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Abstract

Fungicides based on dithiocarbamates have been used to protect crops from fungal
diseases for more than half a century. The purpose of this work was to show the
potential impact of improper potato storage on the analysis of mancozeb and other
dithiocarbamates. The resulting field samples were divided into two parts. The first
part was subjected to sample preparation without violation of storage conditions.
Sample preparation of the second part of the sample was carried out after artificially
simulated storage violation conditions. The method for the analysis of dithiocarba-
mates is based on the acid hydrolysis of the sample with the formation of carbon
disulphide and its subsequent analysis using GC-FPD. The results of the analysis
showed the content in the experimental and control samples of a large amount of
carbon disulphide, which is not a product of the hydrolysis of mancozeb. Thus, it is
not possible to estimate the correct amount of mancozeb.
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Introduction

Fungicides rank second in Russia in terms of the volume of use among all plant
protection products. The list of approved fungicides for use is growing every year,
but over time, some pesticides have established themselves as reliable and effective.

The first dithiocarbamate-based fungicides were developed back in the early
1950s, but they have not lost their relevance to this day. As of 2020, dithiocarbamic
acid derivatives account for 12.7% of all fungicide use in Russia, with mancozeb
(Ditan, Mancozeb, Penkoceb) and thiram (TMTD, Tyr) being the most common
(Mikhaylikova et al. 2020).

Mancozeb fungicide product segment is estimated to be the largest as well
as the fastest growing fungicide product in the world (“Fungicides Market
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(Mancozeb, Chlorothalonil, Metalaxyl, Strobilurin, and Others) for Cereals &
Grains, Oilseeds & Pulses, Fruits & Vegetables, and Other Crops—Global Indus-
try Analysis, Size, Share, Growth, Trends and Forecast 2015—2023,” n.d.). In
nearly 50 years of commercial use, Mancozeb SP (800 g/kg Mancozeb) has been
approved to control 400 fungal diseases on over 70 crops (Nikitin 2012).

Mancozeb is a contact fungicide with a protective effect that prevents infection
of crops with false powdery mildew and Pythiaceae (Popov et al. 2003). Because
of the high demand for dithiocarbamates, it is necessary to observe the use of
the pesticides’ protocols, as well as monitor the maximum residue levels (MRL)
of these fungicides and other types of pesticides. There are two approved meth-
ods based on acid hydrolysis for determining residual amounts of mancozeb and
dithiocarbamates in Russia and USA (“4.1.2997—12. Determination of residual
amounts of dithiocarbamates (tiram, mankoceb, metiram and tsineb) in soil and
water by gas chromatographic vapor phase,” 2015) (EPA 1993). Its principle is
based on measuring the concentration of carbon disulphide in the equilibrium
vapour phase by gas chromatography (GC) using a flame photometric detector
(FPD) specific for sulphur-containing compounds. Carbon disulphide is formed
because of acid hydrolysis of a sample placed in a hermetically sealed vessel at
80-90 °C. The impossibility of direct analysis of dithiocarbamates is related to
their insolubility in water and organic solvents (Kakitani et al. 2017). The major
advantage of the method is its versatility, since it allows the determination of
any compound from the dithiocarbamate class for many crops and environmental
objects.

However, this method has several disadvantages. Exogenous CS, analysis may be
inaccurate because of the influence of endogenous carbon disulphide. For example,
in the Cruciferae, the level of endogenous carbon disulphide can reach the interna-
tionally established limits for the detection of dithiocarbamates by carbon disulphide
(Perz et al. 2000). The possibility of a false-positive result may arise.

Endogenous carbon disulphide can be formed in the following way: when plant
tissues are damaged, isothiocyanates are released because of the hydrolytic action
of an enzyme (myrosinase). This may also explain the endogenous formation of
CS, and other volatile sulphur compounds, such as carbonyl sulphide. The chain
of reactions involves the initial cleavage of thioglucoside bonds (glucosinolates) to
form p-glucose and unstable thiohydroximate-O-sulfonate, which spontaneously
loses sulphate and rearranges into isothiocyanate, thiocyanate, or nitrile (Barba et al.
2016). Isothiocyanates can undergo further degradation, forming CS, among other
products (Fig. 1) (Pechacek et al. 1997).

Glucosinolates are ionic organic compounds with thioglucose bonded to the car-
bon of a sulphated oxime containing a variable side group (R) and are often the sub-
ject of research on cruciferous crops (Hwang et al. 2019a, b; Hwang et al. 2019a, b).
Also, glucosinolates can be found in some Solanaceae (Rawani et al. 2014).

