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Abstract An absorptive fungal strain for uranium

adsorption which is named Q5, was isolated from the

drainage of a uranium mine in South China. The mor-

phological, physiological and phylogenetic characteriza-

tions of the strain Q5 were investigated. The results showed

that, the strain Q5 identified as Penicillium funiculosum

(99 % similarity in gene sequence). Furthermore, the

adsorption performance of P. funiculosum was greatly

improved by the mutational method that combined

hydroxylamine hydrochloride and UV light. The results

showed that the adsorption capacity of the mutated P.

funiculosum for U(VI) was obviously better than the non-

mutational one at pH 2.0–9.0.
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Introduction

Microbial behaviour is extraordinarily diverse in environ-

mental bioremediation system, which mainly involves

bioreduction, biosorption and bioaccumulation [1]. One

way for uranium bioremediation is to reduce soluble U(VI)

to insoluble U(IV), another is to adsorb soluble U(VI) by

some vectors [1–3]. The microorganisms for reducing

U(VI) to U(IV) have been found in several unrelated

phylogenetic groups, such as proteobacteria, Firmicutes,

Deinococci and Actinobacteria among others [4, 5]. Most

studies have focused on the Fe(III)-reducing bacteria

(FRB) such as Geobacter, and the sulfate-reducing bacteria

such as Desulfovibrio [6–9]. On the other hand, a vast

variety of microorganisms have already been conducted for

biosorption of U(VI), such as filamentous fungus [10, 11],

saccharomycetes [12], actinomycetes and unicellular bac-

terium [13], alga [14–16] and so on. Aspergillus, Rhizopus

and Penicillium [11, 17, 18] have been found to be the

important fungal biosorbents. Penicillium citrinum was

found to have adsorption capacity of 127.3 mg uranium per

g dry weight of the biomass under low concentration ura-

nium of 50 lg mL-1 at 318 K [11].

In order to increase the adsorption capacity of the bio-

sorbents, modification by physical and chemical agents has

been extensively investigated. Selatnia et al. [19] used

NaOH-treated bacterial dead Streptomyces rimosus to

adsorb Cd2? from aqueous solution. Ultraviolet (UV)

exposure, as a common mutation method, has widely been

applied to generate genetic mutation for the improvement

of microbial strain. For example, UV mutagenesis in

Bacillus subtilis greatly improved its biosorption for heavy

metals, such as Cd(II), Hg(II), and Pb(II) [20]. Moreover,

Joshi et al. [21] employed random UV mutagenesis

approach to improve the biodegradation effect of Pseudo-

monas sp. for sulfonated azo dye, green HE4B.

Penicillium funiculosum is an absorptive fungal strain

for uranium in wastewater. It was recently found that P.

funiculosum and SiO2-nanoparticles immobilized P. funi-

culosum had the maximum biosorption capacity for lead of

approximately 1,200.0 and 1,266.7 lmol g-1 respectively

at pH 5 [22]. In the present study, an absorptive strain for

uranium named P. funiculosum Q5 strain was isolated from

uranium mine drainage and its characteristics were inves-

tigated. In order to improve the biosorption performance,

the method that combined with hydroxylamine

J. Sun � Q. Li � Y. Wang � Z. Zhou � D. Ding (&)

Key Discipline Laboratory for National Defense for Biology

Technology in Uranium Mining and Hydrometallurgy,

University of South China, Hengyang 421001, Hunan, China

e-mail: dingdxzzz@163.com

123

J Radioanal Nucl Chem (2015) 303:427–432

DOI 10.1007/s10967-014-3389-2



hydrochloride (NH2OH�HCl) and UV light were used to

mutate the P. funiculosum strain. Also, the effect of the

mutation on uranium adsorption performance was

researched.

Materials and methods

Isolation and morphology observation

Sludge samples were taken from a uranium mine in South

China. The samples were diluted and the suspended par-

ticles were left precipitated naturally. The supernatants

were performed to isolate microorganisms by spreading on

agar PDA solid medium, which was prepared as follows:

200 g peeled potato were chopped into pieces, boiled in

1,000 mL distilled water for 15 min, filtrated and then

mixed with 20 g sucrose and 20 g agar. The agar plates

were incubated at 30 �C for about 6 days and inspected

daily for microbial growth. Single colonies were carefully

picked and inoculated on PDA solid medium for at least

three times. The morphology of the mycelia was observed

using a phase-contrast microscope.

Physiological characterization

In order to figure out optimal medium and its pH for the

isolated strain, the conidia was inoculated from solid PDA

medium to liquid PDA medium, Martin medium and

Czapek’s medium with different pH value respectively.

Thereafter, it was cultivated in 250 mL shake flasks with

200 r min-1 at 30 �C. The shape and size of the strain

mycelia was observed regularly.

