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HI LA PCBs v5 Je M 85 48 S b i N S Bl A= 4F
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(Micrococcus luteus) H 75 {i& 3t K F ( resuscitation—
promoting factor, faj ¢ Rpf) & 7 B4 ¥ 7 PCBs [ fi#t
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Aroclor1242 R&E K FEfE R IEL 79.6% . (HIR &1
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enterica) 1R I I L 3 K T YeaZ, 5 H & Rpf R
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WRE. PG, BT Rpf #8 R B % PCBs (¥4 T VBNC
RS ) Tl BE 1 RE 22 0% T 2L, 0K O EDFT A RN F
TE WAV AE PCBs B i AC b 19 A T 5 A B 2 4K
P BETT O WA PCBs 5 Al BILPHL K2 vy 280 W it 1T A 1)
i 26 32 AR KL o FRATT LIRS O W — BR U Y G HL 2R
BR IR w 4R 5 9% PCBs ¥5 4% L 3E, DU KR K&
(OD g0 PV B8 7 22 0y VEAN 3 Ao X LG b 31 20 VR
i Rpf) Foxs HE 2GS 0 2K S5 /7 Rpf) ‘& 45 ) 1k
AR 5% e B Y R g il it 2 R Fl PCR-DGGE 5
B3 18 B3 B 1 AL 5 Y R R A S T B R T
B 25 55 T 57 PCBs ¥5 % - 55 Rpf (1) B % .
25 BT, U N Rpf (14 4 B 20 196 4% i 52 K B 2% K i
JEPE T o AEMRARIRE N 1500 mg/ LI, b 2121 B 5% %
fift 20 95. 8% » M Xof T A At A WA Ky 38.7% » 4
B R R 4 5 93500 mg /L, Ak B A B O At 2R
K2 62. 1% , Xif L A1 [ filt 4 ) SR B IR &2 3. 8% -
LI AR 11500 mg /L3 7 53500 mg/Lid fi o,
REFRZH OD o 111 2. 42 FEAK N 1. 10, 1M % 8 41 1 0. 30
FEAIC N 0.03 . i Ah, Ak 2 W 48 W1 1A 1 20 FE PR R
X HECZH AT B 5 B v, A BE 41 Shannon-Weiner $i5 504
2. 11, X B 1,76 HL M Ak B 21 43 55 th )
5 4 &
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i #k (GenBank %[ 5 : KC577542-KC577547) , My
UESE T Rpf Xf PCBs ¥5 4 -+ 38 v 10 156 4% [ A 081 A A7
B 1) 2 AR HE D RE -

(' Rhodococcus Arthrobacter

4  VBNC AR P98 7 55 D) e g 2

B AT R B K AT g #i% (most probable
number, MPN) T 5¢ T 68 F - #f & VBNC IR 75 B %)

Rpf (90 5, K BLIL 28 Fh A X Rpf 7 B 2 1) W
% (AN Rpf J5 0] 15 9% £k X 100 £i5) 5 M AT ROFE
gy g i 40 Bk B Rk, 22 i HJE T Rhodococcus
Arthrobacter Nocardia-

Leifsonia Bacillus-

Kitasatospora~ Streptomyces F Paenibacillus %% /AN [A]
TR L J&,
Arthrobacter«Nocardia - Bacillus 2 H 5 & 41 & fi# PCBs
MEE e RS Y . LLE R RS I s
VBNC IR 2 B 4 1 U5t 0 36 FL A B 25 e ) BE 1 1
BRo M S R SRR I SRR . B4,
FATH T Rpf IEDBE IR K b 73 18 th I Cupriavidus
A Gordonia Vi J& X W Bk » JF A BLHR 73 BAT B A W)
Bk 5L R Ak T e 1 VBNC 18 F . Rk, 56 T 36
I8y e S B B UR A B ETT Rpf &2 5 VBNC AR
AT RIS 01 < 08 (0 B o B U5 0 0 AE B 3R 05
DhREEBE H AT 5 28 Mo [, o4 58 A R P4
T WIAE 5 G IR I5 A8 2 B 58 0 7 AUtk 1) 4 JH 42 it
BB MR

