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Removal of zinc(ll) from livestock
and poultry sewage by a zinc(ll)
resistant bacteria

Jiang Huang'?, Jihong Wang* & Lan Jia2

In order to remediate Zn-contaminated livestock and poultry sewage, a zinc-resistant bacterial strain
was screened and isolated from the manure of livestock and poultry and identified by molecular
biology. The optimal conditions for removing zinc(ll) from strain XZN4 were determined by single-
factor experiments as follows: within 3 times of repeated use, pH value was 5, initial concentration

of zinc(ll) was 100 mg/L, the amount of bacteria was 6 g/L, the temperature was 25-30 °C, and the
removal equilibrium time was 60 min. Then, through adsorption isotherm model, scanning electron
microscope image, energy dispersive spectrum analysis, infrared spectrum analysis and sterilization
control experiment, it was found that the removal of zinc(ll) by bacteria was single-molecule layer
adsorption, which was carried out in coordination with degradation. The influence of different
concentrations of copper(ll), ammonia nitrogen, phosphorus, and chlortetracycline on the removal of
zinc(ll) from livestock and poultry sewage by XZN4 strain in the actual application was discussed. The
bacteria can reduce the concentration of zinc(ll) from the complex livestock and poultry waste water
to below the discharge standard, and has a strong environmental tolerance, the highest removal rate
reached 88.6% and the highest removal amount reached 10.30 mg/L. The screening and application
of XZN4 strain can thus be of great significance for the microbial treatment of zinc(ll) in complex
livestock and poultry sewage. The results will provide guidance for the microbial remediation of heavy
metal pollution.

With the continuous development of agriculture, heavy metal pollution has threatened human health and
adversely affected the stability of ecosystem"?. zinc(Il) (Hereinafter referred to as Zn*") is another common
heavy metal ion. Non-biodegradable, accumulated in human body; High concentrations can lead to physical
diseases, which can damage liver, kidney function and immunity**. Currently, with the high dose of feed addi-
tives used for livestock and poultry breeding, the heavy metal content, such as Zn?', in the sewage system has
increased. Generally, the wastewater is enriched with complex harmful ingredients such as organic matter, heavy
metals, and antibiotics, many of which affect the degradation of Zn?", often requiring other treatments to meet
the regulatory standards. Zn?* has a high toxicity, difficult degradation, migration, and biological uptake, and
after it enters the environment, it will not only cause harm to the environment, but also threaten human health
and survival; it is therefore urgent to study the pollution and related remediation mechanisms®.

Microbial remediation technology has been used to reduce the toxicity of heavy metals and improve the envi-
ronment by utilizing microorganisms with heavy metal resistance or adsorption and transformation properties.
Biosorption is one of the most promising remediation methods and has attracted much attention due to its envi-
ronmental friendliness, high efficiency, cost-effectiveness, and large availability’. It has been proven that some
microorganisms, including bacteria, fungi, and actinomycetes, and the extracellular polymers produced, can
exhibit certain heavy metal adsorption capacity®®. At present, most of the studies on the adsorption of heavy met-
als by relevant microorganisms have focused on Cd**, Cu?* and other elements, while the mechanism of adsorp-
tion of Zn?* by relevant microorganisms has been less studied. For example, Bacillus can tolerate 1000 mg/L of
Cd?* isolated from municipal wastewater and is also resistant to other heavy metals such as Cr®* and Ni?*°. Drew
et al.'! discussed the Cu** adsorption mechanism of ammoxidation bacteria and archaea. Meanwhile, previous
studies have shown the difficulty to screen qualified strains, such as Dave et al.'%, with screened and isolated
Eichhornia spp. The removal rate of Cu ions reached 85%, but the ultimate tolerance of this strain to Cu ions was
not high enough. Andreazza et al."® screened Pseudomonas sp. from a Cu contaminated vineyard soil. Although
the strain had strong tolerance, its adsorption capacity was poor.
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Figure 1. Phylogenetic tree of XZN4 strain.

Zn?** usually hinder the function of environmental microorganisms by destroying cell membrane and
inhibiting enzyme activity'*!*. Antimicrobial technology is different from general water treatment methods in
many aspects. This method is more targeted, sustainable and eco-friendly, so it has attracted a lot of research
attention'®'”. Given this background, the main goals of this study were: Screening strains with strong tolerance,
adsorption ability, and environmental resistance and optimize its application condition, the Zn** adsorption
mechanism of an isolated bacteria and its application in complex livestock and poultry sewage was evaluated, so
as to provide a theoretical basis for adsorbents with high selectivity and adsorption capacity and lay a foundation
for the assessment of microorganisms in zinc pollution control.

Results and discussion

Identification of Zn?* resistant strains. The phylogenetic tree of the XZN4 strain is shown in Fig. 1.
The results showed that the XZN4 strain gene sequence with eosinophilic malt narrow feed unit cell bacteria
had 100% homology, thus belong to heavy malt narrow feed unit cell bacteria (Stenotrophomonas maltophilia).

Study on the removal conditions of heavy metal Zn?* by XZNé4 strain.  Tolerance of XZN4 strain
to Zn**. 'The growth curve of the strain under different concentrations of Zn** is shown in Fig. 2, where the
growth capacity of the bacteria gradually decreased with the increasing concentration of Zn®*. High concentra-
tion of Zn?* could significantly inhibit the growth of the bacteria, but the growth did not completely stop, indi-
cating that XZN4 bacteria had a strong tolerance to Zn?*.

When the concentration of Zn?* in the sewage sample was 10-50 mg/L, the growth of the strain was not
affected. When the concentration of Zn** in the sewage increased to 100-150 mg/L, the growth rate of the strain
decreased and the optical density (OD) decreased gradually, indicating that the strain could tolerate a concentra-
tion of Zn** of 100 mg/L'®. According to the classification by Mergeay et al.'’, the XZN4 strain can be classified
as moderately zinc-resistant bacteria.

Tolerance of XZN4 strain to pH.  In this section, the growth of XZN4 strains with pH range of 3-11 were inves-
tigated. As can be seen from Fig. 3, strain XZN4 basically did not grow at pH was 3, 9, and 11, the growth of the
strain was completely inhibited. Therefore, the optimal growth pH of XZN4 is within the range of 5-7. When
PH was 7 showed that the growth retardation of the strain was prolonged, and it was possible that too high pH
value would cause the change of cell charge. Therefore, through the above analysis, the optimal growth pH of
strain XZN4 was 5.

