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ABSTRACT

Background. Selenium, zinc, and chromium are essential trace elements for maintaining human and animal
health. However, their free ionic states exhibit low bioavailability and significant toxicity. Saccharomyces
cerevisiae serves as an ideal carrier for trace element enrichment, which is due to its rapid proliferation and
efficient biotransformation capabilities.

Methods. Using Saccharomyces boulardii L2 as a model, this study systematically analyzed the effects of
sodium selenite, zinc sulfate, and chromium trichloride concentration on Saccharomyces boulardii L2 growth
and element enrichment through adding single Na,SeO,, ZnSO, and CrCl, and their combination. Scanning
electron microscopy (SEM) was employed to observe changes in cell surface.

Results. The optimal individual concentrations for sodium selenite, zinc sulfate, and chromium trichloride
were 30 pug/mL, 300 pg/mL, and 300 pg/mL. The enrichment of Se, Zn and Cr per gram of dried Saccharo-
myces boulardii L2 cells was 1,060.59 ng, 3,164.76 ng and 1,504.95 ng, respectively. Synergistic effects were
observed in composite enrichment, with no elemental antagonism detected.

Conclusion. Saccharomyces boulardii L2 efficiently enriches single sodium selenite, zinc sulfate and chro-
mium trichloride and their combination system, which thereby provides critical process parameters and theo-
retical support for developing efficient and low-toxicity trace element yeast preparations.
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INTRODUCTION

Micronutrients, as indispensable regulators of life
activities, maintain biological health by participating
in gene regulation, nucleic acid metabolism, and an-
tioxidant and immune functions. Selenium (Se), zinc
(Zn), and chromium (Cr) have garnered attention for
their unique physiological roles. Selenium reduces
risks of neurodegenerative diseases and cancer by
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enhancing immunity and antioxidant capacity (Guillin
et al., 2019; Kieliszek et al., 2019). Zinc acts as a key
coenzyme component, with deficiencies linked to im-
munodeficiency and metabolic disorders (Gammoh &
Rink, 2017). Chromium regulates insulin function and
glucose-lipid metabolism homeostasis; its deficiency
may lead to glucose intolerance (Pechancova et al.,
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2019). However, free trace elements face challenges
such as low bioavailability and toxicity, necessitating
safe and efficient supplementation strategies.
Microbial transformation provides a new idea for
the development of trace element carriers due to its
advantages of environmental friendliness and bio-
compatibility. Saccharomyces cerevisiae has become
an ideal biotransformation carrier by virtue of its high
protein content, rapid proliferation characteristics and
excellent metal ion enrichment ability (Mehri, 2020).
Yeast cells have been shown to integrate inorganic ele-
ments into the cellular structure, forming organically
bound biologically active forms that significantly en-
hance elemental utilization (Kieliszek et al., 2015).
Currently, significant progress has been made in
research on single-clement enriched yeasts: Xue et
al. (2024) screened and identified a strain of Dyer’s
sporulated round yeast (Torulaspora delbrueckii) G-1
with high selenium enrichment capacity from soil
and grape samples, and its selenium content under 50
mg/L sodium selenite conditions was (1.64 +0.034)
mg/g; Esmaeili et al. (2012) used the Plackett-Burman
optimization strategy to achieve total selenium accu-
mulation of 287.6 mg/kg in yeast at 25 pg/ml sodium
selenite. Cha et al. (2008) isolated a zinc-containing
yeast strain, Rambutan, from tropical fruits with zinc
concentrations up to 306 ppm (30.6 mg). It is notewor-
thy that the amino acid content in zinc-enriched yeast is
significantly higher compared to that of normal yeast,
especially the levels of essential amino acids such as
leucine, lysine, and methionine (Xie et al., 2016). In
addition to the yeast itself, the antioxidant properties
of the zinc-rich yeast fermentation broth are similarly
elevated. Liu et al. (2014) found that the highest scav-
enging rate of hydroxyl radicals, superoxide anion
radicals, and DPPH radicals reached 37.2%, 79.4%,
and 81.0%, respectively, when the zinc-enriched yeast
broth was diluted (pH 6.5) up to 64 times. Kaszycki
et al. (2004) screened the yeast strain VKM Y-231 for
chromium enrichment capacity up to 18 mg/g. Azad et
al. (2014) added zinc salts to a Saccharomyces cerevi-
siae medium to boost organic zinc production. They
found zinc sulfate at 30 mg/L showed good enrich-
ment, while 60 mg/L restricted yeast growth and zinc
absorption; Li et al. (2019) showed that the chromium-
rich yeast YS1-3.7 had a total chromium enrichment
of 1,803.87 pg/g at 500 pg/mL Cr** and 73.29% of
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it existed in the form of organic chromium in proto-
plasts. However, the multi-element synergistic enrich-
ment system still faces challenges, high concentration
of chromium inhibits the growth of the bacteria, and
the mechanism of inter-element interaction is not clear.

