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Abstract

Arsenic is a common contaminant in soils, affecting soil microbiome and all soil organisms. The
present study examined arsenate tolerance of two Saccharomyces cerevisiae strains isolated from contami-
nated soil. Their tolerance to sodium arsenate (AsV) was studied in a liquid medium for 24 hours, while the
ability of the populations to reduce their intracellular arsenic content was subsequently investigated through
kinetic studies of arsenate transport at 33.3, 133.2, and 266.4 uM of AsV. The dependence of tolerance on
the efflux system was demonstrated by the use of amiloride hydrochloride, which is known as a suppressor
of ion transport through the cell membrane. The maximum concentration tolerated by S. cerevisiae AS09
was found to be about 72.8% lower than that by the tolerant S. cerevisiae AS07. The influx and efflux of
arsenate across the cell membranes of both strains were dependent on the concentration of metalloid in the
medium and on the anion net balance. Both strains rapidly increased their internal As concentration to a
maximum point, although only the tolerant strain was able to decrease it subsequently in all concentrations
used. When the highest concentration was applied, the cells of the non-tolerant strain were found to be dead.
When amiloride hydrochloride was used it was found that the tolerant cells behaved like sensitive cells,
and at 266.4 uM the cells of both strains were found to be dead, because the extrusion of the toxic anion
was interrupted. Kinetic differences in arsenate transport through the cell membrane explain the different
degrees of tolerance of the studied strains.
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Pe3rome

ApCEeHBT € 4YecTO cpellaH 3aMbpCUTEN B TOYBUTE OKa3BallKU BB3JIECUCTBUE BbPXY IOUBEHHS
MUKpPOOHOM U BbPXY BCUUKU IOYBEHU OPTaHNU3MHU. B HacTosAIIETO IpOyYBaHe U3CII€IBaXME TOJIEPAHTHOCTTA
KbM HaTpueB apceHar (AsV) Ha 1Ba mama Sacharomyces cerevisiae W30IHpPaHU OT 3aMbPCEHH TOYBH.
[IpoyuBaHeTO ce U3BBLPIIU B TEUHA XpaHUTENHA cpea 3a 24 4., TOKaTo ClOCOOHOCTTA Ha MOMyIaluuTe Aa
peayumpar TIXHOTO BbTPEKJIETHUYHO ChIBPKAaHUE HA apCEH CE€ M3BBPIIM Ype3 U3CIIEABAaHE HA TPAHCTIOPTa
Ha apceHar npu 33.3, 133.2 u 266.4 uM AsV. 3aBucuMoCTTa Ha TOJIEPAHTHOCTTA OT U3BEKIAHETO U3BbH
KJIeTKaTa Oellle IOKa3aHO C M3MOJI3BAHETO HAa aMIJIOPH] XUAPOXJIOPH], KOHTO MOTHCKA TpPaHCIOpTa Ha
MoHU Ipe3 KJICThbYHAaTa M€M6paHa. YCTaHOBI/IXMe, Y€ MakKCuMajiHaTa KOHLCHTpalusd, IIpHu KOATO BCC OLIC
nMa pactex Ha S. cerevisiae AS09 e cbc 72.8 % mo-HHUCKa OT Ta3u NpH TOJEpaHTHUS S. cerevisiae ASO7.
[TocThnBaHETO U U3XBBPISHETO HA APCEHAT OT KJIETKUTE MPH JBaTa I1llaMa 3aBHUCEIIE OT KOHLEHTpaUUATa
Ha MeTaJouJia B cpelara M OT HeTHus OanaHc Ha aHWOHA. J[BaTa mama OBp30 yBelIMYMXa BhTPEIIHATA
CH KOHIIEHTpalusi Ha AS JOCTHrallku MakCHUMyM, Karo caMO TOJIEPAHTHHUSAT miaM Oerie crocoOeH Ja i
HaMaJu TpU BCUYKHM BapuaHTu. [Ipu BHCOKaTa KOHIIEHTpalus ce HaOlofaBalle 3arvBaHe Ha KIETKUTE
Ha HCTOJICPpAHTHHUA LIaM. HpnnaraﬁKH aMUJIOpUA XUAPOXJIOpUA €€ YCTAHOBHU, YC TOJCPAHTHUTC KIICTKU
C€ IbpKaT KaTo YyBCTBUTEIHU U MPHU KOHIEHTpauus 266.4 UM KIIeTKUTe Ha JABaTa laMa 3aruBar nopajiu
JIMIICaTa Ha U3BEXIaHe Ha TOKCUYHMS aHMOH HaBbH. B 3akioueHue, pa3nuyusiTa B TpPaHCIIOPTa HA apceHaT
rpe3 KJIeTbuHaTa MeMOpaHa OOsICHSIBAT pa3IMYHATA TOJIEPAHTHOCT Ha JIBaTa 1iama.
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Introduction

