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Abstract: [ Objective ] Polycyclic aromatic hydrocarbons (PAHs) are a kind of persistent organic pollutants that exist widely in
various environmental media. As one of the most important ways to eliminate PAHs pollution in the environment, microbial
degradation has been widely studied in the past few decades. Many of the polluted environmental media may undergo anaerobic
states or remain in anaerobic states, e.g. paddy soils, bottom soils, wetlands, sediments, water. However, existing studies mainly
focused on the aerobic environment and paid less attention to the anaerobic environment. Considering the current situation, this
study systematically and comprehensively illustrates the research status of anaerobic microbial degradation of PAHs. [ Method ]
The core collection database of Web of Science was used as the data source to conduct a bibliometric analysis of published
literature in this field, with the aid of two pieces of software, VOSviewer and CiteSpace. The main contents of the bibliometric
analysis included the year of publication, disciplines, keywords frequencies, keywords co-occurrence and most cited papers. In
addition, by classifying different electron acceptors based on their reducing sequence, this paper discussed the research progress
regarding anaerobic microbial degradation of PAHs in denitrification, metal ion reducing, sulfate reducing and methanogenesis
conditions, respectively, with a focus on typical degrading microbes and mechanisms. On this basis, the existing theoretical gaps
and future development trends in the field of PAHs anaerobic microbial degradation in the soil were discussed emphatically.
[ Result ] The results showed that since 1991, the number of studies in this field showed the trend of fluctuating growth but was
still relatively small on the whole, and most of them only focused on low-ring PAHs, especially naphthalene. Among the four
different reducing systems, denitrification and sulfate reducing systems were studied more extensively, while less attention was
paid to metal ion reducing and methanogenesis systems. Most significantly, the majority of mechanical studies remained at a
relatively superficial level, without exposing the biological mechanisms of PAHs anaerobic microbial degradation and the
interactions between functional microbes. Emerging technologies have not been commonly used in this field. Most studies were
based on pure culture or environmental media such as water and sediment, but few were based on soil system. [ Conclusion ] As
a result, there are still many theoretical gaps in the understanding of anaerobic microbial degradation of PAHs in the soil at
present. Soil is the main site for the confluence and accumulation of PAHs in the environment. In the future, researchers should
try to combine Compound-specific Stable Isotope Analysis (CSIA), DNA-stable isotope probing (DNA-SIP), Omics and other
emerging technologies with traditional research methods to explore the mechanisms of PAHs anaerobic microbial degradation in
the soil from a variety of different aspects, and verify the applicability of existing theories and experience to the soil, so as to fill
the current theoretical gaps and promote the microbial remediation of PAHs pollution in anaerobic soil.

Key words: Polycyclic aromatic hydrocarbons; Anaerobic microbial degradation; Reducing conditions; Emerging technologies;

Soil system

Z W& (polycyclic aromatic hydrocarbons,
PAHs) JE48 & WA S A LU RIS a9
JTRAETRA. BB KIREREN T, 2
A A A RN I it B ) — b LR R A PR AT LT
Y, BASUR. 2w, SoAYE . REEZHR)
(USEPA) MUsE T 16 FflLSetiihil PAHs, G145 MFRH)
Z, SWMEL JE. R, EM. 2, IR
AIF[a]B. ., HIMZRIR[KIZE . RIf[b]
9B, AR IF[altE . K IF [a,n] B RIS I Y BT
[1,2,3-c,d]eE . ZIF[ghilEE.

WMAE YRR PAHs B EZ R
— W I 2R 2 W, BRI R B4
PR R R . REM 20 et 70 FERHF G, A

& AR ASM T PAHs [RIFEREDE KA EY
WA, (AREMALELS I B R AR, + 3R
Bih PAHs TLAERR R EE G T, R, &
[ 22 3% 57 3] PAHs 75 4¢P, 1142 % PAHs
V5L T 2 P B KA T IR (BN
EANE RBEAE) W, Hik, WA PAHs BIR A
R A X R IN AN PAHSs 15 4« 480 H i Dhse LB =
FHEAEEE L, BT, AXHEL Web of
Science %0 A EHRIE, R VOSviewer F1
CiteSpace #X X PAHs R 48 3 A 1) R fidt AH O IF 5 i3
TPSCHRIT o307, IR AN R AR A T sl iF 52 Ak 3R
O R R FZEERT PAHs JRAGAEY
Fefnt o it g, MR e R R AR ( DNA-SIP )

http://pedologica.issas.ac.cn



1576 + b1

e 59 &

3

HZH24 (Omics ) A5 M EAAE AT 5T B 58 1
%G e b, #HGHR 5 PAHs JREHRL
A= W g IE 5 SR A B 2 1, ORI AT
KIFFERE, Jy5ef KA T PAHs HYI5 YL A ¥
SRR S