Probiotic yeasts (Saccharomyces boulardii) have
shown special value in the development of micronu-
trient carriers due to their unique ability of nutrient
transformation and host interactions. These strains can
enhance host immunity and nutrient uptake by secret-
ing active substances, and their selenium-enriched
products are both highly safe and bioavailable (Shu
et al., 2018; Alzate et al., 2010). Jin et al. (2009) dem-
onstrated the existence of significant concentration
thresholds for selenium tolerance and enrichment by
microorganisms in the study of Bifidobacterium bifi-
dum. In our previous study, Li et al. (2022) screened
S. boulardii L2 strain from 16 strains of Saccharomy-
ces cerevisiae for simultaneous enrichment of seleni-
um (917.37 pg/g), zinc (1202.3 pg/g), and chromium
(680.11 pg/g). However, the effects of nutrient con-
centration on the pattern of multi-element co-enrich-
ment have not yet been resolved systematically. Based
on this, the present study focused on S. boulardii L2,
and revealed the quantitative and effective relationship
between single-factor and compound additions on the
growth of the bacteria and elemental enrichment by
setting the concentration gradient of sodium selenite,
zinc sulfate, and chromium trichloride, aimed at es-
tablishing a high-efficiency and safe multi-elemental
yeast enrichment process, which could provide a theo-
retical support for the development of functional pro-
biotic formulations.

MATERIALS AND METHODS

Strain activation

The freeze-dried powder of S. boulardii L2 (herein-
after referred to as L2) kept in the laboratory of the
School of Food Science and Engineering, Shaanxi
University of Science and Technology, was dissolved
with YPD medium, and then placed in a shaker in-
cubator at 30°C and 180 r/min for 24 h. After three
consecutive generations of activation at an inoculum
rate of 5% (v/v) that allowed the viable bacterial count
reached 10® CFU/g, the powder was put in a refrigera-
tor at 4°C and kept in reserve.
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Determination of the appropriate concentration
of Na,Se0,, ZnSO, and CrCl,

The activated L2 was inoculated into YPD broth at
a 5% (v/v) inoculum size. Based on the research back-
ground and preliminary experimental results, different
concentrations of sodium selenite (Na:SeOs), zinc sul-
fate (ZnSOs), and chromium trichloride (CrCls) were
added to the culture medium. These were as follows:
Na>SeOs at concentrations of 10, 20, 30, 40, 50 pg/
mL, ZnSOs4 at concentrations of 200, 300, 400, 500,
600 pg/mL, and CrCls at concentrations of 100, 200,
300, 400, 500 pg/mL. The culture was incubated at
30°C for 24 h on a shaker at 180 r/min.

Determination of the appropriate concentration
of Na,SeO,, ZnSO, and CrCl,

The concentration gradients for the simultaneous en-
richment of multiple elements by L2 were set based
on existing experiments. Different concentrations of
Na,SeO,, ZnSO, and CrCl, were simultaneously add-
ed to the medium and divided into four groups accord-
ing to different combinations of additions.

Table 1. Concentration Gradient Settings for Different Nu-
trient Combinations

Nutrient concentration (pug/mL)

Nutrient
combinations 1 2 3
A:Se+Zn 10 + 100 15+ 150 30+ 300
B: Se + Cr 10+ 100 15+ 150 30+ 300
C:Zn+Cr 100 + 100 150 + 150 300 + 300

D:Se+Zn+Cr 10+100+ 100 15+ 150+ 150 30+ 300 + 300

Measurement of enrichment effect

The contents of Na,SeO,, ZnSO, and CrCl, were
detected by inductively coupled plasma emission
spectroscopy-ICP-AES (Zhang et al., 2020). The
nutrient-rich yeast transformation solution was cen-
trifuged, and 5 mL of the supernatant was taken and
digested by adding nitric acid and hydrogen peroxide,
and the nitrified sample was diluted to 20 mL with pu-
rified water, before being placed in ICP-AES for the
determination of Se, Zn and Cr.
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Yeast biomass determination

The fermentation broth was incubated in shake flasks
and then centrifuged at 6000 r/min for 10 min to col-
lect the bacterial bodies. After being washed with dis-
tilled water three times, the yeast was collected and
dried at 105°C until a constant weight was reached to
obtain the yeast biomass.

