurazole had much more striking effect on the
growth of bacterial nitrifiers and no growth was detected at only at 50 ppm. No
indication of adaptation was found with chlorflurazole in contrast to propanil,
bromoxynil and ioxynil. Chlorflurazole might exert a small depressing effect under
field conditions, however unlike bromoxynil and ioxynil, its effect might be more
persistent (Debona and Audus 1970). Chlorthiamid depicted a marked suppression
of nitrification, 50% inhibition when tested at the concentration of 100 ppm. The
herbicide was found to be of a strict impact on the proliferation of nitrifiers. Its
effect on the proliferation of nitrifying bacteria was more than that of propanil,
bromoxynil, ioxynil, and chlorflurazole, and led to 50% inhibition of proliferation
at the concentrations below 50 ppm. The inhibition of growth clearly occurs
through an action independent of that through nitrification itself. Under field
conditions, chlorthiamid with application rates up to 10 kg ha−1, might lead to a
very slight depression of nitrification processes at the highest rates (Debona and
Audus 1970).

2,3,6-TBA completely inhibits nitrification processes at the application rate of
1000 ppm, however, the toxicity of this herbicide is much less in soil (50% inhi-
bition at the rate of 1000 ppm). Despite of the inhibition of proliferation, the
nitrifying bacteria extensively adapt to 2,3,6-TBA in soil (Debona and Audus
1970). The lowest concentrations used in the perfusers (50 ppm) correspond with
field rates of approximately 25 kg ha−1 (see Fletcher 1960), therefore, it seems very
unlikely that endothal at its normal field rate could have any significant impact on
nitrification (Debona and Audus 1970). Picloram had a much less impact on
nitrification process, and its virtually total inhibitory impact was found only at its
concentration of 500 ppm, while it reached the 50% level at 150 ppm. Picloram,
even in lower concentrations, significantly inhibited the proliferation of bacterial
nitrifiers. No growth was detected at the rate of 1000 ppm, where nitrification was
completely inhibited. Picloram influenced Nitrosomonas activity and the process of
ammonia to nitrite conversion (Debona and Audus 1970). Similarly, partial inhi-
bition of the conversion of ammonia to nitrite was found in soil when picloram was
applied at the rate of 1000 ppm. However, the treatment was of no effect on nitrite
to nitrate conversion suggesting that Nitrosomonas was much more sensitive than
Nitrobacter (Goring et al. 1967). The lowest concentrations used in the perfusers
(50 ppm) correspond with field rates of approximately 25 kg ha−1 (see Fletcher
1960), therefore, it seems very unlikely that endothal at its normal field rate could
have any significant impact on nitrification (Debona and Audus 1970). The toxicity
of paraquat is low in soil because of its extensive adsorption on clay colloids.
Biologically, the adsorbed paraquat is totally inactive, therefore, only a relatively
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small fraction of unadsorbed herbicide in equilibrium in the soil solution is effective
in inhibition of nitrification in the soil (Debona and Audus 1970). However,
paraquat is highly inhibitory of the oxidation of ammonia to nitrite and nitrate by
Nitrosomonas and Nitrobacter in culture (Debona 1967). The effect of paraquat on
the nitrification seems to be a progressive inhibition, with increasing concentrations
reaching 50% level of inhibition at about 750 ppm. Paraquat was of no significant
effect on the rate of nitrifying bacteria proliferation, and its action would seem to be
only on nitrification, not directly on cell growth (Debona and Audus 1970).
Paraquat (4 M) inhibited the growth of Nitrobacter agilis but did not influence the
growth of N. europaea. Also, nitrite did not accumulate in the presence of paraquat
(4 M) when ammonia was oxidized by a mixed culture of the two nitrifiers
(Yamanaka 1983). As the toxicity of paraquat on N. gracilis is known as the result
of superoxide anion radical formation (Moody and Hassan 1982), the difference in
sensitivity to paraquat between the two nitrifiers may be attributable to the differ-
ences in the content of superoxide dismutase in the two bacteria (Yamanaka 1983).
Additionally, the relative insensitivity of N. europaea to paraquat has been attrib-
uted to hydroxylamine (Yamanaka 1983), a metabolic intermediate of ammonia
(Hofman and Lees 1953), which may function as a scavenger of superoxide anion
radicals (Elstner et al. 1975). The lowest concentrations used in the perfusers
(50 ppm) correspond with field rates of approximately 25 kg ha−1 (see Fletcher
1960), therefore, it seems very unlikely that endothal at its normal field rate could
have any significant impact on nitrification (Debona and Audus 1970). Dichlobenil
inhibited nitrification but its effect was somewhat smaller than that of paraquat, and
the 50% level of inhibition was reached at the application rates over 1000 ppm. In
contast to paraquat, dichlobenil not only reduced nitrification, but also significantly
reduced their proliferation. The lowest concentrations used in the perfusers
(50 ppm) correspond with field rates of approximately 25 kg ha−1 (see Fletcher
1960), therefore, it seems very unlikely that endothal at its normal field rate could
have any significant impact on nitrification (Debona and Audus 1970).

Endothal stimulated nitrification, and the greatest effect was obtained at the
highest concentration tested (1000 ppm). Endothal only caused a slight reduction in
the rate of cell proliferation at all its concentrations tested. The rapid microbial
breakdown of endothal in the soil (Jensen 1964), the ability of soil bacterial
nitrifiers in the complete breakdown of the herbicide to carbon dioxide and in the
use of carbon dioxide as the principal carbon source, and the possible existence of
other growth-stimulants in the formulated product have been discussed as the
reasons for stimulatory impact of endothal. The lowest concentrations used in the
perfusers (50 ppm) correspond with field rates of approximately 25 kg ha−1 (see
Fletcher 1960), therefore, it seems very unlikely that endothal at its normal field rate
could have any significant impact on nitrification (Debona and Audus 1970).
Studies seven herbicides, indicated that sodium pentachlorophenate (PCP),
4,6-dinitro-ortho-secondary-butyl phenol (DNBP), isopropyl N-(3-chlorophenyl)-
carbamate (CIPC), and monuron were the strongest inhibitors. Sesone (sodium
2,4-dichlorophenoxyrthyl sulfate also known as 2,4-DES) and dalapon were of the
least inhibitory impact on the respiration of nitrifying bacteria, while PCP exhibited
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the greatest level of inhibition. A comparison of the rates of nitrification as mea-
sured by formation of nitrate in the percolation method and oxygen uptake in the
monometric method showed fair agreement for CIPC, but not for monuron.
A comparison of the approximate concentrations of herbicides used in the field for
chemical weed control and concentrations which caused a 50% inhibition of oxy-
gen uptake by the nitrifying microorganisms indicated that the concentrations of
herbicides which inhibited respiration by 50% would not occur at usual field
application rates and that there would be little or no detrimental effect on soil
nitrification (Hale et al. 1957). Propanil extremely inhibits nitrification, and gives
virtually complete inhibition even in the lowest concentrations (50 ppm). Propanil,
with normal practical rates of 5–15 kg ha−1, is likely to cause serious and persistent
depressions of nitrification in the field (Debona and Audus 1970).

