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Abstract: Due to industrial development, heavy metal pollution has become a severe global health
hazard. The bioadsorption method represented by the adsorption of lactic acid bacteria (LAB) has
been widely employed. The purpose of this study is to screen LAB strains that can remove cadmium,
lead, and chromium. Through the heavy metal resistance tests, four strains with significant growth
inhibition rate were identified. After 16S rDNA sequencing, these resistant strains were identified by
Lactobacillus helveticus KD-3 (Cd2+ removal rate 37.54 ± 0.85%), Limosilactobacillus fermentum B27 (Pb2+

removal rate 69.41 ± 0.19%), Lacticaseibacillus rhamnosus 7469 (Cr6+ removal rate 71.13 ± 0.97%), and
Lb. helveticus K5. Three encoding genes were identified in our screen strains, namely resistance gene
czcD, chromium resistance gene chrA, and lead resistance gene pbrT. L.helveticus KD-3 exhibited the
best comprehensive performance. Given the diverse types of heavy metal pollution at present, the
current research mainly focuses on the removal of a single heavy metal by one strain. The four strains
enrich the absorption resources of LAB for heavy metals, paving a new way for the biosorption of
various heavy metals in food by LABs.

Keywords: lactic acid bacteria; removal rate; 16S rDNA; heavy metal resistance gene

1. Introduction

In recent decades, with the rapid development of urbanization and industrialization,
heavy metal pollution has become a global problem. Heavy metals may enter the human
body through the food chain, bringing health risks to humans. Heavy metal poisoning
leads to vomiting, fatigue, and weakened immunity, and can result in various malignant
tumors and chronic diseases [1]. Therefore, controlling the accumulation of heavy metals
in the intestinal tract of animals has become a current research hotspot [2].

The adverse effects of heavy metals cadmium, lead, and chromium on organisms
have been well documented. The toxicity of heavy metals depends on their bioavailability
and their uptake by organisms. Due to the fact that heavy metals do not degrade and
will continue to exist indefinitely, their excess will have harmful effects on the ecological
environment [3]. Excessive intake of cadmium can cause flu-like symptoms (fever, muscle
pain). Cadmium readily accumulates in invertebrates, and may also cause kidney failure in
birds and mammals [4,5]. Lead has a damaging effect on the brain, especially on children.
It also causes high blood pressure, anemia, and stunting of growth [6,7]. Chromium is
destructive to kidneys, bones, and liver, as well as causing numbness in the extremities and
mental disorders [8].
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At present, the common method for reducing heavy metals is through physical and
chemical methods, such as physical adsorption of activated carbon, chelation therapy
with chelating agents such as EDTA, and membrane separation. However, these methods
have problems in technical dependence, high cost, and operational difficulty. Worse still,
they can also cause secondary environmental pollution. Simple physical and chemical
methods cannot efficiently remove lead, cadmium, and chromium from the environment [9].
Compared with those methods, adopting microbial methods to remove heavy metals
has the characteristics of low cost and environmental friendliness. Microbial treatment
has significant advantages, such as high processing capacity, strong adaptability to the
environment, low cost, and environmental friendliness. Fungi are microorganisms with
the ability to remove heavy metals from nature chitin, polyphosphoric acid, and other
components in of fungal cell walls can combine with heavy metals [10]. Lactic acid bacteria
(LAB), as commensal microbes, play an important role in the human gut [11]. Heavy metal
removal technology based on LAB has been of great concern [12]. Studies have shown that
Lactiplantibacillus can adsorb lead and cadmium ions in vitro [13].

LAB are gram-positive bacteria that produce a variety of metabolites, including organic
acids, fatty acids, bacteriocins, and exopolysaccharides (EPS) [14]. Among the metabolites,
EPS can protect microorganisms from heavy metal poisoning and is exploited as an im-
portant heavy metal bioremediation tool [15]. At present, LAB that can remove cadmium
includes strains of lactobacilli, weissella, enterococcus and bifidobacterium [16]. These
strains that adsorb heavy metals were isolated from polluted sludge, pig and chicken
manure, intestinal substances, and other medias [17,18]. Fu et al. [19] used Lpb. plantarum
CICC21805 and Pediococcu pentosaceus CICC22737 as fermentation strains to remove cad-
mium from rice, and the cadmium removal rate of fermented rice flour reached 85.73%. Lin
et al. [20] found that 2 strains (Pseudomonas aeruginosa and Enterobacter cloacae) that could
scavenge various metal ions such as lead, cadmium, and copper. Xia et al. [21] proved that
the adsorption efficiency of L. reuteri 21008 on Pb2+ in an aqueous solution reached 84.23%.
Most research has focused on the removal of single heavy metals by LAB, but barely on
multiple heavy metals.

In our previous study, 66 LAB strains were screened to adsorb heavy metal cad-
mium [22], and 9 cadmium-resistant strains were identified. In this study, screening tests
were carried out to identify strains with the potential to remove complex heavy metals. The
identified strains were analyzed at the molecular level to identify key resistance genes.

2. Materials and Methods
2.1. Microorganism and Materials

LAB strains L19, LB6, 7469, S73, KD-3, L4, 22, K5, and B27 were isolated from fer-
mented foods and kefir grains. All strains were provided by Shaanxi University of Science
and Technology [22]. All strains were inoculated in MRS broth medium and grown at 37 ◦C
for 24 h.

Cadmium solution: 2.744 g cadmium nitrate (Cd (NO3)2·4H2O) (AR) is dissolved
in dilute nitric acid, and diluted to 100 mL with sterile water (10 g/L), then filtered
through a sterile filter membrane and stored at 4 ◦C. Lead solution: 1.598 g lead nitrate (Pb
(NO3)2) (AR) is dissolved in 10% dilute nitric acid, and then diluted with sterile water, and
filtered through a sterile filter membrane and stored at 4 ◦C. Chromium solution: 1.4315 g
potassium dichromate (AR) is dissolved in sterile water, and then nitric acid is diluted to
100 mL. After filtering using a membrane, a 1 g/L chromium solution was produced and
preserved [23].