Effect of repeated use on removal of Zn**.  With the increase of the use of microorganisms, the passivability will
occur, and microbial biomass will also appear depletion. It can be found from Table 1 that the removal amount

Scientific Reports |

(2020) 10:21027 | https://doi.org/10.1038/s41598-020-78138-z nature research



www.nature.com/scientificreports/

18
——omg/L
—@—10mg/L
1.6 - —A—20mg/L

—¥—50mg/L
—@—100mg/L
—4—150mg/L
[ —»—200mg/L |

14

OD600

0.6

0.4

0.2

0.0 1 1 1 1 1 1 1 1
6 12 18 24 30 36 42 48

Time (hour)

Figure 2. Growth of XZN4 strains at different concentrations of Zn?*. The initial concentration of Zn?* was set
to 0, 10, 20, 50, 100, 150, and 200 mg/L. Samples were taken every 6 h and the optical density (OD) value of the
culture medium was determined at 600 nm.
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Figure 3. Growth of XZN4 strains at different pH. The initial pH was set to 3, 5, 7, 9, and 11. Samples were
taken every 6 h and the optical density (OD) value of the culture medium was determined at 600 nm.

pH 1 2 3 4 5
7Zn?** removal rate (%) 81.1 73.5 65.8 32.1 14.2
Biomass (nmolP/g) 923 801 365 211 108

Table 1. Effect of repeated use on the ability of the bacteria to remove Zn?*. Biomass represents the number of
microorganisms.

of Zn** by bacteria decreases with the increase of use times, and is positively correlated with the amount of
microorganisms. When used for the fourth time, the ability of the bacteria to remove decreased by 60.4%, and
the microbial population also decreased sharply, indicating that the maximum number of microbial replications
was 3 times. When the number of repetitions reaches the fifth, the removal effect of microorganisms is very
weak, and the microbial quantity is basically zero at this time.
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pH 3 4 5 6 7 8
Zn?** removal rate (%) 16.9 43.6 81.5 68.5 65.6 62.52

Table 2. Effect of pH on the ability of the bacteria to remove Zn?*.
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Figure 4. Effect of microbial dosage on the ability of bacteria to remove Zn?*. Q, is the removal rate (%), and
Q, is the removal amount (mg/L).

Influence of pH value on the removal of Zn**. Levels of pH can affect the removal efficiency of microorgan-
ism, the chemical properties of the metal solution, and the activity of biological functional groups®. As shown
in Table 2, when the pH value was 3, the removal rate of Zn?* by XZN4 strain was low (16.9%). This is because
under acidic conditions, the large amount of H* would protonize the functional groups on the cell wall surface?'.
With the increased pH of the solution, the degree of protonation of functional groups on the cell wall surface will
gradually decrease, the binding of active sites will increase, and the removal rate will continuously increase. Opti-
mal removal rates were obtained at a pH between 5 and 6. When the pH value was 5, the removal rate reached
the maximum removal rate of 81.5%. When the pH value exceeded 6, the removal rate gradually decreased,
because OH~ will gradually form in the solution causing hydroxide precipitation with heavy metal ions in the
solution, which will hinder the adsorption process. Therefore, the optimum pH value for removing Zn** was 5.

The influence of the bacterial concentration on the removal of Zn’*.  Figure 4 shows the significant influence the
amount of the bacterial strain had on the removal of Zn**. The removal rate of Zn** increased with the increased
amount of bacteria (4-20 g/L). At this concentration, the metal ions in the solution will not only be adsorbed by
the surface of the microorganism, but also improve the removal rate by promoting the intracellular concentra-
tion of the metal ions**. The highest removal rate of Zn?* was 91.6% when the amount of bacteria was 20 g/L. The
removal rate of Zn?* decreased gradually with the increased bacterial content. With a bacterial content between
4 and 12 g/L, the rate of decrease was faster. Meanwhile, when the amount of bacteria was between 12 and 24 g/L,
the rate of Zn?* decrease was slow. The amount of Zn?* and the binding sites can be increased by appropriately
increasing the amount of the bacteria, so as to improve the removal rate. However, with the increasing concen-
tration of bacteria, the binding site between the bacteria and the heavy metal reached saturation, and the effec-
tive adsorption points were occupied. The removal rate gradually balanced, and the removal amount began to
decrease. In order to maximize the microbial utilization rate, the equilibrium point of removal rate and removal
amount was selected as the optimal amount of bacterial addition®. Therefore, the most appropriate addition
amount of bacteria was 6 g/L, with a removal rate of 74.9% and a removal amount of 4.1833 mg/g.

Influence of initial concentration of heavy metal on the removal of Zn®*. The influence of the initial concentra-
tion of heavy metal ion on the removal of Zn?" is shown in Fig. 5. When the initial concentration of Zn** was
10 mg/L, the removal rate was 92.8% and the removal amount was 1.5472 mg/g. At this time, because the initial
concentration of heavy metals was low, the removal amount was low, but the ions can quickly bind to the bacte-
rial surface and the removal rate was high. With the increase of Zn** concentration, the removal rate decreased
gradually while the removal amount increased gradually. When the concentration of Zn?* was between 25 mg/L
and 100 mg/L, the amount of removal increased rapidly. When the concentration of Zn** was between 100 and
200 mg/L, the increase was relatively slow. Within a certain range, and with the increased concentration of heavy
metal Zn?* in the solution, the number of Zn?* that the bacteria can bind to will also increase, so that the removal
amount is significantly increased. However, when the concentration of heavy metal Zn*" in the solution exceeds
a certain range, the removal amount of Zn** tends to be balanced as the binding site between the bacteria and
Zn** reaches saturation. In order to achieve the optimal Zn?* removal rate and amount, the intersection point
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Figure 5. Effect of initial concentration of Zn** on the ability of bacteria to remove Zn?*. Q, is the removal rate
(%), and Q, is the removal amount (mg/L).
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Figure 6. SEM images of strain XZN4 before and after Zn?* adsorption. (A) shows the morphology of
normal bacteria (5000x magnification), and (B) shows the morphology of bacteria after removing Zn**
(5000x magnification).

