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Pulmonate mollusks posses high uptake rates of dissolved metals and their bond-
ing, mainly Cd, Zn and Cu by the metal-buffering protein, metallothionein (MT). How-
ever, most investigations are focused at the terrestrial species, whereas aquatic snails 
are studied scantly. Therefore, the main goal of our study was to evaluate a specificity 
of metal-binding function of the metallothionein in Lymnaea stagnalis pond snail. The 
mollusks were subjected to typical metallothionein inducers Cd2+, 15 µg·L-1; Cu2+,  
10 µg·L-1; Zn2+, 130 µg·L-1 and oxidative stress inducer thiocarbamate Tattoo fungicide, 
91 µg L−1 during 14 days. Applied concentrations corresponded to the ecologically rele
vant concentrations. Metal concentrations and metallothionein characteristics in a di-
gestive gland were analyzed. In present study, all exposures to metals caused  
the elevation of the concentration of metals (Zn, Cu or Cd) in tissues and the total level 
of metallothionein detected from their thiols (MT-SH). Particularly, Zn level in tissues 
was increased by ~2−3 times in all cases of the exposure to metals. Cd increased the 
level of metal-contained form of the metallothionein (MT-Me). Tattoo affected the levels 
of metals and MT-SH in the tissue to low extent but caused the redistribution of metals 
between the metallothionein (increase) and other compounds. The distortion of the elu-
tion profile of metallothionein on the DEAE-cellulose was shown at each exposure.  
To summarize, snails demonstrated a wide spectrum of responses and juxtaposition  
of different characteristics depending on the exposure. The responses to metals and 
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Tattoo were distinguished by the detection of metallothionein concentration. The pri-
mary reasons for the effect of thiocarbamate on the metal homeostasis needs further 
investigations.

Keywords: pulmonate mollusk, trace metals, thiocarbamate fungicide, toxicity

INTRODUCTION
Freshwater snails are an important species in the aquatic ecosystems due to their 

rapid grazing rates, sensitivity to different kinds of pollution [3, 5, 17, 24, 28]. At present, 
more studies address the values and services of freshwater snails within an ecosystem, 
their ability to accumulate either metals or metal-containing compounds and a risk to 
higher trophic levels [32]. Freshwater pulmonate mollusk, pond snail Lymnaea stagnalis 
(Linné, 1758), as known as the “great pond snail,” represents the predominate species 
in the freshwater zoobenthos of Central Europe [15].

Metallothionein (MT) is the most acknowledged аmong the biomarkers of pollution 
in mollusks, as the indicator of specific pollution by highly toxic metal cadmium due to 
high affinity of this metal-binding protein to cadmium [1, 35]. In the polluted environment, 
this metal of the anthropogenic origin can replace physiological metals zinc (Zn) and 
copper (Cu) in metal-thiolate clusters of the MT. Moreover, it is one of the most effective 
inducers of MT expression in different aquatic organisms [1]. It is noteworthy to mention 
that MT of the terrestrial snails are investigated thoroughly, particularly by R. Dallinger 
and colleagues [5, 18, 24, 27]. They demonstrated especially high variability of the mo-
lecular forms induced by the exposures to cadmium and copper. However, the respon
ses of metallothionein in snails to other substances as the essential targets for these 
proteins are unknown. Among the aquatic mollusks, the MT in bivalve mollusks were 
shown to enhance the total concentration without an increase in the level of metal-
contained form in different exposures, including thiocarbamate and cobalt-contained 
nanonized polymer [10, 11]. Indeed, about 30 % of amino acid composition of metallo-
thionein is represented by cysteine. Therefore, a vulnerability of metal binding function 
despite high total level of protein is expected from the particular metal binding/release 
dynamics intrinsic to these proteins [35].

Due to a lack of information concerning the properties of the MT in the aquatic snails, 
the goal of this study was to evaluate the peculiarities of the metal-binding response  
of the MT in the freshwater pulmonate L. stagnalis mollusk pond snail. The snails were 
subjected to typical metallothionein inducers, namely Cd, Zn, Cu, and known oxidative 
stress inducer and metal chelator thiocarbamate fungicide [4, 7, 33]. 