2.2. Screening of Lead-Resistant Lactobacilli

In total, 2 levels of high-concentration lead and low-concentration lead were designed
to screen lead-resistant strains. The growth of LAB in a lead ion-containing environment
was characterized by the OD value, pH value, and the number of viable bacteria. The
9 strains were separated, purified, and cultured, and the lead ion solution was diluted
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and added to 10 mL MRS medium to prepare 60 and 80 mg/L lead-containing medium,
respectively. Lead-containing medium without adding heavy metal lead ions is used as a
blank control. The cultured LAB was sampled at 0, 3, 10, 15, 18, 21, and 24 h, and the ab-
sorbance value of the bacterial liquid was measured with a full-wavelength multifunctional
scanner to reflect the growth of LAB under low-concentration conditions [23,24]. Under the
same conditions, the test strains were connected to a medium containing 500 mg/L lead
ions to monitor the dynamic changes of pH at 0, 12, 15, and 18 h of LAB growth, and the
dilution coating plate method was used to determine the high concentration of each test
strain. The number of viable bacteria cultured in a lead ion environment for 24 h and the
bacterial solution free of heavy metal lead ions was used as a control to judge the resistance
of different types of LAB to lead ions.

The pH value was determined with a PHS-3C pH meter (Shanghai Jingke Instrument
Co., Ltd., Shanghai, China).

Dilution coating plate method: after 24 h of cultivation, the bacterial solution is
uniformly diluted, and 1 mL is taken with a sterile syringe, and evenly spread on the MRS
agar medium. The viable bacteria are counted after 48 h.

2.3. Screening of Chromium-Resistant Lactobacilli

Screening for chromium-resistant lactobacilli, as previously described, with slight
modifications [24]. Simultaneously, 9 strains were inoculated into a medium containing
300 and 500 mg/L heavy metal chromium. The medium without chromium was used as a
control group. After 24 h of cultivation, the OD600 value was measured, and the inhibition
rate was calculated. The effect of a high concentration of chromium on the growth of LAB
was monitored.

Inhibition rate (%) = 100% × [1 − OD600 (sample)/OD600 (blank)] (1)

2.4. Determination of Minimum Inhibitory Concentration (MIC) of Compound Heavy Metal
Resistant Lactobacilli

The three kinds of heavy metal-resistant LAB culture solution were selected according
to the method in [25], and dilute it to a certain multiple. Coating 1mL LAB culture
solution on the medium containing Cd2+ (0, 30, 50, 100, 150 mg/L), Pb2+ (0, 100, 500, 1000,
1500 mg/L), and Cr6+ (0, 100, 500, 1000, 1500 mg/L), 48 h later the viable bacteria were
counted to observe the growth. The plate with colony number between 30~300 CFU and
non-spread colony growth was selected to count the total number of colonies [26].

2.5. Heavy Metal Removal Performance of Resistant Strains

Atomic absorption spectroscopy (AAS) was used to test the single heavy metal re-
moval capacity of the screened resistant strains [27]. According to the previously reported
methods, the heavy metal removal performance of resistant strains has been slightly
changed [22]. The initially screened resistant strains were placed in MRS medium con-
taining 60 mg/L of Cd2+, Pb2+, and Cr6+ at an inoculum amount of 5% (v/v). The metal
culture medium was used as a blank control, cultured at 37 ◦C for 24 h, the pH of the
culture solution was measured and then centrifuged at 8000 rpm for 10 min to determine
the wet weight of the bacterial sludge. Digest according to the standard procedure of the
instrument (digest for 10, 15, and 25 min at 120, 150, and 190 ◦C, respectively), take it out
after cooling, heat in a water bath at 100 ◦C for 30 min, dilute to 10 mL with water, take
1 mL and add 9 mL of water. After filtration with a 0.45 µm sterile filter membrane, put it
into a 10 mL centrifuge tube and store the sample to be tested in a refrigerator at 4 ◦C. The
absorbance value of each sample was measured by a flame atomic spectrophotometer, and
each sample was measured in paralleled 3 times. The calculation formula for removal rate
and adsorption capacity is as follows:

Removal rate (%) = 100 × (C0 − C1)/C0 (2)
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Adsorption capacity= (C0 − C1)/m × V (3)

where C0 (mg/L) represents the initial concentration of metal ions in the solution; C1
(mg/L) represents the concentration of residual metal in the supernatant after adsorption;
m is the wet weight of the bacteria (g); V represents the volume of the solution (L).

After all bacterial resistance and adsorption tests, the pH value and wet weight of
the bacterial cells were measured, respectively, and the growth of LAB in the process of
metal-binding was observed.

2.6. Resistance Gene Testing

Absolute quantitative fluorescence PCR has the advantage of accurate test results.
Referring to the method reported in the past [28], five strains K5, S73, KD-3, 7469, and B27
with three types of heavy metal resistance and good adsorption properties were selected
for the resistance gene detection tests.

According to the currently reported microbial heavy metal resistance gene sequence,
three pairs of primers including the czcD gene were designed and synthesized for heavy
metal cadmium, the pbrT gene for heavy metal lead, and the chrA gene for heavy metal
chromium. The design results are shown in Table 1. The total DNA of the resistant
strains was amplified with the above genes, and the fluorescent quantitative PCR products
were designed. Absolute quantitative fluorescence PCR was used to study the causes of
resistance of lactic acid bacteria.

Table 1. The primer and sequence of target gene.

Resistance Gene Primer Name Sequence

pbrT pbrT-F AGCGCGCCCAGGAGCGCAGCGTCTT
pbrT-R GGCTCGAAGCCGTCGAGRTA

chrA
chrA-F TGGCTCTCGCTGTTCTTTGT
chrA-R TAAGTGCGACAAGGGCAACT

czcD
czcD-F TCATCGCCGGTGCGATCATCAT
czcD-R TGTCATTCACGACATGAACC

According to the instructions of AceQ®qPCR SYBR® Green Master Mix (Vazyme
Biotech, Co., Ltd.#Q112-02, Nanjing, China), the real-time quantitative PCR reaction was
performed, using a real-time fluorescence quantitative analyzer (Triplex International
Biosciences, TIB-8600, Xiamen, China). The reaction conditions are as follows: 95 ◦C, 5 min;
95 ◦C, 10 s, 60 ◦C, 30 s, 40 cycles. The construction of the standard product refers to the
method of Liu [29]. After the reaction, the melting curve analysis of the amplified product
is performed to verify the specificity of the amplified product, and a standard curve is
drawn according to the Ct value and the amplification curve. At least 3 parallel samples
were set for each target gene in each experiment, and the experiment was independently
repeated 3 times.

2.7. Identification of Strains

With reference to the previously reported methods [22], DNA was extracted from the
selected strains. 16S rDNA sequence analysis was adopted and the strain homology com-
parison was analyzed on NCBI website. MEGA software 6.0 was used to draw phylogenetic
trees [30].

