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Abstract Mancozeb (MZ), a mixture of ethylene-bis-

dithiocarbamate manganese and zinc salts, is one of the

most widely used fungicides in agriculture. Toxicologic

studies in mammals and mammalian cells indicate that this

fungicide can cause neurological and cytological disorders,

putatively associated with pro-oxidant and apoptotic

effects. Yeast adaptation to sub-inhibitory concentrations

of MZ has been correlated with oxidative response, pro-

teins degradation, and energy metabolism, and its main

effect on yeast has been attributed to its high reactivity

with thiol groups in proteins. Herein, we show that acute

MZ treatments on aerobic exponentially growing yeast of

wild type (BY4741) and deletion mutant strains, coupled

with multiplex flow cytometry analysis, conclusively

demonstrated that MZ displays the typical features of pro-

oxidant activity on Saccharomyces, elevating mitochon-

drial ROS, and causing hyper-polarization of mitochondrial

membranes leading to apoptosis. A drastic reduction of

cellular viability associated with the maintenance of cell

membrane integrity, as well as phosphatidyl serine

externalization on yeast cells exposed to MZ, also supports

an apoptotic mode of action. Moreover, abrogation of the

apoptotic response in yca1 deficient mutants indicates that

metacaspase-1 is involved in the programmed cell death

mechanism induced by MZ in yeast.
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Introduction

Mancozeb (MZ) is an agricultural fungicide formed by a

mixture of manganese and zinc salts of the organosulfur

compound ethylene-bis-dithiocarbamete (EBDC). The

broad spectrum of MZ against phytopathogenic fungi has

led to the wide application of this fungicide in agriculture

worldwide, particularly on several fruits, including vine-

yards [1]. Despite its relatively low acute toxicity and

limited environmental persistence, acute exposure to MZ

and other dithiocarbamates has been putatively linked to

adverse effects such as skin diseases, immune disorders,

neurotoxicity, and Parkinson’s Disease, as well as several

forms of cancer [2–6].

Experimental data using mammalian cell lines indicate

that MZ induces mitochondrial dysfunction, DNA dam-

age, and apoptosis in rat cells [5, 6], as well as in human

lymphocytes [7]. These effects have been associated with

MZ’s pro-oxidant activity [5, 6, 8]. Although not com-

pletely understood, the mode of action of MZ on mam-

malian cells has been attributed to both the EBDC and

manganese components. The metal is capable of induction

of reactive oxygen species (ROS) via an oxidase-depen-

dent redox cycling [6], while the organosulfur component

may inhibit the activity enzymes and introduce unspecific
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3 Cytogene Diagnósticos Moleculares Ltda., Lageado,

Rio Grande do Sul, Brazil

123

Apoptosis (2016) 21:866–872

DOI 10.1007/s10495-016-1251-4

http://dx.doi.org/10.1007/s10495-016-1251-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s10495-016-1251-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10495-016-1251-4&amp;domain=pdf


protein damage due to its high reactivity with thiol groups

[9].

Beyond plant pathogens, MZ exhibits antifungal activity

against single cell yeast Saccharomyces cerevisiae, and this

has been known to negatively affect the fermentation of

wine [10]. Studies on this model organism have focused on

the mechanisms of resistance with the objective to under-

stand the global response and tolerance to MZ in eukary-

otic cells. Proteome analysis of S. cerevisiae following

adaptation to sub-inhibitory concentrations of MZ showed

that upregulated genes were involved with the yeast

response to oxidative stress, protein translation, initiation

and folding, disassembly of protein aggregates, and

degradation of damaged proteins [11]. Subsequently, a

chemogenomic approach led to the identification of 286

genes that provided protection against MZ in S. cerevisiae

[12]. Gene ontology and genetic interaction analysis of this

dataset highlighted the role of oxidative stress response,

protein degradation, and carbohydrate/energy metabolism

in MZ tolerance. Both studies showed than the vast

majority of the up-regulated genes under MZ stress were

downstream targets of the major oxidative stress regulator

in yeast (Yap1p). Moreover, other studies showed that MZ

resistance in yeast also involves up-regulation of FLR1, a

proton-driven multidrug antiporter channel, which is under

coordinated control by the transcription factors Yap1p,

Rpn4p, Pdr3p, and Yrr1p [13, 14].

