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Abstract; Feces from avian make a significant contribution to the contamination of water and soil environment and increase
the human health risk due to the presence of various pathogens. Therefore, it is important to identify accurately and control
efficiently the sources of fecal pollution for environmental protection and human health. Microbial source tracking ( MST)
technique based on molecular markers could identify the sources of fecal contamination from human or animals, which is
helpful to distinguish and control the sources of fecal pollution in time. Due to the adverse effects of avian feces on the
environment as well as human health, much more attention has been paid to develop the MST markers and applied to trace
the avian fecal pollution. In this review, the sensitivity and specificity of molecular markers targeting avian such as chicken,
duck, pigeon, seagull, Canada goose and sandhill crane were summarized. The gene sources for avian molecular markers,

including bacterial 16S rRNA gene, mitochondrial DNA ( mtDNA) and functional genes, were emphatically reviewed.
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Among them, bacterial 16S rRNA gene was widely used to design MST markers for avian, and the source indicators mainly
included Firmicutes, Bacteroidales , Actinobacteria, Proteobacteria, and Fusobacteria. However, mtDNA | such as cyth gene,
ND5 gene, 16S rRNA gene and ND2 gene, exhibited the best performance characteristics and was considered as a promising
tool to detect fecal contamination from avian. Interestingly, the avian MST markers developed from functional genes showed
low sensitivity, but the idea of using functional genes to design MST markers was worthy of reference. The capability of
avian MST markers to distinguish fecal contamination was analyzed and compared, which provided theoretical support for
researchers with the rapid selection of poultry markers. In addition, the existing problems of MST technology in avian were
also analyzed and summarized, and its development in China was prospected, aiming at providing a reference for the

development and application of MST technology in the monitoring of environmental quality in China.

Key Words: microbial source tracking; fecal pollution; avian-associated markers; poultry and wild birds

PARK KSR A e R E A & & R — 0 XS T R SR, K
BRFUTH AT BRI | 3 UK T AN e 58 AR g MR b b 0 St B A G
XA S B Y KU T T EL 8 S P 14 45 A TRRIR R 2 U NS B R R T &
FEZEAH AT B 23 0 A AR B L Ko NSl s s A AN AR 5 DLt Rl o ) R 200 45 e O B s s il
PLPEXT T IRBE R AN SRR 2 2

(EEMIVE S AT VNI WL S IN, 752 S NG RSB ER o G s 7k 2 A e <IN i
FER K BIRBL S o AR TR AR A TS Y GG Jy T8 A7 7 — o BRI BRAE S o e, X 7 e S AR R 0K
REMER TG 7575 Gt AT LR (RS R 1 TG T B WK AR I T e G B0 A5 20 O T e B 3 A S
PWIRRIE B A RS B s 1 v 0 G Y st i B e SR B FR 10 ARSI 2605 75 L R R
FEFRZ A AE M1 5 R (Microbial source tracking, MST) '™ {4k Myl I AR iC M0 T & W FEARTHR M, (1)
FEMPRFE R AR YIRS E 00 1e EMiE N NP B 518 R UIAROC; (2) X Lo WAr e s 45 v r 91 B
P ANAT LABETT R4 E TS Y ARic L DAk AR R ARG A HE A S T R AE R AT o e
JEREE

R T PRH R M A R 1 DS 2E  7 G DAY X PR B AR S XA [ 8 2 2 i g
FRCHI B S HIT R AR & (W ( Gallus gallus) ™ W8 (Aix sponsa ) ™) FIAS T ( Columba livia) ") F1EF 15
(4 K E ( Branta canadensis) ™ NS ( Larus canus) ) TP 8 ( Grus canadensis) 245 {HE BEHE B
FRic RS REL B A3 B98N BE DA PR o 1 B 5 AR R SOR B A B & AR e ) F T A TS G A
W ASCHERT ARG SRR L X & 2504 AR e (%) JF & RN 53 i R AT VA AN RG4S Sl & 25 hric
PR BE PRt — 2 (BRI ST, & AR W R R R TR R I 0 & R A 4R AR S

1 BEMEDBHFERICY R EREITM

FAT, Z & bric Y B gt TR IR A 288 (CAnXs SRS 125 ) AP 15 (CUniaens &2 e Fn b
g5 ) MZEETS e (R 1) o SRR ICY a7 il FIbR i AR AR e )l IR e TR D B A 8 26
MIZEE TS G, MR MR IO TR E & 2R AR . — et , T it FARUR% M ( Sensitivity ) FIURF 5% ( Specificity )
A ARG AR R BOR Y o BURMERS bRIC I FE H b 3SR & b i B PR R R SR AR e W 7E AR B bR
i EFEAE A P A IIE R USRI S RO BUEDHOR | SR INZARIC Y RO F8 s RO B AT {5 R e
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TP
x 100% (1)
TP + FN