TR B 5 K A B 1y e A B VBNC R A T8
BT FT AR TE AR 5 57 WL AT FOHT 9 A VBNC R A
B 8 T AT IR NG . R W OGS A
V5 REIA BT Rl A R E N VBNC R 2 1 R 42 A
H1, o VBNC AR A JE WL B . 1 PCBs ¥ 44 i a8
NCEY ) VBNC R ZS, X Lk A VBNC ARZS # 4
B AR BT R i A5 B D R R AIE 9T . H IR FATT IR
AHWEFEAN AV Gedh 355 VBNC AR 2 B 82 95 55 97 1 5%
s A LS TE W R AR BT D . WA T Rpf &
Jp 5 F% PCBs 75 B A 55 b 1) VBNC R 2 B K
MPN ¥k J2 % Ff 73 1 754 2 T BOWE 909 A VBNC 1)
RETAHEXT Rpf () W%, B -4k PCBs w28 % il 76
o P U0 AT 5 5 8 & Fhs e B B b VBNC 16 1
BB R i) B SRR, M SRS
T A EARE ] A R &l 2y 5 A o R AIE 5
PCBs 75 e 058 b il A= W) 1 v (0 AL B 2388 25 S8 G e
WA FR v VBNC IR 2518 5 W] 55 5 A 9 1 I ok
WA J PCBs B fiff ol B4 v A 7] 2y fie 11 1 22 0] 1) 52 2%
5 F, M4 T WF 57 PCBs & fft (1) 32 & T s 15 4= W
PRI B o

22 3CHR

[1] Oliver JD. Recent findings on the viable but nonculturable

Rhodococcus~

state in pathogenic bacteria. FEMS Microbiology Reviews,



912

Xiaomei Su et al. /Acta Microbiologica Sinica (2013) 53 (9)

(2]

(3]

[4]

[5]

(6]

(7]

[8]

9]

(ol

[11]

[12]

[13]

2010, 34 (4) : 415-425.
Ding LX, Su XM, Yokota,
VBNC bacteria. Acta Microbiologica Sinica, 2011, 51
(7) : 858-862. (in Chinese)

THRGE, IREEME, BE WL W5 0 {H HE A) E 3% (VBNC)
ARAS B W0 RE . SRR % 4, 2011, 51(7) @ 858-
862.
Beyer A,

A. Research progress of

Biziuk M. Environmental fate and global
Reviews of

2009,

distribution of polychlorinated biphenyls.
Environmental

201:137458.
Ma J, Qiu XH, Zhang JL, Duan XL, Zhu T. State of

Contamination and Toxicology,

polybrominated diphenyl ethers in China: an overview.
Chemosphere, 2012, 88 (7) : 769-978.

Gomes HI, Ferreira CD, Ribeiro AB. Overview of in situ
and ex situ remediation technologies for PCB-contaminated
soils and sediments and obstacles for full-scale
application. Science of the Total Environment, 2013, 445-
446 (15) : 237260.

Anyasi RO, Atagana HI. Biological remediation of
polychlorinated biphenyls (PCB) in the environment by
microorganisms African  Journal  of

Biotechnology, 2011, 10(82) : 18916-18938.
J, Taleon DM, Gallardo  S.

and  plants.

Borja Auresenia J,

Polychlorinated  biphenyls and their biodegradation.
Process Biochemistry, 2005, 40 (6) : 1999-2013.

Colwell RR, Brayton PR, Grimes DJ, Roszak DB, Huq
SA, Palmer LM. Viable but non-culturable Vibrio cholerae
and related pathogens in the environment: implications for
release of genetically engineered microorganisms. Nature
Biotechnology, 1985, 3(9) : 817-820.

Oliver JD. The viable but nonculturable state in bacteria.

The Journal of Microbiology, 2005, 43 (1) : 93400.
Trevors JT, Bej AK, Mojib N, Elsas JD, Overbeek L.

Bacterial gene expression at low temperatures.
Extremophiles, 2012, 16 (2) : 167476.
Chen H, Fu L, Luo L, Lu J, White WL, Hu Z.

Induction and resuscitation of the viable but nonculturable
state in a cyanobacteria-Lysing bacterium isolated from
cyanobacterial bloom. Microbial Ecology, 2012, 63 (1) :
64-93.

Divol B, Toit MD, Duckitt E. Surviving in the presence
of sulphur dioxide: strategies developed by wine yeasts.
Applied Microbiology and Biotechnology, 2012, 95 (3) :
601-613.
Bukh AS, Roslev P. and

Hansen NE,

Detection

[14]

(5]

[16]

(7]

(18]

[19]

[20]

1]

(221

23]

4]

persistence of clinical Escherichia coli in drinking water
evaluated by a rapid enzyme assay and qPCR. Advances in
Microbiology, 2012, 2(3) : 252262.

Reuter M, Mallett A, Pearson BM, Vliet AHMV. Biofilm
formation by Campylobacter jejuni is increased under
Applied
Microbiology, 2010, 76 (7) : 2122-2128.

