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Abstract: A novel strain Serratia marcescens HB-4 with high Cadmium adsorption capacity was 14 

isolated from heavy metal contaminated soil in Hunan province, China. S. marcescens HB-4 reduced 15 

the concentration of Cd present in wastewater to less than 0.1 mg/L when the inlet stream contained 16 

no higher than 5.0 mg/L Cd. After treatment, wastewater meets Integrated Wastewater Discharge 17 

Standard of China (GB8978-1996). The naturally dead S. marcescens HB-4 still maintained over 18 

80% of its Cd adsorption capacity. Scanning electron microscope (SEM), transmission electron 19 

microscope (TEM) and energy dispersive spectroscopy (EDS) results suggested that the mechanism 20 

of Cd adsorption can be explained as the synergy of extracellular adsorption, periplasm accumulation 21 

and intracellular absorption. The size of the accumulated Cd particular is at the nanometer scale, 22 

which can be washed out by EDTA without damaging cell integrity. SDS-polyacrylamide gel 23 

electrophoresis experiment showed that the heavy metal binding protein (especially Fe binding 24 

protein), transporter, amino acid and histidine periplasmic binding proteins and oxidoreductases were 25 

responsible for Cd removal. The pot experiment of S. marcescens HB-4 combined with Houttuynia 26 

cordata to detoxify Cd contaminated soil showed that the cadmium content in the aboveground and 27 

underground parts of Houttuynia cordata increased by 34.48% and 59.13% (w/w), respectively. The 28 

cadmium accumulation in Houttuynia cordata increased by 44.27% compared with the blank group 29 

which was not combined with S. marcescens HB-4. This work demonstrates that microbial 30 

synergistic phytoremediation has a significant potential to treat heavy metal contaminated soil. 31 
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Nomenclature  36 

 Abbreviation 

Serratia marcescens S. marcescens 

Scanning electron microscope SEM 

Transmission electron microscope TEM 

Energy dispersive spectroscopy EDS 

Ethylenediaminetetraacetic acid EDTA 

Luria-Bertani LB 

Inductively Coupled Plasma – Mass Spectrometry ICP-MS 

Polyacrylamide gel electrophoresis PAGE 

Phosphate buffer saline PBS 

Cadmium Cd 

Arbuscular mycorrhizal fungi AMF 

Polycyclic aromatic hydrocarbons PAHs 

 37 

1． Introduction 38 

Cadmium (Cd) is a heavy metal which is toxic to humans. It is widely present in waste battery, 39 

glazes, plastics, phosphate fertilizers and household waste [Adamis et al.,2003; Angela et al.,2009; 40 

Al-Khaldi et al,2015]. If the irrigating water contains over 0.04 mg/L Cd, both soil and grown crops 41 

are deemed as contaminated [Alkorta et al.,2004]. If the concentration of Cd exceeded 0.1 mg/L, the 42 

surface water self-cleaning function is suppressed (GB5084-1992). Heavy metal pollution in the soil 43 

not only adversely affects the quality of soil and agricultural products, but also directly impacts 44 

human health via transference through the food chain [Yang and Wu.,2016; Salem et al.,2000; 45 

El-Sayed et al,2014;Saha et al,2011], or indirectly threatens human health by polluting water and air 46 

[Lin et al.,2007; Ozbolat and Tuli.,2016; Varol and Sen.,2012; Li et al.,2014; Al-Musharafi et 47 

al.,2013]. With the increasing awareness of heavy metal pollution, there are increasing research 48 

focus on the remediation of heavy metal contaminated soil. 49 



 

The phytoremediation of heavy metal contaminated soil was firstly proposed by Chaney et al. 50 

[Parr et al.,1983]. Compared with chemical immobilization [Crannell et al.,2000; Hafsteinsdóttir et 51 

al.,2014; Zhang et al.,1999] and electrochemical removal methods [Pedersen et al.,2015], 52 

phytoremediation has advantages of low cost, high economic benefit, easy control of secondary 53 

pollution, and reducing soil erosion after vegetation formation [Zhang et al.,2014]. Sunflower was 54 

the first plant to be discovered to have Cd enrichment ability. When it was planted on 55 

cadmium-contaminated soil for one month; the average Cd content in plants reached 50 mg/kg 56 

[Turgut et al.,2004 and 2005]. Rosa et al reported that the accumulation of Cd in roots, stems and 57 

leaves of Salsola kali plants were 2696, 2075 and 2016 mg/Kg, respectively [Rosa et al.,2004]. 58 

However, phytoremediation is limited by slow plant growth rate, low biomass amount, the variation 59 

of soil physical and chemical properties, and the variation of pollutant distribution in the soil 60 

[Cameselle et al.,2013].  61 

Alternatively, microbial remediation has the advantages of simple implementation, low cost, 62 

little damage to the environment, and high specificity [Ghosh et al.,2016; Espinosaortiz et al.,2016]. 63 

Microorganisms not only accumulate heavy metals by self-adsorption, but also facilitate heavy 64 

metals reduction in the soil by secreting ironophore, functional enzymes, organic acids (heavy metal 65 

binding chemicals) and biosurfactants to promote the absorption of heavy metals by plants. Yang et 66 

al [Yang et al.,2009] treated heavy metal Cd, Pb and Zn-contaminated soil using Bacillus 67 

megaterium and Bacillus mucilaginosus together with plant Brassica juncea. The results showed that 68 

the microbial mixture can promote plant growth, enhancing the absorption of heavy metals by 69 

Brassica juncea. The extraction amount of Cd was increased by 1.18 times. Ma et al [Ma et al.,2013] 70 

reported that Phyllobacterium myrisacearum produced ACC deaminase and indole acetic acid, which 71 



 

promoted the growth of Sedum plumbizincicola, and increased Cd and Zn adsorption in plants 72 

through Fe carrier. Promoting the effect of microorganisms on phytoremediation technology of 73 

heavy metal contaminated soil is one of the recent hotspots [Ma et al.,2016; Ullah et al.,2015; 74 