Despite the well-established consequences of MZ on

mitochondrial dysfunction in mammalian cells [5–7], the

corresponding experimental measurements in yeast cells

did not reveal elevated ROS production in response to this

fungicide [12]. The authors attributed this observation to

the low biochemical respiration of fermenting yeasts,

assuming an absence of mitochondrial electron leakage

under these conditions. However, anoxic conditions are not

representative for plant pathogens treated with MZ, and a

role for mitochondria should be suspected due to the partial

tolerance reported for petit mutants compared to wild type

S. cerevisiae [15].

In the present work, we show that MZ has a pro-oxidant

activity on aerobically grown S. cerevisiae in exponential

phase, triggering an apoptotic metacaspase-dependent cell

death mechanism, which demonstrates the induction of

oxidative stress response is common to yeast and mam-

malian cell toxicity of MZ.

Materials and methods

Yeast strains and media

Saccharomyces cerevisiae BY4741 (MATa his3D1 leu2D0
met15D0 ura3D0) and the isogenic mutants Y06233

(yca1::kanMX4), Y0233 (aif1::kanMX4) and Y01217

(nuc1::kanMX4) were obtained from Euroscarf (Frankfurt,

Germany).

Yeasts were cultured at 28 �C with orbital shaking

(150 rpm) in YEPD broth (2 % yeast extract, 1 % peptone,

2 % glucose, pH 6.5) or SD medium (0.67 % Yeast

Nitrogen Base without aminoacids, 2 % glucose, with

20 mg/L histidine, methionine, and uracil, and 60 mg/L

leucine, pH 6.5). Mancozeb was purchased from Sigma-

Aldrich, and stock solutions (10 mM in dimethylsulfoxide,

DMSO) were prepared just before each experiment.

Yeast growth and viability assay

Yeasts from overnight cultures in YEPD broth

(OD600 * 1.0) were inoculated in the same medium, and

grown to exponential phase (OD600 up to 0.7) at 28 �C with

orbital shaking (150 rpm). Cells were harvested by cen-

trifugation, washed with 0.9 % NaCl, and cell density

adjusted to 107 cells/ml in SD medium. Control cultures

(untreated) or those treated with MZ in the indicated con-

centrations were incubated for 360 min (6 h) at 28 �C with

shaking (150 rpm), unless the time/concentration in initial

experiments.

The viability of MZ-treated and untreated yeasts was

determined by spot assay. Cultures were diluted at tenfold

series, and aliquots (10 ll) of each dilution were spotted

onto YEPD plates. Colony were enumerated after 48 and

72 h incubation at 28 �C, and expressed as percentage of

colony forming units (c.f.u.) compared with the control

(untreated cells).

Assays for ROS, apoptosis, and other markers

Phosphatidylserine externalization, cell membrane integ-

rity, ROS production, mitochondrial membrane potential,

and cell cycle evaluation were performed by flow cytom-

etry using a FACSCalibur (Becton–Dickinson) instrument

equipped with an argon-ion laser emitting at 488 nm.

For flow analysis, MZ-treated (100 lM) and untreated

cultures were harvested, washed, suspended in PBS (pH

7.4), and immediately analyzed (except for Annexin V/7-

AAD and cell cycle assays). In all the experiments, yeast

cells were initially gated using forward- and side-scatter,

and 10,000 cells were included for each analysis.