Time 0 10 30 60 90 120 150
57.2 71.5 80.9 78.6 78.52 79.1

o

Zn?* removal rate (%)

Table 3. The ability of the bacteria to remove Zn** with time.

of the two was selected as the optimal removal condition for the initial concentration*. Therefore, the optimal
initial concentration of Zn** was 100 mg/L with a removal rate of 64.9%, and a total Zn removal of 10.8111 mg/g.

Influence of time on the removal of Zn®*.  The effect of time on the removal of Zn?* is shown in Table 3. XZN4
strain had the fastest Zn?* removal between 0 and 10 min when the removal rate reached 57.2%. At 30 min,
cognitive aspiration occurred. Between 30 and 60 min, the removal process slowed down, and basically reached
a state of equilibrium after 60 min. At 60 min, the removal rate of Zn** reached a maximum of 80.9%. Between
0 to 10 min, the removal process of biological passive adsorption was of functional groups on the cell wall and
Zn** fast combination. After 60 min, the highest adsorption removal achieved the balance state.

Influence of temperature on the removal of Zn’*.  The effect of temperature on the removal of Zn?* is shown in
Table 4. The results show that the removal rate of Zn** by XZN4 increased and then decreased with tempera-
ture. When the temperature was between 15 and 20 °C, the removal rate increased significantly. This is because
the activity of the polymer in the bacterial cell wall increases with the temperature, which is conducive to the
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Temperature 15 20 25 30 35 40
Zn?** removal rate (%) 40.5 65 76.5 84.5 74 42

Table 4. Effect of temperature on the ability of bacteria to remove Zn**.

Element | 0mg/LZn* |100 mg/LZn* | 200 mg/L Zn*
C 71.92 65 76.5

O 22.45 22.47 21.11

P 2.22 2.52 3.08

Zn 0 0.98 0.15

Table 5. Element atomic ratio before and after adsorption under different concentrations of Zn**.

binding of heavy metal ions. When the temperature was between 20 and 35 °C, the removal rate did not change
significantly, ranging from 65 to 74%. When the temperature reached 30 °C, the removal rate of Zn** reached
a maximum of 84.5%. When the temperature was between 30 and 40 °C, the removal rate decreased gradually,
because the activity of the polymer was seriously affected, resulting in the decrease of the stability of the complex
formed by the polymer and heavy metal ions. Therefore, the optimum temperature for removal was 25-30 °C,
when the removal rate was the highest.

Mechanism of Zn?* removal by XZN4 strain. SEM analysis. 'The scanning electron microscope
(SEM) images before and after the removal of Zn?** by strain XZN4 are shown in Fig. 6. The morphology of
normal bacteria was short rod-shaped and full, which was consistent with the morphological characteristics of
Spinobacter®. After the adsorption of Zn**, the morphology of some bacteria was deformed to a certain extent,
showing a shriveled shape and crystal precipitation on the surface. This may be due to the metabolites secreted
by the bacteria cells in the process of Zn?* adsorption, and the formation of precipitation with Zn?', as well as
the enhanced tolerance of the bacteria to heavy metal ions?*-%%,

EDS analysis. In order to test whether the cell surface observed by SEM was Zn?* particles, EDS analysis was
performed. Table 5 shows that XZN4 before Zn*" adsorption, surface of bacteria is only carbon (C) and oxygen
(O) and phosphorus (P) of the peak, strains in 100 mg/L Zn?* foster growth, through the spectrum appeared
the absorption peak of Zn?*, P>* content decreased significantly, showed that bacterial cell surface combined
with P>* sites were replaced by a Zn?*, have more teichoic acid in the cell walls of bacteria, it has a strong nega-
tive charge can combine with heavy metal ions.The change of zn atomic ratio continues to increase, that is, ion
exchange occurs between the two, thus improving the adsorption rate of the adsorbent. When the concentration
of Zn*" was 200 mg/L, it could be seen that the zinc atomic ratio did not change much, but P** continued to
increase, indicating that in the case of high concentration of Zn**, high concentration of Zn** might have toxic
effects on bacterial cells and affect the adsorption capacity of heavy metals.

FTIR analysis. The infrared spectra of XZN4 strain are shown in Fig. 7. The absorption peak from 3200 cm™!

to 3500 cm™ was wide and strong, which is the characteristic spectral peak of stretching vibration of ~-OH?.
The absorption peak from 2900 to 3000 cm ™! was characteristic of -NH bending vibration. The absorption peak
from 2000 to 2500 cm™ was caused by -SH stretching vibration. Typical amide I belt (C=O stretching vibra-
tion), amide II belt (NH bending vibration and —-CN stretching vibration superposition), and amide III (pro-
tein, fatty acid stretching vibration) had maximum adsorption peaks in 1625 cm™, 1450 cm™, and 1552 cm™,
respectively®®. The absorption peak at 1250 cm™ was caused by the bending vibration of the carboxyl group
(-COOH) and the stretching vibration of P=O and P-O bonds in phosphate. The stretching vibration of C-N,
phosphate, and sugar ring in the amine group appeared at 1073.88 cm™'. The absorption peak from 500 to
750 cm™! was caused by the stretching vibration of O and M (metal ion) single bond region®'. Therefore, the pres-
ence of peptidoglycan, polysaccharide, phospholipid, and other functional groups in the cell leads to the change
of spectral peak, and these groups can be applied to different heavy metals.

The comparison of infrared spectra before and after the adsorption of Zn?* by XZN4 strain showed that the
spectral peaks of some functional groups were redshifted. The spectral peak at 3460 cm™ and 2970 cm™ showed
slight redshift, while the stretching vibration of ~-OH bond and -NH bond changed, indicating that during the
removal process, it might have been the result of coordination complexation between Zn** and ~OH on the cell
wall surface of bacteria. The disappearance of the peak at 2361.93 cm™ was mainly attributed to the electrostatic
attraction between Zn?* and the cell wall, as well as the exchange of H* or other cations. The peak shape of the
spectral peak at 1625 cm™ changed, indicating that C=0 was involved in the removal of Zn?*. The absorption
peak for the carboxyl group (-COOH) at 1250 cm™ and the vibration peak of P=O and P-O bonds in phosphate
also changed slightly, indicating that Zn?* could bind to the carboxyl and phosphate on the cell surface during
the removal. In addition, other absorption peaks did not change position, so these functional groups did not
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Figure 7. Infrared spectra of XZN4 strain before and after adsorption of Zn**. The infrared spectroscopy was
overlaid in the 4000-400 cm™ region. The infrared spectroscopy of the bacteria was enhanced and shifted along
the y-axis to increase visibility through the origin.
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Figure 8. Langmuir (A) and Freundlich (B) isothermal adsorption curves of XZN4 adsorbed Zn?*. Q is the
adsorption amount of Zn?* at equilibrium.