28S rDNA amplification, sequencing and phylogenetic

analysis

The mycelia were ground into powder with liquid nitrogen

and DNA extraction were performed by using cetyltrim-

ethyl ammonium bromide (CTAB) extraction procedure as

described by Jeewon et al. [23]. Amplification of 28S

rDNA was performed as described previously [23]. The

PCR product was separated by gel electrophoresis on a 1 %

agarose gel in Tris–acetate–EDTA (TAE) buffer and ana-

lyzed by staining with ethidium bromide (EB) under UV

light.

The purified PCR product was sequenced by Sangon

Biotechnology, Co., Ltd., (Shanghai, China). The 28S

rDNA sequence of the isolated strain was submitted to the

GenBank. Sequence identification was estimated by using

the BLASTN program. All available subsets of 28S rDNA

sequences were selected, analyzed and aligned with

CLUSTAL X 1.8. The final phylogenetic tree was gener-

ated by MEGA 5.0.

Uranium adsorption experiments

Uranium adsorption experiments were conducted with mid-

log phase mycelium with different media and different pH.

The mycelia at mid-log phase were filtered, washed three

times with deionized water, dried at 60 �C and then ground

into particles with diameter less than 180 lm. The

adsorption experiments were performed using 40 mg

mycelia power suspended in 100 mL uranium solution with

initial concentration of about 50 lg mL-1 in 250-mL

shake flasks with 200 r min-1 at 30 �C. To determine the

adsorption capacity, 2 mL of solution samples were cen-

trifuged and the supernatants were analyzed for uranium

concentration. This experiment was carried out at 4 and 8 h

of adsorption.

Strain mutagenesis experiments

The spore suspension was dealt with hydroxylamine

hydrochloride (NH2OH�HCl, 5 mg mL-1) for 20 min.

Then it was radiated at the distance of 30 cm by the UV

lamp (15 W) for 10 min. The 100 lL conditioning fluid

was taken to PDA plating medium, coated well for good

distribution. Then it was cultivated in the incubator at

30 �C until the fungal colony grew strong enough.

The mutated strain was inoculated into liquid PDA

nutrient medium and cultivated in shake flasks for 72 h at

30 �C. Mid-log phase mycelia were collected by filtration

and washed thoroughly with deionized water. They were

dried at 60 �C and ground into particles with diameter less

than 180 lm. The variation of functional groups before and

after mutation was detected by using Fourier transformed

infrared spectrometry (FT-IR), and the biosorption exper-

iments were conducted as described previously.

Analytical methods

The concentration of U(VI) in aqueous solution was

determined by Br-padap spectrophotometry metrical

method. According to Br-padap and U(VI) form purple

complex in the water–acetone medium, the sample was

screened by 1,2-trans-cyclohexanediaminetetraacetic acid,

buffered by triethanolamine, and assayed for the concen-

tration of U(VI) by using spectrophotometry at wavelength

of 578 nm.

FT-IR was applied to detect the changes in functional

groups after strain mutation. For the FT-IR assay, the dried

samples encapsulated with KBr were detected by using a

FT-IR spectrometer.
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Results and discussion

Morphological characterization

The fungal strain designated Q5 was isolated from the

sludge from a uranium mine. After being cultivated on

PDA solid medium for 7 days, colonies grew round with

their diameter being about 3 cm and flat with concentric

rings grain. The mycelia looked like rope and were floc-

culent. Figure 1 showed that a lot of conidia were gener-

ated and they were greyish-green, or blue-green, or black-

green.

Figure 2 indicated the microscopic manifestation, from

which it could be found that the conidiophore was grown

on substrate mycelia or aerial mycelia. Spore stems were

superficially smooth, 20–150 lm in length and 2.5–3.2 lm

in diameter. Penicillus were lanceolar, mostly double-

whorled, and a few single-whorled. There were 4–8

whorled branches on each wheel, and the branches were

clung each other, nearly paralleled, 8–11 lm in length and

2.3–3.0 lm in diameter. The conidia were elliptical,

superficially smooth, 3.0–3.5 lm in length and 2.0–2.5 lm

in diameter.

Physiological characteristics analysis

In order to figure out optimal medium and its pH for the

isolated strain, the conidia was inoculated from PDA solid

medium to PDA liquid medium, Martin medium and

Czapek’s medium with different pH values respectively.

As shown in Table 1, the distribution of mycelia was all

scattered but not clustered. This indicated that it was not

affected by the energy source and pH of the three media.