Apoptosis was measured quantifying the levels of

detectable phosphatidylserine on the outer membranes of

yeast cells using the Annexin V-PE/7-AAD apoptosis

detection kit (BD Pharmingen). Briefly, yeast cells were

harvested, and washed in sorbitol buffer (1.2 M sorbitol;

0.5 mM MgCl2; 35 mM K2HPO4; pH 6.8), and sphero-

plasts were obtained by treatment with Zymolyase (5 U/ml)

at 30 �C for 1 h. Spheroplasts were collected by
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centrifugation at low speed (1000 rpm), and suspended in

100 ll of binding buffer (1.2 M sorbitol; 10 mM HEPES/

NaOH pH 7.4; 140 mM NaCl; 2.5 mM CaCl2). Staining

and flow cytometry analysis were performed following the

manufacturer instructions. Cells untreated and treated with

H2O2 (50 mM) were used as negative and positive controls,

respectively.

Cell membrane integrity was evaluated using the LIFE/

DEAD FungaLight Yeast Viability kit (Invitrogen) that

includes two nucleic acid dyes: SYTO� 9, a green-fluo-

rescent that stain both integral and damaged cells, and the

red-fluorescent propidium iodide, which penetrates only in

membrane-damaged cells. Staining and flow cytometry

analysis followed kit instructions.

Intracellular ROS were detected using the oxidant-sen-

sitive dyes dihydro-rhodamine-123 (DHR123, Sigma),

dihydroethidium (DHE, Sigma), and 20,70-dichlorofluores-
cein diacetate (H2DCFDA, Sigma). Stock solutions were

prepared by dissolving DHR123 at 2 mg/ml in ethanol; and

DHE and H2DCFDA at 5 mg/ml in DMSO. Staining was

performed in 500 ll for MZ-treated and untreated samples

using a final concentration of 10, 5 and 5 lg/ml for each

dye, respectively. Samples were evaluated by flow

cytometry using FL1 channel (488/533) for DHR123 and

H2DCFDA, and FL3 (488/670) for DHE.

To evaluate mitochondrial membrane potential, cells

obtained as described above were suspended in SD med-

ium, and stained with 175 nM of 3,30-dihexyloxacarbo-
cyanine iodide (DiOC6) for 30 min at 30 �C in the dark.

After staining, cells were analyzed by flow cytometry using

FL1 filter.

Cell cycle phase was evaluated by flow cytometry fol-

lowing the procedure reported by Delobel and Tesnière

[16].

Results

First, we established the required concentration of MZ to

attain 5 to 10 % viability for exponentially aerobic growing

cells of S. cerevisiae BY4741 under acute exposure con-

ditions (Fig. 1). We observed a dose- and time-dependent

reduction on cell viability and identified the concentration

of 100 lM (26.6 mg/l MZ), which produced a reduction of

95.2 % c.f.u. after 6 h of MZ treatment, and this condition

was selected for further analysis.

Provided that the deleterious effect of MZ and other

dithiocarbamates on mammalian cells has been associated

to pro-apoptotic activity [5, 6, 8], we compared the effect

of MZ on the wild-strain (BY4741) and three isogenic

mutants bearing deletions of key genes of the apoptotic

pathways of Saccharomyces: Dyca1, Daif1 and Dnuc1 [17].
The Dyca1 mutant strain exhibited significantly lower

sensitivity to MZ compared to the wild-type yeast, as well

as the Daif1 or Dnuc1 mutant strains. These results indi-

cated that a Yca1-dependent pathway may be implicated in

yeast death induced by MZ (Fig. 2a, b).

We performed staining using the dye pair SYTO9/PI for

flow cytometry analysis of untreated controls versus MZ-

treated yeast of the wild-type and Dyca1 mutant strains,

and we concomitantly analyzed c.f.u. viability (Fig. 3). The

data showed that 82 % of wild-type cells treated with MZ

(100 lM) retain membrane integrity, even though this

population shows compromised ability to multiply and

form colonies. Contrastingly, we observed no significant

differences between the percentage of PI-negative cells and

c.f.u. viability for the yca1 mutant strain (Fig. 3).

