
Environmental Advances 4 (2021) 100063 

Contents lists available at ScienceDirect 

Environmental Advances 

journal homepage: www.elsevier.com/locate/envadv 

Application of cold-adaptive Pseudomonas sp. SDR4 and Mortierella alpina 

JDR7 co-immobilized on maize cob in remediating PAH-contaminated 

freeze-thawed soil 

Dan Su 

a , ∗ , Yu Pu 

a , ChunJuan Gong 

b , c , Zhenli He 

d 

a College of Environment Science, Liaoning University, 66 Chongshan Middle Street, Huanggu District, Shenyang, 110036, PR China. 
b Key Laboratory of Forest Ecology and Management, Institute of Applied Ecology, Chinese Academy of Sciences, Shenyang, 110016, PR China 
c University of Chinese Academy of Sciences, Beijing, 100049, PR China 
d University of Florida-IFAS, Indian River Research and Education Center, Fort Pierce, FL 34945-3138, USA 

a r t i c l e i n f o 

Keywords: 

Immobilized microorganisms 

Cold regions 

Organic contaminants 

Remediation 

Soil pollution 

Abbreviations , PAHs, Polycyclic aromatic 

hydrocarbons 

Phe, Phenanthrene, Pyr, Pyrene 

BaP, Benzo[a]pyrene, SDR4, Pseudomonas sp., 

JDR7, Mortierella alpine 

SEM7, 7Scanning electronic microscope 

TPH, Total petroleum hydrocarbons 

TOC, Total organic carbon 

Total nitrogen 

TN, Total phosphorus 

TP, Maximum water holding capacity, WHC, 

Maize cob 

MC, High-performance liquid chromatography 

HPLC, HMW, High molecular weight 

LMW, Low molecular weight 

a b s t r a c t 

There are large areas of contaminated soils with low- and medium-concentration of polycyclic aromatic hydro- 

carbons (PAHs) in the coldest regions of the earth, potentially threatening ecological safety and human health. 

Using maize cobs (MC) as the carrier, two cold-adaptive PAHs-degrading microorganisms, bacterial ( Pseudomonas 

sp., SDR4) and fungal ( Mortierella alpine , JDR7) strains were co-immobilized. The degradation characteristics of 

phenanthrene (Phe), pyrene (Pyr) and benzo[a]pyrene (BaP) in freeze-thawed soil by both co-immobilized and 

free microorganism were studied. The removal rate of Phe, Pyr and BaP using the co-immobilized fungal-bacterial 

consortium within 60 d was 59.2 ± 3.7%, 46.6 ± 3.3%, and 36.8 ± 2.7%, respectively, which was obviously higher 

than that of free fungal-bacterial consortium in the same time. Ten percent (w/w) was the optimal amount of 

inoculum for PAH degradation in the co-immobilized fungal-bacterial consortium. Under low-temperature condi- 

tions, when the initial concentration of PAH was between 10-100 mg •kg − 1 , the immobilized cold-adaptive fungal- 

bacterial consortium displayed the desired degradation of PAHs. The scanning electronic microscope (SEM) ob- 

servation and mass transmission showed that the microstructure of co-immobilized mixed system was beneficial 

to the growth of SDR4 and JDR7 at low temperature. These results imply that the cold-adaptive fungal-bacterial 

consortium, co-immobilized on MC, has the potential for application in remediating PAH contaminated soil under 

the freeze-thawing environment. 
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Polycyclic aromatic hydrocarbons (PAHs) constitute a class of chem-

cal compounds with two or more benzene rings that are common or-

anic pollutants and ubiquitous in the environments. The detection rate

as increased from less than 20% to more than 80% and the magnitude

f pollution levels has risen to mg •kg − 1 from 𝜇g •kg − 1 in the last two

ecades ( Jennifer et al., 2019 ). Approximately 20% of primary agricul-

ural products were detected to contain PAHs above the critical levels

or food safety ( Bouchard et al., 1988 ; Bakker et al., 2000 ). Due to hu-

an activities PAHs compounds have been detected around the world,

ven in the Polar and tropics far from industrial sites ( Wilcke, W., 2007 ).

igh bioaccumulation potential and phytotoxic effects of PAHs pose a
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hreat to ecosystem stability and human health ( Wu et al., 2017 ). Re-

earch had showed that human exposure to PAHs was greater through

oil than water or atmosphere ( Fismes et al., 2002 ). Therefore, reme-

iation of PAH-contaminated soil is critical to ensure food safety and

uman health. 

As one of the bioremediation technologies, the microbial reme-

iation method has attracted continuous interests for its high effi-

iency, low cost, and environmental friendliness for remediating PAH-

ontaminated soil ( Singh et al., 2017 ). Organisms with desired PAH

egradation performance include Mycobacterium, Haematococcus, Pseu-

omonas, Bacillu s and Mortierella ( Li et al., 2005 ; Su, et al., 2006 ). Cur-

ently, microbial degradation with monomeric strains at ambient tem-

eratures is the primary method of PAH removal. However, the diversity
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m  
nd uneven distribution of PAHs in contaminated soils, as well as low

inter temperatures in the coldest regions of the earth, often lead to low

fficiency, which has become a significant hurdle to the remediation of

AH-contaminated soils in cold areas. Freeze-thawing significantly af-

ects the activities of fungi, bacteria and other microorganisms in the

oil ( Bölter et al., 2005 ; Juan et al., 2018 ). The microbial cell structure

s changed at a relatively low temperature, resulting in low metabolism

n most microorganisms ( Zhang et al., 2008 ). How to improve the reme-

iation efficiency of PAH-contaminated soils in cold environments has

ecome an essential scientific issue to be addressed. 