Freundlich isothermal
Langmuir isothermal equation constant | equation constant

qm K; r Kg n r
Zn** | 34.23429 |0.00465 |0.99855 |0.24535 | 1.23108 | 0.99264

Table 6. Isothermal equation constants and correlation coefficients.

participate in the removal of Zn?*. In summary, during the Zn?* removal by XZN4 strain, the hydroxyl group,
-NH, C=0, carboxyl group, and phosphate on the cell surface were all involved in the removal process.

Adsorption isotherm analysis. The experimental data were fitted and analyzed using the equations of the two
isothermal adsorption models. The fitting curve is shown in Fig. 8. The constants of the adsorption isotherm
equation were calculated using the equation in Table 6.

By comparing the isothermal equation constants of the two models, the results showed that the correlation
coeflicient (R) of the Zn*" concentration removed from the strain was higher than that of the Langmuir equation
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Untreated Sterilization treatment
Removal rate (%) 68.7 339

Table 7. Comparison of the removal effects of live and inactivated bacteria on Zn?* after the sample was
subjected to sterilization experiments.

Cu?*concentration (mg/L) 0 25 50 100 150 200
Zn** removal rate (%) 80.6 65.3 439 335 68.1 27.52

Table 8. Effect of Cu®* concentration on the ability of the bacteria to remove Zn>*.

model, and the fitting effect was better. Therefore, the removal process of XZN4 strain is more in line with the
Langmuir isothermal model, indicating that the removal of Zn?* corresponds to the chemical and biological
removal process, and the binding sites of the removal of Zn?* on the cell surface are dominated by single-molecule
layer adsorption®.

Influence of inactivated bacteria on the removal effect of Zn**. Live and dead cells of somatic cells were able to
remove heavy metals; dead bacteria cells not affected by the heavy metal poisoning and environmental stress,
the adsorption capacity is more stable. The death of the bacteria cells by the heavy metal ions adsorption process
was passive, it does not depend on metabolism or energy. Therefore, the adsorption process of the strain can be
distinguished by comparing the adsorption concentrations*-*¢,

The effect of sterilizing and removal of XZN4 bacteria is shown in Table 7. The results show that the removal
of living cells on Zn?* rate was 68.33%, and the removal rate of dead cells was 35.60%. Indicating that both liv-
ing cells and dead cells have a removal effect on Zn?*. In particular, the removal rate of dead cells and living
cells was basically the same, indicating that the adsorption process of living cells was the simultaneous action
of adsorption and degradation.

Analysis of the influencing factors of XZN4 strain in livestock and poultry sewage. Influence
of the presence of Cu** on the removal effect. In livestock and poultry sewage, Cu®* and Zn** are generally con-
comitant. Since the amount of bacterial addition is fixed, metal ions will compete for the adsorption and binding
sites of the bacteria, and the presence of Cu** will have a certain influence on the bacterial removal effect of the
target Zn?*. It is concluded from Table 8. that when the concentration of Cu®* was 10-50 mg/L, we found that
the removal rate of Zn*" decreased with the increase of Cu?*" concentration. At this time, Cu** occupied a large
number of sites on the cells, and the bacteria preferred to bind to Cu?*. When the concentration of Cu?* was
50-100 mg/L, the removal rate of Zn** increased with the increase of Cu** concentration, and the bacteria pre-
ferred to bind to Zn?*. When the concentration of Cu?* exceeded 100 mg/L, the removal rate of Zn** decreased as
the concentration of heavy metals in the solution increased and exceeded the tolerance of the bacteria. Therefore,
in the range of 50-100 mg/L, the bacteria preferentially adsorbed Zn?*.

Influence of ammonia nitrogen concentration on the removal of Zn**.  The influence of ammonia concentration
on the removal of Zn?* is shown in Fig. 9. In the absence of bacteria, Zn?* will form stable complex ions with
the increase of ammonia nitrogen concentration. When the concentration reached 100 mg/L, the removal rate
of Zn®* was 35.33%. After the addition of bacteria, the removal rate of Zn?* was significantly improved during
the initial stage. With an ammonia nitrogen concentration of 60 mg/L, the removal rate was 82.03%. At this
time, the adsorption of Zn?* by the bacteria was not affected. However, when the ammonia nitrogen concentra-
tion reached 80-100 mg/L, the removal rate dropped from 62.17% to 46.17%, and when the ammonia nitrogen
concentration was 80 mg/L, the removal rate of bacteria was even lower than that of the control group. This was
because the high concentration of ammonia nitrogen inhibited the bacterial adsorption of Zn**. On the other
hand, a large number of complex ions formed by Zn?* hindered the adsorption process. Therefore, when ammo-
nia nitrogen concentration was less than 60 mg/L, the bacteria had the best Zn** removal effect.

Influence of total phosphorus concentration on the removal of Zn®*. 'The influence of total phosphorus con-
centration on the removal of Zn?* is shown in Fig. 10. Phosphoric acid generally reacts with Zn?* in solution.
With the increase of phosphorus concentration, the removal rate also increased. After the addition of bacteria,
the removal rate increased with the increase of phosphorus concentration from 81.2% at 0 mg/L to 92.9% at
20 mg/L, and stabilized after 20 mg/L. This indicates that, within a certain range, the total phosphorus concen-
tration does not inhibit the adsorption of Zn?* by bacteria, instead, it had a certain promoting effect.

Influence of chlortetracycline concentration on the removal of Zn**. 'The influence of chlortetracycline concen-
tration on the removal effect of Zn2* is shown in Table 9. When chlortetracycline was not added, the removal rate
of Zn?* was 75.8%. After adding chlortetracycline, the removal rate of Zn** decreased rapidly due to interference
with bacteria. When the concentration of chlortetracycline increased from 0.01 to 0.05 mg/L, the removal rate
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Figure 9. Effect of ammonia nitrogen concentration on the ability of bacteria to remove Zn**. Q, is the removal
rate (%), Q, is the concentration of ammonia nitrogen (mg/L).
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Figure 10. Effect of total phosphorus concentration on the ability of bacteria to remove Zn?*. Q, is the removal
rate (%), Q, is the concentration of total phosphorus (mg/L).