Rajkumar et al.,2012]. 75 

In this study, a Cd high adsorption strain Serratia marcescens HB-4 was isolated from the 76 

heavy metal contaminated paddy soil in Chenzhou, Hunan Province, China. This strain was cultured 77 

with the Cd super-accumulating plant Houttuynia cordata for Cd removal, with a hypothesis that 78 

co-cultivation of microorganism may improve plant absorption of Cd [Baker et al.,1989; Han et 79 

al.,2018; Park et al.,2018]. S. marcescens HB-4 can also secrete heavy metal binding protein, Fe 80 

binding protein, amino acid, histidine periplasmic binding proteins and protocatechuic acid to 81 

promote the Cd recovery efficiency of Houttuynia cordata. To our knowledge, this is the first report 82 

that investigated the synergetic effect of Serratia marcescens and Houttuynia cordata on 83 

phytoremediation.  84 

 85 

2． Materials and Methods 86 

2.1 Materials 87 

2.1.1 Microorganisms 88 

Strain Serratia marcescens HB-4 was isolated in heavy metal contaminated soil in Hunan 89 

province, China, following the method described by Chen et al., 2017 [Chen et al.,2017]. The strain 90 

was stored in a –20°C freezer until use. Luria-Bertani (LB) medium was used for the cultivation of S. 91 

marcescens HB-4 unless specified otherwise. It contains 5 g/L yeast extract, 10 g/L tryptone and 10 92 

g/L NaCl. The cultivation of S. marcescens HB-4 was carried out in an air bath shaking incubator at 93 



 

30°C, 170 rpm to the required period. 94 

2.1.2 Houttuynia cordata  95 

Houttuynia cordata was provided by a local farmer in Sichuan Province, China. Houttuynia 96 

cordata that had two or three leaves after around 15 days of cultivation was used in the synergized 97 

Cd removal experiments.  98 

2.1.3 Soil  99 

The soil used for strain isolation was collected from a heavy metal contaminated field near an 100 

industrial estate, Chenzhou, Hunan province, China, on September 2015. Around 1,000 g of surface 101 

soil sample was collected using a sterilized plastic container and shipped to the lab in Tsinghua 102 

University, Beijing by train within 3 days. When it arrived at lab, it was kept in a 4°C fridge until 103 

strain isolation.  104 

The soil used for Houttuynia cordata culture was collected from a rice cultivation field in Anhui 105 

province. It was air-dried for 14 days and then shipped to the lab in Tsinghua University, Beijing by 106 

train. 107 

2.2 Methods 108 

2.2.1 Characterization of the physicochemical and nutritional properties of the soil  109 

Approximately 1 kg of the above mentioned soil was firstly screened to remove large impurities, 110 

such as plants debris, gravels and plastics. It was then air-dry in the lab until no further weight loss. 111 

Then, the sample was sent to the Institute of Plant Nutrition and Resources, Beijing Academy of 112 

Agriculture and Forestry Sciences for characterizing the physicochemical and nutritional properties. 113 

The organic matter was detected by potassium dichromate volumetric method. The total nitrogen was 114 

detected by Kjeldahl method using a Kjeldahl tester. The nitrate nitrogen and ammonium nitrogen 115 



 

were detected by a continuous flow analyzer. Mercury was detected by atomic fluorescence method. 116 

Heavy metals content such as lead, cadmium and chromium were detected by atomic absorption or 117 

ICP-MS. 118 

 119 

2.2.2 Cd adsorption by living S. marcescens HB-4 120 

S. marcescens HB-4 was cultivated using LB medium at 30°C, 170 rpm for 48 hours. Then the 121 

fermentation broth was centrifuged at 10,000g, 4 °C for 6 minutes. The solid residue was washed by 122 

deionized water and centrifuged at the same condition [Figueira et al, 2005]. The process was 123 

repeated for 3 times. Then, 100 mg biomass pellet (wet weight) was added into 100 mL synthetic Cd 124 

solutions containing 0.1, 0.5, 1.0 or 5.0 mg/L Cd. The adsorption was carried out at 30°C, 170 rpm. 125 

The residue Cd concentration in the solution was measured by ICP-MS as described below. The 126 

experiments were carried in triplicates. 127 

2.2.3 Cd adsorption by deactivated S. marcescens HB-4 cells 128 

Naturally dead S. marcescens HB-4 cells were obtained by adding the above mentioned 300 mg 129 

biomass pellet into 100 ml deionized water leaving at room temperature for 30 days. Autoclaved S. 130 

marcescens HB-4 cells were obtained by autoclaving the above mentioned 300 mg biomass pellet 131 

with 100 mL deionized water. Ultrasonicated cells was obtained by ultrasonicating the above 132 

mentioned 300 mg biomass pellet with 30 mL deionized water for 40 minutes (power 300 W, 133 

ultrasonic 2 s, intermittent 2 s). All dead/breaking cells solutions were centrifuged at 10,000g and 134 

4°C for 6 minutes. The solid residue of these dead/breaking cells were added to 100 mL 100 mg/L of 135 

Cd solution. Fresh S. marcescens HB4 biomass pellet was used as control. The adsorption process 136 

was carried out at 30°C and 170 rpm. The residue Cd concentration in the solution was measured by 137 



 

ICP-MS method as described below. The experiments were carried in triplicates. 138 

Freeze dried S. marcescens HB-4 cells were obtained by freeze the above-mentioned biomass 139 

pellet in a –20°C freezer for 2 hours and then transferred to a –80°C freezer for overnight. Then the 140 

sample was dried in a vacuum freeze dryer for 24 hours. 250 mg of the freeze-dried cells were added 141 

into 100 ml Cd solution with a concentration of 20, 50, 100, 150 and 200 mg/L of Cd. The residue 142 

Cd concentration in the solution was measured by ICP-MS method as described below. The 143 

experiments were carried in triplicates.  144 

2.2.4 EDTA elution experiments  145 

30 mL S. marcescens HB-4 cell solution after the adsorption experiment was centrifuged at 146 

10,000 g 4°C for 10 minutes. The solid residue was washed by deionized water and centrifuged at 147 

the same condition for 3 times. Then the solid residue was eluted by 10 mM EDTA solution five 148 

times. Each elution time was 25 min.  149 

2.2.5 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) experiments 150 

50 mg (dry weight) the solid residue of S. marcescens HB-4 cell before and after the adsorption 151 

experiment was collected by centrifugation at 10,000 g, 4°C for 10 minutes, gathering 8 mL 152 

deionized water, ultrasonic disruption (power 300 W, ultrasonic 2 s, intermittent 2 s) for 30 minutes. 153 