Most of the biosphere on the earth is cold ( < 5°C), it triggers physio-

ogical reaction(s) to ensure microorganisms survive in frozen and cold

cosystems, thereby sustaining a wide diversity of microbial life. By

ynthesizing more short-chain fatty acids and unsaturated fatty acids

t low temperatures, cold-adaptive microorganisms (psychrophiles and

sychrotolerant bacteria) can increase the fluidity of their membranes

 Lipson et al., 2004 ). These microorganisms have cold-adaptive pro-

eins and enzymes, which can adapt to freezing environments, decrease

he freezing point of water and exhibit more excellent resistance to

reezing and thawing ( Hamdan, 2018 ). At -20°C, cold-adaptive bacte-

ia take advantage of water molecules on the soil particle surface to

emain in a solution state ( Freppaz et al., 2007 ). Therefore, under low-

emperature conditions, cold-adaptive microorganisms can still degrade

AHs in freeze-thawed soils. During the last fifteen years, a growing

umber of cold-adaptive microorganism with biodegradation potential

or many kinds of contaminants, such as crude oil ( Pham et al., 2018 ),

PH ( Camenzuli and Freidman, 2015 ), petroleum oil ( Wang et al.,

016 ), PAHs ( Ruberto et al., 2005 ; Chronopoulou et al., 2015 ; Su, et al.,

017 ), have been isolated and have been used in the bioremediation

f contaminated sites. The cold-adaptive microorganisms with poten-

ial application for bioremediation mostly include Roseovarium, Halo-

oans, Glaciecola, Phodococcus, Rhodococcus, Arthrobacter, Pimelobacter ,

tc. ( Aislabie et al., 2006 ; Chaudhary and Kim, 2019 ). However, com-

ared with the use of mesophilic microorganisms, this approach of intro-

ucing potential cold-adaptive microorganisms into the contaminated

reas is still in its infancy. 

Studies showed that fungal-bacterial mixed cultures could improve

he degradation efficiency of PAHs in contaminated soils ( Hays et al.,

015 ). Mixed cultures had a more remarkable degrading ability than

ingle strains of bacteria, while fungi are generally more effective in

AH degradation than bacteria ( Qian et al., 2012 ). When high molec-

lar weight (HMW) PAHs like Pyr and BaP, is present as a sole source

f carbon and energy, the effect of mixed culture is higher than that

f a single strain, and the total biomass of the bacteria is also larger

 Stanley et al., 2000 ). Furthermore, extracellular enzymes secreted by

ungi, such as catalase, can hydrolyze a variety of complex PAHs and ex-

rt a ring-opening effect on the benzene ring ( Juhasz et al., 2000 ). Bac-

eria can decompose these compounds into CO 2 and water ( Singh and

haudhary, 2015 ). Therefore, the use of high efficient cold-adaptive

AH degrading fungal-bacterial co-cultures that are resistant to freezing

nd thawing is a promising approach for improving the bioremediation

fficiency of contaminated soils in the cold regions. 

In cold environments, biotic factors (interspecies competition be-

ween exogenous microorganisms and indigenous) and abiotic factors

contaminant characteristics, moisture, pH, temperature, nutrient con-

ents, organic matter and aeration) should be considered in selecting

uitable cold-adaptive microbial strains ( Vogel, 1996 ). Free microor-

anisms have a disadvantage over indigenous bacteria in adapting to

he new environment. Arulazhangan (2011) and Debajyoti (2016) re-

orted that the use of immobilization technology to remediate PAH-

ontaminated soils could enhance the competition of introduced mi-

roorganisms with indigenous species, provide protection from toxic

ompounds, extremes of pH and predation in the contaminated soils.

ccording to Su et al. (2008) , the Mucor sp. immobilized on maize cobs

MC) had a faster start-up speed of reaction and greater environmental

esilience, thus performed a higher degradation rate of BaP from con-
2 
aminated soils ( Su et al., 2008 ). Studies have shown that the MC as a

arrier have a very high affinity and capacity for sorbing organic con-

aminants and encapsulating the strains since it has a large surface area

nd high microporosity, which is advantageous in shielding against the

nterference of external indigenous bacteria, making it fully exposed to

ollutants and promoting the degradation of PAHs ( Song et al., 2013 ).

tudies have also reported that microbial activity could be stimulated

y the elemental nutrients in MC, thereby enhancing the biodegradation

f pollutants such as PAHs in soil ( Reid et al., 2000 ). 

In this study, two cold-adaptive PAHs-degrading microorganisms,

seudomonas sp. SDR4 and Mortierella alpine JDR7 were co-immobilized

n MC with the objective to determine the optimal condition param-

ters (i.e., inoculum amount, temperature, initial PAH concentration)

f bacterial-fungal symbiotic system for enhancing the remediation of

reeze-thawed soil contaminated with PAHs. We also evaluated the per-

ormance of the co-immobilized cold-adaptive fungal-bacterial consor-

ium when compared with that of free counterparts. Besides, the mass

ransmission processes and morphology of the co-immobilized fungal-

acterial consortium were examined. The results can provide theoretical

eference for in-situ microbial remediation of PAH-contaminated freeze-

hawed soils in low-temperature environments. 