Chlortetracycline concentration (mg/L) | 0.0 |0.05 [0.1 [0.15 |02 |04 |06 |08 |1.0 |20
Zn**removal rate (%) 81.2 |75.6 |423 |335 |11.1 |9.82 |7.68 |462 |3.58 |3.02

Table 9. Effect of chlortetracycline concentration on the ability of bacteria to remove Zn?*.

of Zn?** decreased from 65.8% to 43.6%, and the XZN4 strain showed certain tolerance to the low concentration
of chlortetracycline. With the continuous increase of chlortetracycline concentration, the removal rate of Zn**
was less than 10% or in the range of 0.6-1 mg/L. When the concentration of chlortetracycline reached 2 mg/L,
the removal rate of Zn*" decreased to less than 1%. This indicates that the bacteria have certain sensitivity to
chlortetracycline, and can normally adsorb Zn** only within 0.05 mg/L of chlortetracycline.

Application of XZN4 for the removal of Zn** from livestock and poultry sewage. XZN4 was used to treat five
groups of complex livestock and poultry sewage samples with different concentrations of Zn**. The sewage was
preliminarily treated, and the concentrations of chlortetracycline, ammonia nitrogen and phosphorus were
respectively controlled within 0.05, 80, and 20 mg/L, respectively. The removal effect is shown in Table 10. After
the removal of Zn?*, the concentration of Zn** was 1.30, 1.51, 1.96, 1.28, and 0.71 mg/L, with a removal rate of
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Water samples | Zn?* before removal (mg/L) | Zn?* after removal (mg/L) | Zn* removal rate (%)
1 9.16 1.30 85.8
2 7.84 1.51 80.7
3 10.30 1.96 71.3
4 8.73 1.28 85.3
5 6.24 0.71 88.6

Table 10. Influence of XZN4 on removal of Zn?* in sewage with different indicators.

85.8, 80.7, 71.3, 85.3, and 88.6%, respectively. According to the relevant guidelines of China’s Farmland Irriga-
tion Water Quality Standard (GB 5084-2005), Zn** <2.0 mg/L meets the standards for all crop types in farmland
irrigation. Therefore, when the concentration of Zn?* is < 10.30 mg/L, XZN4 strain has direct application ability
to remove Zn?* to reach standard levels.

Conclusions

(1) A moderately Zn-resistant bacterium named XZN4 was isolated and purified from livestock and poul-
try feces, and confirmed to be narrow-eating maltophilia. Single factor analysis showed that the optimal
removal conditions of Zn** by XZN4 strain were as follows: within 3 times of repeated use, pH value of
5, 100 mg/L initial concentration of Zn?*, 6 g/L of bacteria added, temperature of 25-30 °C, and removal
equilibrium time of 60 min.

(2) SEM, adsorption isothermal analysis, living and dead cells, and FTIR analysis showed that binding sites of
the removal of Zn** on the cell surface were dominated by single-molecule layer adsorption. The removal
process of the strain was a synergistic effect of adsorption and degradation, and the hydroxyl, -NH, C=0,
and carboxyl groups, and phosphate on the cell surface were involved in binding to Zn?*.

(3) The results showed that the ammonia nitrogen concentration was less than 80 mg/L, XZN4 strain had
a good effect on the removal of Zn?*, and the phosphorus concentration promoted the removal of Zn?*
within the test range (0-25 mg/L). For XZN4 strain to maintain removal activity of Zn*", the concentra-
tion of chlortetracycline has to be within 0.05 mg/L. Therefore, the strain can be applied to the treatment
of livestock and poultry sewage under 80 and 20 mg/L, respectively, after preliminary treatment. Finally,
XZN4 was applied to five groups of complex livestock and poultry sewage with different indicators. The
results showed that the Zn?* concentration after removal treatment could meet the discharge standard.

Materials and methods

Screening and identification of bacterial strains. Under sterilized conditions, a 0.2 mL of livestock
and poultry waste samples was added to the solid medium containing Zn?*. Colonies were cultivated in an
incubator at a constant temperature of 28 °C for 24 h, with repeated crossed separation and continuous culture
enrichment until colonies were visible. A purified strain of bacteria from the solid medium was selected and
named XZN4.

The total DNA of the extracted XZN4 strain was amplified by PCR, and the PCR products were sequenced
and compared. The results were analyzed by Blast sequence analysis and compared with the National Center for
Biotechnology Information (NCBI) nucleic acid database. The 16S rDNA sequences with high homology were
selected, and a phylogenetic tree was constructed using the Neighbor Joining method using MEGA 5.0 software.

Study of the tolerance of XZN&4 strain to Zn?*.  Activation and culture of XZN4 strains. Primary acti-
vation of the strain: The isolated strain was selected and inoculated into the sterilized and cooled fixed medium,
which was incubated at 28 °C for 24 h.

Secondary activation of the strain: appropriate amount of the primary activated culture strains was selected
by inoculation ring, injected into the sterilized and cooled liquid medium, and placed in the incubator for 24 h at
28 °C with an oscillation rate of 180 rpm/min. The expanded culture liquid was then centrifuged at 10,000 rpm/
min for 50 min. The supernatant was discarded, and the bacteria at the bottom of the centrifuge tube was retained,
inverted for 10 min to remove excess water and selected the wet bacteria as adsorbent.

Determination method. In this experiment, the concentration of Zn** was determined by flame atomic absorp-
tion spectrophotometry, and the standard curve of Zn?*" was drawn according to standard methods*”. The num-
ber of microorganisms on each biochar-microbial carrier was determined using the lipid-phosphorus method?’.

Determination of the Zn** tolerance of XZN4 strain. To study tolerance, 1 mL of the strain was inoculated into
a sterilized liquid medium, set to 28 °C and centrifuged at 180 rpm/min under secondary activation after 24 h,
with moving experiences after secondary activation of liquid bacteria. Approximately a 1% of the quantity of
inoculation of Zn** concentration was set to 0 mg/L, 10 mg/L, 20 mg/L, 50 mg/L, 100 mg/L, 150 mg/L, 200 mg/L
of the beef liquid medium at 28 °C, oscillating at 180 rpm/min for 48 h.

The absorbance of the culture medium was measured at 600 nm by sampling every 6 h. The growth curve of
XZN4 strain at different concentrations of Zn?* was plotted to observe variations with time.