Fig. 1 Effect of MZ concentration and exposure time on the cell

viability of S. cerevisiae BY4741. Results are the average of three

independent experiments. Legend: MZ concentrations (lM)

Fig. 2 Viability (% c.f.u./cell count) of wild-type BY4741 and

mutants exposed to 100 lMMZ for 6 h (a). Results are the average of

three independent experiments, standard deviation are indicated as

error bars. Inset showing the attenuated loss in cell viability for the

metacaspase-1 defective mutant Dyca1 following MZ treatment

compared to wild-type (b)
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In order to confirm that MZ induces apoptosis in Sac-

charomyces, we compared wild-type and Dyca1 mutant

yeast before and after MZ exposure, which we evaluated

using the stains Annexin V-PE/7-AAD and analyzed by

flow cytometry. Annexin V-PE binds to phosphatidylser-

ine, an inner-membrane component externalized in the first

steps of the apoptotic process, and 7-AAD is a nucleic acid

dye that penetrates only membrane-damaged cells. The

combination of these dyes allowed the identification of

normal, apoptotic, necrotic, and apoptotic/necrotic cells

[18]. Following MZ-treatment in the standard experimental

conditions we observed 54 % of cells of the wild-type

yeast strain were apoptotic (positive for Annexin V posi-

tive and negative for 7AAD), whereas these cells repre-

sented only 6.5 % for the Dyca1 mutant strain. However,

the treatment did not produce significant differences in the

number of necrotic cells of wild-type and Dyca1 mutant

strains in the presence of MZ (Table 1).

ROS are one of the mayor factors triggering pro-

grammed cell death in different organisms, including

yeasts [19, 20]. In order to determine whether ROS could

be responsible for the apoptotic behavior of yeast cells

treated with MZ, we evaluated ROS accumulation in

exponentially growing cells of wild type and Dyca1 yeast

strains, before and after MZ treatment. Three standard

redox-sensitive probes were used: DH123, DHE, and H2-

DCFDA (methods section). The results showed that MZ-

treated cells of both strains labeled with DHE and DH123

exhibited increased fluorescence, indicating a high con-

centration of intracellular ROS (Fig. 4). MZ-treated cells

stained with H2DCFDA showed decreased fluorescence

intensity compared to control cells, consistent with

observations reported by Dias et al. [12], (data not shown).

Moreover, a comparison of median fluorescence intensity

from stains DHE and DH123 (Fig. 4), showed that MZ

triggers higher ROS production in the wild-type than in the

Dyca1 strain.

The relationship between mitochondrial dysfunction and

apoptosis is well established in yeast and mammalian cells

when submitted to oxidative stress. We measured the effect

of MZ on the mitochondrial membrane potential (Dwm) of

yeast cells using the mitochondria-specific voltage-depen-

dent dye DiOC6, which aggregates into healthy mito-

chondria and produces green fluorescence. As shown in

Fig. 5, MZ-treated cells of both wild-type and yca1 mutant

strains exhibited increased fluorescence compared to con-

trols, indicating that MZ induces hyper-polarization of

yeast mitochondrial membranes.

To exclude the possibility of interfering effects of MZ

fungicide with the yeast cell cycle and proliferation we

evaluated MZ-treated and untreated wild-type and Dyca1
yeast strains by flow cytometry using the nucleic acid

binding dye SYTO9. The results showed no significant

modification of the percentage of cells in G1, S, and G2

stages, indicating that the fungicide did not interfere with

cell cycling (Table 2).

Discussion

Based on the results of initial experiments (Fig. 1), we

selected a 6 h treatment with 100 lM MZ, which is almost

tenfold lower than the recommended field spray application

of 200–250 g MZ per 100 l of water. This treatment pro-

duced the shortest response time to reduce wild-type yeast

viability by more than 90 %. This concentration corre-

sponds to twofold the minimal inhibitory concentration

(MIC) for MZ, 50 lM, which was estimated in preliminary

Fig. 3 Cell membrane integrity (% PI negative) and cell viability (%

c.f.u.) of wild-type BY4741 yeast, and Dyca1 mutant strain treated for

6 h with 100 lM MZ. Values are mean ± standard deviation of three

independent experiments. Means comparison: ***significantly dif-

ferent (p\ 0.001); ns: non-significant difference

Table 1 Annexin V and 7AAD staining flow cytometry analysis of

wild-type yeast and an isogenic Dyca1 mutant in the absence (Con-

trol) and presence of 100 lM MZ (6 h)

WT cell counts (%) D yca1 cell counts (%)

Control 100 lM MZ Control 100 lM MZ

Annexin V (-)

7AAD (-)

94.60 40.50 94.50 89.45

Annexin V (?)