1 MRS IHE

1.1 HiERIE

B ok IR T 2 B % A & 2 F] ( Thomson
Reuters ) Web of Science ( WOS ) #.00 & 458 &,
KRB 2021 4F 1 H 29 H. FRFEMIER .
( "polycyclic aromatic hydrocarbon?" or "PAH?" or
anthracene or

naphthalene or phenanthrene or

fluoranthene or pyrene or benzo[a]pyrene ) AND
( anaerobic or anoxic ) AND ( biodegradation or

microbial degradation or bacteria degradation or
microbial metabolism or bacteria metabolism ),

WG O ) AR R R A — SR TR 2
5 (?) RREEFR, W2 FARF . A E5 ik
PRI 0 o
1.2 MRFZE

FIFH WOS HAFRY “orHrirRE R DIeit 745
SERPRIS AR SCR A SCREGETT ;. IR R BN 767 5
Xk et 55 HMS %k, FH
VOSviewer.1.6.16 #F 17 5 # 1] 3k 3 43 Bt AR 5t 11
CHBROR I A R HERfPE , SR Arigts . 4
KRS “co-occurrence”, FrHrELICIESE “author
keywords”; SCE R LB HPOE R (E I B R 5, MER
Gt RABERM; TG IR ) A
CiteSpace.5.7.R2, Lk 5 4= REHEY) 5 #E47 SCHRIL 45 |
VKIS

2 45 R

2.1 PAHs [K S04 Y b g g Sk 7= H a3 Fa
FRAMH
& SCRCEE T R M — ARG T A7 L AR
RIBIKFEPL, T PAHs (A MIREMRAR TS R £
FIZRUF AR R IT, B/ DI R, IR &
£ 767 fRSCHK, RFRFGr R R 1991 4F, {HM 1991
AEE 2020 4F, A SCHEAER RN S OER (K1),

wn (=)
(=] (=)

=N

i
>
(=]

The total amount of published papers
W
(=]

=]
(=}

(=}

199 1995 2000 2005 2010 2015 2020
HiRRATE Year of publication

Bl 1 1991—2020 4FZ 35K ( PAHSs ) PRARHA: gt 43t
I S
Fig. 1 The amount of papers about PAHs anaerobic
microbial degradation during 1991-2020

AN 2R AT 328 (R 1) Al PREEFR
SORSCHE (421) gt THALZERE, KU PAHs R
L W i 5 SR B Bl 2 A B AU et fe i o KR
Ja2r ke SCi (109) HEASERT, 1 32 2 HEE 2R
22 fr, BESCEAL R (RPRII ).

%1 PAHs REMEMMEMMBA X EBHZAT A FER

Table 1 Top 5 disciplines in terms of the amount of papers about
PAHSs anaerobic microbial degradation

) Ve
7
The total amount of
Disciplines
papers
45 R~ Environmental Sciences 421
5% T #2%% Engineering Environment 170
AR 5 R P2 Biotechnology
160
Applied Microbiology
T34 ¥)2% Microbiology 122
JKGF 2% Water Resources 109

2.2 PAHs [R5 4 Y P& fif S5 3a ST ik o< $8 17 & B

SCHRYVE 25 Hh Y DGS9 s BE A4S
PRI 1A 7 O S TR S B A BT 2 T A A R P — sy
BEAE ) JETF VOSviewer B HEFT BRI LB 4
BroCE 2) , S A HIW T, 2SR B LA
TIL GRS . AR EA T PAHs [RARE
fife oA U 6 SRR M 9 ( 0 G 8HER] nitrate reduction
iron reduction .

sulfate reduction, methanogenesis .

http://pedologica.issas.ac.cn



6 Y] RMEGER . ARLEIFZRA T 207K AR VIR MOTTE . 3T 30k a s 1577

WAL A YIFEA# Hydrocarbon degradation

il Bacteria T8 Archaca

1, F2Z & Electron acceptors

T2 E Y Microbial communities
#3t [a] 1 Benzolalpyrene ¥4 Phytoremediation

AP A LTl Microbial fuel cells
WA Adsorption ek Wastewater g
1578 Sludge
JE{R34f Co-metabolism

FiiikE Petroleum hydrocarbons

HEBEWE Pyrosequencing

LB Sediment

WA ZHEYE Microbial diversity

PR L Anaerobic digestion  RAAEYIEAE Anaerobic biodegradation

T4 Heavy metals £ PCBs

] Inhibition %Phenanﬂnene/i .