Effect of Herbicides on Mycorrhizal Fungi

Mycorrhiza (plural, Mycorrhizae) is a term that means “fungus root”, widely
applied to describe the mutually beneficial symbiotic relationship between fungal
partner (mycobiont) and plant partner (phytobiont) roots. These mycobionts colo-
nize the root of their phytobionts and then form a vast hyphal network throughout
the soil and thereby greatly increase absorptive surface area, and improve phyto-
biont nutrition through increased absorption of phosphorus (P), zinc (Zn), man-
ganese (Mn), copper (Cu), and water. The phytobiont supplies carbohydrates for
mycorrhizal mycobiont. More than 150 species of mycorrhizal mycobionts have
been identified in all types of soils and climates throughout the world. There are
several classes wherein these fungi are categorized to, however, here we will pay to
the effect of herbicides on mycobionts involved in the two most common classes of
mycorrhizae, endomycorrhizal and ectomycorrhizal fungi.

Effect of Herbicides on Endomycorrhizal Fungi

Endomycorrhizal fungi are regarded as obligate mycobionts that cannot aseptically
be cultivated on growth media. These glomeromycotan true fungi are morpho-
logically identified with chitinized walled aseptate (without cross-walls) hyphae,
that form arbuscules (dendroid haustorium-like structures, Fig. 59) in the
periplasmic region of plant root cortical cells, and reproduce asexually through
production of thick-walled and long-surviving spores that are very resistant to
freezing and intense heat. Also, some genera produce intercalary or terminal
sac-like cellular structures in their hyphae that contain lipids and primarily serve as
storage organs for the fungus. These structures called vesicles (little sacs, Fig. 59)
can also act as propagules and colonize other parts of the plant root. As the for-
mation of arbuscules is a common morphological character, these fungi are also
known as arbuscular mycorrhizal fungi (AMF).

AMF are of interest for their reported roles in preserving soil fertility in
agroecosystem, which form mutualistic symbiosis with the roots of most agricul-
tural plants. These associations are common in terrestrial ecosystems, including
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those of anthropogenic origin, such as agroecosystems (Smith and Read 2008).
AMF stimulate host plant growth, and improve its resistance to hazardous biotic
agents such as pathogens, as well as pests, as well as abiotic agents such as drought,
salinity, heavy metals, hot temperatures, and chemical stressors (Smith and Read
2008; Gianinazzi et al. 2010; Vannette and Hunter 2009). AMF secret a glyco-
proteinaceous substance, glomalin and thereby play an important role in the for-
mation and stabilization of soil aggregates (Smith and Read 2008; Gianinazzi et al.
2010). Additionally, they act as crop nutrition facilitators through increment of
nutrient uptake and crop growth promotion that results in non-mycorrhizal weed
suppression. Therefore, AMF represent potential alternatives to costly and envi-
ronmentally hazardous herbicides (Cameron 2010; Rinaudo et al. 2010). Hence,
AMF are crucially relevant in the maintenance of soil sustainability and plant
production (Gosling et al. 2006; Gianinazzi et al. 2010; Raviv 2010). In the past,
most research on AMF has been focused on possible responses to fungicides, rather
than on the potential effects on mycorrhizal symbiosis following herbicide appli-
cation. Because of obligately endosymbiotic nature of endomycorrhizal associa-
tions between host plants and AMF, any severe herbicidal phytotoxicity to the host
can result in a severely damaged AMF and endomycorrhizal association. Pasaribu
et al. (2013) studied the effect of three application rates of two widely used her-
bicides (1.8, 3.6, and 5.4 µg a. i. g−1 for alachlor and 1.08, 2.16, and 3.24 µg a.
i. g−1 for glyphosate) on sporulation and infection of peanut plant by Glomus
mosseae under greenhouse conditions. The result of their study indicated that the
mycobiont G. mosseae responds in a differential way to two different herbicides
applied, and the fungus sensitivity to alachlor proved significantly higher than
glyphosate. None of the herbicide treatments could affect the external hyphal length
and succinate dehydrogenase activity. However, the spore number, total and active
infection intensity of internal hyphae was significantly reduced with the increasing
rates of alachlor application, while glyphosate had no significant impact at all tested
application rates. Consequently, phosphorus inflow through mycorrhizal hyphae

Fig. 59 Morphological characters of arbuscular fungi. (Left) an arbuscule (a little tree-like organ)
formed by the fungus in the periplasmic region of plant root cortex cell and involved in
bidirectional exchange of metabolites between two symbionts; (Right) vesicles, round sac-like
structures developed by the fungus in the intercellular spaces in plant root (Buechel and Bloodnick
2016)
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was considerably increased with the application rates of glyphosate, with the
highest value (41.48 and 479.72 � 10−13 mol Phosphorus m−1 s−1 hyphal inflow
and hyphal uptake, respectively) obtained at recommended rates for field applica-
tion of glyphosate (2.16 µg a. i. g−1). Therefore, symbiotic functions of G. mos-
seae with host plant could be affected by the depressive effects of the herbicides,
apparently related to the types of herbicides and their application rates (Pasaribu
et al. 2013). Similarly, the application of glyphosate (Roundup®) in a model
ecosystem resulted in 40% reduction in mycorrhization in the soil amended with
G. mosseae (Zaller et al. 2014). The reduced total and active mycorrhizal infection
intensity following certain herbicidal treatments is attributed to the decreased
supply of host photosynthates as the result of negative effect of the herbicide on
plant photosynthesis (Smith 1980). Accordingly, glyphosate did apparently not
influence the spore germination of G. mosseae even when applied at highest doses
but when added to culture medium, it reduced AMF spore germination and germ
tube growth only at the concentrations higher then those recommended for appli-
cation in field (Giovannetti et al. 2006). However, the negative impact of gly-
phosate on endomycorrhization of carrot roots by Rhizophagus irregularis has been
observed in vitro (Wan et al. 1998). Moreover, the evaluation of three rates of
glyphosate (0, 0.26 and 1 � recommended field rate) 10 and 30 days after treat-
ment (DAT), indicated that spre viability in herbicide untreated control soils was
between 5.8-and 7.7-fold higher than in treated soils, even when the lower rate was
applied. Significant reductions in root mycorrhization were found in Lolium mul-
tiflorum plants grown in glyphosate treated soil than in control soils. The reduced
number of arbuscules (but not vesicles) indicated the affected functionality of
symbiosis 30 DAT (Druille et al. 2013). Arbuscules are considered as the main sites
for nutritional exchanges between host plant and endomycorrhizal mycobiont
(Smith and Gianinazzi-Pearson 1988). The results indicated that soil residence time
of glyphosate and/or its degradation products were enough to reduce AMF spore
viability and their ability to colonize host roots. The decrease in the viability and
symbiotic capability of AMF propagules may affect plant diversity, taking into
account that different plant species are of different degree of mycorrhizal depen-
dencies (Druille et al. 2013). Similarly, soil treatment with glyphosate (0.4, and
4 L ha−1) notably reduced endomycorrhizal colonization of pepper (Capsicum
annuum L.) roots (Ronco et al. 2008). In contrast, no adverse impact on soybean
root endomycorrhization was found when glyphosate was applied in high dose of
10 L ha−1 (Malty et al. 2006). These controversial differences are possibly due to
the differences in the studied host plant species, AMF species, dose and formulation
of the herbicide, agricultural practices (such as irrigation), soil texture, soil chem-
istry and microbiology, and weather conditions. Herbicide effects on vesicular AMF
in Citrus spp. under greenhouse as well as grove conditions indicated that the
mixture of bromacil + diuron was not of significant impact on mycorrhization of
Citrus spp. in cultivated plots. Trifluralin, bromacil, and diuron were of no apparent
effect on Glomus etunicatus, and plant growth. However, the mixture of
simazine + paraquat led to a slightly reduced mycorrhization of grove trees roots.
Paraquat, and simazine were of adverse impacts on plant growth as well as the
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mycobiont (Nemec and Tucker 1983). Simazine did not influence the mycorrhizal
hyphal elongation in vitro, but paraquat, and dichlobenil, even at the lowest con-
centrations, were found to be of significantly inhibitory impact on hyphal elonga-
tion, however, different application rates of these three herbicides could not affect
mycorrhizal root colonization under greenhouse conditions (Hamel et al. 1994).
The significant inhibition of endomycorrhization of plant root as well as reduction
of the number of spores in legumes have been reported following treatments
with Brominal® (bromoxynil) and Gramoxone® (paraquat; Abd-Alla et al. 2000).
Terbuthylazine (5.2, 10, 20.4, 40.4, and 81.2 mg L−1), and MCPA (2-methyl-4-
chlorophenoxyacetic acid; 1.2, 2.8, 5.2, 10.8, and 21.2 mg L−1) significantly
inhibited the mycelial growth of G. mosseae in vitro, and the fungus indicated a
clear dose-effect response exclusively in the presence of the herbicidal active
ingredient, pendimethalin (9.6, 19.2, 38, and 76 mg L−1). Pendimethalin, when
applied at the rate of 4.8 mg L−1, exhibited a hormetic effect and induced the
mycelial growth of G. mosseae under in vitro conditions (Giovannetti et al. 2006).