2.8. Statistical Analysis

The data from three replicated trials for each treatment are expressed as the means with
standard deviation (Mean ± SD). The analysis of variance (ANOVA) is used to evaluate
the significant differences among the values (p < 0.05). The figures and tables are drawn
using the Origin 2019 software (Version 2019, USA) or Microsoft Excel (Version 2019, USA).



Fermentation 2024, 10, 41 5 of 15

3. Results
3.1. Pb-Resistant Ability of LAB Strains

The lead resistance of LAB strains was evaluated by monitoring the growth of each
strain under different Pb2+ concentrations. The results are shown in Figure 1. Compared
with the control group without Pb2+, the growth was barely significantly affected. The
tested strains have high resistance to Pb2+.
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Figure 1. The effect of different Pb2+ concentrations on the growth of LAB, (a–i) indicated strains L19,
7469, S73, KD-3, 4, 22, K5, B27, and Lb6, respectively.

In total, 9 strains of lead-resistant LAB were transferred to solid MRS medium con-
taining Pb2+ at a concentration of 500 mg/L. The evaluation of the resistance of different
strains to Pb2+ was operated by counting the viable bacteria (Figure 2). KD-3, K5, and
22 strains were relatively resistant to Pb2+. According to Bhakta et al. [31], lead-resistant
strains were more likely to show better Pb2+ remover effectiveness, which has a high lead
tolerance and might be used as a delead strain. B27 and L4 were relatively poor, but both
had bacterial growth on the medium with a high concentration of lead. This indicates that
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LAB has an automatic adjustment mechanism to reduce the damage of Pb2+ to the bacteria.
All 9 strains were used for Cr6+ resistance screening test.
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3.2. Cr-Resistant Ability of LAB Strains

The 9 strains of LAB were tested for chromium resistance, and the results are shown
in Figure 3. Except for L19, the growth of the other strains at high chromium concentration
(500 mg/L) was significantly inhibited, with an inhibition rate of more than 70%. Under low
Cr6+ concentration (300 mg/L), the resistance of each strain to chromium shows significant
differences. Among them, the inhibition rates of the three strains L19, KD-3, and L4 were
less than 40%, demonstrating good chromium resistance.
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3.3. The MIC of Compound Heavy Metal Resistant Strains

According to the above screening results, the minimum inhibitory concentrations of
the 9 tested strains under three complex metal ion environments were evaluated. The
results are tabulated in Table 2. In a composite metal environment with Cr6+ concentrations
of 1500, 150, and 1500 mg/L, only three strains K5, KD-3, and B27 can grow, while the rest
strains were completely inhibited. Synthesizing the minimum inhibitory concentration, the
tolerance order of the 9 strains to complex heavy metals was: KD-3 > K5 > B27 > 22 > 7469
> L19 > S73 > LB6 > L4.

Table 2. The MIC results of compound heavy metal resistant strains.

Strain
Number

Heavy Metal Concentration (mg/L)

Pb2+ 0 100 500 1000 1500
Cd2+ 0 30 50 100 150
Cr6+ 0 100 500 1000 1500

K5 +++ +++ +++ +++ ++
B27 +++ +++ ++ ++ +
22 +++ +++ ++ + -
L4 +++ +++ + - -
S73 +++ +++ + - -
7469 +++ +++ +++ ++ -
L19 +++ +++ + + -

KD-3 +++ +++ +++ +++ ++
LB6 +++ +++ + - -

“+++” means that the number of colonies is between 100–300; “++” means that the number of colonies is between
10–100; “+” means that the number of colonies is between 0–10; “-” represents the growth of aseptic colonies on
the plate.

3.4. Re-Screening of Heavy Metal Removal Strains

On the basis of the results of heavy metal resistance and MIC, 7 resistant strains,
including L19, 7469, S73, KD-3, 22, K5, and B27, were selected for the adsorption tests.

A metal removal rate above 18% is defined as a strain with high adsorption per-
formance [25]. The cadmium removal rate of LAB in MRS medium was determined by
atomic absorption spectroscopy. As shown in Figure 4a, strain KD-3 shows the highest
cadmium adsorption effect with the rate of 37.54 ± 0.85%, and its adsorption capacity
reached 159 mg/g. The strain with the lowest clearance rate was S73 (10.92 ± 0.56%),
with an adsorption capacity of only 28 mg/g. The order of cadmium clearance rate is
KD-3 > B27 > 22 > 7469 > L19 > K5 > S73. The pH value of the fermented broth after
adsorption was used to characterize the growth of the bacteria. From Figure 4a, it can be
seen that Cd2+ has a greater impact on the growth of the strain 22.
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According to the adsorption results of LAB on chromium ions (Figure 4b), strain 7469
has the best adsorption effect on chromium with a removal rate of 71.13 ± 0.97%, and an
adsorption capacity of 342 mg/g. S73 has the worst adsorption effect with the removal rate
of 10.49 ± 0.67% and an adsorption capacity of 9.76 mg/g. The comprehensive chromium
removal rate ranking is 7469 > KD-3 > 22 > B27 > L19 > K5 > S73. From the results of pH
measurement, it can be seen that chromium ions have a significant effect on B27 and L19.

The analysis of the effect of LAB on the adsorption of lead ions is shown in Figure 4c.
The strain B27 has the best lead ion adsorption effect with a clearance rate of 69.41 ± 0.19%,
and an adsorption capacity of 247 mg/g. The worst strain S73 with the clearance rate of
1.11 ± 0.09% is observed. The order of adsorption effect is B27 > KD-3 > L19 > K5 > 22 >
7469 > S73. From the pH results, it can be seen that lead ions have a significant effect on the
growth of B27 and L19, while the growth of other strains is not significantly affected.

3.5. Resistance Gene Identification
3.5.1. PCR Amplification of Heavy Metal Resistance Genes

The PCR amplification was used to identify resistance genes (Figure 5).
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Figure 5. The PCR amplification results of three heavy metal resistance genes, 1, 2, 3, 4, and 5 were
strains K5, S73, KD-3, 7469, and B27, respectively.