7AAD (-)

3.87 54.10 3.44 6.54

Annexin V (?)

7AAD (?)

1.11 4.55 1.13 3.34

Annexin V (-)

7AAD (?)

0.42 0.85 0.93 0.67

Values are the percentage of cells in the four quadrants (10,000 cell

counts/treatment)
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experiments (data non shown), and approximately tenfold

higher than the sub-inhibitory treatments used in the MZ-

resistance studies [11–13].

Considering that dithiocarbamates show pro-apoptotic

activity on mammalian cells [5, 6, 8], we evaluated the

effect of MZ on a set of Saccharomyces mutant strains

lacking specific key genes in apoptotic pathways [17].

Among these strains, the Dyca1 mutant exhibited signifi-

cantly lower sensitivity to MZ than the wild-type strain, as

well as other mutants, Dnuc1 and Daif1 (Fig. 2). Tran-

scription of yca1 is activated in oxidatively and physio-

logically stressed cells to trigger the apoptotic cascade, and

consequently, knock-out of yca1 results in abrogation of

the programmed cell death process and a net increase of

viability for this mutant strain following MZ treatment

compared with wild-type strains [17, 19]. Moreover, while

MZ-treated wild type cells displayed normal plasma

membrane integrity (Fig. 3), but lose their culture-ability,

Fig. 4 ROS intracellular

concentration (fluorescence

intensity) in untreated yeast

(grey area) versus cells treated

with MZ (white area) for 6 h

with 100 lM MZ. Left panels,

a and c, correspond to the wild-

type BY4741 yeast. Right

panels b and d, correspond to

Dyca1 mutant yeast. The stains

are indicated in the X axis as

dihydroethidium (DHE) and

dihydro-rhodamine 123

(DHR123). Numbers within

figures indicate the median peak

fluorescence for 10,000 cells

Fig. 5 Changes in yeast

mitochondrial membrane

potential (Dwm) induced by MZ

treatment revealed by staining

with 3,30-
dihexyloxacarbocyanine iodide

(DiOC6). a BY4741 wild-type

yeast, and b Dyca1 mutant

strain. Grey area represents

untreated control cells, and

white area represents cells

treated with 100 lM (6 h). Ten

thousands cells were computed

for each treatment
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the Dyca1 mutation rescued this phenotype and improved

viability (Fig. 3). Our results with the dye pair SYTO9/PI

are consistent with previous studies that evaluated the

apoptotic response to lead in Saccharomyces [21]. Toge-

ther, these results strongly suggest that acute treatment with

MZ induces an apoptotic metacaspase-dependent pro-

grammed cell death in S. cerevisiae.

Several markers have been used to differentiate necrotic,

apoptotic and autophagic cell death in yeasts and other

organisms [18]. The externalization of phosphatidylserine

evaluated by Annexin V binding, in particular when

combined with a dye like 7AAD that cannot penetrate

intact cells, is considered the method of choice for the

quantification of early and late stages of the apoptotic

process [22]. Annexin V-positive and 7AAD-negative cells

(early apoptotic cells) increased from 3.9 to 54 % after

treatment of wild type strain with MZ, whereas the Dyca1
mutant strain exhibited a modest change from 3.4 to 6.5 %

(Table 2). Conversely, the number of necrotic cells (An-

nexin V- and 7AAD-positive) showed little increase in

either of the strains, which is consistent and confirm an

apoptotic cell death mechanism induced by the acute

treatment with MZ in Saccharomyces.