Ocampo and Barea (1984) found that carbamate herbicides which are respon-
sible for inhibited photosynthesis mostly did not have any negative effect on
arbuscular mycorrhiza (AM). Among three carbamate herbicides including chlor-
propham, sulfallate and phenmedipham, only phenmedipham caused the reduction
of root sugars and fungal metabolism when applied as foliar spray. However, these
herbicides were of no effect on the amount of AM infection when applied through
either foliar spraying or direct addition to the soil. Although the application of high
concentration of phenmedipham greatly reduced plant growth, plants could recover
with the help of AM demonstrating the beneficial effects of AM for its host plant.
The results strongly suggest that plants which benefit from AM are less affected by
the deleterious effects of herbicides, especially when used at high concentrations,
than those without AM. Moreover, it seems that carbamate herbicides cannot sig-
nificantly affect the infection of AM which makes them proper choices in the
chemical control of weeds. The negative impact of sulfentrazone (0.7 mg kg−1 soil)
application on soybean symbiotic processes (Vieira et al. 2007), and of soil treat-
ment with herbicides on crop root colonization by AMF (Santos et al. 2006) have
been indicated. The pre-emergence herbicide, isoxaflutole (Converge Pro®; applied
at the rate of 19.8, 39.6, 79.2, and 158.4 lg a. i. L−1 of soil) did not influence corn
root colonization by the mycorrhizal fungus, Rhizophagus irregularis (Stoklosa
et al. 2011).

In vitro studies on the effect of two herbicides, prometryn and acetochlor on the
endomycorrhization of carrot hairy roots [induced through transformation by root
inducing tumor-inducing DNA (Ri T-DNA)] by the AM fungus, G. etunicatum
indicated that acetochlor at all tested concentrations (0.1, 1, and 10 mg L−1) and
low concentrations of prometryn (0.1, 1 mg L−1) were not of any significant impact
on spore germination, while all treatments notably inhibited hyphal growth of the
fungus. When exposed to the herbicides at certain concentrations, the initial growth
of the fungus spores was directly affected. Prometryn and acetochlor detrimentally
influenced the formation and function of AM, se well as the rate of mycorrhizal
colonization, regardless of concentration. The colonization of host plant roots is a

138 B. Pakdaman Sardrood and E. Mohammadi Goltapeh



prerequisite for growth and development of AMF, whereas, the rate of mycorrhizal
colonization is an index of the affinity of AMF for the host plants. Hence, the
limitation of hazardous effects of agricultural chemicals (such as various types of
pesticides as well as fertilizers) on mycelial growth and metabolism, as well as the
formation, function, and colonization of AM, is a key factor in maximizing the
positive effects of AM symbiosis on plants (Li et al. 2013). Also, both herbicides
significantly reduced succinate dehydrogenase activity at all concentrations (but not
0.1 mg acetochlor L−1), indicating their inhibitory impact on the respiratory elec-
tron transfer within fungal mitochondria, where the enzyme forms a part of complex
II. Prometryn and acetochlor also inhibited the activity of alkaline phosphatase (Li
et al. 2013), the enzyme associated with active metabolism of phosphates (Tisserant
et al. 1993).

Interestingly, AMF help host plants to escape from the phytotoxic impacts of
herbicides. Bethlenfalvay et al (1996) conducted a greenhouse study to determine if
AM fungi, whose hyphae interconnect the roots of adjacent plants, modify herbi-
cide effects by enhancing nutrient fluxes between associated plants. Soybean
(Glycine max (L.) Merr.), and common cocklebur (Xanthium strumarium L.) plants
were grown together in pots (1.5 L) in a high-P (28 mg kg−1) soil. They were
sprayed with the herbicide, bentazon (BEN, 3-isopropyl-lH-2,1,3-benzothidiazine-
(4)3H-one 2,2-dioxide), at dose rates of 0, 1/3, 2/3, 3/3, and 4/3 of field recom-
mendation (FR, 1.12 kg a. i. ha−1) while in the 7- to 8-leaf stage. Labelled N
(1 mL of 100 mM tSNHaNO3, 98 atom percent 15 N) was applied to the cocklebur
leaves 4 days before spraying and then assayed in the soybean leaves at harvest.
Growth and nutrient contents of +AM soybean shoots were enhanced only at the
intermediate FR levels, while shoot growth in adjacent cocklebur was inhibited
beyond the extent measured in −VAM plants. Labelled N was at natural abundance
in both +AM and −AM soybean leaves at 4/3-FR, but at 1/3-FR to 3/3-FR 15 N
abundance was significantly higher in +AM than in −VAM plants. These results
suggest that shifts in source-sink relations occurred both within each plant and
between plants as a result of the selective stress imposed on cocklebur. Moreover,
this shift in competitiveness permitted an AM-mediated flux of nutrients from weed
to crop.

It is interesting that the inhibitory effect of an herbicide on a given AM fungus
can differ in a host-dependent manner. For instance, diclofop inhibited root colo-
nization by G. deserticola in wheat, but not in ryegrass. Its inhibitory effect on
wheat root endomycorrhization directly increased as its dose (10%, 50%, 100%,
and 1000% of the dose recommended for field application, 0.9 kg ha−1) rose (Rejon
et al. 1997).