SHIEYEPITE Xenobiotics 4- 4

" {k Mineralization

Jj £ Decolorization
4 Microorganisms P Degradation

HWIA R Bioavailability

HEP;

% Soil

A% 4k Biotransformation

2 Sorption T OXygen

Anthracene
AHLITHY) Organic 11:(711\:Lﬂ:111.<>
yrene R

JR4H Anaerobi

PR =H 2L DDT 5 R o D N

57 Surfactants
EYIFESR Microbial degradation

A3 Biostimulation
Methanogenesis
iation
M Toxicity

HiF 7k Groundwater

FUERHRIE R Sulfate reduction
J575#% Aromatic hydrocarbons

HF ) BTEX
84k Bioaugmentation Yo
BRIE R Tron reduction 0 P

# 1k Denitrification
1448 223 Natural attenuation

ic #Naphthalene A£G Biomarkers
7K Water
T 5 Nitrate reduction
% Benzene
% Toluene
. JRfEEE In situ bioremediation
4 Aerobic

YIRS Biosurfactant

T SR HY AT SRR R L A S OB IR AN B, D) LT S e T 41 €4 . Note: The higher the occurrence frequency of a keyword and

the more the number of its adjacent keywords, the closer its background color to red.

P2 PAHs JESUMUE WO AT B 43

Fig. 2 Keyword co-occurrence analysis of papers about PAHs anaerobic microbial degradation

bacteria. microbial communities % ) . JREIEH
PAHs Al i& 42 K WUE W 18 52 w4 OC i 1)
biotransformation .  bioremediation . in  situ
bioremediation, bioaugmentation 55 ) . 320 PAHs
PRSI D R i) R 28 An G4 1] biostimulation
bioavailability , inhibition, nutrients. surfactants 55 ) .

SRy B 2 R USRI S I R, X PAHSs
FKA B IFIRAT . IR BT KR B 5 G B 1]
BT 7y R80T (3R 2). TE42E PAHs T, Z¥ME
“hy S i HE B R AR R (RUER 43 ), HUGRAE (Ot
$28), i PAHs Qs (WAL 13) FIATE(a]td
(BEC 7 ) BRI s H DAY T2 A IE D A
F o, RHPRER I JE AN BCAH AR Sy S8 i) ) B A S
oderm (JEL 48), HUCEmIRER LR (%L 31)
=R (IR 29 ), 48 8110 5K R SR ECE
/D HIUFAUE X BRIE I AR 28 (W8 12); TEAN]
MIEFREE A b, KR CALgRK . R K AR K ) 1R
hy KA B S R R (B 76 ) L X SRR
RICEITITEER (£ 1) —3 HEMERMICH
KB, AR AR AL AR A WA R S A

(CSIA ), DNA-SIP 4§ ), #1%%. 16s tRNA M7 H A,
BB AN m (KT 23),
2.3 PAHs REMENEBIBER XHK DT
HIF CiteSpace # 4, #EAT SCHRAL B 51 73 4775 31
T S IR S5 v 8 75 0 SCHRC BT 3), A4 - 1997
4EH Coates 25V KT Applied and Environmental
Microbiology WWFIEIEC, KPR Eh A FRENS 5
Z T PAHs KA MA Y e AIRS S 5 [R4E,
Zhang M Young™% F TR FIMAFITIE L, Bk
& R AL SRR IR £ 18 IR 25 1F T 2R M I i 19
16 Akig A5 2000 45, i Rockne %EPV% 22 T[R9 I Ay
MR, RS T 215 35 500 T LA IR £ A L
FRZARMZERESR ;s W4, tH Meckenstock 1'% 3%
TR IR B 3T, X 5 G R 7R R A6 340 5t 2k 1
T REEZE AR AT, HEMIET Zhang Al
Young™ Wi 5 ; 2009 4EF1 2016 4F, Hy Haritash
Kaushik"'5 Meckenstock 2501355 5% FTF Journal
of Hazardous Material X Journal of Molecular
Microbiology and Biotechnology W%k, X} PAHs K
AR A W S O BE S R AT T RGERY IR IA

http://pedologica.issas.ac.cn



1578 +

T 59 %

%2 PAHs REMEMIEMIUT X RIRN D LRI

Table 2 Keywords classified statistic of papers about PAHs
anaerobic microbial degradation

25 KA SIEL
Classifications Keywords Total frequencies
PAHs 2% %% Naphthalene 43
Types of PAHs JE Phenanthrene 28
EE Pyrene 13
7K JF[a]tE Benzo[a]pyrene 7
A SRS RRER 34 5
Reducing Denitrification / nitrate 48
conditions reduction
Bi g £h 14 i Sulfate reduction 31
KB J5 Tron reduction 12
7= H §5E Methanogenesis 29
WP TR K/ T KB IK Water /
Types of groundwater / wastewater 70
polluted media JLEY) Sediment 63
% Soil 54
157 Sludge 48
A [543 2 Isotope 22
Emerging 2% Omics 13
technologies 16s rDNA /16s rRNA 12

