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ABSTRACT - Herbicides that inhibit the enzyme protoporphyrinogen oxidase (PROTOX) are
usually effective to control dicotyledonous weeds and their agronomic efficacy is affected by
environmental and physiological factors. The objective of this review is to summarize the
knowledge of those factors available in the scientific literature in the last decade.
Environmental factors that influence PROTOX inhibitors include temperature, irradiance
and relative humidity. The most relevant physiological factors are the activity of enzymes
that can detoxify herbicides and also of enzymes that mitigate the effects of oxidative stress
in plants. The study also suggests some possible management strategies that could optimize
the activity of PROTOX-inhibiting herbicides.
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RESUMO - Herbicidas inibidores da enzima protoporfirinogênio oxidase (PROTOX) têm eficácia no
controle de plantas daninhas dicotiledôneas e a eficiência agronômica deles é influenciada por fatores
ambientais e fisiológicos. O objetivo desta revisão foi sintetizar o conhecimento disponível na literatura
científica mundial, na última década, sobre esses fatores. Entre os fatores ambientais que afetam
esses herbicidas, destacam-se a temperatura, a irradiância e a umidade relativa do ar. Em se tratando
dos fatores fisiológicos, destaca-se a presença de enzimas, as quais podem detoxificar os herbicidas
ou aliviar os efeitos do estresse oxidativo em plantas. Por fim, apresentam-se algumas estratégias de
manejo para otimizar a atividade dos herbicidas inibidores de PROTOX.

Palavras-chave:  temperatura, irradiância, umidade relativa do ar, enzimas.

INTRODUCTION

Herbicide efficacy may vary according to
environmental conditions. In summer, during
the first hours of the day, the usual conditions
are reduced temperatures, low light intensity
and high relative humidity, when compared
to the conditions shortly after noon (Cieslik
et al., 2013). In addition to environmental
aspects, the physiological condition of weeds
can affect the herbicide efficacy due to the
presence of enzymes responsible for herbicide

detoxification or for antioxidant metabolism in
plants, which can compromise the agronomic
performance of the products. Each of these
factors, alone or together, can improve or
impair the effectiveness of herbicides.

Herbicides inhibitors of the enzyme
protoporphyrinogen oxidase (PROTOX) are
products not systemic that control broadleaved
weeds. The PROTOX enzyme is found in
chloroplasts and mitochondria of plant cells.
This is the last enzyme common on the
pathway to the biosynthesis of chlorophyll and



MATZENBACHER, F.O. et al.

Planta Daninha, Viçosa-MG, v. 32, n. 2, p. 457-463, 2014

458

heme compounds; therefore, its inhibition can
alter the production of both groups of chemicals.
Within plant cells, these herbicides cause the
accumulation of compounds which interact
with light and oxygen (photodynamic
compounds) to produce highly reactive oxygen
species, mainly singlet oxygen (Hess, 2000).

Globally, herbicides inhibitors of the
PROTOX enzyme are comprised of various
chemical groups and molecules which
have been commercialized since the 1960s
(such as nitrofen and sulfentrazone), and
there have been new releases to date
(e.g. saflufenacil). PROTOX inhibitors can
be applied at pre-emergence of plants
(e.g. flumioxazin, oxadiazon, oxyfluorfen,
and sulfentrazone) or post-emergence of
weeds (e.g. acifluorfen, fomesafen, lactofen,
carfentrazone, flumiclorac, and fluthiacet)
(Falk et al. 2006, Senseman, 2007). To
mitigate the problems of weeds resistant to
glyphosate and other herbicides, PROTOX-
inhibitors tend to be used largely in agriculture
worldwide.

The objective of this review was to describe
the main factors that affect the action of
PROTOX-inhibiting herbicides when applied
on post-emergence of weeds. As much as
possible, the review was focused on papers
published in the last decade.