. Materials and methods 

.1. Materials 

MC was collected from the National Field Research Station of

henyang Agroecosystem. PAHs-degrading fungal-bacterial were con-

isted of two cold-adaptive indigenous strains, a bacterial Pseudomonas

p. SDR4 and a fungal Mortierella alpine JDR7. SDR4 were isolated from

reeze-thawed soil of heavily contaminated farmland in upstream of

henfu Irrigated Areas (SIA, southeast of Shenyang, Liaoning Province,

hina), JDR7 were isolated from freeze-thawed soil of the Jixi Coking

lant (JCP, Northeast of Jixi, Heilongjiang Province, China) according to

he method of enrichment and isolation of degrading strains by a modi-

cation of Rajendran (2017) and Zeng (2010) . The degrading capability

f SDR4 and JDR7 were maintained in a mineral plate where phenan-

hrene (Phe), pyrene (Pyr) and benzo[a]pyrene (BaP) were added as

ole carbon and energy source, and they were cultured according to

u et al (2011) . 

The soil was collected from the topsoil (0-10 cm) of Shenyang Eco-

ogical Station, with the following characteristics: pH 6.72, silt 50.8%,

nd 29.0%, 20.2% clay, total organic carbon (TOC) 17.8%, total phos-

horus (TP) 0.35 g •kg − 1 , total nitrogen (TN) 1.1 g •kg − 1 and cation ex-

hange capacity (CEC) 45.04 g •kg − 1 . No PAHs detected in the soil. Be-

ore use, the soil was air-dried and sieved (2-mm), while stored a portion

f fresh soil at 4°C. 

Phenanthrene (Phe) with a purity of 95%, Pyrene (Pyr) with a purity

f 98% and Benzo[a]pyrene (BaP) with a purity of 96% were bought

rom Beijing BL Technology Co., Ltd. Acetone and N-hexane (AR) were

urchased from Shenyang Economic and Technological Development

one Reagent Factory. Dichloromethane (AR) (Tianjin Fine Chemical

o., Ltd), and 60~100-mesh silica gel (Sinopharm Chemical Reagent

o., Ltd) were all used in the present study. 

.2. Experimental methods 

.2.1. Microorganism cultivation 

Inorganic salt selection medium used for isolation of PAH-bacteria

ontained K 2 HPO 4 1.0 g, (NH 4 ) 2 SO 4 5 g and MgSO 4 
•7H 2 O 0.5 g, and

istilled water 1000 mL. The pH of the medium was adjusted to 7.0-

.2 and the medium was serialized at 121 ◦C for 25min before use. The

solation of PAH-degrading bacteria was conducted in inorganic salt se-

ection liquid medium with a mixture of Phe (10-30 mg •L − 1 ), Pyr (10-30

g •L − 1 ) and BaP (10-30 mg •L − 1 ), Utilization of PAH as a sole source
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f carbon and energy was performed by adding PAH in acetone solu-

ion to empty sterile 250 ml flasks, followed by evaporation of acetone

ith gentle shaking. Each flask was added with 25 ml of inorganic salt

election medium to give a concentration of 10 mg •L − 1 of PAH (2.5

g PAH/0.25 mL acetone solution for 10 mg •L − 1 , 5.0 mg PAH/0.50 ml

cetone solution for 20 mg •L − 1 and 7.5 mg PAH/0.75 ml acetone solu-

ion for 30 mg •L − 1 ), and placed in an ultra-clean table for ultraviolet

terilization, and then used for screening and enrichment of strains. 

The seed medium which was used to culture the mixed consortium

f bacteria and fungi contained beef extract 5 g, peptone 10 g glucose

0 g, yeast powder 5 g, NaCl 5 g, agar 20 g, and distilled water 1000

L, with pH 7.1-7.2, sterilized at 121 ◦C for 20 min. 

The proliferation medium which was used for multiplication of co-

mmobilized consortium contained sugar 4 g, yeast extract 3 g, KH 2 PO 4 

.5 g, (NH 4 ) 2 HPO 4 2 g, MgSO 4 
•H 2 O 0.25 g, and distilled water 1000

L, with pH 6.0-6.5, sterilized at 121 ◦C for 20 min. 

.2.2. MC pretreatment and microbial immobilization 

The dried MC were crushed to particles with diameter 1.5-2.0 cm and

ere chosen as the main microorganism co-immobilizing carrier mixed

ith other accessories. The carrier components include (wt, %): wheat

ran 20.0%, MC 80.0%, (NH 4 ) 2 HPO 4 1.0%, CaSO 4 1.0%, MgSO 4 
•7H 2 O

.1%, 45% water. 

SDR4 and JDR7 were separately inoculated to the nutrient medium

nd cultured on a shaker at 110 rpm and 15 ◦C for 30-40 h. The prepared

uspensions had a strain density of 6 ×10 8 cfu •g − 1 . SDR4 and JDR7 were

noculated in a nutrient medium at the volume ratio of 1:1. They were

ixed and cultured for three days under the same conditions to obtain

he mixing microbial agent. 