MATERIALS AND METHODS
The specimen collection was carried out at turn of August, when the reproductive 

system is not significantly affected. About 50 adult specimens of the Lymnaea stagnalis 
pond snail with shell height of 25–35 mm were collected in the pristine area located in 
the upstream portion of river Seret (Ternopil region, Ukraine, 49°49′ N, 25°23′ E). Indi-
viduals were transported to the laboratory in cages with native water and adapted to 
aerated, softened tap water with continued support of mineral/salt balance (17 ± 1 °C, 
pH 7.3 ± 0.2, CaCO3 level 86.8 ± 1.0 mg·L-1, dissolved oxygen level 8.67 ± 0.51 mg·L-1, 
ammonia (NH3/NH4

+) and nitrite levels below 0.1 mg·L-1) for seven days. After that, they 
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were divided in five groups, control group (C), and groups subjected to waterborne  
metals copper (Cu2+, 10 µg·L-1 correspondent to 0.156 µM), zinc (Zn2+, 130 µg·L-1 corres
pondent to 2.0 µM), cadmium (Cd2+, 15 µg·L–1 correspondent to 0.134 µM) and Tattoo 
fungicide (commercial formulation containing 45% of propamocarb-HCl (propyl-3-(di
methylamino) propylcarbamate and 55% of mancozeb, or Zn, Mn ethylenebis(dithiocarba
mate) [-SCSNH(CH2)2NHCSSMn-]n(Zn)m(Mn)], 91 µg L−1). Applied metal and Tattoo 
concentrations were based on their ecologically relevant concentrations for fresh water 
(US EPA, 2007) and previous experience with the same exposures effect on bivalve 
mollusks [8, 9, 11]. 

Mollusks were exposed during 14 days in 80 L tanks with aerated, softened tap 

water. Water and studied substances were renewed every two days. Mollusks were fed 
on lettuce before water changes. Mortality of snails was not observed during the ex-
periment. Sampled tissues were stored at -40 °C. Each procedure of tissue preparation 
was carried out at 4 °C. Protein concentration in the supernatant (soluble protein) was 
measured by the method of Lowry et al. (1951) [21], using bovine serum albumin as 
protein standard. The absorbance values were measured on UV/Vis spectrophotometer 
“Lomo-56” (Russian Federation). 

MTs were obtained as the thermostable proteins by size-exclusion chromatography 
on Sephadex G-50 for determining of the metal (Zn, Cu, Cd) concentrations [31]. Tissue 
samples were pooled and each pool was created from equal mass of aliquoted tissue 
(total mass 350 mg), and then homogenized in ice-cold 10 mM Tris-HCl buffer, pH 8.0, 
containing 10 mM 2-mercaptoethanol to prevent the MT from oxidation and 0.1 mM 
phenylmethylsulfonyl fluoride (PMSF) to prevent protease activity. Despite the protease 
inhibitors do not appear to be required to recover metallothionein [19], the utilizing of 
PMSF is a common condition of the homogenate preparation and provides the avoiding 
of the low molecular weight products of the proteolysis in the thermostable supernatant. 

This supernatant was incubated under the 85 °C for 5 min and subsequently cen-
trifuged at 16,000 × g for 45 min at 4 °C. The obtained thermostable supernatant mate-
rial was applied to a size-exclusion chromatography on Sephadex G-50 superfine co
lumn (1.5 × 50 cm) in the same buffer at a flow rate 0.33 ml·min-1. Fractions (5 ml) were 
collected and analyzed for absorbance at 280 and 254 nm. Column calibration was 
achieved by applying a mixture of the appropriate protein standards: chymotrypsinogen 
(25.8 kDa), myoglobin (17.0 kDa), cytohrome c (12.3 kDa), ubiquitin (8.4 kDa), insulin 
chain B oxidized (3.5 kDa). MT-containing fractions were identified based on unique 
spectral features (comparative high density ratio D254/D280), thermostability, and low mo-
lecular mass. The correspondent fractions were pooled (total 10 mL) for metal determi-
nation or anion-exchange chromatography.