Mote BL, Turner JW, Lipp EK. Persistence and growth of

aerobic conditions. and  Environmental

the fecal indicator bacteria Enterococci in detritus and
natural estuarine plankton communities. Applied and
Environmental Microbiology, 2012, 78 (8) : 25692577.

McDougald D, Rice SA, Weichart D, Kjelleberg S.
FEMS

Nonculturability : debilitation?

Microbiology Ecology, 2006, 25(1) : 19.

adaptation  or

Nystrom T. Not quite dead enough: on bacterial life,
culturability, death.  Archives of
Microbiology, 2001, 176 (3) : 159-164.

senescence, and
Dwivedi HP, Jaykus LA. Detection of pathogens in foods:
the current state-of-the-art and future directions. Critical
Reviews in Microbiology, 2011, 37 (1) : 40-63.

Dinu LD, Bach S.

Escherichia coli O157: H7 in the phyllosphere of lettuce:

Induction of viable but nonculturable
a food safety risk factor. Applied and Environmental
Microbiology, 2011, 77 (23) : 8295-8302.

Bedard DL. A case study for microbial biodegradation:
dechlorination  of
polychlorinated  biphenyls+rom defined
medium. Annual Review of Microbiology, 2008, 62:253—
270.

anaerobic bacterial reductive

sediment to

Chavez FP, Gordillo F, Jerez CA. Adaptive responses
and cellular behaviour of biphenyl-degrading bacteria
toward polychlorinated biphenyls. Biotechnology
Advances, 2006, 24 (3) : 309-320.

Emma R, Lai VWM, Kuipers B, Cullen WR,

WW.

Mohn

Sequential anaerobic-aerobic treatment of soil

contaminated with weathered Aroclor 1260. Environmental
Science & Technology, 2002, 36 (1) : 100-103.
Wang D, Zhou JT.

Ainiwaer A, Study progress on

microbe characteristics of polychlorinated  biphenyls

biodegradation. Shanghai Environmental Science, 2000,
19(11) : 519-522. (in Chinese)

VR, Tk, FIAEE. B2 SR BUE YR
PERF R R, LI BIRAE, 2000, 19 (1) @ 519-522.
Shuai JJ, Tian YS, Yao QH, Peng RH, Xiong F, Xiong
analysis of polychlorinated

AS. Identification and

( PCBs ) -biodegrading bacterial strains in

biphenyls



S A 3 (Y E AR TR R T Rk R X 2 SRR B I B R BE R B 22 4R (2013) 53 (9)

913

(25]

[26]

[27]

28]

[29]

[30]

[31]

[32]

33]

[34]

Shanghai. Current Microbiology, 2010, 61(5) : 477-483.
Shuai JQ, Xiong F, Peng RH, Yao QH, Xiong AS.
Advance in biomediation of polychlorinated biphenyls.
Hereditas, 2011, 33(3) : 219227.

FP, Linsdorf H, CA.  Growth of

Chavez Jerez

bacteria  in  the

polychlorinated-biphenyl-degrading

presence of biphenyl and chlorobiphenyls generates
oxidative stress and massive accumulation of inorganic
polyphosphate. Applied and Environmental Microbiology,
2004, 70(5) : 3064-3072.

Mukamolova GV, Kaprelyants AS, Young DI, Young M,
Kell DB. cytokine. of the
National Academy of Sciences, 1998, 95 (15) : 8916-

8921.

A bacterial Proceedings

Kaprelyants AS, Kell DB. Dormancy in stationary—phase
cultures of Micrococcus<uteus flow cytometric analysis of
starvation and resuscitation. Applied and Environmental
Microbiology, 1993, 59 (10) : 3187-3196.

Ding LX. Studies on the isolation of viable but non-—
culturable bacteria and the phylogenetic analysis of the
genus Aquaspirillum. The University of Tokyo, Ph D,
Dissertation, 2004.

Ding LX, Yokota A. Curvibacter fontanasp. Nov., a
microaerobia bacteria isolated from well water. Journal of
General and Applied Microbiology, 2010, 56:267271.
Mukamolova GV, Turapov OA, Kazarian K, Telkov M,
Kaprelyants AS, Kell DB, Young M. The rpf gene of
Micrococcus luteus encodes an essential secreted growth
factor. Molecular Microbiology, 2002, 46 (3) : 611-621.
Mukamolova GV, Murzin AG, Salina EG, Demina GR,
Kell DB, Kaprelyants AS, Young M. Muralytic activity of
Micrococcus luteus Rpf and its relationship to physiological
activity in promoting bacterial growth and resuscitation.
Molecular Microbiology, 2005, 59 (1) : 84-98.