Apoptosis, and in particular the metacaspase-dependent

pathway, is triggered by oxidative stress, by elevated

mitochondrial membrane potential, and by cytochrome C

leakage into the cytoplasm [18–20]. MZ-treated cells of

both wild-type and yca1 mutant strains exhibited a signif-

icant elevation of ROS compared to controls, as evidenced

by DHE and DH123 fluorescence (Fig. 4). However, as

previously reported by Santos et al. [11], we observed an

unexpected reduction of fluorescence using the H2DCFDA

dye. This apparent discrepancy may potentially reveal the

sub-cellular location of ROS produced by MZ, provided

that DHE and DH123 are considered mitochondrial dyes,

whereas H2DCFDA is mainly distributed throughout the

cytoplasm. These conclusions are consistent with pro-

grammed cell death observations in mammalian cell cul-

ture [5–7].

The higher ROS production exhibited by wild type

treated cell compared with the Dyca1 strain (Fig. 4), can be

attributed to a reduction of respiration rate and heme syn-

thesis in yca1 mutants [23].

ROS effects on mitochondria induce a sequence of

events that include mitochondrial membrane hyper-polar-

ization, oxidative burst, followed by breakdown of mem-

brane potential, and mitochondrial fragmentation [19, 24].

Both wild-type and yca1 mutant cells treated with 100 lM
MZ for 6 h displayed a similar level hyper-polarization of

mitochondrial membranes (Fig. 5). This effect has been

reported on early-apoptotic yeast cells treated with pher-

omone and amiodarone [25], cadmium [26], among other

stress factors [27].

Our data suggest that the cell cycle was not modified by

MZ treatment, indicating that the fungicide did not inter-

fere with the mitotic division. Our measurements did not

reveal a sub-G0 population, which was previously observed

in yeast apoptotic cells after treatment with cadmium [26].

The pro-oxidant and pro-apoptotic activities of MZ are

consistent with the up-regulation of the resistance factor

FLR1, a plasma membrane transporter induced by oxidants

or pro-oxidants [13, 14], as well as the involvement of the

transcription factor Yap1p, one of the key regulators of the

oxidative stress response during yeast adaptation to sub-

inhibitory concentrations of MZ [11]. Using sub-inhibitory

treatment of MZ for a chemogenomic study, Dias et al. [12]

concluded that MZ acted as a thiol-reactive compound in

yeast, rather than a ROS inducer. This mechanistic dis-

crepancy can be attributed to the experimental design using

a sub-inhibitory and low-oxygen fermentation growth

conditions. However, herein we focused on aerobic growth

conditions and treatment with high MZ concentrations that

are relevant to the agricultural applications. Other than the

dithiocarbamate moiety of the molecule, high MZ con-

centrations elevate Mn and Zn ions within cells, and like

other metals, these are known to cause cellular dysfunc-

tions, increase ROS and induce apoptosis [6, 21, 26, 28].

Both ROS and thiol-reactivity can in fact be involved in

MZ action on yeasts, explaining the ‘‘multi-site’’ descrip-

tion of MZ fungicide action.

Taken together, our experimental results provide strong

evidence that MZ has pro-oxidant action in Saccharomyces

growing under exponential aerobic conditions. The specific

mechanism involves mitochondrial ROS accumulation, and

hyper-polarization of mitochondrial membranes, a well-

documented effect on mammalian cells [5, 6]. The drastic

reduction of viability despite of intact cell membrane

permeability, and the simultaneous externalization of

phosphatidylserine by yeast cells treated with MZ also

support an apoptotic mechanism. Moreover, the abrogation

of this apoptotic response in yca1 deficient mutant strain

Table 2 Cell cycle of wild-type yeast and an isogenic Dyca1 mutant

strain in the absence (Control) and presence of 100 lM MZ (6 h)

WT cell counts (%) D yca1 cell counts (%)

Control 100 lM MZ Control 100 lM MZ

G0/G1 35.2 34.6 37.6 38.3

S 14.6 12.4 12.5 10.3

G2/M 50.2 53.0 49.9 51.4

Values are the percentage of cells in each phase (10,000 cell counts/

treatment)
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indicates that metacaspase-1 is involved in the pro-

grammed cell death induced by MZ in yeast.
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