Figure 5 shows that strain K5 had both Cd2+, Pb2+, and Cr6+ resistance genes while
strains KD-3, 7469, B27, and S73 have both Cd2+ and Cr6+ resistance genes. It is found
that the heavy metal adsorption performance of LAB is not linearly related to heavy metal
resistance. Zhou et al. [32] isolated Bacillus megaterium MDS07 from the soil of heavy
metal mining areas. The results indicate that the strain is resistant to Cr6+, Zn2+, and Cd2+.
Further research has found that the strain contains chrB, czcD, and other genes, indicating
that the heavy metal resistance of this strain is caused by resistance genes. Among the
known Cr6+ resistance genes, the research on the chrA gene is more in-depth. The chromate
transporter (ChrA) encoded by the chrA gene is a hydrophobic membrane protein that
reduces the toxic effect of Cr6+ on microorganisms by actively effluxing Cr6+ from the
cytoplasm or periplasmic space to the outside of the cell [33].

3.5.2. Real-Time PCR of Heavy Metal Resistance Genes

The linear relationship existing in the amplification reaction can be obtained by using
standard products of known concentration [34].

The amplification curve shows the first exponential growth stage. During the reaction
proceeds, the product growth rate slows down and the reaction enters a plateau phase.
If the melting curve has multiple peaks, it proves that the reaction is non-specific or the
presence of dimers [35]. From Figure 6, it can be seen that the dissolution curves of the
three resistance genes shows a single peak, the amplified products are uniform, and there
is no specific peak, which indicated that the results are stable and reliable. The standard
curve combined with the amplification curve is shown in Figure 7.
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3.5.3. Absolute Quantitative Detection of the Expression of Three Resistance Genes in
Different Resistant Strains

Five strains of LAB with different heavy metal adsorption effects were selected for
absolute quantitative detection of the expression of three resistance genes in vivo. The
results are shown in Figure 8a. The expression of cadmium resistance gene fragment czcD
in strain 7469 reaches 2430.74 copies/µL, which is significantly higher than that in other
strains. S73 has the least expression, with an expression level of 1275.47 copies/µL. The
order of cadmium resistance gene expression is 7469 > B27 > KD-3 > K5 > S73.

The expression level of chromium resistance gene fragment chrA in each strain is
shown in Figure 8b. The expression level in strain B27 reaches 3.57 × 105 copies/µL, which
is significantly higher than other strains. The expression level in strain 7469 was only
1.01 × 104 copies/µL. The expression sequence of chromium resistance genes is B27 > K5 >
S73 > KD-3 > 7469.

The lead resistance gene fragment pbrT was only detected in strain K5, and the
expression amount was 1.26 × 104 copies/µL. This gene fragment was not detected in the
other strains. Based on the analysis of the adsorption of the three heavy metals by the above
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strains, the strain 7469 with the best chromium adsorption performance has the lowest
expression of the resistance gene, and the strain KD-3 with the best cadmium adsorption
effect has the highest expression of the cadmium resistance gene. There is no necessary
connection between heavy metal adsorption and heavy metal resistance.
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3.6. Homology Analysis of Selected LABs

The selected strain KD-3 with the best cadmium adsorption effect, strain B27 with
the best lead adsorption effect, strain 7469 with the best chromium adsorption effect, and
strain K5 were adopted for 16S rDNA gene sequence together with other 4 strains. The
phylogenetic tree was established, as shown in Figure 9. According to the homology
analysis, there are two strains were closely related to Lb. helveticus, one is Lacticaseibacillus
rhamnosus, and the other is Limosilactobacillus fermentum (Table 3).
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Table 3. Result of four LAB identification by 16S rDNA sequence analysis.

Strain Number Lactobacilli Similarity (%)

7469 Lacticaseibacillus rhamnosus 100
B27 Limosilactobacillus fermentum 99.25

KD-3 Lactobacillus helveticus 100
K5 Lactobacillus helveticus 99.98

4. Discussion

Heavy metals are one of the most severely polluted substances in the world. Extensive
industrial activities have had a huge damaging influence on the environment and human
life [36]. It is necessary and important to take immediate and comprehensive actions to
eliminate such pollution [37]. In recent years, the use of microbial as adsorbent to remove
metal ions has received abundant attentions. As a kind of probiotics, LAB has always
been considered to be very beneficial to human health [38]. In recent years, many studies
have shown that LAB can promote plant health, and effectively combine and absorb heavy
metals [39]. Before being employed as adsorbents to remove heavy metal ions, LABs are
screened, isolated, enhanced, and cultivated [40]. At present, most of the studies are focused
on the removal of single heavy metals by LAB, but many kinds of heavy metals often exist
at the same time in nature. We want to screen the LAB which can remove cadmium, lead
and chromium. Our study evaluated 9 LABs with potential of cadmium-resistant in the
aspects of three metal ion adsorption tests and heavy metal resistance gene detection.
4 strains with anti-cadmium gene czcD and anti-chromium gene chrA were obtained, and
identified as Lb. helveticus KD-3, Lacticaseibacillus rhamnosus 7469, and Limosilactobacillus
fermentum B27, respectively. Lb. helveticus K5 contained the anti-lead gene pbrT.

In our study, the removal rate of cadmium from MRS medium by L. helveticus KD-
3 was 37.54 ± 0.85%, significantly higher than that observed by Zhai [41]. When the
initial concentration of cadmium is 50 mg/L, the maximum removal rate of cadmium by
Lpb. plantarum CCFM8610 is 31.34%. L. helveticus KD-3 has a maximum removal capacity
for cadmium of 159 mg/g, which is much higher than Bifidobacterium Longum with a
cadmium removal capacity of 54.7 mg/g [42]. The mixed L. plantarum and Pediococcus
pentosaceus at a ratio of 2:1 with 3% inoculum and fermenting at 40.8 ◦C for 23.4 h shows
an effective cadmium removal result from rice [19]. Due to the optimized fermentation
process, the cadmium adsorption rate of strains increases significantly, and the removal
rate of cadmium in rice flour reached 85.73%. In the future, we will continue to study the
removal of cadmium by mixed fermentation of L. helveticus KD-3 and other bacteria. L.
rhamnosus 7469 had the best removal effect on chromium, and the removal rate reached
71.13 ± 0.97%. Li et al. [23] isolated L. plantarum P1 from pickle samples in the Sichuan
mining area and found that it had a high tolerance to Cr6+. The adsorption rate of Cr6+

can reach 61%. In our study, the removal rate of chromium is higher than theirs. However,
there is little research on using of LAB to remove chromium. In our study, L. fermentum B27
has a maximum removal rate of 69.41 ± 0.19%, and the tolerance concentration for lead
ions is higher than 1500 mg/L. Its removal capacity is 247 mg/g, which is higher than that
of Lactiplantibacillus plantarum X7021 reported by Zhang et al. with 38% chromium removal
rate [43]. Bhakta et al. [31] screened L.reuteri Pb71-1 from the guts of heavy metal-affected
fish, and the lead removal rate in MRS medium could reach 59%. Halttunen et al. [42]
found that the adsorption capacity of L.fermentum ME3, B.longum 46, and B.lactis Bb12 for
heavy metals changed with pH value, with the maximum removal capacity for cadmium
and lead occurring at pH 6. The change in pH during fermentation may affect the removal
capacity of LAB.