Ruggiero A, Tizzano B, Pedone E, Pedone C, Wilmanns
M, Berisio R. Crystal structure of the resuscitation—
promoting factor RpfB from M. tuberculosis. Journal of
Molecular Biology, 2009, 385 (1) : 153462.

Panutdaporn N, Kawamoto K, Asakura H, Makino SI.

[35]

361

[37]

[38]

[39]

(401

Resuscitation of the viable but non-culturable state of
Salmonella enterica serovar Oranienburg by recombinant
resuscitation-promoting factor derived from Salmonella
Typhimurium strain LT2. International Journal of Food
Microbiology, 2006, 106 (3) : 241-247.

Nikitushkin VD, Demina GR, Kaprelyants AS. Effect of
secreted Rpf protein on intracellular contacts in
Micrococcus luteus and Mycobacterium smegmatis cultures.
Microbiology, 2011, 80 (2) : 143149,
Kaprelyants ~ AS, GV,

MakarovVA, Demina GR, Shleeva MO, Potapov VD,

Mukamolova Ruggiero A,
Shramko PA. Resuscitation-promoting factors (Rpf) : in
search of inhibitors. Protein and Peptide Letters, 2012, 19
(10) : 10264034.

Riano F, Arroyo L, Paris S, Rojas M, Friggen AH,
Meijgaarden KEV, Franken KLMC, Ottenhoff THM,
Garcia LF, Barrera LF. T cell responses to DosR and Rpf
proteins in actively and latently infected individuals from
Colombia. Tuberculosis, 2012, 92(2) : 148159.

Su XM, Shen XY, Ding LX, Yokota A. Study on the
flocculability of the Arthrobacter sp., an actinomycete
VBNC World Journal of
Microbiology & Biotechnology, 2011, 28 (1) : 91-97.

Su XM, Zhang HF, Ding LX, Shen XY, Yokota A.

resuscitated from the state.

Optimized culture medium and culture conditions for
multiple bioflocculant-producing microorganisms. Journal
of Huazhong Normal University ( Natural sciences) ,45(3) :
450-455. (in Chinese)
Tletts, KT, TR, RAHIE, BUHEY. T REER
TR RE (R B 7R Ak KB IR A AR AL AL, AR Pl K A o
W CH AR/ - 2011, 45(3) : 450-455.
Su XM, Zhang HF, Shen XY, Ding LX, Yokota A.
Characteristics of MAC37  produced by multiple
bioflocculant-producing microorganisms and its application
in adhesive wastewater. Research
Sciences;25(3) : 340-344. (in Chinese)
et KD, TR, BFEIL, MEM. ZamEit
77 B MAC3T BRF AL K AR B 5 570 0 7K 7 (9 N
HELR £ 5T, 2012, 25(3) : 340-344.

of Environmental



914 Xiaomei Su et al. /Acta Microbiologica Sinica (2013) 53 (9)

Potential of viable but non-culturable bacteria in
polychlorinated biphenyls degradation—A review

Xiaomei Su', Linxian Ding’, Chaofeng Shen'

'Department of Environmental Engineering, College of Environmental & Resource Sciences, Zhejiang University, Hangzhou
310058, China

*College of Geography and Environmental Science, Zhejiang Normal University, Jinhua 321004, China

Abstract: The state of “viable but non-culturable” (VBNC) is a survival strategy adopted by microorganisms when
exposed to environmental stress. With the increasingly serious problem of xenobiotics pollution, enhanced microbial
processes that exploit the potential of microbes to remediate polychlorinated biphenyl-contaminated environments have been
developed. Microorganisms represent a significant advance with respect to the transformation and degradation of
polychlorinated biphenyls in the environment. It is of great importance to study the potential function of VBNC bacteria in
polluted environment. In this paper, current research status of VBNC bacteria is summarized, and resuscitation of VBNC
bacteria to potentially stimulate microbial degradation of pollutants is discussed in detail. Furthermore, we put forward a
novel approach to explore the potential of VBNC bacteria for polychlorinated biphenyls degradation using resuscitation
promoting factor (Rpf) of Micrococcus luteus. The novel efficient method is helpful for excavating and obtaining highly
desirable polychlorinated biphenyls degrading microorganisms. Moreover, the prospect of VBNC bacteria to other
environmental remediation fields, such as flocculation and nitrification deodorant, is addressed.

Keywords: viable but non-culturable state bacteria, polychlorinated biphenyls, resuscitation-promoting factor of M.

luteus, environmental function, microbial resources
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