Scanning Electron Microscopy and Energy
Spectroscopy

The supernatant was removed by centrifugation of the
nutrient-rich yeast transformant, and 2.5% glutaralde-
hyde was added to the slurry and immobilized for 3 h.
After centrifugation, the precipitate was washed twice
with phosphate buffer (pH 7) for 10 min each time,
and then washed first with ethanol (30, 50, 70, 80, 90,
100%) in successive gradients for 10 min each time,
and then with isoamyl acetate. Finally, the precipitate
was washed with isoamyl acetate, and the nutrient-en-
riched Saccharomyces cerevisiae powder was obtained
after vacuum freeze-drying for 30 h. The powder was
then dried under vacuum. An appropriate amount of
nutrient-enriched yeast powder was taken and placed
on a carrier stage containing a metal-conductive adhe-
sive and sprayed with gold. The gold-sprayed samples
were subsequently placed in the sample chamber of
the electron microscope for observation with an accel-
erating voltage of 2 KV and a magnification of 10,000
times. The cell surface precipitates observed in the
scanning electron microscope were qualitatively ana-
lyzed first for elements and then using an X-ray energy
spectrometer.

Data analysis

Each experiment was replicated three times, and the
resulting experimental data were analyzed by One-
Way ANOVA using Origin 10.2 software, with the
level of significance of difference set at p < 0.05.

RESULTS AND DISCUSSION

Scanning Electron Microscope Image Analysis

In order to observe the morphological characteristics
of S. boulardii L2 cells and the changes occurring on
the cell surface after enrichment with nutrients, the
morphology of the yeast cells was determined using
SEM, as shown in Fig. 1. L2 cells were complete,
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Fig. 1. Scanning Electron Micrograph of L2 (left: 5 kx, right: 10 kx)

ellipsoidal, with a large morphologic volume. In ad-
dition to a small number of cells that were rounded,
buds appeared around some of the mother cells, which
suggests that L2 possesses generalized yeast budding
characteristics.

Effect of sodium selenite concentration on the
enrichment effect
The concentration of Na,SeO, was set at 10, 20, 30,
40 and 50 pg/mL, and the selenium content and bio-
mass in yeast were determined for scanning electron
microscopy. The results are shown in Fig. 2 and Fig. 3.
As shown in Fig. 2, when the concentration
reached 30 pg/mL, the selenium content and biomass

Fig. 2. Effect of Na SeO, concentration on the selenium en-
richment and biomass of L2
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of the yeast cells reached the maximum value of
1060.59 pg/g and 27.2 g/L, respectively; when the
concentration of Na,SeO, was greater than 30 pug/mL,
the growth of the yeast was inhibited, resulting in se-
lenium enrichment and the biomass of the yeast cells
gradually decreasing.

Fig. 3 shows that when the concentration of Na-
,5€0, was 10-30 pug/mL compared with the control
group, the folds on the cell surface gradually disap-
peared and small cracks appeared. When the con-
centration was greater than 30 pg/mL, very few cells
remained normal, and most of the cells appeared de-
pressed and deformed.

Based on the experimental results, the optimal con-
centration of Na,SeO, was established at 30 pg/mL.

Effect of zinc sulfate concentration on
enrichment effect

The ZnSO, concentration was set at 200, 300, 400,
500 and 600 pg/mL and the transformation time was
24 h. The results are shown in Fig. 4 and Fig. 5.

As shown in Figure 4, both zinc content and bac-
terial biomass enriched by L2 increased and then de-
creased with the concentration of ZnSO,, with both
zinc content and biomass in the yeast cells reaching
a maximum value of 3164.76 pg/g and 35.45 g/L, re-
spectively, when the concentration reached 300 pg/mL.
However, when the concentration reached 600 pg/mL,
the zinc content and biomass decreased to 1375.2 pg/g
and 15.55 g/L, respectively.