Sensitivity =
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TN
A H, TP( True positive ) FEARICH) s FHYER) H bR TE 2 28 RE 5 R ; FN( False negative ) $8 48109 B7s FAPE
8 LB 26 R B BCRE S TV True mogative) 3561040 875 DTHE R0 9 LB 7 36 (B A1 O I PP Falso
positive) 5 LU S5 BEE 0 EL B B A R

Specificity =

F1 RENHFSHREMHERZY

Table 1 Poultry- and wild birds-associated markers for microbial source tracking

Hbafe & bric¥y UM RS H b3 7515k 5
Target host Markers Sensitivity Specificity Source of target sequence
Ep Sl iyt LES GFD?! 57(238/415) 100(218/218) Helicobacter spp.
Avian-associated AV41431%] 93(90/97) 97(101/104) Lactobacillus
markers AV163[%] 70(68/97) 86(89/104) Gallibacterium
KB 6 I Chicken/Duck-Bac'®] 80(39/49) 100(89/89) Bacteroides-Prevotella
Poultry-associated ND5-CD!?] 100(50/50) 85(104/123) Mitochondrial DNA
markers cyth-CD?H 100(50/50) 89(109/123) Mitochondrial DNA
X Chicken-Bac''®] 70(16/23) 92(106/115) Bacteroides-Prevotella
PLprobeBac ! 73(8/11) 100(33/33) Bacteroides spp.
PLprobe!°! 100(5/5) 100(20/20) Bifidobacterium sp.
Ckmito!?"] 100 100 Mitochondrial DNA
CL-TagMan'?® 12(22/186) 100(483/484) Brevibacterium sp.
LA350%] 73(32/42) 93(108/116) Brevibacterium sp.
IVS-pt] 76(120/158) 100(326/326) Faecalibacterium
cyth-Chicken3!] 50(1/2) 94(17/18) Mitochondrial DNA
Cp2-9/32 40(28/70) 100(342/342) Bacteroides fragilis
(LS E203) 76(32/42) 95(148/155) An unknown bacterium (E2)
FSD] 43(13/30) 100( 138/138) Faecalibacterium
Duck-Bac! ¥ 85(22/26) 96(108/112) Bacteroides-Prevotella
T CytBmis! "] 100(6/6) 96(66/69) Mitochondrial DNA
LUge Ay Tat?] T Gull-21% 71(41/58) 100(300/300) Catellicoccus marimammalium
Wild birds-associated Gull3!3 28(71/255) 76(326/429) Streptococcus spp.
markers Gull4!?) 87(221/255) 91(390/429) Catellicoccus marimammalium
Sketal2! 81(38/47) 92(101/110) Catellicoccus marimammalium
EKXME  CGOF1-Bac!?) 57(58/101) 100(291/291) Bacteroides
CGOF2-Bac! ! 51(51/101) 100(291/291) Bacteroides

ND2-Goosel %! / 100
Cyth-Goose!*!! 100(2/2) 100(18/18)
bR ] Cranel 2! 69(66/96) 95(528/553)

Mitochondrial DNA
Mitochondrial DNA

Catellicoccus-like spp.

2 BEMEMPRIRCHUNERE

BARBEYINIEARIC Y BT R IR 2N 40T 16S rRNA JEPR ZRRifA& DNA FITIAESEEH 45 (& 1), LA4H
R 16S rRNA FEA B RIRAY 70 FARIC Y HAT T2 BN, EAT S0 8 2R 1l 2 Y 1 2 Bl 21y 78 & A i
T, ol B A W 2E RBE T 2 PR B ) AR TR, AT B AR e AN [R] X 48 7R S8R AR 22001 5
ZRLR DNA BT & SbRiC ) 2 2 B s SRR A s o S PR B RHALE , L3210 2 BT s B DX Iy 52 e /0, )
JTEZ TSR HA YIRS A H AT T I RERE N BT A & SRR IC Y AR AR RO B (HR IS RE
RN BT & RRC Y BB ES S5 IS,
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2.1 4% 16S rRNA F:[A

TESRBEYIWIIRITFE b | doe (0 B 20 T 2 S5 BE T8 1] ( Firmicutes ) MDA I H ( Bacteroidales ) K HFJi%
5, HARFE R R T] (Actinobacteria) S TE T ] ( Proteobacteria) FIMRAT ] ( Fusobacteria) M FeZZ W 51, b
Hh AL — SR £ B R B0 2 1 TR TS R T 9 16S rRNA JE R H T &8 280 FAric W i JF &, 4 52 Fn
AV216" 7 5,