The non-clustering property was probably attributed to the

hereditary and physiological characters of the strain Q5. By

comparison, the PDA medium and Martin medium were

more suitable than the Czapek’s medium for the growth of

the strain Q5. The mycelia were plentiful and filled on

PDA medium and Martin medium, but they were sparse

and low-yielding on the Czapek’s medium. The results

showed that the Czapek’s medium was not suitable for the

growth of the strain Q5.

Strain identification and phylogenetic analysis

The 28S rRNA gene sequence of the strain Q5 (approxi-

mately 565 bp) was submitted to GenBank with the

Fig. 1 Colonies of the strain Q5 grown on PDA solid medium for

7 days

Fig. 2 Microscopic manifestation of the strain Q5 (lactic acid phenol

medan dyeing)

Table 1 Effect of medium component and pH on growth status of

mycelia

Medium pH value Growth status of mycelia

PDA medium 2.86 Scattered, plentiful, and filled media

3.86 Scattered, plentiful, and filled media

4.86 Scattered, plentiful, and filled media

5.86a Scattered, plentiful, and filled media

7.86 Scattered, plentiful, and filled media

Martin medium 3.05 Scattered, plentiful, and filled media

4.05 Scattered, plentiful, and filled media

5.05 Scattered, plentiful, and filled media

6.05 Scattered, plentiful, and filled media

7.05a Scattered, plentiful, and filled media

Czapek’s medium 3.50 Scattered, sparse, and low-yielding

4.50 Scattered, sparse, and low-yielding

5.50 Scattered, sparse, and low-yielding

6.50a Scattered, sparse, and low-yielding

7.50 Scattered, sparse, and low-yielding

a Indicates the pH of these media at normal state
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accession number KF830260. Phylogenetic relationships

based on rRNA gene sequences are depicted in Fig. 3. The

closest relatives of the strain Q5 were P. funiculosum strain

NRRL 6417 (GQ221866) and P. funiculosum strain bp

seven (HQ876766), both with 99 % sequence similarity.

Considering that the morphological, physiological charac-

terizations and also the analysis based on 28S rRNA gene

sequence of the strain Q5 are similar to P. funiculosum, the

strain Q5 was identified as most closely related to P.

funiculosum.

Uranium adsorption performance

The adsorption performance of P. funiculosum strain Q5

were detected by using 100 mL uranium solution

(50 lg mL-1 initial uranium concentration; pH 6.0.) at

30 �C in shaking flasks. As shown in Table 2, the

adsorption capacity of the strain that was cultivated in the

same media with different pH was different. By compari-

son, the adsorption capacity of the strain cultivated in the

PDA media with normal pH (5.86) amounted to

96.7 mg g-1, which was higher than that with other pH

values. The adsorption capacity of the strain cultivated in

the Martin media (pH 4.05) was as high as 92.4 mg g-1

under faintly acidic cultivation conditions, but it was

slightly lower than that of the strain cultivated in the PDA

media with normal pH. Therefore, the P. funiculosum Q5

showed a good adsorption performance for uranium, and

which cultivated by the PDA media at pH (5.86) had the

highest adsorption capacity.

Variation of functional groups after mutation

The infrared spectrograms for the strain Q5 before and

after mutation were shown in Fig. 4. The wide and

superimposed absorption peaks at 3,390–3,450 cm-1 were

strengthened and spread after mutation, which indicated

that more association –OH or –NH and functional groups

in polysaccharide and protein emerged on the cell surface.

The strong peak at the frequency of 1,640 cm-1 repre-

sented–CHO stretching vibration or N–H in-plane bending

vibration [24]. The peak at 1,100 cm-1 enhanced after

mutation possibly attributed to the stretching vibration of

C–O bond in –COOH, secondary alcohol or C–N [24],

which revealed that the numbers of those groups were

enlarged. The crest at 2,083 cm-1 was intensified, it

Penicillium pinophilum strain KUC1758 (HM469418)

Talaromyces flavus strain NRRL 2098 (EU021596)

Penicillium aculeatum strain NRRL 2129 (AF033397)

Q5 (KF830260)

Penicillium funiculosum strain NRRL 6417 (GQ221866)

Penicillium funiculosum strain bp7 (HQ876766)

Penicillium diversum strain NRRL 2121 (DQ308553)

46

79

69

95

0.005

Fig. 3 Phylogenic tree based on fragments of rRNA gene sequences

(The tree rooted with Q5 is constructed by the neighbor-joining

method. The numbers at each clustering node indicate the percentage

of bootstrap supporting, and in the brackets after each bacterial name

are rDNA accession numbers in GenBank. The scale bar 0.005

indicates evolutionary distance.)