Synthesizing the minimum inhibitory concentration, the tolerance order of 9 strains
to complex heavy metals is: KD-3 > K5 > B27 > 22 > 7469 > L19 > S73 > LB6 > L4. The
experimental results show that the order of adsorption effect of lead ion is B27 > KD-3 >
L19 > K5 > 22 > 7469 > S73. L19 has a good effect on the removal of lead, but its tolerance
to lead is not very high. The results of the heavy metal removal test indicate that L19 has a
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better removal effect on lead. This suggests that there is no positive correlation between the
removal capacity of LAB and the tolerance to three heavy metals. Consistent with previous
reports [23,41], in zhai‘s study, although Lacticaseibacillus casei CCFM30 had a good removal
capacity for cadmium, its MIC for cadmium was only 50 mg/L due to the mechanisms of
interaction between MIC and heavy metal adsorption.

In recent years, the research on heavy metals by LAB is mainly focused on strain
screening, but there is no comprehensive and detailed theoretical system for the adsorption
mechanism of LAB [24]. Some functional groups (such as -COOH and -OH) in L. plan-
tarum exopolysaccharides have been found to be involved in the adsorption of Pb2+ [44].
Feng et al. [45] isolated L. plantarum 70810EPS from traditional Chinese kimchi and demon-
strated that functional groups such as -OH, -NH2, and COO- were involved in the adsorp-
tion. Many studies have revealed that the surface of LAB is rich in negative electron groups
and other components, which have good adsorption and removal effects on heavy metals.
Zhao [46] shows that surface electrostatic interaction, complexation reaction, ion exchange,
and intracellular accumulation are the main mechanisms of Pb2+ adsorption by E. hirae
Qaa and P. pentosaceus Fe3. At the same time, some macromolecule substances, such as
nucleic acids, phosphates, polysaccharides and S-layer proteins, and fatty acids, are also
involved in the adsorption process. The cellular components of LAB are involved in the
interaction between Cd2+ and LAB because Cd2+ seriously damages the microstructure of
cells. Cadmium adsorption mechanisms include extracellular complexation, ion exchange,
physical adsorption (electrostatic attraction), microprecipitation (extracellular and intracel-
lular), and intracellular diffusion [47]. In addition, extracellular polysaccharides (EPS) exist
in LAB cells, and their structures play a direct role in removing toxins and heavy metals in
various ways [48]. We will use Fourier-transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), energy dispersive X-ray analysis (EDX), X-ray photoelectron
spectroscopy (XPS) and other methods to analyze the changes of cell morphology and
surface elements before and after the adsorption of three kinds of heavy metals, and further
explore and study the mechanism of bacteria adsorbing heavy metals [45,46,49–51].

At present, the microorganisms with high tolerance to heavy metals are most screened
from the environment, but rarely from food. All strains in our study were screened from
natural kefir and fermented foods. The in-depth study of their heavy metal adsorption
characteristics and mechanisms will be beneficial for exploring their potential applications
in fermented foods and probiotics. Additionally, the tolerance mechanism of LAB under
heavy metal stress will be studied. The development of LAB for heavy metal adsorption is
beneficial to the environment and food safety.

5. Conclusions

Through the anti-lead and chromium test of 9 strains of cadmium-resistant lactobacilli
isolated in our laboratory, most of the strains have an extremely high tolerance to lead and
chromium ions. The MIC test screened out strains tolerant to composite heavy metals. In
the composite metal environments with Pb2+, Cd2+, and Cr6+ concentrations of 1500, 150,
1500 mg/L, respectively, only K5, KD-3, and B27 are tolerable. In the adsorption test, the
lactobacilli exhibits good adsorption effects on three heavy metals at a concentration of
60 mg/L. The strains with better cadmium ion adsorption performance are KD-3, B27, and
22. The strains with better chromium ions removal performance are 7469, KD-3, and 22.
The strains with better lead ion removal performance include B27, KD-3, and L19.

Five strains of lactobacilli with significantly different removal effects were selected for
real-time fluorescent PCR quantitative expression test. The cadmium-resistant gene czcD
and the chromium-resistant gene chrA were detected in all 5 strains, while the lead-resistant
gene pbrT was only detected in strain K5. The identification results indicate that KD-3,
7469, B27, and strain K5 containing three resistance genes have the best adsorption effect on
three heavy metals. KD-3 and K5 were identified as Lb. helveticus, 7469 as Lacticaseibacillus
rhamnosus, and B27 as Limosilactobacillus fermentum.
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Most of the current studies focus on one strain to remove single heavy metals. This
study obtained strains that can simultaneously remove three types of heavy metals, and
their performance is better than the results reported in the literature, providing a new way
for the LABs on biosorption of multiple heavy metals in food.

Author Contributions: Data curation, Formal analysis, Investigation, Methodology, Visualization,
Writing—original draft, Y.X.; Conceptualization, Formal analysis, Funding acquisition, Investigation,
Methodology, Resources, Software, Supervision, Validation, G.S. Investigation, Methodology, Project
administration, Resources, Software, Validation, Visualization, Z.L.; Investigation, Methodology,
Software, Writing—original draft, Z.W.; Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Supervision, Validation, Visualization, H.L.; Investigation,
Methodology, Project administration, Software, Validation, Visualization, Writing—original draft,
Q.Z.; Investigation, Project administration, Resources, Supervision, Validation, H.K.; Conceptu-
alization, Investigation, Methodology, Project administration, Resources, Software, Supervision,
Validation, Visualization, Writing—review and editing, L.C. All authors have read and agreed to the
published version of the manuscript.