Compared with the control group (Fig. 1), Fig. 5
shows that when the concentration of ZnSO, in the
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Fig. 3. Micrograph of L2 Cultivated at Various Concentrations of Na,SeO, (a, b: 10 pg/mL;
¢, d: 20 pg/mL; e, f: 30 pg/mL; g, h: 40 pg/mL; i, j: 50 pg/mL. left: 5 kx, right: 10 kx)
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Fig. 5. Micrograph of L2 Cultivated at Various Concentrations of ZnSO, (a, b: 200 pg/mL;
¢, d: 300 pg/mL; e, f: 400 pg/mL; g, h: 500 pg/mL; 1, j: 600 pg/mL. left: 5 kx, right: 10 kx)
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Fig. 4. Effect of ZnSO, concentration on the zinc enrich-
ment and biomass of L2

medium was 200 pg/mL, the cell morphology was
mainly round or outgrowth, and the volume was slight-
ly reduced; when the concentration rose to 300 pg/mL,
the cell morphology was mainly round, the cell sur-
face folds were reduced and smoother and flatter, and
sedimentation began to occur; when the concentration
of ZnSO, in the medium reached 500 pg/mL, it could
be clearly seen that very few of the cells had normal
morphology, and the vast majority of yeast cells had
irregular morphology and cell depression.

Therefore, the optimal concentration of ZnSO, was
finalized as 300 ug/mL by combining the zinc content,
biomass and SEM results.

Effect of chromium trichloride concentration on
enrichment

L2 was cultured in YPD medium with CrCl, concen-
trations of 100, 200, 300, 400, and 500 pg/mL, respec-
tively, and the chromium content and biomass in the
yeast cells were determined. The results are shown in
Fig. 6 and Fig. 7.

Fig. 6 shows that the biomass of L2 was differ-
ent in the medium with different Cr** concentrations.
When the CrCl, concentration in the medium was
100-300 pg/mL, the biomass increased slowly in
line with the increased concentration; when the CrCl,
concentration was 300 pug/mL, the chromium enrich-
ment and the biomass reached the maximum values
of 1504.95 pg/g and 27.725 g/L; when the CrCl, con-
centration was higher than 300 pg/mL, the biomass
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Fig. 6. Effect of CrCl, concentration on the chromium en-
richment and biomass of L2

decreased rapidly with the increased concentration.
When the bacterial chromium content was high, the
bacterial volume was low; in contrast, when the bacte-
rial volume was high, the chromium content was low.

Compared with L2 (Fig. 1) cultured without added
CrCl,, Fig. 7 shows that the enriched precipitates on
the yeast cell walls increased gradually with the in-
crease in CrCl, concentration. The shape of yeast cells
did not change at CrCl, concentrations of 100 pg/mL
and 200 pg/mL. When the concentrations were 300 g/
mL and 400 pg/mL, the yeast cells gradually length-
ened. When the concentration reached 500 pg/mL, the
cell deformation increased and the surface was pitted.
However, the cell walls of L2 were not significantly
damaged at all concentrations of CrCl, shown in the
graphs, indicating that the yeast could reproduce nor-
mally at the above concentrations of CrCl,.

Based on the chromium content, biomass and scan-
ning electron microscopy results analysis of a compre-
hensive measure, the optimal concentration of CrCl,
in the culture medium was selected as 300 pg/mL.

Effects of the combination of Na,SeO,, ZnSO,
and CrCl, on enrichment and growth of L2
The effects of different Na,SeO,, ZnSO, and CrCl,
combinations and concentrations on the enrichment
and growth of L2 were investigated. The results are
shown in Fig. 8.

As can be seen from Fig. 8, the enrichment of sele-
nium, zinc and chromium by yeast in the four groups

51


http://doi.org/10.17306/J.AFS.001409
http://doi.org/10.17306/J.AFS.001409
http://www.food.actapol.net/

Yu, X., Shu, G, Yang, X,, Nan, J., Zhang, M. (2026). Effects of sodium selenite, zinc sulfate and chromium trichloride on the En-
richment and Growth of Saccharomyces boulardii L2. Acta Sci. Pol. Technol. Aliment., 25(1), 45-57. http://doi.org/10.17306/).
AFS.001409

Fig. 7. Micrograph of L2 Cultivated at Various Concentrations of CrCl, (a, b: 100 pg/mL;
¢, d: 200 pg/mL; e, f: 300 pg/mL; g, h: 400 pg/mL; i, j: 500 pg/mL. left: 5 kx, right: 10 kx)
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Fig. 8. Effect of Na,SeO,, ZnSO, and CrCl, combination on Enrichment and Growth of L2 (Group A: Se+Zn; Group B:

Se+Cr; Group C: Zn+Cr; Group D: Se+Zn+Cr)

of experiments increased with an increase in concen-
tration, while the biomass of the organisms decreased
to different degrees. In group A, the selenium and
zinc contents of the yeast increased with an increase
in sodium selenite and zinc sulphate concentrations,
and the selenium and zinc contents of the unit yeast
cells reached as high as 732.5 ng/g and 1407.77 pg/g.
The biomass reached 26.78 g/L. In group B, the sele-
nium and chromium contents per unit of yeast cells
reached 533.745 pg/g and 632.02 ug/g at concentra-
tion 3. In group C, the zinc and chromium contents
per unit of yeast cells reached 1,223.54 pg/g and
832.02 pg/g at concentration 3, although the biomass
decreased significantly. In group D, which was simul-
taneously enriched with three nutrients, the selenium,
zinc and chromium contents reached 588.76 pg/g,
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1061.54 ng/g and 930.57 pg/g, respectively, at con-
centration 3, while the biomass was 21.75 g/L.

The experimental data showed that the greatest
efficiencies were significantly higher in the single-
element enrichment condition than in the composite
condition (Fig. 8). For example, selenium amounted
to 1,060.59 ng/g at single enrichment (30 pg/mL
Na:SeOs), whereas it was only 588.76 pg/g under the
composite condition (Group D: 30 pg/mL Se + 300 pg/
mL Zn + 300 pg/mL Cr), which represents a 44.5%
decrease in efficiency. Similarly, the single enrichment
of Zn was 3,164.76 pg/g and 1,061.54 pg/g under
the composite condition (a decrease of 66.5%), and
the single enrichment of Cr was 1,504.95 pg/g and
930.57 pg/g under the composite condition (a decrease
of 38.2%).
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Considering the yeast yield and the effect of co-en-
richment of selenium, zinc and chromium, the results
of group D (sodium selenite 30 pg/mL, zinc sulfate
300 pg/mL, chromium trichloride 300 pg/mL) were
an optimal combination of concentrations under the
conditions of this experiment.

DISCUSSION

The enrichment ability of microorganisms for metal el-
ements is closely related to their growth and metabolic
state, and the metal ion concentration in the culture
medium is a key factor in regulating this process. Tak-
ing selenium as an example, Yang et al. (2020) found
that when the concentration of sodium selenite was in-
creased from 0 ug/mL to 40 ug/mL by scanning elec-
tron microscopy quantitative analysis, the average size
of the yeast cells was significantly reduced from 3.56 x
4.3 um to 3.08 x 3.78 um, and there was a significant
morphology in the cell morphology. This morphologi-
cal change echoes the findings of Li et al. (2016) in re-
sistant strains: structural damage, such as depressions,
was observed on the surface of yeast cells after treat-
ment with 5 mg/mL sodium selenite. It is noteworthy
that the effects of metal stress on microorganisms are
typically characterized by concentration dependence.
In their study of chromium stress, Ye et al. (2002) found
that low concentrations of heavy metals could promote
microbial growth through activation of enzyme sys-
tems, but when the concentration of chromium trichlo-
ride exceeded the critical value (100-500 pg/mL),
chromium-biomolecule complexes were formed on the
cell surface and precipitated, leading to the disruption
of membrane structure and growth inhibition.
Similarly, the biological effects of zinc ions on
Saccharomyces cerevisiae were characterized by bi-
directional regulation. As a coactivator of B-glucan
synthase, low concentrations of Zn*" (< 300 pg/mL)
can enhance bacterial biomass by enhancing cell wall
synthase activity (Wang et al., 2013). However, when
zinc concentration exceeds the threshold, it disrupts
cell membrane integrity through osmotic stress and
inhibits chitin synthase activity, which ultimately
leads to cell wall structural abnormalities and biomass
decline (Guan et al., 2010). This concentration-de-
pendent effect is closely related to the structural char-
acteristics of the cell wall. Brady et al. (1994) found

54

that the protein-mannan component of the outer layer
of the yeast cell wall has a stronger metal-binding
activity. Zhang et al. (1995) further elucidated that
Zn*" achieves stable binding through the formation
of ternary complexes with cell wall polysaccharides
and proteins, and its binding strength is significantly
higher than that of single-component action.