The anion-exchange chromatography of the thermostable solution was carried out 
on a column (1.5 × 50 cm), packed with DEAE-cellulose. After removing of non-bound 
proteins by the column rinsing with 70 ml of buffer, elution was carried out in gradient 
mode with 0–1.0 M NaCl in a 10 mM Tris-HCl (pH 8.0) buffer containing 10 mM 2-mer-
captoethanol and 1 mM 2-isopropanol at a flow rate of 0.5 ml·min-1. Column calibration 
was achieved by applying standard metallothionein from rabbit liver. The fractions of 
each peak with high absorbance at 254 nm were pooled for the ultraviolet (UV) absorp-
tion spectra and the metals determination.

Metallothioneins’ total protein concentration (MT-SH) was determined from thiols 
measure with DTNB after the ethanol/chloroform extraction from tissue [36]. The level 
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of MT-SH was calculated assuming the relationship: 1 mol MT = 20 mol GSH and ex-
pressed as mg of MT per g of fresh tissue (FW).

The concentration of Cu, Zn and Cd was measured in samples of the weighed tis-
sue (250 mg from each specimen). The samples were dried for 24 h at 105 °C, and then 
digested with 5 ml HNO3 for 3 h at 105 °C under pressure and using acid-cleaned Teflon 
bomb. The content of Cu and Zn was evaluated by the atomic absorption spectropho-
tometry against certified standards on the spectrometer C-115, (“Lomo”, Russian Fede
ration), and Cd was analyzed by the graphite furnace atomic absorption spectrometer 
S-600 (“Selmi”, Ukraine). Detection limits for metals were 0.1 µg·g–1 FW. The reliability 
of the metals measurements was assessed by analyzing ERM-CE 278 certified referen
ce material; metal recovery was between 90 and 110%. Quality control was assessed 
by the method of Standard Addition [2]. Metal concentration in tissue and MT was ex-
pressed as µg·g-1 fresh weight (FW). MT metal-binding characteristics (MT-Me) was 
calculated from the concentrations of metals in the MT considering that one molecule of 
MT binds 7 Zn2+ or Cd2+ ions or 12 Cu+ ions [25].

Thermostable proteins chemical analysis was carried out in triplicate on the joint 
sample from five individuals, and all other measurements were carried out in 8 speci-
mens. A reliability of deviation of two series was calculated using the Student’s t-test. 
Difference between group was considered reliable at P<0.05. The results were ex-
pressed as means ± standard deviation (S.D.). All statistical calculations were per-
formed with Statistica v 12.0 and Excel for Windows-2000.

RESULTS AND DISCUSSION
From our previous experience, it is known that low weight cellular MT thiols belong 

to most sensitive biochemical indicators in L. stagnalis demonstrating a multiple variabi
lity of the metal composition and chromatographic forms under the environmental detri-
mental effects, and also, under the such nonspecific for this protein exposure as the 
effect of ionizing radiation [13, 14]. In the current study, to attest their participation in 
metal detoxification and stress response, we evaluated total MT protein concentration 
(MT-SH), the level and composition of their metal-contained form (MT-Me) and their 
chromatographic characteristics. 

Under size-exchange chromatography MT-containing peak was identified from low 
molecular mass (about 10 kDa), UV-spectrum with the typical for metal-thiolate clusters 
maximum at ~ 254 nm and absence of the peak at 280 nm, typical for the common pro-
teins (Fig. 1A,C) [19, 31]. The ion-exchange chromatography revealed two peaks cor-
responding to a distribution of the rabbit MT – MT-1 and MT-2 in the control group of 
snails. This behavior of the protein confirmed the purity and typical features of the MT 
[19]. The profile of MT under the ion-exchange chromatography was distorted at the 
exposures to metals and Tattoo, and the intermediate fraction, MT-2A, appeared 
(Fig. 1B). Typical UV-spectra of the metallothionein in the exposed snails were indicated 
according to the size-exclusion chromatography (Fig. 1C). Under the ion-exchange 
chromatography, the MT spectra were changed demonstrating a vulnerability of sepa-
rate forms after a second step of purification (Fig. 1D).