Effect of Herbicides on Ectomycorrhizal Fungi

Ectomycorrizal fungi (EMF) can help in plant establishment in nutritionally poor or
degraded soils. They increase volume of the exploited soil by roots through the
improvement of water and nutrient absorption, in special those with low mobility
such as phosphorus (Marx and Cordell 1989). EMF can also provide great
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resistance to high temperatures and extreme pH values (Marx and Cordell 1989),
increase root longevity (Allen 1991), stimulate dry matter production (Souza et al.
2004), and provide greater tolerance to soil toxicity conditions and pathogens
(Allen 1991; Grazziotti et al. 2003). Weeds harm seedling establishment and
growth via allelopathy (Toledo et al. 2003) or competition over water, nutrient and
light. Additionally, weeds can raise fire risks, interfere with, and even hinder other
forestry practices (Tuffi Santos et al. 2006). Therefore, herbicides are broadly
applied in silviculture and forestation, where the use of EMF requires some
knowledge on the impact of herbicides on these fungi (Fernandes et al. 2014).
Ectomycorrhizal associations depend on interaction with soil, environment, and
host plants and can be affected by adopted crop management (Campos et al. 2011).
Herbicide can directly affect EMF in three ways: (i) some herbicides may exert no
influence on EMF (Wardle and Parkinson 1991); (ii) some herbicides may stimulate
the growth and/sporulation of EMF (Roslycky 1982); and (iii) some herbicides may
inhibit EMF growth and/sporulation as well as ectomycorrhization of host plant
roots (Iloba 1978; Culdlin et al. 1983; Trappe et al. 1984). A few herbicides
commonly used in foresty were tested for their possible effects on ectomycorhizal
development and seedling growth of lodgepole pine (Pinus contorta var. latifolia)
and white spruce (Picea glauca), and it was shown that hexazinone, glyphosate and
triclopyr are able to reduce seedling growth and mycorhizal development of the
plants (Sidhu and Chakravarty 1990). Among these foresty herbicides, triclopyr
exhibited the most toxic effect and hexazinon was significantly effective when
applied at high concentrations (2 and 4 kg ha−1). Recovery from adverse effects of
hexazinone was observed over the time and even no negative effect could be found
when the herbicide was applied at low concentration (1 kg ha−1) highlighting the
importance of natural adaptation and herbicide dosage applied to the soil.
Interestingly, it was found that seedlings with mycorrhizal fungus (Suillus tomen-
tosus) are more sensitive to herbicides than those without any type of mycorrhiza.
The adverse effect of hexazinone was less in field experiments as only high con-
centration (4 kg ha−1) of the herbicide could reduce the seedling growth and
mycorrhizal infections (Sidhu and Chakravarty 1990). Triclopyr, imazapyr, and
sulfometuron methyl did not inhibit ectomycorrhizal formation at concentrations as
high as twice the recommended field rates (Busse et al. 2004). Experiments with the
isolates of a Pisolithus sp. indicated that they were of different tolerances to the
herbicides glyphosate as well as isoxaflutole, and the rate of an isolate tolerance
depended on the tested herbicide, its concentration, and physical status of the
culture medium (liquid or solid). A given herbicide exhibited more toxicity on the
growth of a given isolate of the fungus when it was amended into a solid culture
medium. Also, no uniformity was found in the behavior of different isolates of the
fungus. While the isolate Pt24 was the most tolerant of glyphosate, the isolate
UFVJM04 exhibited the highest tolerance to isoxaflutole. The lowest effect of
isoxaflutole suggested the possibility of its use in the areas where seedlings inoc-
ulated with EMF are applied (Fernandes et al. 2014). Furthermore, glyphosate was
found more toxic to the isolates of Pisolithus than isoxaflutole.
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The growth of Pisolithus tinctorius (Fig. 60) on a solid medium decreased
because of 1 mg L−1 of the herbicides triclopyr, glyphosate, hexazinone, and
2,4-dichlorophenoxyacetic acid and was totally inhibited in 5000 mg L−1 of the
same herbicides (Estok et al. 1989). On a solid medium, an isolate of P. tinctorius
exhibited growth reduction by 59% at 50 mg L−1 concentration of glyphosate, and
complete growth inhibition in same concentration of oxyfluorfen (Paula et al. 1995).
However in an experiment with another isolate of P. tinctorius, no growth reduction
was found in broth medium with glyphosate concentrations up to 10 mg L−1 (Lake
et al. 1981). Triclopyr and 2,4-D when tested at the rate of 1000 mg L−1 completely
inhibited the growth of Hebeloma logicaudum, while hexazinone and glyphosate
were found more toxic and inhibited its growth in 55% at the concentration of
100 mg L−1 (Estok et al. 1989). Studies on the effect of herbicides on the growth of
ectomycorrhizal fungi under in vitro conditions revealed that hexazinone was highly
toxic to P. tinctorius (ED50 = 1 lg a. i. mL−1), Suillus hirtellus (ED50 =
1 lg a. i. mL−1), and Suillus cothurnatus (ED50 = 5 lg a. i. mL−1). Bifenox
decreased the in vitro growth of P. tinctorius (ED50 = 1 lg a. i. mL−1), and

Fig. 60 Pisolithus tinctorius (05MCF5506). a Basidioma, scale bar = 1 cm; b spores under light
microscope, scale bar = 10 lm; c spores under scanning electron microscope, scale bar = 1 lm
(Source Rusevska et al. 2015)
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S. cothurnatus (ED50 = 5 lg a. i. mL−1). Oxyfluorfen had an inhibitory impact on
the growth of P. tinctorius (ED50 = 1 lg a. i. mL−1), S. cothurnatus (ED50 =
1 lg a. i. mL−1), and Laccaria laccata (ED50 = 3 lg a. i. mL−1). Oryzalin had a
negative impact on the growth of L. laccata (ED50 = 3 lg a. i. mL−1), S. cothur-
natus (ED50 = 3 lg a. i. mL−1), and P. tinctorius (ED50 = 10 lg a. i. mL−1).
Nitrofen (ED50 = 3 lg a. i. mL−1), dipropetryn (ED50 = 3 lg a. i. mL−1), tri-
fluralin (ED50 = 10 lg a. i. mL−1), and napropamide (ED50 = 10 lg a. i. mL−1)
were effective in the inhibition of the growth of P. tinctorius, while atrazine, pro-
pazine, simazine, and perfluidone did not seem to affect its growth at the doses
recommended for field applications. Propazine (ED50 = 1 lg a. i. mL−1) had a
considerable effect on the growth of S. luteus under in vitro conditions. Interestingly
when applied at different rates of 1, 3, and 500 lg a. i. mL−1, simazine stimulated
the growth of P. tinctorius and S. hirtellus, whereas perfluidone induced the growth
of Thelefora terrestris (Kelley and South 1980). The ectomycorrhizal species
Rhizopogon vulgaris and Gautieria crispa could metabolize and biodegrade atrazine
(Donnelly et al. 1993). Cenococcum geophilum was known as an ectomycorrhizal
fungus of high potential to biodegrade hexazinone (Donnelly and Fletcher 1994),
and its was stimulated in 53% up to 10 mg L−1 dose of triclopyr and hexazinone
(Estok et al. 1989). The ability to degrade an herbicide apparently depends on the
herbicide as well as the mycorrhizal fungus (Donnelly et al. 1993; Donnelly and
Fletcher 1994) and the rate of bidegradation of an herbicide by an ectomycorrhizal
fungus varies with the ratio of C/N and pH (Donnelly and Fletcher 1994). The
ectomycorrhizal fungi Hebeloma cylindrosporum, Suillus bellini, and Suillus var-
iegatus were known as potent biodegraders of the herbicide chlorpropham (Rouillon
et al. 1990).