The cellular binding mechanisms of genus ele-
ments are intrinsically linked to their toxic effects. In
the case of chromium, for example, as the concentra-
tion of chromium trichloride increases (100-500 pg/
mL), yeast binds chromium to form surface precipi-
tates by secreting extracellular proteins, lipids, and
other biomolecules (Liu et al., 2009), and although
this adaptive response reduces the intracellular tox-
icity, excessive precipitates can disrupt the structural
integrity of the cell wall. This phenomenon corrobo-
rates the dual role of cell wall components in metal de-
toxification: acting as primary binding sites to mitigate
metal toxicity, but also serving as sites of initiation of
structural damage in case of excessive accumulation.

Experimental results showed that yeast enriched
simultaneously with selenium, zinc and chromium
showed a significant decrease in enrichment compared
to single-nutrient enrichment, suggesting that simul-
taneous enrichment of selenium, zinc and chromium
needs to solve the problem of ionic competition and
metabolic interference. Since selenium and chromium
are antagonistic in the sulfur metabolic pathway, both
selenite (Se*") and chromate (Cr®") are dependent on
sulfur transport proteins to enter the cell, leading to
a decrease in the efficiency of uptake. In contrast,
zinc enhances selenocysteine synthetase activity by
modulating metal-regulated transcription factors (e.g.,
Zapl), thereby promoting selenium organicization (Wu
etal.,2012). Li & Zeng, (2007) used a gradient domes-
tication method to obtain a strain of Saccharomyces
cerevisiae that could simultaneously tolerate 20 pg/mL
Se, 300 pg/mL Zn, and 200 pg/mL Cr, and its intra-
cellular selenoprotein, zinc-binding enzyme, and chro-
mium chelating peptide contents reached 1.2 mg/g, 8.5
mg/g, and 6.3 mg/g, respectively. In addition, a time-
regulated addition strategy can alleviate ionic compe-
tition: zinc is added in the mid-logarithmic phase to
activate the enzyme system, selenium is supplemented
in the stable phase to promote organic conversion, and
chromium is added in batches in the form of chelating
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agents (e.g., citric acid) pre-complexation, which ul-
timately realizes the high-efficiency co-enrichment of
the three elements (Guan et al., 2010).

This study is the first to systematically analyze the
bioconversion law of probiotics synchronous enrich-
ment of multiple trace elements, and its novel aspects
are as follows: firstly, the process system of selenium,
zinc and chromium ternary composite enrichment has
been established, which breaks through the limitations
of traditional single-element enrichment. It also reveals
the quantity-effect relationship between trace element
concentration and cell activity through morphological
evidence, which provides a theoretical basis for deter-
mining the safety threshold. The composite enrichment
strategy developed enables the yeast cells to maintain
a high biomass while realizing the simultaneous accu-
mulation of multiple elements. The research results not
only provide key technical parameters for the industrial
production of functional yeast preparations, but also lay
scientific foundations for developing new nutritional car-
riers with the synergistic effect of “probiotics and trace
elements”. Subsequent research will be expanded to
take in other essential trace elements in a composite en-
richment system, and through genetic engineering, this
will strengthen the elemental tolerance and transforma-
tion ability of strains in order to provide innovative solu-
tions for the development of precision nutritional food.

CONCLUSIONS

Sodium selenite, zinc sulfate and chromium trichlo-
ride concentrations have significant effects on the en-
richment of Saccharomyces boulardii L2. The optimal
individual concentrations for sodium selenite, zinc
sulfate, and chromium trichloride were 30 pg/mL,
300 pg/mL, and 300 pg/mL; the enrichment of Se, Zn,
and Cr per gram of dried L2 cells was 1,060.59 pg,
3,164.76 pg, and 1,504.95 pg, respectively; and the bi-
omass of 1.2 was 27.20 g/L, 35.45 g/L,, and 27.73 g/L.
Scanning electron microscopy analysis showed that
the supra-threshold concentration would lead to the
accumulation of cell surface deposits and the abnor-
mal phenomena of wrinkles and depressions in the
morphology, confirming the existence of a clear ele-
mental tolerance threshold in the yeast cells. L2 could
simultaneously enrich selenium, zinc, and chromium;
when the three salts acted synergistically at the optimal
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concentrations (sodium selenite 30 pg/mL, zinc sulfate
300 pg/mL, and chromium trichloride 300 pg/mL), the
yeast cells showed a significant synergistic enrichment
effect. The contents of selenium, zinc, and chromium
reached 588.76 ug/g, 1061.54 pg/g, and 930.57 ng/g,
respectively, and the biomass was stabilized at
21.75 g/L, which provides a basis for establishing the
optimal combination of process parameters.
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