The sample was mixed with protein loading (×1) buffer at a ratio of 1:1, and boiled for 10 min at 154 

100 °C in a water bath to fully denature the protein. 20 µL of each sample was added to the prepared 155 

gel, and the gel electrophoresis was performed at 10 V/cm [Sarrafi et al, 2015].  156 

2.2.6 Cd removal using S. marcescens HB-4 combined with Houttuynia cordata 157 

The soil obtained from Anhui province was used for the pot experiments. Each pot contained 1 158 

kg soil (containing approximately 12% moisture), with the additional of 5, 50 or 100 mg/kg of Cd, 159 



 

respectively, and then fully mixed. The pot experiments were left at room temperature for 7 days to 160 

settle down. Next, 200 mL, OD600=7.5 fresh S. marcescens HB-4 cells was added. After 7 days, 161 

Houttuynia cordata plants with 1–2 small leaves were implanted into pots. When the Houttuynia 162 

cordata plant grew to 4-6 leaves, which took around 1.5 months, the plant was taken out, washed, 163 

separated to aboveground part and underground part, dried in a 70°C oven until constant weight. The 164 

dried plant samples were milled and the Cd concentrations were determined by Inductively Coupled 165 

Plasma Mass Spectrometry (ICP-MS).  166 

 167 

2.3 Analysis 168 

2.3.1 The calculation of removal ratio and adsorption quantity 169 

The percentage of Cd removal ratio ( RE ) by the biomass was calculated using equation (1): 170 

RE =
C
0
− C

R( )
C
0

×100%  (1) 

where C0  and CR  are initial and final concentration of Cd in the supernatant, respectively. 171 

The adsorption quantity (q ) were calculated using the following equation:  172 

q =
(C0 −CR )×V

m
 (2) 

where C0  andCR  are the same as in equation(1), m  is the dry cell weight of HB-4 and V  is 173 

volume of heavy metal aqueous solution. 174 

2.3.2 Scanning Electron Microscope (SEM) 175 

The morphologies of S. marcescens HB-4 cell before and after adsorption of Cd were observed 176 

by using SEM [Gharieb et al, 1995]. The model of the SEM was FEIQuanta 200 (FEI, US). 20 ml S. 177 

marcescens HB-4 cell solution before and after the adsorption of Cd was centrifuged at 10,000 g 4°C 178 



 

for 10 minutes. The solid residue was washed by deionized water and centrifuged at the same 179 

condition for 3 times. Then, cells were fixed using 2.5% glutaraldehyde fixation solution, followed 180 

by washing with 0.1 mol/L PBS, and dehydrating using a gradient ethanol solution, lyophilizating in 181 

a vacuum dryer and gold plating.  182 

 183 

2.3.3 Transmission Electron Microscopy (TEM) and Energy Dispersive Spectroscopy (EDS) analysis 184 

The S. marcescens HB-4 cell before and after adsorption of Cd was also observed by using TEM 185 

[Estrada et al, 1985]. The model of the TEM was H-7650 (HITACHI, Japan). 25 mL S. marcescens 186 

HB-4 cell solution before and after the adsorption of Cd was centrifuged at 10,000 g, 4°C for 10 187 

minutes. The solid residue was washed by deionized water and centrifuged at the same condition for 188 

3 times. Then, cells were fixed overnight using 2.5% glutaraldehyde in pH 7.0 phosphate buffer at 189 

4°C, 1% osmic acid fixation solution at 4°C for 1–2 h, followed by washing with 0.1 mol/L PBS for 190 

3 times, dehydrating using a gradient ethanol solution (30%, 50%, 70%, 80%, 90%, and 100%) for 191 

15 minutes each time and finally three times change of absolute ethanol. After dehydration, the 192 

samples were embedded using acetone and embedding solution (1:1), solidificated, ultrathin 193 

sectioned and examined. Elemental analysis during TEM was simultaneously carried out by using 194 

X-ray energy spectrometer. Energy Dispersive Spectroscopy [Sullivan et al, 1994] analysis was 195 

performed simultaneously. 196 

 197 

2.3.4 ICP-MS 198 

The quadrupole inductively coupled plasma mass spectrometer used in this work was SOE-11 199 

(Xseries2, Thermo Fisher, Germany). It was combined with a high-efficiency sample introduction 200 



 

desolvating system equipped with a quartz cyclonic spray chamber. The instrument quality range: 201 

2~255amu. Detector resolution: <1amu. Sensitivity: common elements >5Mcps/ppm. Abundance 202 

sensitivity: generally <10-6. Detection limit: the general element is lower than the ppt level. Oxide / 203 

double charge ratio: generally <3%. The argon gas utilised was of spectral purity (99.9999%). The 204 

standard solution was produced by the China National Iron and Steel Materials Testing Center Iron 205 

and Steel Research Institute, medium 10% nitric acid. The internal standard was applied to the 206 

analysis process and determined by the internal standard calibration quantitative analysis method in 207 

the ICP-MS analysis method. After the instrument is stabilized, the standard solution, the blank 208 

solution and the sample solution are sequentially determined in order. 209 

2.4 Statistical analysis 210 

The data were evaluated by ANOVA. 211 

 212 

3． Results and Discussion  213 

3.1 Nutritional status and physicochemical properties of the tested soil 214 

   According to national standard (Soil environmental quality risk control standard for soil 215 

contamination of agricultural land, GB 15618-2018), the risk screening values and the risk 216 

intervention value of soil cadmium contamination in agricultural land were 0.6 and 3.0 mg/kg, 217 

respectively. The total cadmium content in soil from Chenzhou, Hunan Province, was 76.3 mg/kg 218 

(supporting info), which was 25.4 times higher than the risk intervention value. Lead and Chromium 219 

contents were between the risk screening value and the risk control value. But the soil obtained from 220 

Xuancheng was safe, pollution-free and suitable for plant growth. Physicochemical and nutritional 221 

properties of the soils used in this study, as shown in supporting info. 222 



 