Portions of 10 g MC carrier were weighed and infiltrated with immo-

ilizing proliferation medium for 12 h. Composited bacterial agent was

noculated at 10% (w/w) dose and placed in an incubator at 15 ◦C, sup-

lemented with an appropriate amount of proliferation medium, and

ultured in dark for 7 days. After culture, the immobilized microor-

anisms were rinsed with deionized water several times to obtain co-

mmobilized fungal-bacterial consortium. 

.2.3. Experimental design 

The target PAHs, Phe, Pyr, and BaP were formulated by acetone and

ept at -20°C until use. The prepared contaminated soil was frozen at

20 ◦C for 24 h and then defrosted at 5 ◦C for 24 h, with each freeze-

haw cycle for 48 h. After 15 freeze-thaw cycles, an aged 30-day freeze-

haw contaminated soil was prepared. Each bottle was filled with 4 g of

ieved (2 mm) sterilized or non-sterilized freeze-thaw diluted soil sam-

les, which were spiked with Phe, Pyr, and BaP. Co-immobilized SDR4

nd JDR7 were then added to the soil samples. The ratio of bacteria to

ungi was 1:1 in the fungal-bacterial consortium. The bacterial density

as 6 ×10 8 mL − 1 . The experimental fungal agent was a spore suspension

ith a spore density of 6 ×10 8 mL − 1. 

In order to obtain the optimal condition parameters for the immobi-

ized fungal-bacterial symbiotic system, co-immobilized cells were used

o remove Phe, Pyr, and BaP in sterilized soil samples under different

nvironmental conditions (i.e., inoculum amount, temperature, initial

AH concentration). The impact factor design groups included the fol-

owing: (a) varied inoculum amounts (0%, 5%, 10%, 15% and 20%,

/w), with an initial PAH concentration of 30 mg •kg − 1 , at 20% (w/w)

f maximum water holding capacity (WHC), and a freeze-thaw process-

ng mode of 10°C (thaw at 10 ◦C for 2 h, frozen at -20 ◦C for 12 h); (b)

ifferent freeze-thaw processing modes -20 ◦C (thawed at 5 ◦C for 12 h,

rozen at -20 ◦C for 12 h), -10°C (thawed at 5 ◦C for 12 h, frozen at -10 ◦C

or 12 h), 0°C (thaw at 5 ◦C for 12 h, frozen at 0 ◦C for 12 h), 10°C (thaw

t 10°C for 12 h, frozen at -20 ◦C for 12 h), and 25°C (thaw at 25 ◦C for 12

, frozen at 10 ◦C for 12 h), with inoculum amount of 10% (w/w), with

n initial PAH concentration of 30 mg •kg − 1 , with 20% of WHC; and (c)

aried initial PAH concentrations (10, 20, 30, 50, and 100 mg •kg − 1 ),
3 
t 20% (w/w) of WHC, inoculum amount of 10% (w/w)and a freeze-

haw processing mode of 10°C (thaw at 10 ◦C for 12 h, frozen at -20 ◦C

or 12 h). The experiment for each treatment was designed with three

eplications. 

Then the non-sterilized soil samples with an initial PAH concentra-

ion of 30 mg •kg − 1 , inoculum amount of 10% (w/w), and a 20% (w/w)

f WHC, a temperature of 10°C was used to investigate the degradation

erformance of introduced fungal-bacterial consortium in the presence

f indigenous species.. The stability of PAHs spiked in the soil without

C was monitored (designated as control). Another control medium

ithout microorganisms (sterilized MC only) was also prepared and

sed to account for any change of the compound concentration caused

y adsorption rather than biodegradation by the fungal-bacterial con-

ortium being studied (designated as MC). 

Samples were incubated in a darkened freeze-thaw incubator for the

uration of the experiment. Based on weight loss, added sterilized water

o maintain the WHC every three days. Subsamples were taken at inter-

als of 0, 15, 30, 45, and 60 d after incubation. The collected samples

efore analysis for the residual concentration and removal rate of PAHs

ere stored at 4°C. 

.3. Determination method 

The extraction and measurement of PAHs is based on the method

f Song et al. (1995) . The WHC in soil was determined based on the

ethod of Veihmeyer and Hendrickson (1949) with some modifications

ollowing Peake et al. (2014) . The functional groups of MC were identi-

ed using an FTIR analysis ( Guibal et al., 1995 ). To determine the mass

ransmission processes and morphology of the co-immobilized fungal-

acterial consortium, SDR4 and JDR7 co-immobilized on MC were fixed

n 2.5% glutaraldehyde in 0.1 mol •L − 1 phosphate buffer for 3 h, rinsed

wice for 10-15 min each in phosphate buffer and post-fixed in 1% os-

ium tetroxide buffer for 1-2 h at 4°C. The MC was then washed twice

n phosphate buffer for 10-15 min each at room temperature and dehy-

rated with a series of ethanol (30%, 50%, 70%, 80%, 90% and 100%) at

oom temperature. The samples were dried using the CO 2 critical-point

echnique (Hitachi Critical Point Dryer-HCP2, Japan) and sputter-coated

ith gold (Eiko IB 

•5 Ion Coater, Japan). Observations were performed

sing a SEM (Hitachi SDR4800) operated at 5kV ( Jastrzebska et al.,

016 ). 