Currently, metal and metalloid pollution is
one of the most important environmental problems
affecting our everyday life. As a metalloid, arse-
nic is highly toxic, abundant in the environment,
but not required for life (Rahman et al., 2014). In
arsenic-containing habitats, soil microorganisms
have developed arsenic-resistance (ars) genes. It is
known that inorganic arsenate is taken up by the cells
mainly via the phosphate system, while the tolerant
strains are able to reduce their cell arsenate content
by extrusion of arsenate out of the cell (Garbinski et
al., 2019). Different studies have shown that some
yeast strains isolated from contaminated sites pos-
sess excellent metal and metalloid scavenging ca-
pability (Nguyén-nhu and Knoops, 2002; Massoud
et al., 2019). These cells exhibited high tolerance
and may be potential candidates for the removal of
metals and metalloids from wastes, wastewaters and
contaminated soils. The stage has already been iden-
tified for the application of metal-resistant microbi-
al cells in metal and metalloid harvesting. In pre-
vious publications (Shilev et al., 2001; Ferndndez
et al., 2003; Shilev et al., 2007), the mechanisms
of tolerance to arsenic in tolerant bacteria Pseudo-
monas fluorescens, and in non-tolerant Bacillus sp.
were described. In those cells, arsenate tolerance
was found to be strongly dependent on the transport
through the cell membrane and especially on the ef-
flux system, where different proteins are involved.
In the eukaryote Saccharomyces cerevisiae, several
phosphate transporters participate in arsenate up-
take (Bun-ya et al., 1996; Shen et al., 2003). Inside
the cell, the metalloid can be reduced to a form that
is recognized by the extrusion system. Its presence
activates the transcription of various cellular de-
fense genes, which activate the membrane proteins
for extrusion of the metalloid. Therefore, the toler-
ance to As depends on the presence of these proteins
in the membrane. Cells remove metalloids from the
cytosol either by active efflux or by sequestration in
an internal organelle. Controlling the influx appears
to be another way of maintaining a low intracellu-
lar metalloid content (Wang and Chen, 2006; Batis-
ta-Nascimento et al., 2013).

The aim of the present study was to investi-
gate the mechanisms of sodium arsenate (Na,HA-
sO,.7H,0O) transport in two S. cerevisiae strains as a
key factor for metalloid tolerance.

Materials and Methods

Previously, we isolated different strains tol-
erant to heavy metals and metalloids from con-
taminated soils (Shilev and Vancheva, 2006).

64

Some of them were characterized and identified as
S. cerevisiae strains and found to tolerate or not
moderate to high concentrations of sodium arsenate
(AsV) in the growth medium.

Cultures

In the present investigation, AsV tolerance
and the kinetics of AsV transport in the cells in
two strains were studied. Both strains, S. cerevisiae
AS07 wild type (WT) and S. cerevisiae AS09, were
pre-isolated from soil contaminated by multiple
heavy metals. The former was tolerant to elevated
concentrations of arsenic, while the latter was not
tolerant to that metalloid.

Tolerance study

The tolerance of the above-mentioned strains
was studied in a liquid medium (nutrient broth),
growing them separately until optical density of ap-
proximately 0.8 at 550 nm. A portion of the yeast
suspension was inoculated in a flask with a new
sterile medium containing different concentrations
of AsV as sodium arsenate from 0 to 5 M solution.
The experiment was carried out in batch mode us-
ing 50 ml of medium per 250 ml flask. The flasks
were incubated in an orbital shaker at 100 rpm and
28°C for 24 h. Growth was monitored at 550 nm.
Three replicates per treatment were performed. The
flask without metal was taken as a control.

Kinetic assays

In the present study, the kinetics of AsV trans-
port in the cells of both Saccharomyces cerevisiae
strains was studied. In the influx experiments, the
cells were grown in a nutrient-broth medium (100
ml, 28°C), in a water bath with heating and agitation.
Stock solution of sodium arsenate was prepared and
the relevant quantity was added when the optical
density of 0.25 - 0.35 (550 nm) was reached (early
exponential phase), with the purpose to obtain the
final concentration of sodium arsenate in the medi-
um (33.3, 133.2 or 266.4 uM). Samples were taken
over a period of 1 h, filtered (Millipore, © 0.45 um),
washed (20 mM MgCl,), and after 24-h exposure
in 0.2 M HCI to break down the cells, were ana-
lyzed by atomic absorption spectrometry (Varian
SpectrAA-100). Finally, the influx experiment was
repeated adding Amiloride hydrochloride (Sigma
Chem.) at minute 15, which affects the membrane
anion transporters inhibiting the extrusion systems
for metal efflux. Amiloride was dissolved in meth-
yl sulfoxide (Fluka Chem) and added in a concen-
tration of 2.5 mM. The experiments were repeated
several times and the standard error was found to
be less than 5%.