211 JREER ]RGN 5

JELRE DR ) R HL R I 5% A 8 ) AR it b ELA 45 AR SR B % Ohad 5517 SEF R & RIK 15 2%
EAES Y 16S rRNA J P 5 1 1 I P 200, BEXITE T T A B ARXS F2 50 949% 1) JEEBE TR B H & e 51 (99% )
B & S0 HBRICH AVA3 B XTTERIKSE EAIRT 25 90% B FLERFT 1 ( Lactobacillus ) 13 H U FIRR S
539 93% Fi1 97% () & 21l HIARICH) AV4143,

Catellicoccus marimammalium J& T ER B R} ( Enterococcaceae) o AW EW C. marimammalium 1R 3%
T W R P L3 ,HE@E@?@@*‘@E*%%‘@%?UH o MR ARIET C. marimammalium 16S TRNA
JEFF R RS AR ICY) Gull2™ | GulldP 1 Sketa™®! , HLABURMERIRE S 1 43 HITE 7190 919% LA |, {H )2,
FIF R E TR BE T ] B9 5E BR 8 ( Streptococcus spp.) 16S tTRNA FEPR BT H B RS AR ICY) Gull3 , HABUSYE{ A
28%", Green % Ml C. marimammalium 16S rRNA JEF I % 198 2538 FFRICH) GFC, 7E 64% I 2
R ARG (EAE HAL B 2B A R A BRI 5% . R, C. marimammalium 16S tRNA J& [ B it fpric
%o e S 0 TR A v A R S BB S P TV RS A S IR AT S

AR R I ( Faecalibacterium) J& 98 H ERER( Ruminococcaceae) . PIF A% R4, TEIR SN AN GE BE 50 BLAT
0 LSO R 0 A T P TR S e g R T Shen 25038 s LA R B 42 2 Hh ) R IBAR TR B 16S rRNA
SEDN AERGHEAE rp A B — B S R Y 9, I3l e B Hh SO AR SR 2050 O 76% F1 100% (1938 26 TRARIE )
IVS-p, 734, &0 TR o 38 FH AR 1040 FIVRE S Pk A 1.2 400 % X% 288 (68 ¥ % (7% G T 7 6 60 RV = 7 N Wl DX A 21 1
AR A g6 o BT, EEBUFHLIC AL Faecalibateriv ¥ 773 40 AR FH 7K B %8 BhAGHMI5 H Z v 1) , Ut
FH SR AR T 7 o B 0 g 7 P T 2 52 B E A

— JERER 1 ]: AV4143, AV43, Gull2, Gull3, Gull4, Sketa,
Cranel,GFC, FSD, IVS-p%g

PIAFIETT: CGOF1-Bac, CGOF2-Bac, Duck-Bac,
Chicken-Bac, Chicken/Duck-Bac, PLprobeBac%%:

[~ AIE16S IRNAJEH Ji4#i1]: LA35, CL-TaqMan,PLprobe%%:
AT GFD, AV1634:
HRAFHIT: GFB, AV13, AV24%4

—Jfth: E2, AV216%

—cytb3EH:cyth-Goose, cytBmis, cyth-CD , cyth-Chicken§:
BIARIEP BRI —
ND5#:[H: ND5-CD%%
2 hifADNA -
ND2Z£H: ND2-GooseZg

—16S rRNAZEH: CkmitoZg

WiBRARIS: CP1-24, CP1-26, CP1-55, CP2-9, CP3-49%4
 EREA <|:éﬂ]}iﬂ;2ﬁ£ CB-R2-80, CP1-1, CP2-17, CP2-57, CP2-66%%

1% B2 5 4b Pl CP1-25, CP3-48%
1 BEHEMHFERICOHSE

Fig.1 Classification of avian markers for microbial source tracking

2.1.2 $UFFER H B
AT ( Bacteroides ) 2 N AR ML S FEME A O LS ERT, FE 16S hRNA R 285 9 T30 A izl
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SRR A s IR FhRic | A ST BT B TS R SR i ) S et
YRR AR AT R AR IO 7E & 2SR W R IR A 5 b A 8 AR OR — e, AR I e S A 5
A UBPEAR T 60% > eS8 M5 P (4G R AR T 759%™ ),