.4. Statistical analysis 

The degradation rate of PAHs by microorganisms was calculated by

he following equation: 

Degradation rate = (total amount-natural loss–residual amount of

AHs in soil degraded by free or immobilized mixed strains)/total

mount ×100%. 

All the data obtained in the study were subjected to statistical anal-

sis of two ways ANOVA, and post hoc Turkey test with SPSS Version

8.0. Statistical charts were conducted using the software of Origin Pro

.0. The error bars represent standard deviation, calculated from tripli-

ate data. 

. Results and discussion 

.1. Effect of initial inoculum amounts 

The initial amount effect of co-immobilized fungal-bacterial consor-

ium on degradation of Phe, Pyr, and BaP is shown in Figure 1 . When

he inoculation amount was 10%, the removal efficiency of Phe, Pyr

nd BaP reached the highest which were 59.5 ± 3.3%, 51.9 ± 4.1%, and

7.3 ± 3.9%, respectively (P < 0.05). Above 10% (w/w) inoculation the

emoval efficiency of PAHs did not significantly improve and below 10%

w/w) the removal efficiency dropped markedly ( Figure 1 ). As for Phe

nd BaP, in Pyr 15% (w/w) inoculation was no better than 10%, and
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Fig. 1. Removal efficiency of Phe, Pyr and 

BaP by various amounts of inoculated co- 

immobilized SDR4 and JDR7 within 60 day. 

The concentrations of co-immobilized mi- 

crobes are given in weight percent (wt %). Val- 

ues represent the mean of three replicates; bars 

indicate standard deviation. 
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herefore the latter was considered optimal in terms of cost. At 20%

w/w) inoculum, the removal efficiency of Phe, Pyr, and BaP decreased

ignificantly (P < 0.05). Thus, the optimal inoculum amount of the co-

mmobilized fungal-bacterial consortium was 10% (w/w). 

When the inoculation was too low, the immobilized cells had no ob-

ious effect on the degradation of Phe, Pyr, and BaP, which may be due

o the toxic effect of PAH on both fungal and bacterial strains. In this

ase, the cell survival rate is low, and the small number of surviving mi-

robes might also die from the depletion of nutrients ( Genisheva et al.,

011 ). Consequently, the tolerance of the low-temperature Nthe cells

o degrade PAHs were significantly increased ( Singh et al., 2015 ). With

urther increase in inoculum size, the relative ratio between PAHs and

egrading strains were not proportional, and the chance of strains in

ontact with PAHs was reduced. Excessive organism inoculation also

esulted in an insufficient supply of soil nutrients and the competition

mong the PAH-degrading strains due to limited living space and nutri-

nts ( Meena et al., 2017 ; Ajent et al., 2020 ). This competition ultimately

aused removal rate of PAHs to decrease ( Magesin et al., 2001 ). Besides,

ome more toxic intermediate products generated during the degrada-

ion process may hinder the growth of the degraders, thus resulting in

 decrease in the removal rate ( Sivaram et al., 2018 ; Harmsen et al.,

019 ). 

.2. Effect of freeze-thaw processing temperature on biodegradation 

Temperature is a very important factor to maintain microbial activ-

ty in the soil, which affects the cell membrane and intracellular en-

ymatic activities of microorganisms ( Mikael et al., 2001 ; Akbari and

hoshal, 2015 ). Temperature also causes changes in the characteris-

ics of PAHs and oxygen content, indirectly affecting the degradation of

AHs in the soil ( Margesin, 2000 ; Liu et al., 2016 ). These changes lead

o significant differences in the degradation of organic pollutants by

ungi and bacteria under different temperature conditions ( Zheng and

iu, 2007 ). 
4 
The biodegradation performance of BaP, Pyr, and Phe by co-

mmobilized cold-adaptive SDR4 and JDR7 at varied freeze-thaw pro-

essing temperatures are summarized in Fig. 2 . At approximately 10°C

he removal of PAHs was enhanced by the co-immobilized system,

ith the degradation rate of 58.9 ± 3.1%, 48.9 ± 2.4%, and 37.1 ± 2.9%,

espectively for Phe, Pyr, and BaP ( P < 0.05) ( Fig. 2 ). The degrada-

ion rates were reduced at higher temperatures because the optimum

emperature range of the cold-adaptive microorganisms is 10-20°C.

argesin (2004) investigated that for mesophilic microorganisms, the

oxicity of high concentrations of PAHs at 25°C showed lower than their

t 10°C, while for cold-adapted microorganisms, the toxicity of PAHs

t 10°C was significantly lower than their toxicity at 25°C. This may re-

ect the difference in adaptability between mesophilic and cold-adapted

icroorganisms. 

Fig. 2 also showed that the co-immobilized system displayed remark-

ble degradation of LMW PAHs (Phe) at 10°C, compared with the degra-

ation rate of the HMW PAH (Pyr and BaP) ( P < 0.05). However, there

as no significant difference in the degradation of HMW PAHs between

yr and BaP ( P > 0.05). At low temperatures, the degradation of Pyr and

aP were 49.5 ± 2.4% and 37.1 ± 2.9%, respectively, in the freeze-thawed

oil ( Fig. 2 ). 