 223 

3.2 S. marcescens HB-4 adsorption ability at low Cd concentration 224 

Fresh S. marcescens HB-4 cell culture was first used in Cd removal in a solution initially 225 

containing 0.1 to 5.0 mg/L of Cd. As shown in Figure 1a, the residue Cd contents after two hours 226 

treatment were all lower than 0.08 mg/L. The Cd limit in wastewater defined by “Integrated 227 

Wastewater Discharge Standard” National Standard of China GB8978-1996 is 0.1 mg/L, while that 228 

in irrigation water is 0.01 mg/L. The results suggested that when the initial Cd concentration was no 229 

higher than 5.0 mg/L, the treated wastewater met the national wastewater discharge standard. 230 

Furthermore, if the initial wastewater contained less than 0.1 mg/L Cd, the treated wastewater 231 

(containing 0.010 ± 0.001 mg/L Cd) could be directly used as irrigation water. Actually, if the 232 

wastewater contained higher than 0.1 mg/L and less than 5.0 mg/L Cd, under the same conditions, 233 

two round of treatments by S. marcescens HB-4 adsorption would bring the Cd content down to 234 

lower than 0.01 mg/L, which could be used directly for irrigation. 235 

In order to facilitate practical applications, various deactivated S. marcescens HB-4 cells were 236 

tested in Cd removal. As shown in Figure 1b, the naturally dead cells exhibited a high Cd removal 237 

yield of 86.1 ± 0.68%, while the live cells removed 97.12 ± 0.02% Cd. Higher than other strains 238 

reported so far [Chao et al, 2016; Meseguer et al, 2016]. The Cd removal yield dropped significantly 239 

to lower than 50% when the cells were autoclaved or ultrasonicated, which could attribute to 240 

destroying cell structure.  241 

Figure 1c shows Cd removal yield and Cd adsorption quantity against initial Cd concentration 242 

by freeze-dried S. marcescens HB-4 powder. The yield was maintained at 84.01–91.08% at a wide 243 

range of initial Cd concentrations from 20 to 250 mg/L. In comparison to Cd removal yield using 244 



 

fresh cells, using freeze-dried S. marcescens HB-4 powder had a slightly lower yield. However, 245 

freeze-dried cell powder is much easy in transportation and storage and therefore easy in practical 246 

applications, Hajahmadi et al., 2015 also reported a case study of using pre-treated dried 247 

microorganism for heavy metal removal [Hajahmadi et al., 2015]. Decrease of heavy metal 248 

adsorption capability was expected as a consequence of unavoidable damage of cell structure during 249 

the drying process. However, improvement of Cd removal yield in comparison of live cells by 250 

Drechslera hawaiiensis was also reported [El-gendy et al., 2017]. 251 

  252 

(a)                                              (b) 253 

 254 

                                       (c) 255 



 

Fig.1 Removal of cadmium by S. marcescens HB-4 under different conditions. (a) Low initial cadmium 256 

concentration;(b) Under different treatments;(c) Freeze-dried S. marcescens HB-4 cells at different initial Cd 257 

concentrations. 258 

 259 

3.3 The mechanism of Cd removal by S. marcescens HB-4 260 

The cell morphological changes of S. marcescens HB-4 before and after Cd adsorption were 261 

examined using SEM, as shown in Figure 2. After Cd2+ adsorption, the surface of the cells showed 262 

different extent of dents, wrinkles or elongation, which was caused by the toxic effect of heavy metal 263 

cadmium. In addition, a large amount of white flocculation appeared on the surface of the cells, and 264 

the cells aggregated together. This may due to the secretion of extracellular polysaccharides [Xu et 265 

al.,2017; Kranthi et al.,2018; Li et al.,2016] induced by cadmium. The results indicated that 266 

cadmium exists on the surface of S. marcescens HB-4 in the form of precipitates. 267 

  
(a) (b) 

Fig.2 SEM images of S. marcescens HB-4. (a) before the treatment of 300 mg/L of Cd; and (b) after the 

treatment of 300 mg/L of Cd. 

Figure 3(a-c) shows the TEM and EDS images of S. marcescens HB-4 before and after Cd 268 

adsorption. The cells were full before adsorption, but a large area of cavities appeared inside the cells 269 



 

after adsorption. Heavy metals were mostly present in the periplasmic layer in the form of 270 

aggregation (red circle in Figure 3b), and a few were concentrated in the interior of the cells (blue 271 

circle in Figure 3c) and on the cell surface (arrow in Figure 3b), similar to the results reported by Naz 272 

et al.,  [Naz et al.,2005]. In order to verify whether the black aggregates were Cd containing 273 

substances, energy dispersive spectroscopy (EDS) analysis of the region was carried out. Figure 3a 274 

illustrates that there was no absorption peak of Cd in the EDS spectrum, suggesting S. marcescens 275 

HB-4 did not contain Cd before adsorption. Figure 3b and 3c illustrates the black aggregates in the 276 

periplasmic layer, intracellular and cell surface contains high concentration of Cd and most of the 277 

cadmium presents in the periplasm (Table 2).  278 

 

(a) (b) (c) 



 

          

                           (d)                                       (e) 

Fig.3 TEM images (up) and EDS analysis (down) of S. marcescens HB-4. (a) Before treatment with 300 mg/L of 

Cd; (b) After treatment with 300 mg/L of Cd (Cd in periplasm); and (c) After treatment of 300 mg/L of Cd (Cd in 

cell); (d) After EDTA treatment (Cd in periplasm); (e) After EDTA treatment (Cd in cell). 

