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In the last decades, the use of fungicides in agriculture for fungi diseases control has become crucial. Fungicide research has
produced a diverse range of products with novel modes of action. However, the extensive use of these compounds in the agriculture
system raises public concern because of the harmful potential of such substances in the environment and human health. Moreover,
the phytotoxic effects of some fungicides are already recognized but little is known about the impact of these compounds on the
photosynthetic apparatus. This paper presents a comprehensive overview of the literature considering different classes of fungicides
and their effects on plant physiology, with particular emphasis on photosynthesis.

1. Introduction

Fungicides are chemical compounds or biological organisms
that destroy or inhibit the growth of fungi or fungal spores
[1]. The use of fungicides for an effective control of plant
diseases has become crucial in the last decades in the
agriculture system since it is estimated that fungal infections
cause yield reductions of almost 20% of crops worldwide [1].
Due to their relatively low cost, ease of use, and effectiveness,
fungicides became the primary means of fungi control [2].
However, the extensive use of these compounds to control
fungal disease in plants raises the appearance of new strains
of pathogens that have become resistant to the available
commercial products [3].

Fungicide toxicity is not always restricted to the target
pest organism, having also been demonstrated in mammals
[4] including humans [5]. The extensive use of fungicides
in plant protection against fungal disease generates long-
term residues in food and in the environment [6, 7]. In the
annual EU report, EFSA (European Food Safety Authority),
where vegetables and fruits of 27 countries were surveyed
for pesticides contamination, the results highlighted that
dithiocarbamates are among the most common residual
contaminants. Thus, the abusive use of such compounds
in agriculture has mobilized public concern because of the

harmful potential of such substances in the environment and
in the food chain representing a risk for human health [6].

Most of the work dealing with the impact of fungicides
in agriculture is focused on their efficiency against fungal
pathogens or their residues in crops [6, 8]. Several reports
appoint that some fungicides may enhance plant defences
through phytoalexin synthesis and cell wall lignification or
stimulate enzymes involved in the synthesis of phenolic com-
pounds [8–10]. Others describe the putative protective role
of fungicides for crops against various types of stress. Wu and
Von Tiedemann [11] reported that triazoles protect Hordeum
vulgare and Arachis hypogaea against ozone exposure or
salt stress by stimulating antioxidative enzymes. Moreover,
azoxystrobin and epoxiconazole fungicides induced a delay
of senescence of Triticum aestivum mainly due to an enhance-
ment of the antioxidative potential protecting the plants
from harmful active oxygen species [11]. Muthukumarasamy
and Panneerselvam [12] described an induction of the syn-
thesis of photosynthetic pigments and proteins in fungicide-
exposed plants. However, few studies have addressed the
question of whether these products alter or inhibit phys-
iological and metabolic activities in the plant [3], and
the negative effects of some fungicides on photosynthesis,
pigment content, growth, and alterations in the reproductive
organs were poorly explored [7, 8]. The available data report



2 Journal of Botany

modifications on the CO2 assimilation and photosynthetic
efficiency [7, 8, 13–15]. Photosynthesis reduction strongly
conditions biomass production and growth rates, which are
strictly related with crop productivity and yield. Information
on fungicides effects on plant physiology (photosynthesis) is
crucial for the understanding of the underlying regulatory
mechanisms as a precondition to judge the phytotoxicity of a
compound. In this paper I present a comprehensive overview
of the literature considering different classes of fungicides
and their effects on plant physiology, with particular empha-
sis on photosynthesis. Finally, some general conclusions are
drawn.

2. Types of Fungicides

Fungicides that are used to control plant fungi can be applied
before infection to protect the plant from fungi invasion.
This type of fungicides have a protective action. Others can
be used to eliminate or eradicate an established infection.
Fungicides can be classified in two main categories: contact
(nonsystemic) and systemic fungicides.

2.1. Contact Fungicides. Contact fungicides have preventive
action by killing or inhibiting fungi or fungal spores before
the mycelia can grow and develop within the plant tissues
[16]. However, once the infection is established, this fungi-
cide may not have any function. Thus, this kind of fungicides
can be used only as protectants.