The most expected response of mollusks at exposures to metals Cd, Zn, Cu is ac-
cumulation of correspondent metal in tissue of the digestive gland and its metallothio-
nein [1]. Indeed, an exposure to metals caused an elevation of metal concentrations in 
a digestive gland (Fig. 2А,B,C). At the same time, concentration of effective metal was 
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elevated only for Zn and Cd, whereas an exposure to Cu did not cause its excessive 
accumulation. The level of metals in a digestive gland was correspondent to control 
value at the exposure to Tattoo, The elevated level of Zn (by ~2−3 times) in tissue was 
the most specific response at the exposures to metals in comparison with the effect of 
thiocarbamate. The Tattoo per se is a source of Zn due to its formula. Therefore, the 

Fig. 1.	 Elution profiles (A, B) and UV-spectra (C, D) of the thermostable proteins from a digestive gland of 
pond snail Lymnaea stagnalis obtained by chromatography on Sephadex G-50 (A, C) and DEAE-
cellulose (B, D). In Fig. 1A: arrows highlight the elution volume of markers: 25.8 kDa, 17.0 kDa, 12.3 
kDa, 8.4 kDa, 3.4 kDa appropriate to 1.06; 1.31; 1.51; 1.74; 1.91 Ve/Vo, correspondingly; Ve, elution 
volume; Vo, void volume of the column. In Fig.1B: a gradient of elution of 10 mM Tris-HCl (pH 8.0) 
buffer is shown by the diagonal line; arrows indicate the elution volume of standard metallothionein 
from rabbit liver. In Fig. 1C, HMWP: high molecular weight proteins

Рис. 1.	Профілі елюції (А, В) та УФ-спектри (C, D) термостабільних протеїнів травної залози легеневого 
молюска Lymnaea stagnalis під час гель-розподільчої хроматографії на сефадексі G-50 (A, C) та 
ДЕАЕ-целюлозі (B, D). У рис. 1А: стрілками вказано  об’єм елюйованих маркерів: 25,8 кДа, 
17,0 кДа, 12,3 кДа, 8,4 кДа, 3,4 кДа, які відповідають 1,06; 1,31; 1,51; 1,74; 1,91 Ve/Vo відповідно;  
Ve – об’єм елюції, Vo – зовнішній об’єм колонки. У рис. 1В: градієнт елюючого 10 мМ Tris-HCl 
(pH 8.0) буферу зображено діагональною лінією; стрілки вказують на об’єм елюйованого стандарт
ного металотіонеїну печінки кролика. У рис. 1С HMWP: протеїни з високою молекулярною масою
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elevated Zn concentrations were found in the sediment (87–190 mg∙kg–1 exceeding the 
threshold values for aquatic life of 98 mg∙kg–1 at several sites) in the areas of the inten-
sive application of Tattoo [23]. In the present study, the level of Zn in the exposure to 
Tattoo was by 40 times lesser than in the exposure to the ionic form of Zn. Additionally, 
the responses to ionic and organic forms of metal could be different, as it was reported 
at the exposures of bivalve mollusk to ionic cobalt and Co2+-containing nanoscale poly-
meric complex [10]. Interestingly, the bivalve mollusk Anodonta cygnea demonstrated 
opposite responses at the same exposures conditions avoiding accumulation of metals 
in tissues [8, 9]. 

Fig. 2.	 Characteristics of metal Cu (A, B), Zn (C, D), Cd (E, F) partitioning in a digestive gland (A, C, D) and 
metallothioneins (B, D, F) of Lymnaea stagnalis, M ± SD (n = 8). Here and further: if the letters above 
the bars are the same, this indicates that the values do not differ significantly (P> 0.05) 

Рис. 2.	Розподіл металів Cu (A, B), Zn (C, D), Cd (E, F) у тканині травної залози (A, C, D) та металотіонеїнах 
(B, D, F) Lymnaea stagnalis, M ± SD (n = 8). Тут і далі: однакові літери над стовпчиками вказують 
на значення, які істотно не відрізняються (P> 0,05)
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Metal composition of the MT in snails was affected substantially (Fig. 2D,E,F). The 
levels of Cu and Cd were increased in the metallothionein at the exposures to Cu, Cd, 
Tattoo; the level of Zn was increased by the exposures to Cd and Tattoo. However, de-
spite known preference of metallothionein in the Cd binding, only 16% of Cd in the tissue 
of snail was bound with the metallothionein at the correspondent exposure. In the study 
of Leung et al. (2003) [20], low level of Cd (of 0.01 µg/L) also did not change metal ac-
cumulation in the MT of the aquatic snails. Only the exposure to high concentration 
1,000 µg/L of Cd during 10 days increased the level of MT-like proteins and the concen-
trations of metals (Cd, and also Ni and Cr). At the same time, there was no difference in 
Cu, Zn and Pb concentrations between the exposed and control groups.