Scientific Reports |

(2020) 10:21027 | https://doi.org/10.1038/s41598-020-78138-z nature research



www.nature.com/scientificreports/

Studies on the removal conditions of heavy metal ion Zn?* by XZN&4 strain.  The influence of pH
value on the removal of Zn**. 'The pH value of the adsorption solution was adjusted to 3, 4, 5, 6, 7 and 8 with
1 mol/L of NaOH and HCI. The concentration of Zn** in the solution was 100 mg/L. The bacteria medium (0.4 g)
was added and placed in an oscillating incubator at 28 °C for 180 rpm/min and cultured for 150 min. The con-
centration of Zn*" in the supernatant was determined after centrifugation.

The influence of the amount of bacteria input on the removal of Zn**. The adsorption solution with Zn?**
(100 mg/L) and adjusted pH value (set to 5), received 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, and 1.2 g of the isolated bacte-
ria, and was placed in the oscillation incubator at a constant temperature of 28 °C and 180 rpm/min for 150 min.
The Zn*" concentration was determined from the centrifugal supernatant.

Influence of initial concentration of heavy metal on removal conditions of Zn**.

The initial concentration of Zn>* was 0, 10, 20, 50, 100, 150, and 200 mg/L with adjusted pH to 5. Approxi-
mately 0.4 g of bacteria was added after centrifugation in an oscillating incubator at 28 °C for 180 rpm/min for
150 min. The concentration of Zn?* in the supernatant was determined after centrifugation.

Influence of time on the removal of Zn**. 'The initial 100 mg/L Zn** solution with adjusted pH value of 5 and
treated with 0.4 g of bacteria was placed in an oscillating incubator at 28 °C and 180 rpm/min. The culture time
was set at 0, 10, 30, 60, 90, 120 and 150 min.

The effect of temperature on the removal of Zn?*. The pH adjusted (set to 5) solution of Zn>* with a concentra-
tion of 100 mg/L was treated with 0.4 g of the isolated bacteria and placed in an oscillating incubator at 180 rpm/
min and cultured for 150 min. The temperature was set at 15, 20, 25, 30, 35, and 40 °C.

Calculation of the removal rate and removal quantity. The removal rate Q (%) and removal quantity q (mg/g) of
heavy metal ions by bacteria was calculated as follows:

Ck -G
Q=—"—"x100%

Ck

v
q=(Ck—C)x —
m

where Ck refers to the concentration of heavy metal ions (mg/L), C; to the equilibrium concentration of heavy
metal ions (mg/L), V to the volume of the solution (L), and m to the wet weight of the isolated bacteria (g).

Mechanism of Zn?* removal by XZNé& strain. SEM analysis. 'The bacteria before and after adsorption
were treated according to the glutaraldehyde fixation method?®®, where the fixed bacteria were put into a dryer,
and then sprayed with gold and observed by scanning electron microscope (SEM) (JSM-7800F, Japan).

Adsorption isotherm analysis. 'We applied the commonly used Langmuir isothermal equation and Freundlich
equation as isothermal adsorption models. The equations are as follows:
Langmuir sorption isotherm equation:
KpgmCi

©=1"rc T KC (Nonlinear form)

Freundlich function:

Ge = KFC}/"(Nonlinearform)

where Q, represents equilibrium adsorption capacity (mg/g), Q,, and K; are Langmuir model parameters, respec-
tively representing maximum adsorption capacity (mg/g) and adsorption energy (mg/L)™", K; and n are Freun-
dlich model parameters, respectively representing adsorption capacity (mg/g) and adsorption intensity (mg/L)™".

Influence of inactivated bacteria on removal effect. 'The liquid medium was shaken for 24 h, then placed in a
high temperature sterilizing pot for 30 min. The inactivated bacteria were obtained by centrifugation. Then the
pH of the adsorption solution containing 100 mg/L of Zn>** was adjusted to 5. Approximately 0.4 g of the inacti-
vated bacteria was added and placed in an oscillating incubator at 28 °C, 180 rpm/min, and cultured for 150 min.
After centrifugation, the concentration of Zn®* in the supernatant was determined.

Infrared spectrum analysis. A stock solution of 20 mL was prepared with an initial concentration of heavy met-
als of 100 mg/L, bacteria concentration of 8.0 g/L, and adjusted pH to 5, was put in oscillation incubator at 28 °C
and 180 rpm/min, and cultivated for 24 h. The centrifuged bacteria was freeze-dried for 48 h, grinded in the
agate mortar with KBr powder for 5 min, and blended. Detection was performed under the Fourier transform
infrared spectrometer (Nicolet iS10, United States of America).

Influence factors on the removal of Zn?* from livestock and poultry sewage by the XZN4
strain.  The influence of Cu?* on the removal efficiency. The standard solution with 100 mg/L of Zn*', pH
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pH | Zn* (mng/L) | Ammonia nitrogen (mg/L) | Total phosphorus mg/L) | Chlortetracycline (mg/L)
1 5.89 9.16 62.3 7.4 0.02
2 6.72 7.84 74.5 6.7 0.03
3 7.11 | 10.30 86.3 8.3 0.04
4 6.44 8.73 66.8 7.7 0.02
5 6.13 6.24 72.4 54 0.01

Table 11. Specific indicators of tested water samples. 0.4 g centrifuge bacteria were added to 100 mL water
sample, and placed in an oscillating incubator at 28 °C, 180 rpm/min, and cultured for 150 min. After
centrifugation, the concentration of Zn?* was determined.

adjusted to 5, and added 0.4 g of isolated bacteria, was treated with Cu?* at concentrations of 10, 20, 50, 100,
150, and 200 mg/L, placed in the oscillation at a constant temperature of 28 °C, 180 rpm/min, and cultivated for
150 min. The Zn*" concentration was determined after centrifugation.

The influence of ammonia nitrogen concentration on the removal of Zn**.  'The standard Zn?* solution (100 mg/L)
with 0.4 g of isolated bacteria and adjusted pH (set to 5), was added to the reserve liquid ammonia nitrogen, with
an ammonia nitrogen concentration of 40, 60, 80, 100, 120 mg/L, placed in the oscillation incubator at a constant
temperature of 28 °C, 180 rpm/min, and cultivated for 150 min. The Zn** concentration was measured in the
supernatant after centrifugation.