Inorganic copper compounds such as Bordeaux mixture
and copper carbonate and inorganic sulfur in the form of
elemental sulfur and lime sulfur are some examples of the
main contact fungicides available for plant protection [3].
Within the organic contact fungicides, for example, dialk-
yldithiocarbamates, which include the fungicides thiram,
ferbam, and ziram, are a group of fungicides with a high
role in the worldwide control of plant diseases since they
are generally more effective and less toxic than the inorganic
compounds (e.g., sulfur and copper fungicides) [4, 17].
These multisite inhibitors have several kinds of toxic action
in fungal cells such as metal chelation, mixed disulfide
formation, and transport of heavy metals across mem-
branes. Dialkyldithiocarbamates inhibit a wide range of
fungal enzymes, but the pyruvic dehydrogenase system is
particularly sensitive to these fungicides [4]. Another group
of organic contact fungicide widely used is the ethylenebis-
dithiocarbamates, which include zineb, maneb, metiram,
and mancozeb. The mode of action of this type of fungi-
cide differs from that of the dialkyldithiocarbamates: they
undergo transformation to ethylenediisothiocyanate, which
inactivates thiol groups of enzymes and metabolites in fungal
cells.

Contact fungicides are inexpensive and fungal resistance
rarely occurs. Therefore, they are still widely used for plant
disease control even though many newer, more potent sys-
temic fungicides have been developed

2.2. Systemic Fungicides. The other category of fungicides,
systemic fungicides, are absorbed by the plant and carried by

translocation to the site of infection. These kind of fungicides
can kill the fungus after the mycelia has penetrated the
parenchyma of the plant tissue, stopping the dispersal or
infection within the plant [16]. Systemic fungicides can be
used as protectants, eradicants, or both and are the most
recently developed and the most promising type of fungicide
for the future [3]. However, since systemic fungicides usually
have a very specific site of action in the target fungus,
fungi may readily develop resistance to them if they are not
managed appropriately.

Systemic fungicides comprise a wide group of com-
pounds with several modes of action. For example, the largest
and most important group of systemic fungicides used
to control plant fungal diseases is the dicarboximide. The
mode of action of this fungicide seems to be related to the
inhibition of triglyceride biosynthesis in the fungi [18]. The
dicarboximide fungicides, iprodione, procymidone, vinclo-
zolin, chlozolinate, and metomeclan are particularly valuable
for the control of plant diseases caused by species of Botrytis,
Sclerotinia, Monilinia, Alternaria, Sclerotium, and Phoma.

Benzimidazoles are a group of organic fungicides with
systemic action that are also extensively used in agriculture.
These types of compounds control a broad range of fungi at
relatively low application rates [19]. For example, benomyl is
one of the most effective and extensively used benzimidazoles
in crop protection [3]. The benzimidazoles benomyl, car-
bendazim, and thiabendazole and the phenylcarbamate diet-
hofencarb specifically interfere with the formation of micro-
tubules, which function in a variety of cellular processes,
including mitosis and maintenance of cell shape. These
fungicides bind specifically to protein subunits called tubulin
and prevent their assembly to form microtubules [20].

Since their introduction in the 1960s, systemic fungicides
have gradually replaced the older nonsystemic products,
establishing higher levels of disease control and developing
new fungicide markets [1]. Compared with the nonsystemic,
systemic fungicides are approximately twice as valuable in
terms of sales [21].

3. Plant Physiological Responses to
Fungicide Exposure

The widely accepted assumption that fungicide has low
phytotoxicity has started to be outdated with the publication
of more detailed analysis at the cell level that demonstrated
several damages at the photosynthetic apparatus (e.g., [7,
8, 15]). Some reports appointed that application of fungi-
cides has consequences on plant physiology, such as grow
reduction, perturbation of reproductive organ development,
alteration of nitrogen, and/or carbon metabolism [8]. This
former physiological trait is fundamental for plant culture
and is reflected by both photosynthetic rate and mobilization
of carbohydrate reserves [7]. Physiological studies after
fungicide application on several species reported modifi-
cations of both photosynthetic activity and chlorophyll a
fluorescence [2, 8, 15, 22, 23]. Decreased CO2 assimilation in
fungicide-treated plants has been attributed to both stomatal
(due to stomatal closure) [2] and nonstomatal effects due to
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a disruption in the capacity of RuBisCO carboxylation, de-
crease of RuBisCO content, and/or reduction of the ribulose
1.5 bisphosphate regeneration [7, 24].

Net CO2 assimilation reductions accompanied by chang-
es in stomatal conductance and intercellular CO2 concen-
tration were reported in Malus domestica and Cucumis
sativus after fungicide application [2, 15]. The application of
a nonsystemic fungicide, fludioxonil, in Vitis vinifera induced
a decrease in net CO2 assimilation and in the intercellu-
lar CO2 concentration but stomatal conductance was not
affected [7]. In another study reported by Saladin et al.
[8], the application of the same fungicide, fludioxonil,
and a systemic fungicide, pyrimethanil, in in vitro plants
and fruiting cuttings of Vitis vinifera promoted different
physiological responses: in in vitro plants, both fungicides
decreased net CO2 assimilation, transpiration rate, stomatal
conductance, and intercellular CO2 concentration; in the
fruiting cuttings, the fungicides did not affect CO2 exchange
neither transpiration rates.