During the growing process, all crops are susceptible to diseases caused by bac-
teria and fungi. For example, common diseases for potatoes are late blight, soft rot,
black scab, alternaria blight, and ring rot. Also, the process of decay and maceration
of tissues can be triggered by post-harvest rot (Liu et al. 2022). These diseases cause
potato rotting and maceration of its tissues.
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Fig. 1 Possible metabolic pathway of glucosinolates

During the rotting process, thiols can be formed (Roy 2000; Tausz et al. 2003)
which might react with isothiocyanates to form dithiocarbamates (Halimehjani
et al. 2014; Németh et al. 2019; Ranu et al. 2008; Safa et al. 2014).

It should be noted that thiols can be formed in plants in natural conditions
without the influence of external factors (Tausz et al. 2003).

During the decay process, maceration of plant matrix tissues also takes place
which can lead to the described above process of endogenous CS, formation.

There are data in the literature on methods using LC-MS that selectively iden-
tify different dithiocarbamate fungicides. However, these methods are mostly
derivatization-based, and derivatizing reagents are quite toxic to humans and
expose the researcher to additional risks as a result (Kakitani et al. 2017). It is
also known that dithiocarbamates can spontaneously decompose to CS, on con-
tact with plant sap with high acidity (Abakerli et al. 2015). The duration of sam-
ple preparation for selective methods using LC-MS is high, which increases the
likelihood of acid hydrolysis. Since LC-MS determines directly the concentra-
tion of a compound in the matrix under study, and not the hydrolysis product, its
potential loss can lead to false-negative results, which is even more dangerous for
the end user.

Therefore, the method of acid hydrolysis of dithiocarbamates, although it is not
the most perfect and can lead to false-positive results, is still used both in Russia and
in Europe (Anastassiadou et al. 2020). For an accurate analysis, control samples are
necessary, taken on the same day as the experimental ones, to establish the endog-
enous content of carbon disulphide.
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In 2017, the European Food Safety Authority (EFSA) confirmed the need to
develop specific analytical procedures for each active substance in this group of
fungicides (European Food Safety Authority (EFSA) 2019).

Besides the natural causes of false positives, which are beyond the research-
er’s control, there are also problems associated with improper sample transport
and storage. Deviation from the protocol during research and its influence on the
result obtained are the actual problems (Ermete 2012; Galuchie et al. 2021; Ghooi
et al. 2016; Salerno et al. 1991).

A huge research error can be caused by improper transportation of samples
and their storage before laboratory analysis. First, because of the previously men-
tioned process of decomposition of dithiocarbamates in contact with plant juice
with increased acidity, the sample must be whole, not shredded. Second, it is
necessary to strictly observe the temperature range during the transportation and
storage of plant materials. Violation of storage conditions may increase the likeli-
hood of distorted results.

As the storage temperature rises, several processes occur. The sample may
thaw and release a liquid that may be involved in the metabolism of mancozeb. On
contact with water, Mancozeb forms ethylene bisisothiocyanate sulphide, which
transforms into ethylene bisothiocyanate by UV light (Nikitin 2012) (Fig. 2). Eth-
ylene bisisothiocyanate contains no dithiocarbamate group, so its acid hydrolysis
cannot produce CS,. It can also lead to a false-negative result when the official
method based on carbon disulphide analysis was used.

As previously shown, in conditions of high humidity after thawing and ele-
vated temperature, the rotting process takes place which can affect on the analysis
reliability. Therefore, proper storage conditions ensuring is an important param-
eter for subsequent analysis. If laboratories working according to GLP standards
provide proper storage conditions during the registration process of drugs, then
the situation with store-bought potatoes may be the opposite. Also, the process
of decay and maceration of tissues can be triggered by post-harvest rot (Liu et al.
2022). All these factors can make the analysis of dithiocarbamates in commercial
potatoes difficult.

It should be noted that dithiocarbamates are actively used in potato cultivation.
Therefore, the correct analysis of the residual amounts of dithiocarbamates for
this culture is especially relevant.
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Fig. 2 Possible metabolic pathway of mancozeb
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This paper simulates the storage disturbance conditions of potatoes variety “Uda-
cha” treated with Mancozeb SP (800 g/kg) and shows the effect of this factor on the
analysis result.

Materials and Methods
Experimental Samples (Pesticides)

Potatoes were treated during the growing season with Mancozeb SP (800 g/kg Man-
cozeb) at an application rate of 1.6 kg/ha in the experimental field in the Leningrad
Region. Samples were taken in 2 h after treatment (day 0) and subsequently after 7,
14, 21, and 28 days and stored frozen at — 18 °C.