Nevertheless, the total level of metal accumulation in the metallothionein was the 
highest at the exposures to Cd (level of Cu and Zn, and also, but much less Cd) and 
Tattoo (Cu, Zn and Cd). The concentration of metal-contained MT (MT-Me) was in-
creased at these exposures by 2.2−2.6 times in comparison to control value and it was 
not changed at the exposure to Zn and Cu (Fig. 3B). However, MT accumulated low 
amount of Cu (~ 1–10 %) and Zn (~ 3–12 %) containing in tissue, whereas their part in 
Cd accumulation reached 84 % (at the exposure to Tattoo). A proportion of metal con-
centrations in the composition of MT (Zn:Cu:Cd) did not change prominently, therefore 
in all studied groups Zn was the main metal in composition of MT.

Fig. 3.	 Total metallothioneins MT-SH (A) and metalated metallothioneins MT-Me (B) concentrations and their 
ratio MT-SH/MT-Me (C) in a digestive gland of Lymnaea stagnalis, M ± SD, n = 8 (n = 3, combined 
sample from 5 specimens for metal-contained metallothionein) 

Рис. 3.	Загальна концентрація металотіонеїнів MT-SH (A), металовмісної форми металотіонеїнів  
MT-Me (B) та їхнє співвідношення MT-SH/MT-Me (C) у травній залозі Lymnaea stagnalis, M ± SD, 
n = 8 (n = 3, об’єднані зразки з п’яти тварин, взяті для визначення металовмісної форми метало-
тіонеїнів) 
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In the studies of R. Dallinger and colleagues [5, 26, 27], the selected accumulation 
of Cu and Cd in different MT forms of the Roman snail Helix pomatia under the experi-
mental exposures [5, 26, 27] were proved. Mixed Cd, Cu-MT isoform has been also 
detected in the terrestrial pulmonate mollusk but in low abundance [18]. However, it was 
found that the metal intake in L. stagnalis has special features in comparison to the ter-
restrial Gastropoda. Although this snail possesses MT [14], it also binds ions of metals 
by thiol-contained peptides phytochelatins, and their level increased at the exposure to 
Cd [16]. Moreover, in the study of Niederwanger et al. (2017), MT of freshwater snail 
Biomphalaria glabrata lacked a clear metal-binding preference for Cu, Zn and Cd, that  
is clearly unprecedented in the Gastropoda MT. Absence of changes in MT gene trans
cription of B. glabrata after 21 days duration of Cd exposure (75 µg/L) confirmed  
a particular metal intake in aquatic snails [24]. Our results confirm low rate of the metal-
lothionein involving in the metals binding in the aquatic snail.

Importantly, at the case of the exposure to Tattoo elevated metalation of metallo-
thionein was not accompanied by an increased total metal concentration in tissue. Con-
sequently, the metal-chelating thiocarbamate compound [7, 30] caused a redistribution 
of metals within the tissue among different molecular targets. Similar increased partici-
pation of MT in metal binding at the exposure to Tattoo was observed in the bivalve 
mollusk [12]. 

Total concentration of metallothioneins (MT-SH) was increased by 3.6 times in all 
cases of metal exposures and much less (by 1.4 times) at the exposure to Tattoo com-
parative to control value (Fig. 3A). The exposure of L. stagnalis to extremely high con-
centration of Cd (50 mg L−1) during 20 days also caused an increase in total metallothio-
nein concentration [6]. 