Funding: The work was partially supported by Heshui County Science and Technology Plan Project
(No. QY-HS-2022A-03), Department-city linkage key projects sub-topic of Shaanxi Province (No.
2022GD-TSLD-58-2), Xianyang City Major Scientific and Technological Innovation Project [No. L2023-
ZDKJ-JSGG-GY-004], Key R&D Projects in Shaanxi Province (No. 2023-YBNY-182), the key industrial
chain “revealing the list and leading” project in Shaanxi province, and the National Nature Science
Foundation of China (32101908).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Authors Zhengxin Liu and Hongjuan Kang was employed by the company
Baiyue Goat Dairy (He shui) Guxiang Co., Ltd. Author Huan Lei was employed by the company
Xi’an Baiyue Goat Milk Group Co., Ltd. The other authors declare no conflicts of interest.

References
1. Jin, Z.H. Study on improvement of industrial heavy metal wastewater treatment process. Petrochem. Ind. Technol. 2019, 26,

321–323. [CrossRef]
2. Li, R.; Feng, P.Y.; Ye, Z.; Chen, X.; Li, X.K.; Liu, P. Gut remediation: A new approach to reduce the accumulation of heavy metals

by using probiotics. Microbiol. Bull. 2019, 46, 1712–1722. [CrossRef]
3. Beglari, S.; Fereshteh, S.; Milani, M.; Rezaie, N.; Rohani, M. Lactoremediation: Heavy metals elimination from the gastrointestinal

tract by lactic acid bacteria. Food Biosci. 2023, 56, 103202. [CrossRef]
4. Chellaiah, E.R. Cadmium (heavy metals) bioremediation by Pseudomonas aeruginosa: A mini review. Appl. Water Sci. 2018, 8,

154. [CrossRef]
5. Peng, W.H.; Li, X.M.; Song, J.X.; Jiang, W.; Liu, Y.Y. Bioremediation of cadmium- and zinc-contaminated soil using Rhodobacter

sphaeroides. Chemosphere 2018, 197, 33–41. [CrossRef] [PubMed]
6. Divya, M.; Aanand, S.; Srinivasan, A.; Ahilan, B. Efficiency of indigenous mixed microbial consortium in bioremediation of

seafood processing plant effluent. Biochem. Cell. Arch. 2016, 16, 303–310.
7. Hsueh, Y.M.; Lee, C.Y.; Chien, S.N.; Chen, W.J.; Shiue, H.S.; Huang, S.R.; Lin, M.I.; Mu, S.C.; Hsieh, R.L. Association of blood

heavy metals with developmental delays and health status in children. Sci. Rep. 2017, 7, 43608. [CrossRef]
8. Zhao, Y.; Yao, J.; Yuan, Z.M.; Wang, T.; Zhang, Y.; Wang, F. Bioremediation of Cd by strain GZ-22 isolated from mine soil based on

biosorption and microbially induced carbonate precipitation. Environ. Sci. Pollut. Res. 2017, 24, 372–380. [CrossRef]
9. Bai, X.; Yuan, Z.H.; Wang, J.P.; Ding, X.M.; Bai, S.P.; Zeng, Q.F.; Zhang, K.Y. Study on the Distribution of Heavy Metals in

Commonly Used Energy Feed and Protein Feed in Sichuan Province. J. Anim. Nutr. 2016, 28, 2847–2860. [CrossRef]
10. Xie, Y.; Fan, J.; Zhu, W.; Erick, A.; Lou, Y.; Chen, L.; Fu, J. Effect of heavy metals pollution on soil microbial diversity and

bermudagrass genetic variation. Front. Plant Sci. 2016, 7, 755. [CrossRef]
11. Shu, G.W.; Shi, X.Y.; Chen, L.; Kou, J.; Meng, J.; Chen, H. Antioxidant Peptides from Goat Milk Fermented by Lactobacillus casei

L61: Preparation, Optimization, and Stability Evaluation in Simulated Gastrointestinal Fluid. Nutrients 2018, 10, 797. [CrossRef]
[PubMed]

12. Wang, G.; Zhao, Y.; Tian, F.W.; Jin, X.; Chen, H.Q.; Liu, X.M.; Zhang, Q.X.; Zhao, J.X.; Chen, Y.Q.; Zhang, H. Screening of adhesive
lactobacilli with antagonistic activity against Campylobacter jejuni. Food Control 2014, 44, 49–57. [CrossRef]

https://doi.org/10.3969/j.issn.1006-0235.2019.03.262
https://doi.org/10.13344/j.microbiol.china.180691
https://doi.org/10.1016/j.fbio.2023.103202
https://doi.org/10.1007/s13201-018-0796-5
https://doi.org/10.1016/j.chemosphere.2018.01.017
https://www.ncbi.nlm.nih.gov/pubmed/29331716
https://doi.org/10.1038/srep43608
https://doi.org/10.1007/s11356-016-7810-y
https://doi.org/10.3969/j.issn.1006-267x.2016.09.024
https://doi.org/10.3389/fpls.2016.00755
https://doi.org/10.3390/nu10060797
https://www.ncbi.nlm.nih.gov/pubmed/29925814
https://doi.org/10.1016/j.foodcont.2014.03.042


Fermentation 2024, 10, 41 14 of 15

13. Pakdel, M.; Soleimanian-Zad, S.; Akbari-Alavijeh, S. Screening of lactic acid bacteria to detect potent biosorbents of lead and
cadmium. Food Control 2019, 100, 144–150. [CrossRef]

14. Lynch, K.M.; Zannini, E.; Coffey, A.; Arendt, E.K. Lactic Acid Bacteria Exopolysaccharides in Foods and Beverages: Isolation,
Properties, Characterization, and Health Benefits. Annu. Rev. Food Sci. Technol. 2018, 9, 155–176. [CrossRef] [PubMed]

15. Sheng, G.P.; Xu, J.; Luo, H.W.; Li, W.W.; Hu, F.C. Thermodynamic analysis on the binding of heavy metals onto extracellular
polymeric substances (EPS) of activated sludge. Water Res. 2013, 47, 607–614. [CrossRef] [PubMed]

16. Li, C.; Jia, Y.B.; Zhao, X.F.; He, Y.F. Research progress in the adsorption of heavy metals by lactic acid bacteria. Microbiol. China
2018, 45, 2254–2262. [CrossRef]

17. Zhao, X.F.; He, Y.F.; Li, C. Study on the lead adsorption characteristics of a lead-resistant lactic acid bacteria. J. Chin. Inst. Food Sci.
Technol. 2021, 21, 58–64. [CrossRef]

18. Bhakta, J.N.; Ohnishi, K.; Munekage, Y.; Iwasaki, K.; Wei, M.Q. Characterization of lactic acid bacteria-based probiotics as
potential heavy metal sorbents. J. Appl. Microbiol. 2012, 112, 1193–1206. [CrossRef]

19. Fu, Y.P.; Liao, L.Y.; Liu, Y.; Wu, W.G. Optimization of fermentation process of removal of cadmium in rice powder using lactic
acid bacteria. Chin. J. Agric. Eng. 2015, 31, 319–326. [CrossRef]

20. Lin, X.Y.; Mu, R.X.; Cao, Z.Y.; Zhu, Z.W.; Chen, M.X. Isolation and Cadmium Adsorption Mechanisms of Cadmium-Resistant
Bacteria Strains. Environ. J. Agric. Sci. 2015, 34, 1700–1706. [CrossRef]

21. Xia, S.; Gu, S.S.; Guan, N.Y.; Ge, J.W.; Cui, W. Isolation and identification of lead-resistant lactic acid bacteria with probiotic
characteristics in animal intestine. China Vet. Sci. 2015, 45, 1254–1259.