 279 

Table 2 Elemental analysis of S. marcescens HB-4 by EDS 280 

  C Cl Cu Cd Sum (%) C Cl Cu Cd Sum (%) 

  before and after Cd treatment after EDTA elution 

Before 

Adsorption 

Weight/% 74.65 2.24 23.11 0.00 
100 

     

Atom/% 93.57 0.95 5.48 0.00      

In periplasm 
Weight/% 50.46 3.35 32.83 13.36 

100 
74.12 0.73 25.15 0.00 

100 
Atom/% 85.20 1.91 10.41 2.41 93.68 0.31 6.01 0.00 

In Cell 
Weight/% 62.36 1.62 33.30 2.71 

100 
61.07 1.84 33.44 3.65 

100 
Atom/% 89.73 0.79 9.06 0.42 89.28 0.91 9.24 0.57 

 281 



 

Figure 3(d and e) shows Cd adsorbed S. marcescens HB-4 cells after EDTA elution. After 282 

EDTA elution, the cell structure was intact and no sign of damage. In addition, the outer capsule of 283 

the cell still existed. There was no Cd element in the EDS elemental analysis of the cells in Figure 3d, 284 

confirming that Cd in the periplasmic layer was removed by EDTA. In comparison, Cd was still 285 

present in the cell in Figure 3e, indicating that the EDTA elution cannot remove the heavy metal 286 

particle inside the cell (Table 2). The results verified that the distribution of Cd2+ in intracellular, 287 

periplasm and extracellular. The surface (periplasm and extracellular) adsorbed Cd was fully washed 288 

out by EDTA, while intracellular Cd particles cannot be washed out by EDTA.  289 

 290 

3.4 Protein differential analysis related to S. marcescens HB-4 adsorption of Cd 291 

SDS-PAGE was used for the qualitative assessment of protein expression changes related to Cd 292 

adsorption by S. marcescens HB-4. Figure 4 shows that total proteins content of S. marcescens HB-4 293 

after Cd adsorption was negatively regulated (band (2)) in comparison to that of fresh S. marcescens 294 

HB-4 cells (band (3)). We further cut band (2) and band (3) off for mass spectrometry (Q Exactive) 295 

analysis. Here we used NCBI gene bank as a reference [http://ieg.ou.edu/entrance.html 296 

GeoChip5.0_180K Summary], we found some proteins of HB-4 cell were depressed to express while 297 

some of the proteins were motivated in the presence of Cd. The major protein differences between 298 

Cd-treated and CD-untreated HB-4 are listed in the supporting information.  299 



 

 

Fig.4 SDS-PAGE of total proteins obtained from S. marcescens HB-4.  (1) Marker; (2) Treated by 300 mg/L of 

Cd; and (3) Control (No Cd). 

It was shown that the expression of some DNA polymerases was significantly depressed, 300 

indicating that the presence of Cd was harmful to the HB-4 cell. However, some proteins are 301 

motivated to help HB-4 cell survive in the presence of harmful Cd, such as oxidoreductases, 302 

transporters (MFS transporter, Thiamine ABC transporter substrate-binding protein, Magnesium 303 

transprter, etc), enzymes related to energy supply (ABC transporter ATPase, Formate dehydrogenase, 304 

Phosphoesterase, etc) and membrane proteins (Outer membrane protein II). Therefore, it can be 305 

concluded that heavy metal binding protein (especially Fe binding protein), amino acid and histidine 306 

periplasmic binding proteins and protocatechuic acid are responsible for Cd removal. Other heavy 307 

metal cadmium transporters have been reported. [Uraguchi et al,2014; Wang et al,2011].  308 

3.5 Soil remediation test of S. marcescens HB-4 when synergized with Houttuynia cordata 309 

In order to investigate the impact of S. marcescens HB-4 on Cd removal by the plant, a pot 310 

experiment was carried out using a Cd-enrichment plant Houttuynia cordata. Each experimental 311 



 

condition contained 3 replicates, 4-6 plants per pot. After cultivation period, the cultivated 312 

Houttuynia cordata was taken out, washed and then separated into the aboveground part and the 313 

underground part for digestion, as shown by the dotted yellow line in Figure 5. Figure 5 shows that 314 

the Cd content in the underground part was higher than that in the aboveground part. After 315 

inoculation with S. marcescens HB-4, the Cd contents in the aboveground part and the underground 316 

part of Houttuynia cordata were 23.86-34.48% and 21.37-59.13% higher than those in the control 317 

group, respectively. The Cd accumulation of the whole Houttuynia cordata was 28.06-44.27% 318 

higher than the control. When the Cd in the soil was 50 mg/kg, the Cd contents in the aboveground 319 

part and the underground part of Houttuynia cordata were 95 mg/kg and 130.5 mg/kg in the control 320 

group, respectively. The enrichment effect of Houttuynia cordata was better than the seven 321 

super-enriched plants listed by Kayser et al., [Kayser et al.,2000]. Microbial enrichment of heavy 322 

metals in Houttuynia cordata has been extensively studied. Chen et al [Chen et al.,2009], reported 323 

that rhizosphere microorganism promoted the accumulation of cadmium in Houttuynia cordata. 324 

Bacillus subtilis wb600 can facilitated Pb absorption by both root and shoot of Houttuynia cordata 325 

[Liu et al.,2018]. Wu et al treated sewage and heavy metal by combined nitric acid bacteria and 326 

nitrite bacteria with Houttuynia cordata [Wu et al, 2017]. Root microorganisms synergized with 327 

Houttuynia cordata showed a better adsorption of Cadmium that reported by Hou et al., 2010 [Hou 328 

et al.,2010]. The mutual interactions between rhizobia and AMF was reported to improve 329 

phytoremediation efficiency of PAHs by S. cannabina [Ren et al,2017], which was agreed with 330 

several investigations on phytoremediation of heavy metal contaminated soil [Karimi et al,2018; 331 

Chen et al,2013; Xu et al,2019]. Other than heavy metal pollution control, phytoremediation strategy 332 

has been successfully demonstrated for treatment of petroleum polluted soil [Gałązka et al,2015; 333 



 

Xun et al,2015].  334 

Microbial synergy with phytoremediation attracts increasing recognition as a novel method for soil 335 

remediation. Further field test would be essential to obtain reliable data before large scale application 336 

of the technology on the field. Bacterial control could be a challenge. The ethical and environmental 337 

impact of applying a live microorganism in agriculture field should be assessed as well.  338 

 339 

 

Fig.5 The effect of S. marcescens HB-4 on uptake of Cd by Houttuynia cordata at different initial Cd 

concentrations in soil 

In summary, Figure 6 illustrated the Cd adsorption routes by Houttuynia cordata with the 340 

synergy effect of S. marcescens HB-4. Cd was adsorbed by S. marcescens HB-4 via the synergy of 341 

extracellular adsorption, periplasm accumulation and intracellular absorption. We hypothesize that 342 

there might be two major pathways involved in mediating Cd transport from roots to shoots in 343 

presence of S. marcescens HB-4. One is the direct uptake of Cd by Houttuynia cordata. The other 344 

one is S. marcescens HB-4 mediated uptake of Cd. Cd can be absorbed or taken up by HB-4 by ways 345 