ENVIRONMENTAL FACTORS

Temperature

High temperatures favor the activity of
PROTOX inhibitors (Li et al., 2000; Fausey &
Renner, 2001; Price et al., 2004; Hatterman-
Valenti et al., 2011.) For example, in
experiments using flumiclorac and fluthiacet,
it was found that a temperature rise from
10 oC to 40 oC increased weed control under
greenhouse conditions. At 40 oC, flumiclorac
was more effective to control Chenopodium
album and Amaranthus retroflexus than at
10 oC. At high temperature, the herbicide
fluthiacet was three times and twice more
effective to control C. album and A. retroflexus,
respectively, compared to the results observed
at 10 oC (Fausey & Renner, 2001). Similarly,
control of Ipomoea lacunosa was greater when
acifluorfen was applied at temperatures of

35/26 oC (day/night), compared to
temperatures of 27/18 oC (Oliver & Lee, 1982).

Improved herbicide efficacy as a result
of temperature rise can be detrimental to a
crop because it tends to reduce herbicide
selectivity. In fact, greater action of
flumioxazin occurred in Arachis hypogaea
seedlings when the temperature rose from
15 to 25 oC (Price et al., 2004). In addition, a
rise in temperature from 15 to 34 oC resulted
in reduced height of soybean plants treated
with sulfentrazone (Li et al., 2000).

There are at least two reasons why high
temperatures, within limits, favor the action
of PROTOX-inhibiting herbicides. Firstly, high
temperatures favor herbicide absorption as a
result of changes in the composition and the
permeability of the cuticle. For example,
Abutilon theophrasti plants treated with
acifluorfen at temperatures of 20/15 oC (day/
night) exhibited 70% higher deposition of
epicuticular wax on the leaf surface than
plants under temperatures of 32/22 oC
(Hatterman-Valenti et al., 2011). The same
study demonstrated that higher temperatures
alter the composition of the cuticle,
reducing ester content by 25% and increasing
hydrocarbon content by 11%. Reduction of the
wax deposition was correlated with higher
efficacy of PROTOX-inhibiting herbicides when
temperature rose, confirming the hypothesis
of better herbicide efficiency as cuticle
composition changed. This study also showed
that when temperature rose from 20/15 oC
(day/night) to 32/22 oC, there was a 25%
increase in the absorption of acifluorfen
applied alone and 99% increase in such
absorption when acifluorfen was applied with
oil-based surfactant (Hatterman-Valenti et al.,
2011).

The second reason why temperature
influences herbicidal activity is due to the fact
that temperature is directly associated
with the chemical reaction rate. Therefore,
photosynthesis, plant metabolism, plant
growth, and plant development are dependent
on temperature. Temperature also influences
evapotranspiration, thus it affects the water
condition of the plants, cuticle hydration, and
mineral absorption (Zanatta et al., 2008). At
high temperatures, the flow of herbicide
absorption is favored due to reduced viscosity
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of the cuticle waxes and increased rate of
herbicide diffusion through the cuticle. When
high temperatures are associated with high
values   of relative humidity, there is strong
hydration of the cuticle, which also favors the
absorption and the efficacy of PROTOX
inhibitors (Price, 1983).

The hypothesis that high temperatures
increase the action of PROTOX inhibitors is
not always valid (Harrison & Peterson, 1999).
In fact, protein denaturation occurs at very
high temperatures. Each plant species has an
optimum temperature for tissue development.
For example, plants of winter species Brassica
oleracea were less sensitive to oxyfluorfen at
a temperature of 20 to 25 oC, compared to
temperatures of 10 to 15 oC (Harrison &
Peterson, 1999).

In summary, high temperatures
within a  range that does not harm plant
metabolism, promote the activity of PROTOX-
inhibiting herbicides. Two reasons why high
temperatures improve the efficiency of these
herbicides are the reduced viscosity of the
cuticle (which favors herbicide absorption) and
the high rate of chemical reactions (which
enhances translocation of the products).

Irradiance

High light intensity favors the efficacy of
PROTOX inhibitors (Fausey & Renner, 2001;
Hwang et al., 2004; Camargo et al., 2012).
Flumiclorac was nine times more effective
to control C. album at light intensity of
1,000 μmol m-2 s-2 than at 4 μmol m-2 s-2.
This herbicide was 15 times more effective in
A. retroflexus at the higher irradiance
condition compared to the lower one. Fluthiacet
was also more effective to control these two
species at light intensity of 1000 μmolm-2 s-2,
as compared to the results observed at
4 μmol m-2 s-2 (Renner & Fausey, 2001).