In winter, because of the low temperature, the activity of microor-

anisms decreased, and the efficiency of PAH degradation was reduced,

specially in the colder regions of the earth where the degradation ef-

ciency was particularly low. To cope with these challenges, the uti-

ization of cold-adaptive PAH degraders are beneficial. There is mini-

al information available on the cold-adapted PAH degraders at freeze-

haw temperatures. Aislabie et al. (2000) screened old-tolerant isolates

 Pseudomonas spp. or Sphingomonas ) from oil-contaminated soils in cold

egions, Margesin et al. (2003) isolated cold-adaptive yeast and bacte-

ial strains from alpine habitats at 10°C, and Sartoros et al. (2005) de-

cribed a strain belonging to the genus Rhodococcus that was able to

egrade recalcitrant hydrocarbons a mixed microorganisms degrading

yrene and anthracene at 10°C and 25°C. Ruberto et al. (2005) reported

he degradation of hydrocarbon by Psychrotolerant Phodococcus strains in
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Fig. 2. Removal efficiency of Phe, Pyr and BaP 

by the co-immobilized SDR4 and JDR7 in dif- 

ferent freeze-thawing processing models within 

60 days. (Initial PAH concentration was 30 

mg •kg − 1 , with 20% (w/w) of WHC, inoculum 

amount of co-immobilized microbes was 10% 

(w/w), the inoculation and freeze-thaw pro- 

cessing modes are described in the text. Values 

represent the mean of three replicates, bars in- 

dicate standard deviation.) 
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ntarctica soil, and showed that when the temperature ranged between

2 to + 10°C, the degradation of hydrocarbon in microcosms was 81.1%

igher than that of in the control, suggesting that Phodococcus strains

ay play an essential role in bioremediation of organic pollutants in

old environments. Lee et al. (2010) also investigated that Rhodococ-

us was able to degrade Pyr at low temperatures. In the present study,

he results showed that the co-immobilized SDR4 and JDR7 cells could

unction at varied freeze-thaw processing temperatures, and they could

e potentially applied to the degradation of PAHs in the contaminated

oils of cold northern regions. 

.3. Degradation of PAHs at different concentrations 

The biodegradation performance of Phe, Pyr, and BaP by co-

mmobilized cold-adaptive fungal-bacterial consortium was investigated

ith varied initial PAH concentrations over 60 days and summarized in

ig. 3 . The co-immobilized microorganisms can degrade Phe, Pyr, and

aP with an initial concentration of 10-100 mg •kg − 1 ( Fig. 3 ). However,

t higher initial concentrations of Phe, Pyr, and BaP, the co-immobilized

ungal-bacterial consortium showed a longer adaptation period before

he degradation for the high concentrations of PAHs. The results in

ig. 3 also showed that when the initial PAH concentration were 30

g •kg − 1 , the removal rates of Phe, Pyr, and BaP were 59.9 ± 2.6%,

1.9 ± 3.2% and 37.5 ± 3.9%, respectively ( P < 0.05) ( Fig. 3 ). 

In order to remove PAHs, degraders should be able to get enough

iomass and ideally mineralize and grow on PAHs as carbon and energy

ource in contaminated soil ( Noordman et al., 2000 ; Alexander, 1999 ).

hen the initial PAH concentration was 10 mg •kg − 1 , the availability of

AH is poor, and the degradation is not obvious. The lack of PAH may

ave inhibited the growth of the strains, and the amount of PAH-induced

egradation enzymes also decreased. 

When the concentration increased from 10 mg •kg − 1 to 30 mg •kg − 1 ,

he PAHs were more likely to come into contact with the strains due to a

oncentration gradient, which increased the chance of contact between

he low-temperature mixed cell consortium and PAHs. The proportion

f degradative enzymes produced by strains with a relatively abundant
5 
arbon source is correspondingly increased, thereby increasing the re-

oval efficiency of PAHs ( Wang et al., 2011 ). 

However, when the concentration of PAHs reached a certain level

100 mg •kg − 1 ), the relative proportions of PAHs and strains become

nbalanced. PAHs are toxic to the immobilized cells, and their exces-

ive concentrations may hurt cell growth. Based on the previous stud-

es, the growth and metabolism of SDR4 and JDR7 were the main rea-

ons of PAHs degradation by the immobilized SDR4, JDR7 mixed strains

 Wang et al., 2020 ), the strong inhibition of PAHs on microbial activity

educed the amount of strains, thereby reduced the activity of degrad-

ng enzymes produced by PAH-induced strains ( Waigi et al., 2015 ), then

esulting in an overall reduction in PAHs degradation ( Lu et al., 2019 ).

Little is known about the fate of PAHs in cold habitats.

argesin et al. (2013) reported that R. erythreus BZ4 could efficiently

egrade high concentrations (50 mg •L − 1 ) of pyrene and anthracene at

5°C. The anthracene could be completely degraded at 15°C at the ini-

ial concentration of 20 mg •L − 1 within 28 days and with the residual

oncentration of 13% at 15°C at the initial concentration of 50 mg •L − 1 

ithin 48 days. 