 

of extracellular adsorption, periplasm accumulation and intracellular absorption. S. marcescens HB-4 346 

is a symbiotic bacteria to Houttuynia cordata and can live at the node of root and the xylem of shoot 347 

[Lu et al., 2014 ; Li et al.,2016 and 2017]. The uptake of Cd by HB-4 can translocated into 348 

Houttuynia cordata due to the enhanced metal transporters and related energy supply system of S. 349 

marcescens HB-4 in the stimulus of Cd.  350 

 351 

Fig.6 The possible mechanism of S. marcescens HB-4 enhanced Cd uptake by Houttuynia cordata. 352 

 353 

4、Conclusion 354 

This study showed both fresh and freeze-dried S. marcescens HB-4 had excellent Cd removal 355 

capacity, which had laid the foundation for future filed applications. When the wastewater contained 356 

low Cd concentration (≤5 mg/L), treatment of the wastewater with S. marcescens HB-4 for 2 hours 357 

met the wastewater discharge standard (<0.1mg/L). When the initial Cd concentration was less than 358 

0.1 mg/L, the treated wastewater could be directly used as irrigation water. It was confirmed that 359 

HB-4 had good practical application potential and no external pollution. The adsorption mechanism 360 

of S. marcescens HB-4 on Cd was a combination of extracellular adsorption, periplasmic layer 361 



 

accumulation and intracellular uptake. Cd was mostly present in the periplasmic layer in aggregate 362 

form, with few presented in the interior of cells and attached the cell surface. The accumulated Cd in 363 

the periplasm of S. marcescens HB-4 can be eluted by EDTA. The combination of S. marcescens 364 

HB-4 and Houttuynia cordata to remedy Cd-contaminated soil showed higher Cd removal than that 365 

of Houttuynia cordata alone. The Cd accumulation of whole Houttuynia cordata plant increased by 366 

44.27% compared with control. This study showed that presence of S. marcescens HB-4 promoted 367 

the absorption of Cd by plants and enhanced the ability of phytoremediation, indicating that the 368 

synergistic remediation of heavy metal pollution by microorganisms and plants could be a promising 369 

approach. 370 

 371 

 372 

Acknowledgement 373 

This work is financially supported by the National Key Research and Development Program of 374 

China under grand No. 2018YFA0902200 and the Chinese National Natural Science Foundation 375 

under grant No. 21878175.This work is also partially supported by fund from Anhui Tobacco 376 

Company (No. 20140551012). It was also supported by the University of Huddersfield, under the 377 

programme of URF (URF2015/24). 378 

 379 

 380 

References 381 

Adamis P D B, Panek A D, Leite S G F, et al. Factors involved with cadmium absorption by a 382 

wild-type strain of Saccharomyces cerevisiae [J]. Brazilian Journal of Microbiol., 383 



 

2003,34(1):55-60. 384 

Al-Khaldi F A, Abu-Sharkh B, Abulkibash A M, et al. Cadmium removal by activated carbon, 385 

carbon nanotubes, carbon nanofibers, and carbon fly ash: a comparative study, Desal. Wat. 386 

Treat., 53 (2015) 1417–1429. 387 

Alkorta I, Hernández A J. Becerril J M, et al. Recent findings on the phytoremediation of soils 388 

contaminated with environmentally toxic heavy metals and metalloids such as zinc, cadmium, 389 

lead,and arsenic [J]. Reviews in Environmental Science and Bio/Technology, 2004,3(1):71-90. 390 

Al-Musharafi S K，Mahmoud I Y，Al-Bahry S N. Heavy Metal Pollution from Treated Sewage 391 

Effluent[J]. Apcbee Procedia，2013，5：344~348. 392 

Angela L. Pérez, Anderson K A. DGT estimates cadmium accumulation in wheat and potato from 393 

phosphate fertilizer applications[J]. Science of the Total Environment, 2009, 394 

407(18):5096-5103. 395 

Baker A J M，Brooks R，Baker NA. Terrestrial higher plants which hyperaccumulate metallic 396 

elements. A review of their distribution, ecology and phytochemistry[J].Biorecovery，1989，1：397 

81-126. 398 

Cameselle C，Chirakkara R A，Reddy K R． Electrokinetic-enhanced phytoremediation of soils: 399 

Status and opportunities［J］．Chemosphere，2013，93( 4) : 626-636． 400 

Chao X, Peishi Q, Mengsha L, et al. Characterization and Sorptivity of the Plesiomonas shigelloides 401 

Strain and Its Potential Use to Remove Cd2+ from Wastewater[J]. Water,2016,8(6):1-12. 402 

Chen S, Chao L, Sun L，et al. Effects of Bacteria on Cadmium Bioaccumulation in the Cadmium 403 

Hyperaccumulator Plant Beta Vulgaris Var. Cicla L.[J]. International Journal of 404 

Phytoremediation, 2013, 15(5):477-487. 405 



 

Chen W, Hou L, Liu C, et al. Accumulation of Cadmium stimulated by Rhizospheric Microbes in 406 

Soil by Huttuynia cordata[J]. Advanced Engineering Sciences, 2009, 41(2). 407 

Chen Y K, Xu C R, Zhu Q F, et al. Cadmium adsorption mechanism of Serratia marcescens HB-4 [J]. 408 

CIESC Journal, 2017, 68(4):1574-1581. 409 

Crannell B S, Eighmy T T, Krzanowski J E, et al. Heavy metal stabilization in municipal solid waste 410 

combustion bottom ashusing soluble phosphate[J]. Waste Management,2000,20(2-3): 135-148. 411 

El-gendy M M A A, Hassanein N M, Ibrahim E H, et al. Heavy Metals Biosorption from Aqueous 412 

Solution by Endophytic Drechslera hawaiiensis of Morus alba L. Derived from Heavy Metals 413 

Habitats[J]. Mycobiology, 2017, 45(2):73-83. 414 

El-Sayed H A , Ouf N H , Moustafa A H . An efficient and facile multicomponent synthesis of 415 