Some reports suggested that the systemic fungicide stro-
bilurin may improve the water status and stress management
of plants under conditions of drought stress [25, 26]. Nason
et al. [24] showed that the application of beta-methox-
yacrylate, a strobilurin fungicide, improve the water use effi-
ciency only in well-watered Triticum aestivum and Hordeum
vulgare plants. However, when these plants are under
drought stress, strobilurin strongly reduces net CO2 assim-
ilation, intercellular CO2 concentration, transpiration rate,
and rate of stomatal conductance to water. In this study, net
CO2 assimilation reduction seems to be related to stomatal
conductance decrease. It is possible that stomata respond
to strobilurin-induced changes in mesophyll photosynthesis
either by sensing changes in the intercellular CO2 concen-
tration or by responding to the pool size of an unidentified
C-fixing substrate. It is also possible that the effects of
strobilurin fungicides are mediated via ABA-based chemical
signaling [24].

The analysis of several chlorophyll a fluorescence param-
eters of plants treated with fungicides [2, 15, 22, 23, 27]
demonstrated that light reactions of photosynthesis are also
sensible to fungicide exposure. Bader and Abdel-Basset [27]
showed, for the first time, that fungicides of the triforine type
(a systemic and contact fungicide) strongly inhibit electron-
transport reactions of chloroplasts. Moreover, the applica-
tion of systemic fungicides, benzimidazoles and triazole, and
a dithiocarbamate contact fungicide affected the effective
quantum yield of PSII (ΦPSII) as well as the maximal
quantum efficiency of PSII (Fv/Fm). This reduction was
attributed to the decrease in photochemical quenching (qP)
[2, 15, 23]. In Glycine max, strobilurin fungicides application
reduced the ratio of Fv/Fm [24]. Strobilurin fungicides seem
to block the transport of electrons between PSII and PSI
by binding to the Qi site of the chloroplast cytochrome bf
complex [24].

Since plants depend on photosynthesis to assimilate
carbon for further growth and overall vigor, photosynthesis
impairment has negative consequences in plant biomass
production and yield. Several reports support a decrease in
biomass production in fungicides-treated plants: benomyl,

a systemic fungicide, reduced the growth of Gossypium
hirsutum, Helianthus annuus, Cucumis sativus, Lactuca sativa,
and Pinus taeda [3, 13]. Moreover, the application of car-
bendazim (systemic benzimidazole fungicide) in Nicotiana
tabacum affected negatively plant biomass [3].

Pigment biosynthesis is appointed by Ahmed et al. [13] to
be inhibited by the systemic fungicide, benomyl. This fungi-
cide induces a considerable reduction on the chlorophyll a,
chlorophyll b, carotenoids, and the total pigments content
of Helianthus annuus plants [13]. Similarly, the treatment of
Vitis vinifera with fludioxonil and Nicotiana tabacum with
carbendazim also decreases the chlorophyll and carotenoid
content [3, 8]. Mihuta-Grimm et al. [28] and Van Iersel and
Bugbee [23] reported leaf chlorosis after benomyl application
on Impatiens walleriana, Cucumis sativus, Celosia plumose,
Petunia hybrid, and Lycopersicon esculentum.

Modifications of dark respiration were reported after
mancozeb (contact fungicide) and flusilazol (systemic fungi-
cide) application in Malus domestica [15]. The increase in
dark respiration can be explained by additional energy
requirement, metabolic breakdown of the compound,
and/or activation of the alternative, cyanide-insensitive, res-
piration. Curiously, the treatment with strobilurin fungicides
induced different responses: while in Triticum aestivum and
in Spinacia oleracea plants respiration was inhibited [25, 29],
in Triticum aestivum dark respiration was reduced [24].

4. Conclusion

The available studies in the literature have demonstrated that
fungicide application impairs photosynthesis. However, the
reports available are in general based on few physiological
parameters using a large variety of plant species and different
types of fungicide leading in some cases to controversial
results that jeopardize a comprehensive knowledge of the
main photosynthetic targets of fungicides. Thus, future
investigation on the subject should be considered in order
to produce more reliable data to identify fungicide photo-
synthetic targets and build a comprehensive model of the
physiological response of plant exposed to fungicides.

It is expected that fungicides remain an essential tool for
plant disease management and will continue to play a crucial
role in optimizing yields from the world crops. Therefore, the
development of new compounds with lower negative impact
in plant physiology is a future challenge. This will provide
benefits not only for plants yield but also for the environment
and human health.
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