The influence of total phosphorus concentration on the removal of Zn**. A0, 5, 10, 15, 20, 25 mg/L concentration
of phosphorus reserve was added to a 100 mg/L solution of Zn** with a pH adjusted to 5 and 0.4 g of isolated
bacteria, placed in the oscillation incubator at 28 °C, 180 rpm/min, and cultivated for 150 min, after which the
Zn** concentration was determined.

The influence of chlortetracycline concentration on the removal effect. The solution with Zn** at a concentration
of 100 mg/L with adjusted pH set to 5, and 0.4 g isolated bacteria, was treated with chlortetracycline stock solu-
tion, at concentrations set to 0, 0.01, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 2 mg/L, placed in the oscillation incubator at
28 °C, 180 rpm/min, and cultivated for 150 min. Zn** concentration was determined in the supernatant after
centrifugation.

Application of Stenotrophomonas maltophilia in the treatment of livestock and poultry sewage. ~Five samples of
livestock and poultry sewage treated by initial precipitation were collected (taken from a livestock and poultry
sewage plant in Changchun). The specific indicators are shown in Table 11.

Received: 13 August 2020; Accepted: 19 November 2020
Published online: 03 December 2020

References
1. Alvarez, A. et al. Actinobacteria: current research and perspectives for bioremediation of pesticides and heavy metals. Chemosphere
166(166), 6-9 (2017).
2. Batool, A. & Saleh, T. A. Removal of toxic metals from wastewater in constructed wetlands as a green technology; catalyst role of
substrates and chelators. Ecotoxicol. Environ. Saf. 189(189), 11 (2020).
3. Wang, J. & Chen, C. Chitosan-based biosorbents: modification and application for biosorption of heavy metals and radionuclides.
Biores. Technol. 160(160), 23-24 (2014).
4. Wang, Q. et al. Characterization of microbial community and resistance gene (CzcA) shifts in up-flow constructed wetlands-
microbial fuel cell treating Zn(II) contaminated wastewater. Biores. Technol. 302(302), 15 (2020).
5. Ping, Y, Yifei, X. & Ming, L. Study on the treatment of Zn(II) containing wastewater by heavy metals-resistant bacteria. Ind. Saf.
a Environ. Prot. 38(04), 7-9 (2012).
6. Bozkurt, S., Molu, Z., Cavas, L. & Merdivan, M. Biosorption of uranium(VI) and thorium(IV) onto Ulva gigantea (Kiitzing) blid-
ing: discussion of adsorption isotherms, kinetics and thermodynamic. Radioanal. Nucl. Chem. 288(3), 867-874 (2011).
7. Li, X. et al. Efficient biosorption of Pb(II) from aqueous solutions by a PAH-degrading strain Herbaspirillum chlorophenolicum
FAL.J. Ind. Eng. Chem. 57, 64-71 (2018).
8. Markou, G. et al. Biosorption of Cu?* and Ni** by Arthrospira platensis with different biochemical compositions. Chem. Eng. J.
259, 806-813 (2015).
9. Liang, W, Guigiu, C., Guangming, C., Wenjuan, Z. & Yun, C. Research progress of fungal extracellular polymers and their interac-
tion mechanism with heavy metals. Environ. Pollut. Prev. 32(06), 74-80 (2010).
10. Samanta, A. et al. An investigation on heavy metal tolerance and antibiotic resistance properties of bacterial strain Bacillus sp.
isolated from municipal waste. J. Microbiol. Biotechnol. Res. 2(1), 178-189 (2017).
11. Gorman-Lewis, D., Martens-Habbena, W. & Stahl, D. A. Cu(II) adsorption onto ammonia-oxidizing bacteria and archaea. Geochim.
Cosmochim. Acta 255, 127-143 (2019).
12. Dave, S., Damani, M. & Tipre, D. Copper remediation by Eichhornia spp. and sulphate-reducing bacteria. J. Hazard. Mater.
173(1-3), 231-235 (2010).
13. Andreazza, R. et al. Characterization of copper bioreduction and biosorption by a highly copper resistant bacterium isolated from
copper-contaminated vineyard soil. Sci. Tot. Environ. 408(7), 1501-1507 (2010).
14. Chen, H. et al. Anaerobic treatment of glutamate-rich wastewater in a continuous UASB reactor: effect of hydraulic retention time
and methanogenic degradation pathway. Chemosphere 245(245), 23 (2020).

Scientific Reports |

(2020) 10:21027 | https://doi.org/10.1038/s41598-020-78138-z nature research



www.nature.com/scientificreports/

15. Rahman, Z. An overview on heavy metal resistant microorganisms for simultaneous treatment of multiple chemical pollutants at
co-contaminated sites, and their multipurpose application. J. Hazard. Mater. 396(396), 1-4 (2020).

16. Chen, Y. et al. Long-term and high-concentration heavy-metal contamination strongly influences the microbiome and functional
genes in Yellow River sediments. Sci. Tot. Environ. 637-638(637-638), 5 (2018).

17. Panpan, M., Haiyan, P., Wenrong, H., Yuanyuan, S. & Zheng, L. How to increase microbial degradation in constructed wetlands:
influencing factors and improvement measures. Biores. Technol. 157(157), 85-87 (2014).

18. Xiaohua, L. & Guanwen, C. Principles of Environmental Pollution Control 210-211 (Huazhong University of Science and Technol-
ogy Press, Wuhan, 2010).

19. Mergeay, M. et al. Alcaligenes eutrophus CH34 is a facultative chemolithotroph with plasmid-bound resistance to heavy metals.
J. Bacteriol. 162(1), 328-334 (1985).

20. Xiao, T, Jieyi, Z., Yifan, Z., Qiaoyun, Z. & Shuona, C. Adsorption and transformation of Cr(vi)/Cu(ii) complex pollution by a
typical Burkholderia sp. Environ. Pollut. Prev. 41(08), 932-937 (2019).

21. Jialiang, C., Yi, H. & Weishuang, Z. Research progress on adsorption process and influencing factors of heavy metal pollutants in
wastewater by biosorbent. J. Agric. Environ. Sci. 04, 1297-1305 (2008).

22. Fadel, M. et al. Biosorption of manganese from groundwater by biomass of Saccharomyces cerevisiae. HBRC J. 13(1), 106-113
(2017).

23. Huanyu, H. Screening of Dominant Strains for Heavy Metal Copper Adsorption and Its Characteristics (Southwest Jiaotong University,
Chengdu, 2017).