4,6-diarylpyridine derivatives under solvent-free conditions[J]. Research on Chemical 416 

Intermediates, 2014, 40(1):407-412. 417 

Espinosaortiz E J，Rene E R，Pakshirajan K，et a1．Fungal pelleted reactors in wastewater treatment： 418 

applications and perspectives[J]．Chemical Engineering Journal，2016，283：553-571． 419 

Estrada J C, Brinn N T, Bossen E H. A Rapid Method of Staining Ultrathin Sections for Surgical 420 

Pathology TEM with the Use of the Microwave Oven[J]. American Journal of Clinical 421 

Pathology, 1985, 83(5):639-641. 422 

Figueira E, Lima A I G , Pereira S I A . Cadmium tolerance plasticity in Rhizobium leguminosarum 423 

bv.viciae: glutathione as a detoxifying agent [J].Canadian Journal of 424 

Microbiology,2005,51(1):7-14. 425 

Gałązka A, Gałązka R. Phytoremediation of Polycyclic Aromatic Hydrocarbons in Soils Artificially 426 

Polluted Using Plant-Associated-Endophytic Bacteria and Dactylis glomerata as the 427 

Bioremediation Plant.[J]. Polish journal of microbiology / Polskie Towarzystwo 428 

Mikrobiologo?w = The Polish Society of Microbiologists, 2015, 64(3):241-52. 429 

Gharieb M M, Wilkinson S C, Gadd G M. Reduction of selenium oxyanions by unicellular, 430 

polymorphic and filamentous fungi: Cellular location of reduced selenium and implications for 431 



 

tolerance[J]. Journal of Industrial Microbiology, 1995, 14(3-4):300-311. 432 

Ghosh A, Manisha G D, Sreekrishnan T R, et al. Recent advances in bioremediation of heavy metals 433 

and metal complex dyes：review[J]．Journal of Environmental Engineering，2016,142(9)． 434 

Hafsteinsdóttir E G, Fryirs K A, Stark S C, et al. Remediation of metal-contaminated soil in polar 435 

environments: Phosphate fixation at Casey Station, East Antarctica[J]. Applied 436 

Geochemistry,2014, 51, 33-43. 437 

Hajahmadi Z, Younesi H, Bahramifar N, et al. Multicomponent isotherm for biosorption of Zn(II), 438 

CO(II) and Cd(II) from ternary mixture onto pretreated dried Aspergillus niger, biomass[J]. 439 

Water Resources & Industry, 2015, 11:71-80. 440 

Han K, Jin C, Chen H, et al. Structural characterization and anti-A549 lung cancer cells bioactivity 441 

of a polysaccharide from Houttuynia cordata [J]. International Journal of Biological 442 

Macromolecules,2018,120(A):288-296. 443 

Hou L, Huang R, Zhou L, et al. Enrichment of cadmium in soil and promotion of root 444 

microorganisms by Houttuynia cordata[J]. Ecology and Environment, 2010, 19(4):817-821. 445 

http://ieg.ou.edu/entrance.html GeoChip5.0_180K Summary. 446 

Karimi A, Khodaverdiloo H, Rasouli-Sadaghiani M H. Microbial-Enhanced Phytoremediation of 447 

Lead Contaminated Calcareous Soil by\r, Centaurea cyanus\r, L[J]. CLEAN - Soil, Air, Water, 448 

2018:1700665. 449 

Kayser A, Wenger K, Keller A, et al. Enhancement of Phytoextraction of Zn, Cd, and Cu from 450 

Calcareous Soil:  The Use of NTA and Sulfur Amendments[J]. Environmental science & 451 

technology, 2000, 34(9):1778-1783. 452 

Kranthi R K, Sardar U R, Bhargavi E, et al. Advances in exopolysaccharides based bioremediation 453 



 

of heavy metals in soil and water: A critical review[J]. Carbohydrate Polymers, 2018, 454 

199:353-364. 455 

Li H, Wei M, Min W, et al. Removal of heavy metal Ions in aqueous solution by Exopolysaccharides 456 

from Athelia rolfsii[J]. Biocatalysis & Agricultural Biotechnology, 2016, 6:28-32. 457 

Li H, Luo N, Zhang L J, et al. Do arbuscular mycorrhizal fungi affect cadmium uptake kinetics, 458 

subcellular distribution and chemical forms in rice[J]. Science of the Total Environment, 2016, 459 

571:1183-1190. 460 

Li H, Luo N, Li Y W, et al. Cadmium in rice: Transport mechanisms, influencing factors, and 461 

minimizing measures[J]. Environmental Pollution,2017,224:622-630. 462 

Li Z，Ma Z，Kuijp T J V D，et al. A review of soil heavy metal pollution from mines in China: 463 

Pollution and health risk assessment[J].Science of the Total Environment，2014(468~469)：464 

843~853. 465 

Lin F H，Chen H B ，Bai J ．In soil environment heavy metal pollution harm research466 

［J］． Environmental Science and Management ，2007，32( 7) : 74-76． 467 

Liu Z B, Cai J, Wang T, et al. Houttuynia cordata hyperaccumulates Lead(Pb) and its combination 468 

with Bacillus subtilis wb600 improves shoot transportation[J].International Journal of 469 

Agriculture & Biology,2018,20(3):621-627. 470 

Lu M, Zhang Z Z. Phytoremediation of soil co-contaminated with heavy metals and deca-BDE by 471 

co-planting of Sedum alfredii with tall fescue associated with Bacillus cereus JP12[J]. Plant & 472 

Soil, 2014, 382(1-2):89-102. 473 

Ma Y, Rajkumar M, Luo Y, et al. Phytoextraction of heavy metal polluted soils using Sedum 474 

plumbizincicola inoculated with metal mobilizing Phyllobacterium myrsinacearum RC6b[J]. 475 



 

Chemosphere, 2013, 93(7):1386-1392. 476 

Ma Y, Rajkumar M, Zhang C, et al. Beneficial role of bacterial endophytes in heavy metal 477 

phytoremediation[J]. Journal of Environmental Management, 2016, 174:14-25. 478 

Meseguer V F, Ortuño J F, Aguilar M I, et al. Biosorption of cadmium (II) from aqueous solutions 479 

by natural and modified non-living leaves of Posidonia oceanica.[J]. Environmental Science & 480 