Recently the ectomycorrhizal species Hebeloma cylindrosporum (Fig. 61) has
been introduced as a model fungus (Fig. 62). Its full genome has been sequenced
and annotated at the Joint Genome Institute, and is now available at http://genome.
igi-psf.org/Hebcy2.home.htm for public information. Functional studies on the
symbiosis are carried out using transcriptomic and proteomic approaches, while the
fungus is still useful in secretomic studies and targeted analysis of secreted proteins
carried out to evaluate the controversial “saprotrophic potential” of symbiotic fungi
and their capacity to mobilise nutrients from forest soils. Its entire life cycle, from
spore to spore, can be obtained under in vitro conditions (Debaud and Gay 1987).
Just recently, a protocol has been developed for the establishing a symbiotic
interface between cultured ectomycorrhizal fungi and plants to follow fungal
phosphate metabolism (Becquer et al. 2017). It can easily be transformed using
Agrobacterium tumefaciens (Combier et al. 2003), and a collection of mutant
strains is available, including non-mycorrhizal ones (Combier et al. 2004).
Furthermore, the fungus harbors a dominant carboxin resistance gene (Hc.SdhR;
Ngari et al. 2009) that may be useful in development of selective media for the
fungus. Therefore, the fungus provides an excellent opportunity for studies on the
effect of agrochemicals (such as herbicides) on the biology of ectomycorrhizal
fungi.
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Fig. 61 Hebeloma cylinrosporum, an ectomycorrhizal fungus that is frequently and abundantly
born in autumn and easily located under pines and holm oaks in pastures of sandy soil. Its
descriptive characteristics are as follow: caps, 2–4 cm of diameter, at beginning convex, soon
flattened, slightly umbonate, margin slightly striated and somewhat incurved; cuticle, viscous in
wet weather, smooth, brown in the center with the lightest edge; stalks, cylindrical, relatively long,
of the same color or somewhat lighter than cap, and without appreciable remnants of the curtain,
when tearing it retains the sand; meat, thin, whitish with a weak smell; basidiospores (Source
Mythological Society Extremena, MICOEX, http://micoex.org/2016/09/17/hebeloma-
cylindrosporum/) (Color figure online)

Fig. 62 The basidiomycetous fungus, Hebeloma cylindrosporum associated with Pinus pinaster
as a model to infer the genetic and molecular bases of differentiation and functioning of the
ectomycorrhizal symbiosis (Source http://www.ecologiemicrobiennelyon.fr/)
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Effect of the Herbicides on Microbial Biological Control Agents

Effect of the Herbicides on Antagonistic Fungi

As Trichoderma spp. are the most important fungi applied in the biological control
of plant diseases, therefore, here we focus on the impact of herbicides on
Trichoderma spp. Studies with Clonostachys rosea 47 (CR47), Trichoderma
atroviride 59 (TA59), T. atroviride 312 (TA312), T. harzianum 24 (TH24),
T. longibrachiatum 9 (TL9), T. longibrachiatum 144 (TL144) and T. viride 15
(TV15) to evaluate their in vitro sensitivity to four herbicides (chlorsulfuron,
chlorotoluron, flufenacet and pendimethalin) indicated that except the isolate
TL144, none of the antagonists were sensitive from the stand point of their mycelia
radial growth inhibition in the presence of the herbicides applied at field doses.
Most antagonists did not exhibit any inhibition of conidial germination as the result
of herbicide fungitoxicity. The predisposing impact of diphenamid on the host has
been shown to be due to its adverse effect on soil microbial antagonists (Eshel and
Katan 1972). Meriles et al. (2006) transplanted bean (Phaseolus vulgaris L.)
seedlings to soil with previous corn crop residues, previous groundnut crop resi-
dues, and no agricultural soil, treated with a range of glyphosate concentrations.
Population dynamics of soilborne fungi Trichoderma, Gliocladium, Fusarium and
Pythium were monitored during a 24-day period after glyphosate treatment to study
the effects of the herbicide and previous crop residue on fungal populations. In
addition, those genera of soilborn fungi were tested to study in vitro fungitoxicity of
glyphosate. Independent on glyphosate concentration, the highest population of
Trichoderma spp. and Gliocladium spp. were noted on soil with previous corn
residue. Fusarium and Pythium populations increased proportionally to the increase
in glyphosate concentration. Glyphosate did not have any effect on Trichoderma
and Gliocladium populations. Trichoderma isolates can be adversely affected by
some herbicides commonly used for tea plantation (Islam et al. 2008). Among the
tested herbicides, Bimaster was the only one which completely inhibited the growth
of Trichoderma. Other herbicides including glyphosate, paraquat, kem-Amin and
butachlor also negatively affected the fungal growth in the media. As Trichoderma
isolates are of well-known antagonistic fungal microorganisms in tha soil, it is
necessary that to precisely manage the incorporation of these herbicides into the
soil. The in vitro effect of the herbicide ohinol 50 SC (50% napropamide) on
Trichoderma harzianum and in vivo influence on colony forming units per gram of
soil, also, the interaction between its quantity and the intensity of the root rot
disease induced by Rhizoctonia solani were studied by Gveroska (1999). Different
doses and methods were tested. The inhibition of dry biomass yield and radial
growth proportionally increased with the increase of the applied dose of the her-
bicide. The highest decreases of T. harzianum quantity was found in 0.2 g m−2

before +0.3 g m−2 herbicide application after sowing. The greater quantity led to
reduced intensity of the disease. The most suitable approach of Trichoderma
application with tobacco seedlings was determined as the sowing of the seeds
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already kept in pure culture of the biocontrol agent followed by after sowing
application of the herbicide in a dose of 0.5 g m−2 (Gveroska 1999). Additionally,
our simple experiments exhibit the possibility of the application of some of bio-
logical control agents such as Talaromyces flavus and various Trichoderma species
in integrated disease management programs synchronous to or following the
intelligent application of herbicides. Furthermore, our unpublished data from the
experiments with sethoxydim and Fusarium graminearum and Trichoderma isolate
No. 100 have well indicated that despite of the increased growth rate of
F. graminearum on herbicide-amended culture media, the pathogen is still amen-
able to the biological control with the Trichoderma isolate No. 100, inferring to
high capacity of its application in the integrated plant disease management pro-
grams against two major pathogens of wheat and rapeseed crops, namely F.
graminearum and Sclerotinia sclerotiorum. To apply herbicides, the positive effects
of some weeds shall also be considered, for example their role in the preservation of
the beneficial parasitoids useful in control of pests. An experiment with the com-
mercially available herbicidal formulation, Atlantis® OD 42 (mesosulfuron +
iodosulfuron) was performed in order to study its potential effect on the interaction
of the biological control fungus, Trichoderma asperelloides and the mycotoxigenic
fungal pathogen Fusarium graminearum on potato dextrose agar (PDA) medium
amended with the Atlantis® OD 42 to the final concentrations of 0, 50, 500, and
5000 ppm (Pakdaman and Elahifard, unpublished data). Interestingly, Atlantis®