Results and Discussion

The present study is a continuation of the in-
vestigations in the field of bioremediation related to
the restoration of soils contaminated with various
metals and metalloids. It compares two strains iso-
lated from such contaminated area in order to prove
their tolerance or lack of tolerance to arsenic.

The detailed study of tolerance of both S. cer-
evisiae strains is presented in Fig. 1. The presence
of AsV in the liquid medium led to changes in the
growth rate of both strains. In small concentrations
of the metalloid up to 0.5 mM, S. cerevisiae AS07
was able even to increase its population.
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Fig. 1. Growth rate of S. cerevisiae ASO7 and S.
cerevisiae AS09 in presence of different concentra-
tions of sodium arsenate expressed as a percentage
of the control (growth without arsenate). Data rep-
resent the mean of three replicates, while the stand-
ard error was in the range of 5 %.
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A reduction of 50% of the population after
24-h growth was observed at 11.75 mM of AsV.
Moreover, the growth under such stress conditions
continued until 18 mM. On the other hand, the cells
of non-tolerant S. cerevisiae AS09 survived until
4.9 mM of AsV in the medium, while 50% growth
reduction was found at 0.9 mM in the medium.

In addition, arsenate cell transport was studied
in both S. cerevisiae strains for a period of 60 min at
three concentrations of sodium arsenate in the me-
dium — 33.3 uM, 133.2 uM, and 266.4 uM (Fig. 2).

The influx and efflux of arsenate in the cells
of both strains were dependent on the concentration
of the metalloid in the medium and on the net bal-
ance of the anion. Under conditions of abiotic stress
produced by sodium arsenate in the medium, the in-
ternal cell concentrations also differ. The basic prin-
ciple is that each microbial strain has the capability
of regulating its internal ion concentration by influx
and efflux operations. When the external arsenate
concentration was 33.3 uM (Fig. 2 A), both cells ab-
sorbed arsenate anion at a different rate. The maxi-
mum level of internal As (0.1 pg g') was reached by
the tolerant strain after 7 min of incubation followed
by efflux of As, which resulted in a 40% reduction
of the initial concentration, while the non-tolerant
strain continued increasing its internal values of
As till the 60™ minute (0.089 pg g'). Hence, for 60
min in the presence of 33.3 uM sodium arsenate the
non-tolerant strain was not able to begin the efflux
process.
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Fig. 2. Kinetic uptake of As over 60 min in tolerant and non-tolerant yeast strains, expressed per gram of
dry cells, in the presence of 33.3 uM (A), 133.2 uM (B), and 266.4 uM (C) of sodium arsenate. Data rep-
resent the mean of three replicates, while the standard error was in the range of 5%.
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In the case of 133.2 uM sodium arsenate,
both cells reached the maximum point of internal
As at the beginning of the experiment. Afterwards,
the tolerant strain decreased the internal concentra-
tion by 80% by minute 60. The non-tolerant strain
not only accumulated much more As (60% more),
it was also able to decrease the anion concentration
by 70%.

At all concentrations used at the beginning of
the experiment, both strains rapidly increased their
internal As concentration, reaching a maximum
point, although only the tolerant strain was able to
decrease it subsequently at all concentrations used.
When the concentration in the medium was 266.4
uM, the non-tolerant cells died before minute 10
(evaluation of viable cells), while the tolerant cells
continued extruding the anion surprisingly much
more than at the lower arsenate concentration.

To demonstrate that the decrease in arsenate
concentration was due to membrane transporters
in the cell wall, amiloride hydrochloride, known
as an inhibitor of Na*/H* antiporters, was included
in the experiments (Fig. 3). The result was that the
efflux disappeared in all experiments and concen-
trations after the addition of amiloride hydrochlo-
ride. The accumulated As in the cells of the toler-

ant strain was found to be much lower than the As
in the non-tolerant strain cells in all experiments.
As a consequence, tolerant cells became sensitive.
Moreover, in the case of 266.4 uM arsenate in the
medium, the cells of both strains were found to be
dead, because the toxic anion extrusion was inter-
rupted.

After 60 min of incubation with 33.3 uM
and 133.2 uM of sodium arsenate and amiloride
hydrochloride, the cells of both strains were found
to be alive, while when higher concentration was
used both strain cells were dead because of high-
er internal concentration of anion. It seems that the
low concentration did not pose a significant threat
to any of the strains, as in the end the accumulat-
ed concentrations were similar and the cells were
alive, while when medium concentration was used
the accumulation of the non-tolerant strain was
55% more than that in the tolerant one.