22. Shu, G.W.; Zheng, Q.Q.; Chen, L.; Jiang, F.F.; Dai, C.J.; Hui, Y.; Du, G.L. Screening and identification of Lactobacillus with potential
cadmium removal and its application in fruit and vegetable juices. Food Control 2021, 126, 108053. [CrossRef]

23. Li, R.; Ou, J.; Dai, Q.H.; Ma, C.C. Relativity Comparison of Tolerance and Adsorption of Lactobacillus plantarum on Heavy Metals
Pb2+, Cr6+ and Cu2+. J. Microbiol. 2019, 39, 52–58. [CrossRef]

24. Liu, S.L.; Zheng, Y.; Ma, Y.; Sarwar, A.; Zhao, X.; Luo, T.Q.; Yang, Z.N. Evaluation and Proteomic Analysis of Lead Adsorption by
Lactic Acid Bacteria. Int. J. Mol. Sci. 2019, 20, 5540. [CrossRef] [PubMed]

25. Zhai, Q.X.; Yin, R.J.; Yu, L.L.; Wang, G.; Tian, F.W.; Yu, R.P.; Zhao, J.X.; Liu, X.M.; Chen, Y.Q.; Zhang, H.; et al. Screening of lactic
acid bacteria with potential protective effects against cadmium toxicity. Food Control 2015, 54, 23–30. [CrossRef]

26. GB 4789.2-2022; Food Safety National Standard Food Microbiological Test Total Bacterial Count. National Health Commission,
State Administration for Market Regulation: Beijing, China, 2022.

27. Ni, H.Y. Screening of Lactic Acid Bacteria Tolerant to Heavy Metal Copper and Study on Their Copper Binding Properties.
Master’s Thesis, Jinan University, Guangzhou, China, 2014.

28. Yi, J.M. Using High-Throughput Sequencing Technology to Study the Molecular Mechanism of Electromagnetic Radiation
Accelerating the Development of Caenorhabditis elegans and the Factorial Analysis of the Inverted “S”-Shaped Curve of PCR
Amplification Efficiency. Master’s Thesis, Anhui Medical University, Hefei, China, 2014.

29. Liu, B. Analysis of Clinical and Molecular Biological Prognostic Factors in EBV-Positive Diffuse Large B-Cell Lymphoma. Master’s
Thesis, Chinese People’s Liberation Army Naval Medical University, Shanghai, China, 2018.

30. Li, Y.Y.; Jie, W.F.; Zhu, T.; Li, Q.W. Identification of proteins related to immune stimulation by Aeromonas in intestinal response of
Northeast lamprey. Chin. J. Biochem. Mol. Biol. 2016, 32, 1256–1263.

31. Bhakta, J.N.; Munekage, Y.; Ohnishi, K. Isolation and Characterization of Cadmium- and Arsenic-Absorbing Bacteria for
Bioremediation. Water Air Soil Pollut. 2014, 225, 2151. [CrossRef]

32. Zhou, W.; Li, Y.G.; Cheng, G.J.; Yang, K. Isolation, identification and genotypic analysis of a bacterium strain with resistance to
chromium. J. Huazhong Agric. Univ. 2008, 2, 248–250. [CrossRef]

33. Zhou, S.M.; Dong, L.L.; He, Y.; Xiao, H. Characterization of chromate resistance in genetically engineered Escherichia coli expressing
chromate ion transporter ChrA. J. South. Med. Univ. 2017, 37, 1290–1295. [CrossRef]

34. Wang, N.H. Sequence Variation of Cotton R2R3-MYB Gene Family between Sea and Terrestrial Species and Its Correlation with
Fiber Traits. Ph.D. Thesis, Northwest A&F University, Yangling, China, 2019.

35. Zhao, C.F. Observation of Endoto and Tumor Microvascular Normalization Time Window Combined with Cisplatin in the
Treatment of Lung Cancer Experimental Study. Master’s Thesis, Kawakita Medical School, Nanchong, China, 2014.

36. Lajayer, B.A.; Najafi, N.; Moghiseh, E.; Mosaferi, M.; Hadian, J. Micronutrient and Heavy Metal Concentrations in Basil Plant
Cultivated on Irradiated and Non-Irradiated Sewage Sludge-Treated Soil and Evaluation of Human Health Risk. Regul. Toxicol.
Pharmacol. 2019, 104, 141–150. [CrossRef]

37. Lajayer, B.A.; Ghorbanpour, M.; Nikabadi, S. Heavy metals in contaminated environment: Destiny of secondary metabolite
biosynthesis, oxidative status and phytoextraction in medicinal plants. Ecotoxicol. Environ. Saf. 2017, 145, 377–390. [CrossRef]

38. Bazireh, H.; Shariati, P.; Azimzadeh Jamalkandi, S.; Ahmadi, A.; Boroumand, M.A. Isolation of novel probiotic Lactobacillus and
Enterococcus strains from human salivary and fecal sources. Front. Microbiol. 2020, 11, 597946. [CrossRef] [PubMed]

39. Zhang, S.; Li, Y.; Wang, P.; Zhang, H.; Ali, E.F.; Li, R.; Shaheen, S.M.; Zhang, Z. Lactic acid bacteria promoted soil quality and
enhanced phytoextraction of Cd and Zn by mustard: A trial for bioengineering of toxic metal contaminated mining soils. Environ.
Res. 2023, 216, 114646. [CrossRef] [PubMed]