OD 42 inhibited the growth of both fungi when it was applied at the highest
concentration (a dose higher than that recommended for field applications).
T. asperelloides could finally control the mycotoxigenic fungus in the presence of
lower concentrations of the herbicide (Fig. 63) under in vitro conditions (darkness,
26 °C). Also, the herbicide increased the pathogen resistance (R) and its linear
growth (p) parameter in the presence of T. asperelloides, and reduced Pakdaman’s
Biological Control Index (PBCI), an index already introduced to study the effect of
various biotic and abiotic factors (Pakdaman et al. 2013).

Fig. 63 Growth and
sporulation of Trichoderma
asperelloides over the
mycotoxigenic pathogen
Fusarium graminearum in
potato dextrose agar medium
amended with Atlantis®

OD 42 (500 ppm) (Source
Pakdaman and Elahifard,
unpublished data)
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In another study, it was shown that fungal strains from three genera including
Penicillium and Trichoderma could use an herbicide, metsulfuron-methyl (MM) as
a sole source of carbon and energy (Vázquez and Bianchinotti 1999). Among these
genera, Trichoderma isolates exhibited the highest capacity for using the herbicide.
These isolates could use the herbicide during their growth. Fungal spores could
germinate in the media containing MM and use it as a carbon and energy source.
These isolates were introduced as promising bioremediation agents (mycoremedi-
ants) to eliminate the herbicidal pollution from the environment (Vázquez and
Bianchinotti 1999). Trichoderma viride, in particular, has been found to be sensi-
tive to paraquat. The inhibitory effects were observed at concentrations well within
the range likely to be experienced in the field (Wilkinson and Lucas 1969). Romero
et al. (2014) indicated that a few soil fungi such as Gliocladium roseum, were able
to degrade one of the widely used herbicides, atrazine in both pure cultures and
polluted soil sediments. As atrazine residue in soil and water imposes lasting
environmentally noxious effects, using living microorganisms to degarade this
chemical would be promising in the removal of these pollutant residues from the
natural habitats.

Effect of the Herbicides on Antagonistic Actinobacteria and Bacteria

Actinobacteria with their capacity to produce a broad spectrum of antibiotics and
extracellular enzymes represent a high proportion of the soil microbial biomass
(Doumbou et al. 2001), especially in suppressive soils (Postma et al. 2008). As an
important part of soil microflora, actinobacteria are regarded as (i) a source of
agroactive biological compounds, (ii) a group of plant growth promoting soil
microorganisms, and (iii) tools for the biological control of plant diseases (Doumbou
et al. 2001; Palaniyandi et al. 2013). Taxonomy, physiology, and natural products of
Actinobacteria have recently been reviewed (Barka et al. 2016). Microbial com-
munity is significantly affected by the application of herbicides into the soil. When a
few herbicides including atrazine, Primeextra (a combination of atrazine plus
metolachlor), paraquat and glyphosate were incorporated into soil, bacterial, and
actinobacterial populations decreased immediately. However, the soil microorgan-
isms adapted to this chemical stress as their population was recovered over time
(Sebiomo et al. 2011a). Microorganisms degrade herbicides and they may serve as
bioindicators of soil changes following herbicide application. Simultaneously, the
numbers of actinobacteria and less so of fungi increase, indicating that these
microorganisms use herbicides as sources of biogenous elements. Rate of herbicidal
decomposition depends on the properties of the preparation applied, herbicide dose
as well as on the physical and chemical soil properties, soil moisture and tempera-
ture, ground cover, agrotechnical measures applied and the resident microbial
population (Milošević and Govedarica 2002). Some herbicides such as isoproturon
(Hussain et al. 2014), carfentrazone-ethyl (Tomkiel et al. 2015), sulfosulfuron
(Kucharski and Wyszkowska 2008), terbutryn (Zaid et al. 2014), carbetamide (Zaid
et al. 2014), propyzamide (Zaid et al. 2014), terbutryn + propyzamide (Zaid et al.
2014), metribuzin (Zaid et al. 2014; Hussain et al. 2014), Successor T (pethoxamid
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and terbuthylazine; Wyszkowska et al. 2016), ametryn (Bera and Ghosh 2013),
atrazine (Sebiomo et al. 2011b), Primextra (a mixture of atrazine plus metolachlor;
Sebiomo et al. 2011b), paraquat (Sebiomo et al. 2011b), glyphosate (Sebiomo et al.
2011b), and glufosinate (Pampulha et al. 2007) are of negative impact on the growth
of actinobacteria. Interestingly, hand weeding reduced actinobacterial populations
highly significantly, and its effect on actinobacteria was higher than terbutryn, but
less than that of other tested herbicides (Zaid et al. 2014). However, pre-emergent
herbicides atrazine, metsulfuron methyl, metolachlor, and anilofos were of no
negative impacts on soil actinobacteria in rain-fed maize field (Ramesh and
Nadanassababady 2005). Other herbicides, for instance sulfentrazone (Martinez
et al. 2008), glyphosate (in a dose of 2.16 mg kg−1 soil dry weight; Araújo et al.
2003), a mixture of diflufenican + mesosulfuron-methyl + iodosulfuron-methyl-
sodium (Baćmaga et al. 2015) stimulate the growth of actinobacteria. The stimu-
lation of the growth and development of actinobacteria by herbicides has been
known as a general phenomenon by Milošević and Govedarica (2002) occurring
with dimethenamide and metolachlor applied to sugarbeet (Govedarica et al. 2001),
prometryn applied to soybean and sunflower (Milošević and Govedarica 2001),
flumetsulam + trifluralin (Rival®), and alachlor + linuron (Linuron®), imazethapyr
and clomazone (Milošević and Govedarica 2002). The population of actinobacteria
did not increase significantly with any type or concentration of the employed her-
bicides including clodinafop propargyl 15% WP (applied at the rate of 400 g ha−1),
metribuzin 70% WP (applied at the rate of 300 g ha−1), isoproturon 75% WP (ap-
plied at the rate of 1333 g ha−1), mesosulfuron-methyl and iodosulfuron methyl
sodium (Atlantis® 3.6% WG, 400 g ha−1), Sulfosulfuron® 75% WG (applied at the
rate of 33.33 g ha−1), and UPH-110 54% WG (clodinafop propargyl and metribu-
zin) applied at the rates of 400, 500, 600, and 1000 g ha−1. At field recommended
dose, isoproturon (up to 15th day) and metribuzin (up to 7th day) reduced the
actinobacterial population but other treatments did not alter the populations.
UPH-110 was not of any significant impact at lower application rates, but it could
significantly depress actinobacterial populations at higher doses, persisting up to 7th
and 15th day of application. The toxicity of UPH-110 was directly correlated with its
dose of application (Hussain et al. 2014).