In conclusion, although the maximum tolera-
ble concentration of S. cerevisiae AS09 was about
72.8% lower than that of the tolerant S. cerevisi-
ae AS07, 50% reduction of growth of S. cerevisiae
ASO09 represented a 92.3% decrease compared to S.
cerevisiae ASO7. On the other hand, the tolerance to
arsenate is a very important quality in some habitats
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Fig. 3. Kinetic uptake of As in tolerant and non-tolerant yeast strains, expressed per gram of dry cells, in
the presence of 33.3 uM (A), 133.2 uM (B) or 266.4 uM (C) sodium arsenate and 2.5 mM amiloride hy-
drochloride. Data represent the mean of three replicates, while the standard error was in the range of 5%
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and is dependent on the possession of genes encod-
ing production of protein transporters for arsenate
efflux from the cell. In our case, the efflux of arse-
nate presented a typical curve for tolerant cells, but
the activation times depended on the concentration
in the medium. At higher arsenate concentrations,
the tolerant cells response was faster — at 33.3 uM
atmin 10, at 133.2 uM at min 8, at 266.4 uM at min
4. The addition of an antiporter inhibitor resulted in
a lack of efflux in the tolerant S. cerevisiae AS07
strain and it became non-tolerant, confirming the
fact that tolerance to arsenate is due to an efficient
efflux system in the cells.

References

Batista-Nascimento, L., M. B. Toledano, D. J. Thiele, C.
Rodrigues-Pousada (2013). Yeast protective response to
arsenate involves the repression of the high affinity iron
uptake system. Biochim. Biophys. Acta 1833: 997-1005.

Bun-ya, M., K. Shikata, S. Nakade, C. Yompakdee, S. Ha-
rashima, Y. Oshima (1996). Two new genes PHO86 and
PHO87, involved in inorganic phosphate uptake in Sac-
charomyces cerevisiae. Curr. Genet. 29: 344-351.

Fernandez A., M. J. Gomez, S. Shilev, C. Gil, J. Jorrin, E. D.
Sancho (2003). Arsenic-induced protein changes in rhizo-
bacteria Pseudomonas fluorescens, p: 168-169. in: Jorrin,
J. V,,J. A. Barcena, A. Moreno, J. R. Ruiz, M. T. Sempere
(eds.). Seminars in Proteomics UCO-2003. University of
Cordoba. Spain.

67

Garbinski, L. D., B. P. Rosen, J. Chen (2019). Pathways of
arsenic uptake and efflux. Environ. Inter. 126: 585-597.
Massoud, M., M. R. Hadiani, P. Hamzehlou, K. Khosravi-Da-

rani (2019). Electr. J. Biotech. 37: 56-60.

Nguyén-nhu, N. T., B. Knoops (2002). Alkyl hydroperoxide
reductase 1 protects Saccharomyces cerevisiae against
metal ion toxicity and glutathione depletion. Toxicol. Lett.
135: 219-228.

Rahman, 1., Z. A. Begum, S. Y. Salehi Lisar, R. Motafakker-
azad, R. Awual, H. Hasegawa (2014). Distribution and
abundance of arsenic in the soils and plants, in: Olson
M. J. (ed.), Arsenic: Detection, Management Strategies
and Health Effects Chapter: 6, Nova Science Publishers,
Hauppauge, NY, USA.

Shen, J., C. M. Hsu, B. K. Kang, B. P. Rosen, Hiranmoy Bhat-
tacharjee (2003). The Saccharomyces cerevisiae Arrdp is
involved in metal and heat. BioMetals 16: 369-378.

Shilev, S., A. Fernandez Lopez, M. Sancho Prieto, E. D. San-
cho (2007). Induced protein profile changes in arsenate
tolerant and sensitive Pseudomonas fluorescens strains. J.
Environ. Eng. Landsc. Manag. 15: 221-226.

Shilev, S., J. Ruso, A. Puig, M. Benlloch, J. Jorrin, E. D.
Sancho (2001). Rhizospheric bacteria promote sunflow-
er (Helianthus annuus L.) plant growth and tolerance to
heavy metals. Minerva Biotec. 13: 37-39.

Shilev, S., V. Vancheva (2006). Characterization of yeast tol-
erant to As and Cd. J. Environ. Prot. Ecol. T: 47-51.

Wang, J., C. Chen (2006). Biosorption of heavy metals by
Saccharomyces cerevisiae: A review. Biotech. Adv. 24:
427-451.