An experiment conducted in growth
chambers at 30 oC, kept in the dark, showed
that an experimental PROTOX inhibitor
(EK-5385) did not affect the seedlings of
Echinochloa crusgalli var. oryzicola (Vasing)
when compared to the herbicide-free seedlings
(Hwang et al., 2004). However, the herbicide
reduced the shoot growth of E. crusgalli by 30%
when the photosynthetically active radiation

(PAR) was 50 μmol m-2 s-2. Similarly, the
herbicides oxadiazon and oxadiargyl also
reduced the growth of E. crusgalli in the
presence of light and were ineffective in the
dark (Hwang et al., 2004).

Weed control by PROTOX inhibitors is
favored in the presence of light due to
herbicide mode of action. Thus, after the
inhibition of the PROTOX enzyme,
protoporphyrinogen is accumulated in the
chloroplast. It leaks into the cytoplasm, is
spontaneously oxidized to protoporphyrin IX
and, in the presence of light, produces singlet
oxygen. This compound is a free radical, has
a high oxidative power, and promotes the
peroxidation of fatty acids, with subsequent
destruction of cell membranes. When
compared to ideal light intensity, low light
conditions reduce the amount of free radicals
produced, and decrease the harmful effects of
PROTOX inhibitors to plants (Krämer &
Schirmer, 2007).

The hypothesis that increased light
intensity boosts the efficacy of PROTOX-
inhibiting herbicides is not always valid
(Thompson & Nissen, 2002; Hatterman-
Valentine et al., 2011). It was found that
keeping plants in the shade before the
herbicide application favors the action of
PROTOX inhibitors (Thompson & Nissen,
2002). Thus, soybean plants that were placed
in an environment with 80% shade for five
days before the application of sulfentrazone
showed up to 40% more injury than those
exposed to 100% irradiation. Wheat plants
showed up to 18% more injury when at 80%
shading, compared to plants grown under
standard irradiation. In addition, maize plants
placed in an environment with 80% shading
showed 9% more injury compared to a
situation without shading (Hatterman-Valenti
et al., 2011). At field conditions, crops with
canopy higher than the weeds change the
irradiation condition of the plants, thus
affecting the efficacy of PROTOX inhibitors.

Relative humidity

High relative humidity of air (RH) favors
the efficiency of PROTOX-inhibiting herbicides
(Wichert et al., 1992; Shaw et al., 2000;
Hatterman-Valenti et al., 2011). The control
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of Xanthium strumarium and Ambrosia
artemisiifolia with acifluorfen was 30%
higher when it was applied on plants at RH
of 85% compared to the condition of 50%
RH (Ritter & Coble, 1981). The herbicides
acifluorfen, fomesafen, and lactofen sprayed
on plants of Sida spinosa, Ipomoea lacunosa,
X. strumarium, and Ipomoea hederaceae var.
integriuscula Gray. showed better efficacy
when the weeds were at 85% RH, compared to
the condition of 50% RH (Wichert et al., 1992).
Likewise, when the efficacy of acifluorfen was
assessed on experiments conducted for two
consecutive years, it was found that there was
greater control of X. strumarium in the year
when RH was higher (Shaw et al., 2000).

The reasons why increased RH favors the
efficacy of PROTOX inhibitors include: high
hydration of the cuticle, because it favors
herbicide absorption; and high plant metabolic
activity, as it favors the translocation of the
compounds. Indeed, the translocation of
acifluorfen in Crotalaria spectabilis increased
fourfold when the RH increased from 40 to
100% (Wills & Mcwhorter, 1981).

Increased soil moisture also promotes the
efficacy of PROTOX inhibitors (Hatterman-
Valenti et al., 2011). Conversely, situations of
water stress decreased the absorption of
acifluorfen, for instance. Water stress caused
by the drastic reduction in soil moisture
increases the thickness of the leaf cuticle, as
a way to prevent water loss by the plant. The
cuticle of plants under water stress was
50-80% thicker compared to situations of
adequate soil moisture (Hatterman-Valenti
et al., 2011).

PHYSIOLOGICAL CONDITIONS OF PLANTS

The efficicacy of PROTOX inhibitors is
influenced by at least two different enzymatic
mechanisms: enzymes responsible for
herbicide detoxification and enzymes
associated with the mitigation of oxidative
stress. The expression of these enzymes in
the activity of PROTOX inhibitors will be
addressed separately.