.4. Comparison of Phe, Pyr and BaP degradation in soil by immobilized 

nd free cells 

The degradation of Phe, Pyr, and BaP in non-sterilized soils (with in-

igenous microorganisms) by co-immobilized or free fungal-bacterial

onsortium was studied under similar conditions ( Fig. 4 ). Fig. 4 A

howed the final removal efficiency of Phe, Pyr, and BaP with differ-

nt treatments at 60 d. Fig. 4 B shows the removal efficiency change

ver time. 

The degradation of PAHs in treatments incubated with the co-

mmobilized fungal-bacterial consortium was 36.8-59.2%, which was

.9-23.2% higher than the free mixed microorganisms (25.2-36.3%).

ignificant differences were observed in PAHs degradation among the

our-ring PAHs, the three-ring and five-ring PAHs ( P < 0.05), and the

egradation of Phe, Pyr, and BaP by the co-immobilized fungal-bacterial
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Fig. 3. Removal efficiency of Phe, Pyr and BaP 

by co-immobilized SDR4 and JDR7 at differ- 

ent initial PAH concentrations within 60 days. 

(Freeze-thaw processing mode was frozen at - 

20°C for 12 h and thaw at 10°C for 12 h, with 

20% (w/w) of WHC, inoculum amount of co- 

immobilized microbes was 10% (w/w) and in- 

oculation and growth conditions are described 

in the text. Values represent the mean of three 

replicates, bars indicate standard deviation.) 

Fig. 4. (A) Final removal efficiency of Phe, Pyr 

and BaP for different treatments at 60 d; (B) 

Removal efficiency of Phe, Pyr and BaP as a 

function of incubation time for different treat- 

ments. (Inoculum amount co-immobilized mi- 

crobes was 10% (w/w); values represent the 

mean of three replicates; bars indicate standard 

deviation) 
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Table 1 

Dynamics equations and parameters. 

PAHs Treatments Reaction kinetic equation, C = C 0 e − kt , mg •L − 1 Correlation coefficient ( R 2 ) Half-life period, T 1/2 = ln2/ k , d 

Phe Control C = 29.231 e − 0.003 t 0.9221 231.05 

MC C = 28.944 e − 0.003 t 0.8779 231.05 

Free microorganism C = 27.679 e − 0.007 t 0.8600 99.02 

Immobilized microorganisms C = 28.445 e − 0.014 t 0.9705 49.51 

Pyr Control C = 30.133 e − 0.002 t 0.9815 346.57 

MC C = 30.054 e − 0.002 t 0.9963 346.57 

Free microorganism C = 29.069 e − 0.007 t 0.9764 99.02 

Immobilized microorganisms C = 28.363e − 0.01 t 0.9614 69.31 

BaP Control C = 15.001 e − 0.001 t 0.9871 693.15 

MC C = 14.958 e − 0.001 t 0.9838 693.15 

Free microorganism C = 15.026 e − 0.005 t 0.9721 138.63 

Immobilized microorganisms C = 14.423e − 0.007 t 0.9630 99.02 

Note: the concentration versus time ( t ) curve was calculated to fit the data in Figure 4 . k is the constant, C is the concentration of PAH. 
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onsortium was 59.2 ± 3.7%, 46.6 ± 3.3% and 36.8 ± 2.7%, respectively

 Fig. 4 ). 

There is comparatively little information on cold-adapted PAHs de-

raders. Margesin et al. (2013) reported that R. erythreus BZ4 could ef-

ciently degrade high concentrations (up to 50 mg •L − 1 ) of pyrene and

nthracene, which only 8 ± 2% and 13 ± 6 % were detected after 48 days,

espectively, at 15°C. A mixed enrichment culture degraded 99.3% for

nthracene and 97.2% for pyrene at 2 mg •L − 1 PAHs, at the higher con-

entration of 20 mg •L − 1 , 98.6% anthracene and 98.7% pyrene were

egraded at 10°C ( Sartoros et al., 2005 ). 

For a given PAH substrate, the rate of change in concentration as a

esult of biodegradation is modelled as C = C 0 e 
− kt ( El-Mansi et al., 2007 ;

ezza and Chirwa, 2016 ), where C is the concentration of the PAH sub-

trate (mg •L − 1 ), k is constant, and time t (d). According to kinetic anal-

sis, the concentration ( C ) verses time ( t ) ( C - t ) curve and the ln ( C - t )

urve were calculated to fit the data of the biodegradation of Phe, Pyr,

nd BaP by cold-adaptive SDR4 and JDR7. The fitting results and the

arameters obtained from the fitting for Phe, Pyr, and BaP are shown

n Table 1 . The kinetic results indicated that Phe, Pyr, and BaP treated

ith co-immobilized microorganisms had the shortest half-lives of 49.5,

9.3 and 99.0 d, respectively (see Table 1 ). 

Michael et al. (1997) found that the half-life of 3-ring PAHs is less

han 100 days, while the half-life of most 4-ring and 5-ring PAHs is gen-

rally more than 100 days. In comparison, in the soil treated with mixed

trains, the half-life of PAHs was significantly shortened ( P < 0.05). The

egradation effect of mixed microbial population on PAHs appears to

e better than that of single strain inoculation. During the complex

iodegradation process, the catabolic activity of inoculums might im-

rove due to the co-metabolism ( Hadibarata et al. 2012 ; Hays et al.,

015 ; Sun et al., 2020 ). Kanaly et al. (1999) pointed out that only un-

er the joint action of soil microorganisms, the degradation of BaP is the

ost, which may explain why the treatment of mixed SDR4 and JDR7

esulted in the best degradation rate of PAH. 