The calculated MT-SH/MT-Me concentration ratio (Fig. 3C) was increased substan-
tially at exposures to metals: in Cu- and Zn-exposed groups by 3.5 times and in the 
Cd-exposed group – by 1.3 times than in control group. In a group exposed to Tattoo, it 
was lower than in the control. Indeed, at the exposures to metals, an increased level of 
the metallothionein was associated with the apoform of this protein, the same as in the 
bivalve mollusks [8], whereas, at the exposure to thiocarbamate the metal-binding func-
tion of metallothioneins was more evident. At increased MT concentration (7.6-fold) 
under the thiocarbamate action was reported in rat liver at 17 h after a single injection 
[34]. This effect on the MT was explained later as the dithiocarbamates inactivated reac-
tive oxygen intermediates, chelate Zn(II) and synergistically augmented the induction of 
MT-1 mRNA levels via the antioxidant response element [29]. In current study, at low 
thiocarbamate concentration, the metallothionein synthesis was likely not targeted. 
However, a particular impact on the metal chelating was evident. 

To summarize, common features of metallothionein responses in the aquatic mol-
lusks can be noted as a partial saturation by metal exposures. Low level and vulnerabil-
ity of the metallothioneins in snails confirms a finding of the R. Dallinger and colleagues 
[5, 18, 24, 26, 27] concerning a particular metal sequestration in the aquatic snails.

CONCLUSION
In present study, all exposures to metals caused an elevation of concentration of 

metals (Zn, Cu or Cd) in tissues, whereas thiocarbamate fungicide did not affect it. The 
effect of metals and Tattoo on the levels of metallothionein metalation was opposite.  
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A distorted distribution of metals in tissue under the exposure to Tattoo needs more 
precise study of the initial targets of its effects. 
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ОЦІНКА ВІДПОВІДІ МЕТАЛОТІОНЕЇНІВ СТАВКОВИКА ОЗЕРНОГО 
LYMNAEA STAGNALIS НА ВПЛИВ МЕТАЛІВ І ТІОКАРБАМАТНОГО ФУНГІЦИДУ 
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Легеневим молюскам притаманний високий рівень поглинання розчинених  
металів і високий ступінь їхнього зв’язування, в основному Cd, Zn і Сu металодепо-
нуючими білками металотіонеїнами (МТ). Однак більшість досліджень орієнтовані 
на наземні види, тоді як водяні равлики вивчені мало. Відтак, основною метою до-
слідження було оцінити специфічність металозв’язуючої функціїї металотіонеїну 
(MT) у ставковика озерного Lymnaea stagnalis. Протягом 14 днів проводили експози-
цію молюсків за впливу типових індукторів металотіонеїнів Cu2+, 10 мкг·л-1, Zn2+, 
130 мкг·л-1, Cd2+, 15 мкг·л-1 та індуктора оксидативного стресу тіокарбаматного фун-
гіциду Татту, 91 мкг·л-1. Застосовані концентрації в експериментах відповідали їх-
нім екологічно реальним концентраціям. Було проаналізовано концентрації мета-
лів і характеристики металотіонеїнів травної залози. У нашій роботі за впливу всіх 
досліджених металів спостерігали підвищення концентрації металів (Zn, Cu або 
Cd) у тканинах і загальний рівень металотіонеїнів, визначених за тіоловими група-
ми (MT-SH). Особливо за дії всіх металів у приблизно 2–3 рази підвищився вміст 
Zn у тканинах. Рівень металовмісної форми МТ (MT-Me) збільшився за дії Cd. Вод-
ночас, вплив Татту на рівень металів і MT-SH у тканинах був незначним, але ви-
кликав перерозподіл металів між металотіонеїнами (збільшення) та іншими спо-
луками. Зміна профілю елюйованих металотіонеїнів на DEAE-целюлозі було по-
казано за впливу всіх чинників. Підсумовуючи, молюски продемонстровали широ-
кий спектр відповіді та зіставлення різних характеристик залежно від експозиції. 
Відповіді на вплив металів і Татту відрізнялися за концентрацією металотіонеїнів. 
Проте основні причини впливу тіокарбаматів на гомеостаз металів потребують по-
дальших досліджень.

Ключові слова:	 легеневий молюск, мікроелементи, тіокарбаматний фунгі-
цид, токсичність
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