Herbicide detoxification enzymes

The differences in herbicide detoxification
rates between crops and weeds are one of the

main determinants of their selectivity on the
former plants. The enzymes involved in the
detoxification of PROTOX inhibitors belong to
the family of glutathione-S-transferase (GST)
(Geoffroy et al., 2002; Andrews et al., 2005).
The enzymes GST are present in the
cytoplasm of the plant cell and are part of a
coordinated route of detoxification of
endogenous and exogenous compounds. They
are responsible for the catabolism of a large
number of herbicides. In some crops and weed
species, the GST enzymes can detoxify
herbicides through conjugation to glutathione,
with subsequent compartmentalization inside
the cell vacuole. However other chemical
conjugates can be exuded by the plant roots
(Schroder et al., 2007.) For instance, soybean
tolerance to acifluorfen is due to the herbicide
detoxification by GST. It was found that up to
95% of acifluorfen absorbed by soybean plants
was conjugated to homoglutathione by GST in
less than 24 hours after herbicide application
(Brake et al. 1983). Oxyfluorfen and fomesafen
increased GST activity 2.3 times in soybean
tissues compared to water controls (Andrews
et al., 2005). GST activity increased 76% in
Scenedesmus obliquus plants when sprayed
with 22.5 μL-1 oxyfluorfen, compared to the GST
activity of untreated plants (Geoffroy et al.
2002).

Enzymes that mitigate oxidative stress

The activity of antioxidant enzymes can
minimize the effect of PROTOX inhibitors by
reversing oxidative stress caused by the
herbicide. Normally, plants have defense
systems against oxidative stress, called the
Halliwell-Asada pathway. This biochemical
pathway is able to reduce the presence of
reactive oxygen species. The antioxidant
system of plants includes membrane-
associated lipophilic compounds; water-soluble
reducing agents, such as ascorbate (vitamin
C); antioxidant enzymes, such as superoxide
dismutases (SOD), catalase (CAT), peroxidases
(POD), ascorbate peroxidase (APX), glutathione
peroxidase (GPX), and glutathione reductase
(GR) (Gullner & Dodge, 2000; Geoffroy et al.,
2002, Sugiyama & Sekiya, 2005; Jung et al.,
2008).

The role of the impact of the antioxidant
system on PROTOX inhibitor action is complex.
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On one hand, unfavorable environmental
conditions may exacerbate the production of
reactive oxygen species, which would improve
the activity of these herbicides. Conversely,
environmental conditions that limit the
absorption of PROTOX inhibitors may also
reduce herbicidal efficacy by the activity of the
antioxidant enzymes. Also, PROTOX inhibitors
may reduce their action because they can
increase the activity of SOD, CAT, POX, APX,
and GR enzymes as a way to mitigate the
oxidative stress (Gullner & Dodge, 2000;
Geoffroy et al., 2002; Sugiyama & Sekiya,
2005; Jung et al., 2008). For example, rice
plants (Oryza sativa) treated with PROTOX
inhibitors of various chemical groups
(acifluorfen, oxyfluorfen, carfentrazone-ethyl,
and oxadiazon) showed higher activity of
SOD, CAT, POX, APX, and GR (at least 60, 17,
240, 68, and 43%, respectively), compared to
untreated plants (Jung et al., 2008). In another
study, the activity of CAT, APX and GR were
stimulated at 96, 29, and 47%, respectively,
in S. obliquus, when treated with 22.5 μL-1 of
oxyfluorfen, compared to untreated plants
(Geoffroy et al. 2002).

Another important component of the
mitigation of oxidative stress is the tripeptide
glutathione (γ-L-glutamyl-Lcysteinyl-L-glycine
or GSH), which may be conjugated to herbicide
molecules and subsequently stored in the
vacuole of plant cells and away from the site
of action in the chloroplast (Vidal, 2002). For
instance, the levels of GSH evaluated
three days after the application of acifluorfen
to leaf discs of Pisum sativum var. Meteor.,
at rates of 10 and 100 μM, increased by 75
and 300%, respectively (Gullner & Dodge,
2000).