40. Liu, L.; Song, W.C. Research progress on the mechanism of microbial adsorption of heavy metalions. Anhui Agric. Sci. 2018, 46,
15–17. [CrossRef]

https://doi.org/10.1016/j.foodcont.2018.12.044
https://doi.org/10.1146/annurev-food-030117-012537
https://www.ncbi.nlm.nih.gov/pubmed/29580141
https://doi.org/10.1016/j.watres.2012.10.037
https://www.ncbi.nlm.nih.gov/pubmed/23159005
https://doi.org/10.13344/j.microbiol.china.170901
https://doi.org/10.16429/j.1009-7848.2021.01.007
https://doi.org/10.1111/j.1365-2672.2012.05284.x
https://doi.org/10.3969/j.issn.1002-6819.2015.06.044
https://doi.org/10.11654/jaes.2015.09.011
https://doi.org/10.1016/j.foodcont.2021.108053
https://doi.org/10.3969/j.issn.1005-7021.2019.01.008
https://doi.org/10.3390/ijms20225540
https://www.ncbi.nlm.nih.gov/pubmed/31698858
https://doi.org/10.1016/j.foodcont.2015.01.037
https://doi.org/10.1007/s11270-014-2151-2
https://doi.org/10.13300/j.cnki.hnlkxb.2008.02.005
https://doi.org/10.3969/j.issn.1673-4254.2017.10.02
https://doi.org/10.1016/j.yrtph.2019.03.009
https://doi.org/10.1016/j.ecoenv.2017.07.035
https://doi.org/10.3389/fmicb.2020.597946
https://www.ncbi.nlm.nih.gov/pubmed/33343539
https://doi.org/10.1016/j.envres.2022.114646
https://www.ncbi.nlm.nih.gov/pubmed/36332671
https://doi.org/10.3969/j.issn.0517-6611.2018.05.006


Fermentation 2024, 10, 41 15 of 15

41. Zhai, Q.X. Study on the Effect and Mechanism of Lactic Acid Bacteria in Reducing the Harm of Cadmium. Ph.D. Thesis, Gangnam
University, Wuxi, China, 2015.

42. Halttunen, T.; Salminen, S.; Tahvonen, R. Rapid removal of lead and cadmium from water by specific lactic acid bacteria. Int. J.
Food Microbiol. 2007, 114, 30–35. [CrossRef] [PubMed]

43. Zhang, Y.J.; Du, L.; Xie, J.L. Study on the ability of Lactobacillus plantarum X7021 in the adsorption of heavy metals and degradation
of nitrite. J. Food Saf. Qual. 2021, 12, 4786–4792. [CrossRef]

44. Liu, S.L.; Yang, Z.N. Recent Progress in the Adsorption of Heavy Metals by Lactic Acid Bacteria. Dairy Sci. Technol. 2019, 42,
23–27. [CrossRef]

45. Feng, M.Q.; Chen, X.H.; Li, C.C.; Nurgul, R.H.; Dong, M.S. Isolation and identification of an exopolysaccharide producing lactic
acid bacterium strain from Chinese paocai and biosorption of Pb(II) by its exopolysaccharide. J. Food Sci. 2012, 77, 111–117.
[CrossRef]

46. Zhao, X.F. Study on Isolation, Identification, Adsorption Characteristics and Mechanism of Lead-Resistant Lactic Acid Bacteria.
Ph.D. Thesis, Inner Mongolia Agricultural University, Hohhot, China, 2020.

47. Shao, X.; Sun, K.; Xiong, Q.; Yu, C.; Xu, X.Y. Adsorption mechanism of heavy metal cadmium by cadmium-tolerant lactic acid
bacteria. Food Ferment. Ind. 2017, 43, 48–53.

48. Wang, Y.; Han, J.; Ren, Q.; Liu, Z.; Zhang, X.; Wu, Z. The involvement of lactic acid bacteria and their exopolysaccharides in the
biosorption and detoxication of heavy metals in the gut. Biol. Trace Elem. Res. 2023, 2023, 1–14. [CrossRef]

49. Fan, C.H.; Ma, H.R.; Hua, L.; Wang, J.H.; Wang, H.J. FTIR and XPS Analysis of Characteristics of Synthesized Zeolite and Removal
Mechanisms for Cr(III). Spectrosc. Spectr. Anal. 2012, 32, 324–329. [CrossRef]

50. Gerbino, E.; Mobili, P.; Tymczyszyn, E.; Fausto, R.; Gómez-Zavaglia, A. FTIR spectroscopy structural analysis of the interaction
between Lactobacillus kefir S-layers and metal ions. J. Mol. Struct. 2011, 987, 186–192. [CrossRef]

51. Qu, C.; Yang, S.; Mortimer, M.; Zhang, M.; Chen, J.; Wu, Y.; Chen, W.; Cai, P.; Huang, Q. Functional group diversity for the
adsorption of lead (Pb) to bacterial cells and extracellular polymeric substances. Environ. Pollut. 2022, 295, 118651. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ijfoodmicro.2006.10.040
https://www.ncbi.nlm.nih.gov/pubmed/17184867
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.2021.12.012
https://doi.org/10.15922/j.cnki.jdst.2019.02.005
https://doi.org/10.1111/j.1750-3841.2012.02734.x
https://doi.org/10.1007/s12011-023-03693-1
https://doi.org/10.3964/j.issn.1000-059302-0324-06
https://doi.org/10.1016/j.molstruc.2010.12.012
https://doi.org/10.1016/j.envpol.2021.118651
https://www.ncbi.nlm.nih.gov/pubmed/34883144

	Introduction 
	Materials and Methods 
	Microorganism and Materials 
	Screening of Lead-Resistant Lactobacilli 
	Screening of Chromium-Resistant Lactobacilli 
	Determination of Minimum Inhibitory Concentration (MIC) of Compound Heavy Metal Resistant Lactobacilli 
	Heavy Metal Removal Performance of Resistant Strains 
	Resistance Gene Testing 
	Identification of Strains 
	Statistical Analysis 

	Results 
	Pb-Resistant Ability of LAB Strains 
	Cr-Resistant Ability of LAB Strains 
	The MIC of Compound Heavy Metal Resistant Strains 
	Re-Screening of Heavy Metal Removal Strains 
	Resistance Gene Identification 
	PCR Amplification of Heavy Metal Resistance Genes 
	Real-Time PCR of Heavy Metal Resistance Genes 
	Absolute Quantitative Detection of the Expression of Three Resistance Genes in Different Resistant Strains 

	Homology Analysis of Selected LABs 

	Discussion 
	Conclusions 
	References