Table 2 Uranium adsorption

capacity of P. funiculosum Q5

at different cultivation

conditions

a Indicates the pH of these

media at normal state

Medium pH of medium 4 h of adsorption 8 h of adsorption

Removal

rate (%)

Adsorption

capacity (mg g-1)

Removal

rate (%)

Adsorption

capacity (mg g-1)

PDA medium 2.86 59.2 73.9 63.9 79.9

3.86 61.6 77.2 67.8 84.2

4.86 63.8 79.7 70.5 88.1

5.86a 68.9 86.2 77.4 96.7

7.86 56.9 71.1 62.0 77.5

Martin medium 3.05 54.7 68.4 60.9 76.1

4.05 66.1 82.6 73.9 92.4

5.05 64.1 80.2 72.4 90.5

6.05 62.2 77.8 71.2 89.0

7.05a 60.1 75.1 68.0 84.9
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probably owing to the high conjugate of cumulative

unsaturated bond after mutation. The strong peak at

1,207 cm-1 appeared, possibly because the vibration of

C=C or fatty amine was stretched. Mutagenesis of the

strain Q5 was induced by NH2OH�HCl and UV rays.

Thereafter, the amounts of hydroxyl, amino and unsatu-

rated bonds on the cell wall were increased. These groups

were reported to be capable of complexing with U(VI)

[25]. Hence, the mutated P. funiculosum showed better

adsorption performances than the unmutated one.

Improvement of uranium adsorption capacity

after mutation

The pH generally influences the activity ionization of

functional groups on cell wall and chemical states of heavy

metals [25, 26]. Meanwhile, it directly influences the

chemical reactions such as hydrolysis, microprecipitation

and complexation in organic or inorganic ligands [26, 27].

Considering the impact of pH on the adsorption of P.

funiculosum for uranium, a series of adsorption tests were

implemented with the pH ranged from 2.0 to 9.0 (adjusted

by 0.1–1 mol L-1 HCl and NaOH solutions). As shown in

Fig. 5, when pH varied from 2.0 to 6.0, the removal rate of

U(VI) by the mutated P. funiculosum increased sharply

with pH. The maximum removal was reached at pH 6.0. At

this pH, the removal rates were 89.91 and 70.08 % before

and after mutagenesis of P. funiculosum, respectively.

When pH was less than 4.0, the vast majority of U(VI)

existed in the form of UO2
2? and the adsorption was weak

since there was competition between hydrion and uranyl

ion. When pH was between 4.0 and 6.0, marginala UO2
2?,

(UO2)2(OH)2
2?, (UO2)3(OH)5

?, (UO2)4(OH)7
? and (UO2)3

(OH)7
- coexisted in aqueous solution [24, 28, 29]. When

pH was 6.0, (UO2)3(OH)5
? was the main existential state

[16]. The observable increase of adsorption efficiency may

be defined as the increase of (UO2)3(OH)5
?, because the

coulomb power between (UO2)3(OH)5
? and adsorption

groups is more than that of simple UO2
2?. Furthermore, the

decrease of uranyl ionic charge could result in the decrease

of secondary solvation energy [29, 30]. When the pH was

above 7.0, a high amount of U(VI) existed in the form of

hydrous uranium oxide UO2(OH)2�nH2O and the dissolved

solid schoepite 4UO3�9H2O [27], and the precipitates

influenced the adsorption process observably. Eliminating

the influence of precipitate, the removal rate of U(VI)

adsorbed by mutated P. funiculosum was much greater than

by P. funiculosum at pH 2.0–9.0, the result proved that

mutated P. funiculosum presented a more preferable

adsorption for U(VI).

Conclusions

An absorptive fungal strain for uranium adsorption which

is named Q5, was isolated and characterized. According to

the morphological and physiological characteristics and

also the phylogenetic analysis based on 28S rDNA

sequence (99 % similarity to P. funiculosum), the strain Q5

was identified as P. funiculosum. The results showed that

the strain Q5 cultivated by the PDA media at pH (5.86) had

the highest adsorption capacity for U(VI).

Furthermore, the adsorption performance of P. funicu-

losum for U(VI) was greatly improved by the mutational

3441

1641

1207

1099

40080012001600200028003600

1/cm

0

20

40

60

80

100

120

%T

3443

2083

1639
1109

P. funiculosum

Induced P. funiculosum

Fig. 4 FT-IR spectra for P. funiculosum (a) and mutated P.

funiculosum (b)

Fig. 5 U(VI) removal rates before and after mutation at different

initial pH values (Adsorption conditions: P. funiculosum

V = 100 mL, C0 = 47.87 lg mL-1, T = 303 K, x = 200 r min-1,

t = 8 h)
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method that combined hydroxylamine hydrochloride and

UV light. The results showed that the adsorption capacity

of the mutated P. funiculosum for U(VI) was obviously

better than non-mutational one at pH 2.0–9.0.
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