Pollution Research International, 2016, 23(23):1-15. 481 

Naz N, Young H K, Ahmed N, et al. Cadmium accumulation and DNA homology with metal 482 

resistance genes in sulfate-reducing bacteria[J]. Applied & Environmental Microbiology, 2005, 483 

71(8):4610-4618. 484 

Ozbolat1 G，Tuli A. Effects of Heavy Metal Toxicityon Human Health[J]. Archives Medical Review 485 

Journal，2016，25(4)：502~521. 486 

Parr J F, Marsh P B, Kla J M. Land treatment of hazardous wastes[M]. Noyes Data Corporation, 487 

1983:50-76. 488 

Park S H. Producing functional shampoo composition used to prevent seborrheic dermatitis 489 

occurring in body comprises e.g. preparing natural extract by mixing e.g. Chelidonium majus 490 

leaves, wild pear leaves, Houttuynia cordata, Aronia and Jasminum. Australia. KR1891083-B1 491 

[P], 2018-8-23. 492 

Pedersen K B, Lejon T, Ottosen L M, et al. Screening of variable importance for optimizing 493 

electrodialytic remediation of heavy metals from polluted harbour sediments[J]. Environmental 494 

Technology,2015,36(18), 2364-2373. 495 

Rajkumar M, Sandhya S, Prasad M N V, et al. Perspectives of plant-associated microbes in heavy 496 

metal phytoremediation[J]. Biotechnology Advances, 2012, 30(6):1562-1574. 497 



 

Ren C G , Kong C C , Bian B , et al. Enhanced phytoremediation of soils contaminated with PAHs 498 

by arbuscular mycorrhiza and rhizobium[J]. International Journal of Phytoremediation, 2017，19499 

（9）：789-797. 500 

Rosa G D L, Peralta-Videa J R, Montes M, et al. Cadmium uptake and translocation in tumbleweed 501 

(Salsola kali), a potential Cd-hyperaccumulator desert plant species: ICP/OES and XAS 502 

studies[J]. Chemosphere, 2004, 55(9):1159-1168. 503 

Saha R, Nandi R, Saha R. Sources and toxicity of hexavalent chromium[J]. J. Coord. Chem.,2011, 504 

64 :1782–1806. 505 

Salem H M，EweidaE A，FaragA. Heavymetals in drinking water and their environmental impact on 506 

human health[J].Center for Environmental Hazards Mitigation (ICEHM). Chemosphere，2000，507 

48(3)：542~556. 508 

Sarrafi H, Bahrmand A R, Hadizadeh Tasbiti A, et al. Comparative study of protein profile in 509 

Mycobacterium tuberculosis and Mycobacterium bovis with SDS-PAGE method[J]. Medical 510 

Science Journal of Islamic Azad Univesity - Tehran Medical Branch, 2015. 511 

Sullivan N, Arsenault S. SEM/EDS analysis method for bare silicon particle monitor wafers[C]. 512 

Advanced Semiconductor Manufacturing Conference & Workshop IEEE/SEMI. 1994. 513 

Turgut C, Pepe M K, Cutright T J. The effect of EDTA and citric acid on phytoremediation of Cd, Cr, 514 

and Ni from soil using Helianthus annuus[J]. Environmental Pollution, 2004, 131(1):150-154. 515 

Turgut C, Pepe M K, Cutright T J. The effect of EDTA on Helianthus annuus uptake, selectivity, and 516 

translocation of heavy metals when grown in Ohio, New Mexico and Colombia soils[J]. 517 

Chemosphere, 2005, 58(8):1087-1095. 518 

Ullah A, Sun H, Munis M F H, et al. Phytoremediation of heavy metals assisted by plant growth 519 

promoting (PGP) bacteria: A review[J]. Environmental & Experimental Botany, 2015, 520 

117:28-40. 521 



 

Varol M，Şen B. Assessment of nutrient and heavy metal contamination in surface water and 522 

sediments of the upper Tigris River，Turkey[J]. Catena，2012，92(1)：1~10. 523 

Wu W, Zhou D, Duan Y, et al. Treatment of sewage and heavy metal, by discharging rural sewage to 524 

waste water pretreatment tank, adding pretreated sewage, purifying sewage, planting e.g. 525 

Houttuynia, adding nitric acid bacteria and planting safflower. Chinese. 526 

CN107200441-A[P].2017-9-26. 527 

Xu C R, He S, Liu Y, et al. Bioadsorption and biostabilization of cadmium by Enterobacter cloacae 528 

TU[J]. Chemosphere, 2017, 173:622-629. 529 

Xu S, Xing Y, Liu S, et al. Role of novel bacterial Raoultella sp. strain X13 in plant growth 530 

promotion and cadmium bioremediation in soil[J]. Applied Microbiology and Biotechnology, 531 

2019, 103(2):3887-3897. 532 

Xun F , Xie B , Liu S , et al. Effect of plant growth-promoting bacteria (PGPR) and arbuscular 533 

mycorrhizal fungi (AMF) inoculation on oats in saline-alkali soil contaminated by petroleum to 534 

enhance phytoremediation[J]. Environmental Science and Pollution Research, 2015, 535 

22(1):598-608. 536 

Yang X F，Wu Y N. Adverse effects of low dose exposures to cadmium below renal damage level 537 

should be emphasized for human health effect studies[J].Chinese Journal of Preventive 538 

Medicine，2016，50(4)：292~295. 539 

Yang Z, Wang Z L, Li B W, et al. Promotion effects of microorganisms on phytoremediation of 540 

heavy metal contaminated soil [J]. Chinese Journal of Applied Ecology, 2009, 20(8):2025-2031. 541 

Zhang S J, Li T X, Huang H G, et al. Phytoremediation of cadmium using plant species of Athyrium 542 

wardii (Hook)[J]. International Journal of Environmental Science & Technology, 2014, 543 



 

11(3):757-764. 544 

Zhang T S，Hing P，Zhang J C，et al．Ethanol-sensing characteristics of cadmium ferrite prepared 545 

by chemical coprecipitation[J]．Materials Chemistry & Physics，1999，61(3)：192~198． 546 