24. He, W. Isolation and Identification of a Heavy Metal Tolerant Strain and Its Biosorption Characteristics and Mechanism of Zn** (Jimei
University, Xiamen, 2015).

25. Wang, J. L. & Chen, C. Biosorption of heavy metal by Saccharomyces cerevisiae: a review. Biotechnol. Adv. 24(5), 427-451 (2006).

26. Le, V.V, Padakandla, S. R., Kim, H. & Chae, ].-C. Sphingobacterium praediipecoris sp. nov. isolated from effluent of a dairy manure
treatment plant. Arch. Microbiol. 200(10), 1481-1486 (2018).

27. Shu, L. Study on the Effect of Cu** on Biofilm and Its Extracellular Polymers on Biofilm and Its Extracellular Polymers (Kunming
University of Science and Technology, Kunming, 2014).

28. Can, C. & Jianlong, W. Study on the adsorption kinetics of Zn**, Pb**, Ag**, and Cu?* by Saccharomyces cerevisiae. Chin. J. Environ.
Sci. 27(4), 544-553 (2007).

29. Miretzky, P., Muiioz, C. & Carrilo-Chévez, A. Experimental binding of lead to a low cost on biosorbent: Nopal (Opuntia strepta-
cantha). Biores. Technol. 99(5), 1211-1217 (2008).

30. Sarret, G. et al. Structural determination of Zn and Pb binding sites in Penicillium chrysogenum cell walls by EXAFS spectroscopy.
Environ. Sci. Technol. 32(11), 1648-1655 (1998).

31. Kamnev, A. A, Risti¢, M., Antonyuk, L. P,, Chernyshev, A. V. & Ignatov, V. V. Fourier transform infrared spectroscopic study of
intact cells of the nitrogen-fixing bacterium Azospirillum brasilense. J. Mol. Struct. 408-409, 201-205 (1997).

32. Subbaiah, M. V. & Yun, Y. S. Biosorption of Nickel(IT) from aqueous solution by the fungal mat of Trametes versicolor (rainbow)
biomass: equilibrium, kinetics, and thermodynamic studies. Biotechnol. Bioprocess Eng. 18(2), 280-288 (2013).

33. Galli, E., Di Mario, E, Rapana, P.,, Lorenzoni, P. & Angelini, R. Copper biosorption by Auricularia polytricha. Lett. Appl. Microbiol.
37, 133-137 (2003).

34. Pighi, L., Pimpel, T. & Schinner, F. Selective accumulation of silver by fungi. Biotechnol. Lett. 11, 275-280 (1989).

35. Siegel, S. M. & Siegel, B. Z. Filamentous fungi as metal biosorbents: a review. Water Air Soil Pollut. 53, 335-344 (1990).

36. Yongsheng, C., Qijun, S., Jun, C., Yuanyi, Z. & Shugui, D. Research on technology of biosorption of heavy metals. Adv. Environ.
Sci. 5(6), 34-43 (1997).

37. Xiuli, H. et al. Microbiology Experimental Guidance 2nd edn, 71-73 (Beijing Higher Education Press, Beijing, 2008).

38. Lagergren, S. About the theory of so-called adsorption of soluble substances. Kungl. Svenska Vetenskapsakad. Handl. 24(4), 1-39
(1898).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (41877027); Major Science and
Technology Projects in Jilin Province (2018020101018SF).

Author contributions

J.H. and J.W. have designed the study. J.H., ].W. and L.J collected the sample and performed the experimental
assay. J.H., J.W. and L.J. performed the computational analysis, ].H. and J.W. drafted the manuscript. J.H. super-
vised the study and revised the manuscript. J.H. completed the correction and format check of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:21027 | https://doi.org/10.1038/s41598-020-78138-z nature research


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Removal of zinc(II) from livestock and poultry sewage by a zinc(II) resistant bacteria
	Results and discussion
	Identification of Zn2+ resistant strains. 
	Study on the removal conditions of heavy metal Zn2+ by XZN4 strain. 
	Tolerance of XZN4 strain to Zn2+. 
	Tolerance of XZN4 strain to pH. 
	Effect of repeated use on removal of Zn2+. 
	Influence of pH value on the removal of Zn2+. 
	The influence of the bacterial concentration on the removal of Zn2+. 
	Influence of initial concentration of heavy metal on the removal of Zn2+. 
	Influence of time on the removal of Zn2+. 
	Influence of temperature on the removal of Zn2+. 

	Mechanism of Zn2+ removal by XZN4 strain. 
	SEM analysis. 
	EDS analysis. 
	FTIR analysis. 
	Adsorption isotherm analysis. 
	Influence of inactivated bacteria on the removal effect of Zn2+. 

	Analysis of the influencing factors of XZN4 strain in livestock and poultry sewage. 
	Influence of the presence of Cu2+ on the removal effect. 
	Influence of ammonia nitrogen concentration on the removal of Zn2+. 
	Influence of total phosphorus concentration on the removal of Zn2+. 
	Influence of chlortetracycline concentration on the removal of Zn2+. 
	Application of XZN4 for the removal of Zn2+ from livestock and poultry sewage. 


	Conclusions
	Materials and methods
	Screening and identification of bacterial strains. 
	Study of the tolerance of XZN4 strain to Zn2+. 
	Activation and culture of XZN4 strains. 
	Determination method. 
	Determination of the Zn2+ tolerance of XZN4 strain. 

	Studies on the removal conditions of heavy metal ion Zn2+ by XZN4 strain. 
	The influence of pH value on the removal of Zn2+. 
	The influence of the amount of bacteria input on the removal of Zn2+. 
	Influence of time on the removal of Zn2+. 
	The effect of temperature on the removal of Zn2+. 
	Calculation of the removal rate and removal quantity. 

	Mechanism of Zn2+ removal by XZN4 strain. 
	SEM analysis. 
	Adsorption isotherm analysis. 
	Influence of inactivated bacteria on removal effect. 
	Infrared spectrum analysis. 

	Influence factors on the removal of Zn2+ from livestock and poultry sewage by the XZN4 strain. 
	The influence of Cu2+ on the removal efficiency. 
	The influence of ammonia nitrogen concentration on the removal of Zn2+. 
	The influence of total phosphorus concentration on the removal of Zn2+. 
	The influence of chlortetracycline concentration on the removal effect. 
	Application of Stenotrophomonas maltophilia in the treatment of livestock and poultry sewage. 


	References
	Acknowledgements