In legumes, however, homoglutathione
(hGSH) replaces all or part of GSH to conjugate
with xenobiotics or herbicides. To test the
hypothesis that the synthesis of hGSH may
increase the tolerance of plants to PROTOX
inhibitors, transgenic Nicotiana tabacum plants
were produced which synthesize hGSH in the
cytosol. Indeed, these plants were more
tolerant to acifluorfen than wild plants that did
not synthesize hGSH (Sugiyama & Sekiya,
2005). In summary, the experimental results
currently available support the hypothesis
that increased expression of antioxidant

enzyme mitigates the stress caused by
PROTOX inhibitors. Similarly, the presence or
GSH or hGSH is also involved in decreased
effectiveness of these herbicides.

INTERACTION OF FACTORS

Temperature, relative humidity and high
irradiance favor the agronomic effectiveness
of PROTOX inhibitors. However, in the field
these factors can not be separated from each
other and must be considered for choosing the
best time of herbicide application, in order to
optimize their activity (Cieslik et al., 2013;
Queiroz et al., 2013). The activity of flumiclorac
or fluthiacet, when applied at 6:00 am in the
morning, was 17 and 33% higher, compared
to the effects of the herbicides applied at
2:00 pm or 10:00 pm, respectively. Control
of C. album was higher when the herbicides
were applied at 6:00 am or 2:00 pm, as
compared to application at 10:00 pm. However,
A. retroflexus had a greater control by
fluthiacet and flumiclorac when applied at
2:00 pm, compared to herbicide applications
at 6:00 or 10:00 pm. Environmental conditions
at 6:00 am had reduced temperatures
and high relative air humidity, whereas at
2:00 pm the environmental conditions
included high light intensity and high
temperature, and low relative humidity
(Fausey & Renner, 2001).

One way to minimize the impact of
unfavorable environmental conditions is
the application technology, especially the
use of adjuvants. Compared to saflufenacil
application alone, adjuvants in combination
with this herbicide increased the control
of  Convolvulus arvensis, Lactuca serriola,
Lamium amplexicaule, Capsella bursa-pastoris,
and Taraxacum officinale (Knezevic et al.,
2010). In another study, greater control by
saflufenacil applied with adjuvants was
associated with increased absorption of
saflufenacil in Fagropyrum esculentum,
Brassica oleracea, and Brassica napus
compared to herbicide application alone
(Ashigh, 2010).

To avoid the selection of weeds with
ability to detoxify herbicides or to mitigate the
effects of oxidative stress, one of the
recommendations is the herbicide rotation or
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the mixtures of herbicides with different
mechanisms of action. However, associations
of PROTOX inhibitors with herbicides from
other mechanisms can cause synergistic
action (Waggoner et al., 2011; Camargo et al.,
2012) or antagonistic action (Westberg & Coble,
1992; Buehring et al., 2006). Synergistic
herbicide effect can be illustrated by the
association of saflufenacil with glyphosate, as
it controlled 95% of glyphosate-resistant
Conyza canadensis, whereas saflufenacil
or  glyphosate alone controlled 65 and
46%,  respectively (Waggoner et al., 2011).
Conversely, mixtures of acifluorfen with
cyhalofop-butyl were antagonistic because they
reduced the control of Echinochloa crusgalli by
up to 27% (Buehring et al., 2006). Antagonism
was also demonstrated for the association of
acifluorfen with fenoxaprop-P-ethyl, which
reduced by 20% the control of E. crusgalli,
when contrasted to the effect of each
herbicide sprayed alone (Buehring et al.,
2006). Foliar absorption and translocation of
14C-chlorimuron after application on Xanthium
strumarium was reduced by up to 10%, when
combined with acifluorfen (Westberg & Coble,
1992).

In synthesis, environmental conditions
determine the efficacy of PROTOX-inhibiting
herbicides. Similarly, physiological conditions,
especially the activity of certain enzymes,
impact the efficacy of PROTOX inhibitors.
Many studies have investigated the effect of
the aforementioned factors individually.
However, these factors interact with one
another in the field. The technologies
developed to mitigate the adverse impact of
these factors on the activity of PROTOX
inhibitors include adjuvants and herbicide
mixtures. There should be further studies to
integrate this knowledge in order to enable
the development of other strategies to
optimize the activity of PROTOX-inhibiting
herbicides.
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