Chromatographic Analysis

An Agilent 7890B gas chromatograph equipped with a flame photometric detec-
tor (FPD) Headspace Sampler (7697A) and fused silica capillary column GS-GAS
PRO (30 mx0.32 mm) was used. The operating conditions were as follows: ini-
tial temperature, 70 °C (2 min), increased at 25 °C min~! to 245 °C for 7 min; N,
carrier gas; column operated in the splitless mode, the split flow was 3.0 mL/min;
detector temperature, 220 °C; and injection volume, 1 pL of gas phase. The amounts
of mancozeb in the test solution were calculated from the peak areas of CS,. Iden-
tification of CS, was carried out by comparing its retention time on GC/FPD. If
the amount corresponding to the peak areas was larger than that of the maximum
amount from the standard curve, the test solution needed to be diluted to an appro-
priate concentration.

Standard Solutions

Working standards were prepared from the stock analytical standard 98.0% manco-
zeb (LGCO).

Sample Preparation

A fresh crushed frozen plant sample (5.0 g) and deionised water (5.0 cm?®) were
placed in a glass vial (20 cm?). The vial was placed in an ultrasonic bath for 5 min.
After that, a 1.5% solution of stannous chloride (5.0 cm®) in 1 M hydrochloric acid
was added. The vial was covered with silicone gasket, sealed with aluminium caps,
and placed for 1 h in the thermostat of the equilibrium vapour dispenser (90 °C).
During temperature control, the vials were placed periodically (after 10-12 min) in
an ultrasonic bath for 1-2 min. The gas-vapour phase was dosed into the chromato-
graph using a special pneumatic dispenser.
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Storage disturbance conditions were simulated under laboratory conditions:
frozen potatoes were left at room temperature for 1 day until turgor disturbance
was evident.

Results and Discussion

The obtained field samples were divided into two parts. The first part was sub-
jected to sample preparation without violation of storage conditions. Sample
preparation of the second part of the sample was carried out after artificially sim-
ulated storage violation conditions.

Because of simulated storage conditions violation, potatoes became darker in
colour; there was maceration of tuber tissues and loss of turgor state. There was
a lot of liquid in the individual sample package. Samples of haulm also darkened.
The samples were subjected to an identical analysis (Table 1).

According to the method, carbon disulphide formed after acid hydrolysis of the
sample is determined in the equilibrium vapour phase. When the calibration char-
acteristic is established, the areas of carbon disulphide peaks are set correspond-
ing to the content of mancozeb in the sample.

In control samples with inviolate storage conditions, mancozeb was not
detected. Mancozeb was found in experimental samples: in leaves on “0 day”
2.47 mg/kg. This is a contact fungicide and can only get into tubers upon contact
with treated parts.

In all potato samples, which were kept at abnormal conditions, high content of
carbon disulphide was observed. Exogenous carbon disulphide appeared even in
the control samples. Simulated conditions led to false-positive results. Qualitative
and quantitative determination of residual amounts of dithiocarbamates in such
potato samples is not possible.

Table 1 Content of mancozeb in potato samples depending on storage conditions

Day Part of the plant Mancozeb content (mg/kg)

Experienced tests Control samples Experimental sam- Control samples with
ples with disturbed disturbed storage
storage conditions  conditions

Leaves 2.47+0.13 Not detected 3.28+0.54 1.50+0.33
7 Tubers Not detected Not detected 3.08+0.32 1.32+0.21
14 Tubers Not detected Not detected 2.48+0.19 2.25+0.45
21  Tubers Not detected Not detected 3.05+0.25 2.24+0.50
28  Tubers Not detected Not detected 3.44+0.38 3.64+0.51

Notes: Confidence interval of the mean result for n=5, P=0.05
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Conclusions

Effects of storage temperature on reduction of pesticides are related to volatili-
sation, penetration, metabolism of pesticide, moisture content, and microbial
growth, if any. In refrigerated or frozen storage, residues are stable or degrade
slowly (Holland et al. 1994; Yigit and Velioglu 2020). Storage failure usually
leads to false-negative laboratory results.

Incorrect storage of samples containing dithiocarbamates, considering the
peculiarities of the analysis method, on the contrary, can lead to false-positive
results.

Although the only mancozeb was studied in this work, the results got can also
be applied to the other dithiocarbamates, since the formation of exogenous car-
bon disulphide associated with storage conditions is independent of the active
ingredient.

Based on the results obtained, we can conclude that the violation of storage con-
ditions has a significant impact on the qualitative and quantitative analysis and leads
to unreliable data in determining the residual amounts of dithiocarbamates in agri-
cultural products.

In order to minimise the effect of storage and transport conditions for samples
containing pesticides, national and international guidelines for testing pesticides
must be strictly followed.
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