Paraquat (25 lg mL−1), pentachlorophenol (PCP, 25 lg mL−1), and picloram
(50 lg mL−1) inhibited Pseudomonas fluorescens, while nitralin (25 lg mL−1),
and gluphosate (Gloria 2010) stimulated its growth. Atrazine, diuron, trifluralin,
and fluometuron were found of no significant impact on P. fluorescens growth rate
when tested at the concentrations of 25, and 50 lg mL−1 (Breazeale and Camper
1972). Sulfometuron methyl (0.41 mM) was found more toxic to in vitro growth of
P. aeruginosa than P. fluorescens (93% compared to 33% growth inhibition; Burnet
and Hodgson 1991). Similarly, chlorsulfuron (0.56 mM) was of more toxicity to
in vitro growth of P. aeruginosa than P. fluorescens (93% compared to 24% growth
inhibition; Burnet and Hodgson 1991).
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Effect of Herbicides Through Their Interactions with Pesticides

Herbicides interact with each other as well as with other pesticides. Here, we focus
on the interactions of herbicides with other group of pesticides. Such interactions
may lead to synergistic, additive, neutral, or antagonistic effects on the pathogens,
vectors, as well as biological control agents. Therefore, these interactions can
influence plant disease incidence and severity.

Effect of Herbicides Through Their Impacts on the Antifungal Activity of Fungicides

Herbicides may have enhancing impact on the antifungal activity of the fungicides
applied in the chemical control of fungal plant diseases, and vice versa. The effect
of two herbicides (paraquat and simazine on the antifungal activity of two fungi-
cides (captan and mounsrin) against Rhizoctonia solani was studied. When the
herbicides paraquat and simazine were applied to soil they altered the effectiveness
of both fungicides in controlling R. solani, thus causing damping-off of cotton. Both
herbicides increased the toxicity of both fungicides against mycelial growth of the
fungus. In pot tests, seed/soil treatment with captan or mounsrin gave better control
of R. solani damping-off disease when the soil treated with paraquat or simazine
was compared to untreated soil. Captan was, however, found to be more effective in
controlling the disease than mounsrin (Awadalla and El-Refaie 1994).

The herbicides fluchloralin and alachlor applied to soil altered the effectiveness
of fungicide treatments to seed and soil for controlling cowpea damping-off. These
herbicides also modified the in vitro toxicity of the fungicides to the mycelial
growth of Pythium butleri and Rhizoctonia solani in a nutrient medium. Both
herbicides reduced the toxicity of 2-methoxyethylmercury chloride (MEMC) and
propamocarb to the growth of P. butleri, and of carbendazim to the growth of
R. solani, but enhanced the toxicity of captafol and quintozene to P. butleri and
R. solani, respectively. In pot tests, quintozene gave better control of R. solani
damping-off in soil treated with fluchloralin or alachlor than in untreated soil,
whereas disease control by carbendazim was decreased in similarly treated soils.
Both herbicides attenuated the effectiveness of MEMC and captafol applied to
control the damping-off caused by P. butleri. The efficacy of propamocarb was
increased by alachlor but was decreased by fluchloralin. The implications of her-
bicide-fungicide interactions are discussed in the context of fungicidal control of
root diseases in herbicide-treated soil (Kataria and Dodan 1982). In vitro studies
have proved the influence of herbicides on the toxicity of fungicides. Ward (1984)
found that glyphosate suppresses the anti-oomycotic activity of metalaxyl. Singh
et al. (1999) indicated the synergistic effect of fluchloralin on the toxicity of
matalaxyl against the oomycetous fungus-like Phytophthora, despite it reduced the
fungicidal activity of captafol. Singh et al. (1999) indicated that two pre-emergence
soil fungicides, fluchloralin and pendimethalin affected the in vitro toxicity of some
fungicides against pigeaon pea blight pathogen, Phytophthora drechsleri f. sp.
cajani. Both herbicides enhanced the antifungal activity of Apron® 35 WS, and
Ridomil® MZ-72, while reduced the fungitoxicity of captafol. Moreover, when
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combinations of the herbicides and pesticides were used, most of them (10 com-
binations) acted synergistically while only two combinations acted antagonistically.
The researchers concluded that these herbicides can be mixed with these fungicides
in order to efficiently achieve both herbicidal and fungicidal effect.

The combination of the fungicide cyproconazole and four herbicides DNOC
(dinitro-ortho-cresol), dicamba, ioxynil and bromoxynil were tested singly as well
as in mixtures against Rhizoctonia cerealis and Pseudocercosporella herpotri-
choides, and cyproconazole-herbicide mixtures exhibited synergistic activity
against both fungi in vitro as well as in bread wheat (Triticum aestivum L.), where
the level of synergism depended on the relative proportion of fungicide and her-
bicide components in the mixture (Kataria and Gisi 1990).

Effect of Herbicides Through Their Impacts on the Insecticidal Activity of
Insecticides

The search of literature for the interactive effect of herbicides and insecticides on
insect pests did not lead to any result. The only study on the interactive effects of
herbicides and insecticides have been carried out with the honey bee, Apis mellif-
era, where no additive/synergistic interaction was found with Advise®

(58.6 mg a. i. L−1 imidacliprid) + Roundup® (1217.5 mg a. i. L−1 glyphosate).
However, this does not mean the infeasibility of the incidence of herbicide-insec-
ticide interactive effects on insect vectors of plant diseases, and there are reports on
the direct entomotoxicity of at least some herbicides (Castilla et al. 2010).

Effect of Herbicides Through Their Impacts on the Nematicidal Activity of
Nematicides