The indigenous microorganisms play a significant role in accelerat-

ng PAH biodegradation in the low temperature environments or in the

old regions. Not only temperature can affect the number of microor-

anisms present in cold environment, but factors such as soil proper-

ies, nutrient availability and contaminant concentration can also affect

he number of microorganisms ( Chaudhary and Kim, 2019 ). Microbial

mmobilization technique, as one of the bio-augmentation techniques,

ould be the best approach for increasing microbial population size in

ontaminated sites. When the strains are co-immobilized on the MC car-

ier, the carrier can act as a shield and a buffer when the concentration

f toxic and harmful pollutants in the soil is high in cold areas. The

nvironment of the carrier itself provides a site for the proliferation of

he strains and more favorable conditions for the proliferation of mi-

roorganisms. The MC structures have many cavities, which provided a

atural entrapment of the cells. The surface of the MC itself was loosely

acked, rough and porous structures ( Fig. 5 A and B), permitted to ob-

ain bigger surfaces for the cells attachment. It was also found that the
 d  

7 
C as the support materials released nutrients to the medium, which

avored the cell development ( Genisheva et al., 2011 ). As the immo-

ilized strains cannot be readily reproduced to replenish any loss, it is

ecessary to accumulate the strains at a high initial concentration; and

he activity of the immobilized microorganisms towards the degrada-

ion of toxic substances in the soil showed that the degradation rate

as fast and that the degradation efficiency was high ( Martienssen and

ründl, 2000 ; Thion et al., 2012 ). At low temperatures, the immobilized

ells also have great advantages, and this result provides a certain theo-

etical basis for the practical application of this system for remediating

ontaminated soils. The application of co-immobilized cold-adaptive mi-

roorganisms has the potential to remediate PAH-contaminated soil in

old environments. 

.5. Mass transmission and microenvironment of co-immobilized 

ungal-bacterial mixed system 

The surface of immobilized MC carriers was loosely packed and have

any cavities ( Fig. 5 A and B), which provided a natural entrapment of

he cells. The internal tissues were uniform and well-developed, which

ncreased their contact with contaminants. Fig. 5 C and 5 D showed the

dsorption of the fungal spores on some of the SDR4 cells, and the

DR4 cells and JDR7 fungal spore were also adsorbed by the MC sur-

ace ( Fig. 5 E and 5 F). With the growth of fungal mycelium, the SDR4

dsorbed on JDR7 mycelium can move freely in the carrier medium and

oil medium ( Fig. 5 ). The SEM microstructure analysis demonstrated

hat SDR4 and JDR7 were readily co-immobilized on the MC by entrap-

ent and adsorption permitting excellent oxygen and mass diffusion of

ubstrate. 

Numbers of microorganisms adsorbed and fixed into the MC carri-

rs, which makes the continuous growth of fungi and bacteria can be

ustained subsequently. More bacteria and fungi were released into the

urrounding environment, accompanied by the replication and growth

n the MC carriers. Therefore, it has a two-fold effect on the degradation

f PAHs by microorganisms: on the one hand, the degradation of PAHs

ithin the impacted area is enhanced due to the slow release of fungal

nd bacterial; on the other hand, the degradation rate of PAHs within the

rotected MC environment is increased. Therefore, the MC as a carrier

ot only have a high microbial count but also adsorbs and encapsulates

he strains, which is advantageous in shielding against the interference

f external indigenous strains, making it fully exposed to pollutants and

romoting the degradation of PAHs. During the co-cultivation process

f fungi and bacteria, the cooperative growth of the Pseudomonas sp.

nd Mortierella alpine promote the degradation of PAHs in the cold en-

ironment. 

. Conclusions 

This study presented a practical bio-augmentation approach in reme-

iating PAH-contaminated soil in cold environment. Co-immobilization
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Fig. 5. Immobilized mixed consortium ob- 

served by SEM. (A) ×30; (B) ×200; (C) ×2000; 

(D) ×1000; (E) ×2000; (F) ×2000. 
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A  
f indigenous cold-adaptive PAH-degrading SDR4 and JDR7 strains on

C as a carrier showed obvious advantages, compared with free strains.

ith the co-immobilized system, the PAH degradation rate in the con-

aminated freeze-thawed soil after 60 days incubation reached 36.8–

9.2%, which was 6.9-23.2% higher than the free mixed microorgan-

sms (25.2-36.3%). Ten percent (w/w) was the optimal inoculum for

he co-immobilized fungal-bacterial mixed microorganisms. Significant

ifferences were observed in PAHs degradation among the four-ring

AHs, the three-ring and five-ring PAHs ( P < 0.05). When the initial con-

entrations of PAH were 30 mg •kg − 1 , the highest degradation of Phe,

yr, and BaP by the co-immobilized fungal-bacterial consortium was

9.2 ± 3.7%, 46.6 ± 3.3% and 36.8 ± 2.7%, respectively. The SEM analysis

emonstrated the advantages of the process of mass transmission and the

mmobilized microstructure. In the cold regions of the earth, the use of

o-immobilized cold-adaptive fungal-bacterial consortium to repair soil

ontaminated by PAHs has great application prospects. 
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