2i I, PAHs IR VI i I 55 4E T 30 4F
ELZ SR EM, HEE SRR D; REENEL
SCEER AR SRR POE EE AR AR A

1991—1995 2001—2005

1996—2000

2006—2010

TR PAHSs R SR fifk oA 0 i S B AL ik o . IR
AT PAHs TR 510 KL JFA i 4 W6 2 S ws
S0 PAHs JRAAGUZE W REMRCE IR R4 AR
FAUY PAHs 1, ZEAEI TR ZMEHE, MmA
PAHs HICSCHRES D 5 7E8 WAR IR R b, iR ER
WA R Z B Z 6 TE, MRILEIFIRRKZ, i
7= e R 2R 42 S A DR R SOk B R D
DLFG ARAE AR A B FEE D o BeAh, (AR R A
ZEAER VRIS 2 BRI, IR R U

A & SCEARE D, AT IR R ST T KA
LML L
3 3 ®

R o /7 i s 2 7 N i P75
AT PAHs R4 GHCAE W 5 A 1) WF 5 2 e A 47 1)
Bro 44T, PAHs BRI (0,) AHLF
ZAR IREAEE T 0, = , 7% NOy . Mn*" [ Fe’",
SO; . CO, %A AE Y FAK K EAR 0, 1y i1 732
B, 2 WUE Y IR EU A L PAHs BRI LT, &2
WP 5, [ A SR A . &R TR R .
T2 e 8 D 7 R e A R g AR U (IR 4 ), R
TR W0 v, 52 I B R AR AE R, DR A [)
WRFMET, FRBEFZIEAR, 25 PAHs [Ff#
() S W B AN TR, B LR AR e 25 5%
XSGR A ST 0 PAHs A Wy W A 5 0 4R 4%
HFrEE S,

2011—2015

|

Rockne K .J (2000)
V) Meq}geng@ock R U (2000)

S Bang X M (1997)

/ '§§ &

Haritash A K (2000)

Meckenstock R U (2016)

B3 PAHs PRA: ) Ak s SCR L 5| 7

Fig.3 Co-cited analysis of papers about PAHs anaerobic microbial degradation
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Fig. 4 PAHs degradation and the reduction of different electron acceptors
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VI IT K A5 B e AR W2 . X 7EAR KRR B
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BRI T S R R YAE R  R ITT K

/R MR PAHs LM RN FE Y,
JIt, %2 20 SO, Wi SEbRIE SO E L, 8
Y175 B IT IR E o K OB 5T KB 24 B AR 515 58
Dk MEs A, M LA LAy TR TR 5T T4
(1) DNA-SIP £ AR LR 7E IR A S5 T et B A%
FEfi e A PAHs MOBTRLEARE, JHE45 AR RN Em
B AR T HAR R AR (2) 0638 N BE 75 |
R Frf S5OR R, FERIFSE AR AN [R] R AR 3 38
B v A A7 I A 0 FNE N RE T, R 4 BB 0 IR
A E S PAHs 5 R RNHUEY, JHE
FALE R ACR MG, (3) HRIERA S5 E A4
2 SR USE AR A 2 S R A A B RS
555 PAHs IREFFMASCHILH | A AN T
R, HE MR FERE A R [R) k PAHSs 1A= 9 2= AL ;
(4) FIFZEA A, FHRABIEIE R PAHs R4
R PR AR AR5 (5) RS RIS 3R B
DNA-SIP FlIZ 248547 AR KAl W 26 538, WF 5% 5%
PRI A S R Wy U IRl B A% PAHS BOBLIE], JF45
AR R B PAHs R A AR5 H 32 08 5
R Z B BHRAHLE ;s (6) Ko 2 Tl i & £ B A 7
MEfp = e, 454 CSIA AR, W98 ARRIEFE A
1T PAHSs IR 48U GUAE W) W Aff a2 A5 S ()5 28 43 1R 2800
WIBA B iR A2 2 5 S i T 2 RS R LA G, TR
AN 2R B RS 0T HIWT PAHs K& ik
o BEAh, FeE BN, TS M ARR A TT R AT,
AN E 1, S R FS L g0 7E - p
HEATIRUE, B ORHEGE FH T8 R 13 PAHs R
YIBE AR DG R S AL . FUA SRR A RE AR R
S 3 PAHs MUY HIEIRE, SR ERA L
b PAHSs V5 4L s AAE &2 5 ik R B
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