The effects of nematicides carbofuran and fenamiphos and the herbicides metri-
buzin and trifluralin, alone and in combination, on hatching, penetration, devel-
opment, and reproduction of root knot nematode Meloidogyne incognita race 3 was
studied under laboratory conditions. To study hatching, entire egg masses were
exposed to nematicides (6 lg mL−1), herbicides (0.5 lg mL−1), and their combi-
nations over a 16 day period. The hatched juveniles were extracted and counted
every 24 h. Second-stage juveniles that hatched from day 6 to day 8 were used as
inoculum to determine the effect of the chemicals on penetration, development, and
reproduction of the nematode on tomato 4, 16, and 32 days after inoculation.
Fenamiphos, alone and combined with either of the herbicides effectively inhibited
hatching, therefore, it was not possible to get enough juveniles for post-infection
development studies. However, carbofuran, trifluralin, metribuzin, carbofuran
combined with either of the herbicides were of no impact on hatching, penetration,
and development of females, or reproduction. Apparently, the herbicides were of no
antagonistic effect on the nematicidal activity of both nematicides (Payan et al.
1987). Interestingly, while alachlor, vernolate, metribuzin, and trifluralin were of
pathancing effects on the population development of Heterodera glycines when
applied at recommended rates under field conditions (Bostian et al. 1986; Kraus
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et al. 1982), metribuzin and trifluralin improved the efficacy of aldicarb, when the
nematicide was combined with each of the herbicides (Kraus et al. 1982). The
combined application of the herbicide alachlor with phenamiphos led to reduced
efficacy of phenamiphos against the number of eggs of H. glycines. Also, linuron
and alachlor synergistically increased the nematicidal activity of aldicarb, where
application of the nematicide in bands was of higher impact than in furrow (Schmitt
et al. 1983). In an experiment with sugarcane plants grown in two irrigated, and
non-irrigated systems, no interaction was found between herbicides (diuron, ame-
trin, oxyfluorfen, and pendimethalin) and systemic nematicides (aldicarb, and ter-
bufos) in the sense of reducing nematicide efficiency, except in an irrigated
experiment for the number of stalks in herbicide treatments and the number of
stems and stalks in nematode treatments. Nematicides and herbicides did not affect
(Pol) and (PCC) levels at harvesting. However, a synergistic interaction between
nematicide and herbicide was found with Pratylenchus zeae in the rhizosphere in
irrigated system, where aldicarb and pendimethalin interactive effect brought down
the nematode population to the lowest rate (Barros et al. 2006). While incorporation
of Avadex® (40% diallate) into the soil at 3.5 L ha−1 just before planting led to high
levels of soil infestation with Heterodera schachtii in sugar beet field, the combined
application of the herbicide together with the nematicide Temik® 10 G (10%
aldicarb) applied at 10 kg ha−1 in the furrow at planting time resulted in the greatest
reduction in cyst production at all sampling dates (P = 0.05) and stabilized the
enhanced effect of Temik® 10 G against sugar beet cyst nematode (Kraus and
Sikora 1983). The pathancing effect of Avadex® has been attributed to its effect on
the lipid layer of the nematode egg shell (Perry and Beane 1989), the presence of
which was demonstrated by Perry and Trett (1986).

4 The Share of Herbicides in the Integrated Plant Disease
Management

There are two point of views in the control of plant diseases. One emphasizes on the
control of a disease on a plant species, and the other intends to control major
diseases of a plant in an area (Singh 2001). Here, a third view point is introduced,
that is to control of the diseases of crop plants that are grown in rotation in a given
area. While the previously introduced viewpoints focus on a crop, the new view-
point focus on the disease of the crops in a given altering agroecosystem wherein
different crops are grown in rotation. With an eye to what mentioned above, there
remains no doubt that herbicides, if intelligently chosen, can play an importantly
great role in the integrated plant disease management programs. With enough
ecological and toxicological information on the consequences of a special herbicide
application in an agricultural program, it will be possible to control weeds of the
grown crop in field and in the mean time, to reduce disease risks imposed by
different pathogens, and the population of vectors through the removal of their wild
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host plants. Herbicides can be selected in a manner that reduce the inocula of the
pathogens expected to be problematic for the current and/next crop due to be grown
in a given rotation program. All these will help farmers to reduce their costs for the
production of agricultural products, and will provide a way to diminish the prob-
ability of the rapid emergence of resistant pathogenic populations, and to reduce the
need for more repeated application of antimicrobials. Herbicides with a mode of
action different from that of fungicides can help in the decrease of fungal pathogen
population and the risk of fungicide-resistance development. The herbicides of
chemical structures other than those of antimicrobials are expected to be useful in
the control of the pathogenic microbes adapted to the pesticides (in its general
meaning) due to the increased activity of the plasma membrane transporters. It
seems possible to decrease population of some important pathogens through the
intelligent application of well-selected herbicides against weeds.

The formulation/and co-application of the herbicides together with the biological
control agents not only will help to control weeds but also will aid plant residue
management for pest and disease risk diminishment as well as recyclization of the
nutrients and their re-incorporation into soil environment for the preservation of soil
fertility. The application of mycoherbicides and other biological products may help
to the control of the plant diseases caused by the pathogenic microorganisms of
close taxonomic relationship, although their mixed application with chemical her-
bicides will ensure higher control output against resistance development in weeds.
The herbicides effective against necrotrophic pathogens but still allowing the
bioactivity of biological control agents are suitable for crop residue management.
Alternatively, such herbicides can be co-formulated/mixed with proper fungicides
that are more toxic to pathogens than biological control agents. However, more
studies are required in this neglected research area, and a research performed with
imazapic and the biocontrol fungus Pyrenophora semeniperda in order to control
winter annual grass, Bromus tectorum (Ehlert et al. 2014) well indicates the
necessity of further information required for the integrated control of weeds. The
compatibility of herbicidal formulation and biological control agents, the timing as
well as method of application, the host range of the biological control agent are
among important factors that determine the result. Herbicides effective against
pathogens or pests are of advantage and can lead to reduced control costs and
environmental damages such as soil erosion. Such a view point is expected to have
an effective impact in the subsequent conversion of disease conducive soils to
disease suppressive and or ideally composite soils, as has been discussed before
(Higa and Parr 1994).

With the herbicides like glyphosate, there are strategies to ameliorate their
predisposing effects on disease. These strategies include judicious selection of
herbicide application rates, micro-nutrient amendment, glyphosate detoxification in
meristematic tissues and soil, changes in cultural practices to enhance
micro-nutrient availability for plant uptake, and biological amendment with GR
microbes for nitrogen fixation and nutrient availability. Given that the recom-
mended doses of glyphosate are often many times higher than that needed to control
weeds, it is believed that the most prudent method to reduce the detrimental effects
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of glyphosate on GR crops will be to use this herbicide in as small a dose as
practically needed. Such a frugal approach will not only curtail disease predispo-
sition of GR crops, but will also benefit the grower and the environment. Toxicity
of glyphosate to Mn-reducing and synergistic nitrogen-fixing organisms in the
rhizosphere can have serious consequences for sustainability of legume production.
Regular inoculation of legume crops with synergistic nitrogen-fixing organisms
may be required in many areas for maximal productivity where extended applica-
tions of glyphosate have eliminated them from the soil profile. Development of
glyphosate-tolerant nitrogen-fixing and Mn-reducing organisms would be beneficial
in many of these situations, and especially for perennial Roundup Ready® legume
crops such as alfalfa (Huber et al. 2004).

There is little information on the precise effects of herbicides on the pathogens,
biological control agents, and their interactions under in vitro, in vivo, and in soilum
conditions. Such information is very essential for effective integrated management
of plant diseases as well as for the companies that intend to continuously improve
their products in the world of increasing concerns, knowledge, and competitive
marketing intensified by continuous decrease of agricultural lands due to increasing
population and climatic changes. It is a global need to not only preserve the current
fertility of agricultural lands but also increase the fertility of the ever-decreasing
available lands, and keep them free of pollutants. Finally, I want here to finish this

Fig. 64 An old Indian proverb that well indicates the way we should take for future (Source
http://www.geckoandfly.com/)
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chapter with an Indian proverb (Fig. 64) once I knew it by a poster on the wall in
the office room in Martin Luther University, Halle-Wittenberg, Halle (Saale),
Germany.
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