AT B AE & B V5 e P8 nROR 2 IR AT RE AN, (1) BUFF I ZEAS RIFh & S 2R E YA
X R 2 AR AR LA B S S FA AR IC Y A BET AR RIXE . Ohad 25> & BJBLFT T 78 £ 08 2 5 200 1) 7%
FIFEXTFEFEN 9.56% (HFEK S H LR 0.1% 5 (2) BT R TEA L& KB A YRR IS R IR AE . AR
W FDURT 1 75 50 4368 s FHE I P RE 5 L AT A, Ak 5 P RNEE RS D) 45 Nshimyimana 25 76 35 il
e vt oE & B, 38 AT RARIC Y BacUni 76 R FL 8 ) 2S00 FF S 243 K, (0 AE 5 28358 rh X 3 50 0 )
P, B2, TR A RS iP5 ok B B 28 285 5
2.1.3 BT TR T TR B ) S R

YT ( Brevibacterium ) J& TR BT, 54T 1 Bl ( Brevibacteriaceae ) , Lu 25 % P 40 FF 56 76 3G 2okl b oy
Pedived, HLIZ R R AE A & 25 g Rt 5 e Ryl s SRR AR S b R B, ST & R L E AT A
MEFEAE R 16S rRNA F5 S5 P TT & S 2 BEFRIC Y CL-TagMan'® Rl LA35' | Ryu %512 fiff F A 3kl
SR 00 PR 0 0 9 7 R ST I, % B LA3S A CL-TaqMan 19 0P 16 48 26 8 BF 5 i 2
<23% (HAEAGHBHRE S 2 = 98% , A5 i 5 1 35 X8 26 R HRORLRE i B4 200 1 B S A A7 A 22 53 ) AT I
JE AE RS HRORLRE B R AR T B i e O TR 2 — ) (B RS R 2 RN i 1 R S TR AR AR B D R AT
REMRRE T LA35 Fll CL-TaqMan FEXSHURIRIZSMRE S Rk 25 5 B2, R HE 16S (RNA JEFH T &
X P AR IC ) BE S AR L HbFR /R XS HOR A T5 4

BRI FARICY AV163'7VR GFD 43 Bl AR I B 11 4326 F B ERHT R ( Gallibacterium ) F1 [T 32T
FF V& & ( Helicobacter) 16S YRNA JEF BT, Forh Axic¥) GFD ZEh B & BT 74 == AR KR 48 24~
FIAT I WIIERT 52 ) A FRIC Y TE AN R [ R R R SR A AR, Fehn, 78 35 A 26 RE 5 BoR
30% ARSI T)  TTAE R R OR 709% RORBURPE S L X T AR AR ) DX ek AU M R B W] A AR e, (o FE R L E
A7 TSI 5 LT 7 A A b 1) 3 R

EEFARICY GFBI2 AVI3IZ i AV24i3 5k A AT Fusobacteriaceae) 16S tRNA £:H , 7E514)
B AT R 25 X 3 NFRICYI IR SRR 100% , (HIREA TR BURAE K T 10% , 3% 377 Ho i XF 1 1) 4%
R 9 7E & IS 3AE e W P A R B RAIR . B2 X EERRIC AN IE F T8 2R 0 B e 5 v
2.2 ZRifR DNA

NS I8 L 5z A AE i 1 Y& (R A, B8 b iz 40 A B 2R R4 DNA 5Bl 7 8 N 254 DL 26
AT S HE RS, 7 B TSI 3 44 5547 K Bk 9 "
LERLIR DNA'®) | 558 Zoibk DNA i3 £ LA 7 =
SR PRSI 7 52 T 2 05 e W VR T 5 05 A
U5 0005 4F Martellini 251550 4 28 b7 & DNA 3 % s
T2 15 G A= Py s v, S 1 Il 2 U5 A e i "

%Ak DNA

Hilf, ND4\

TEB MU MR IR 58, SRR DNA B9 eyt & P\ I e
[y 1 T8 3hRied , HUOR NDS JE 168 rRNA e

12S rRNA

ND3
FEH A ND2 HEH (] 2) o Zhuang 481 20 BRI FHZH
A NDS Fil eyt FEPH T % H X6 F10 38 75 Jebric sy, B A6 Ag COXII
T R R BB RS S 43 0 1 1 1009 A1 = B2 S DNA R F Lt

85% , i‘%fjﬁl HZ'I E! ﬁ} E/‘J * [E? /T ’;i % ° Kortbaoui % (7] 1& JEH ﬁ Fig.2 The basic molecular structure of mitochondrial DNA !
3L PCR FARXFZER AR 168 rRNA 5 K B9 25 WiAxR
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TCHIHEA THE 7R R PEAR | 45 SR IO A (0 5 S M AN 35 81 100%

SRR S R M R B B R AN STER— XIS B A WIS 2 B AR 1) i 72 e 3
DX 311 2 5 4 Wb 3 RS S 0 1 i ol A BRI AT B T AL 1 s B 2 B B BRI T BE A R T L i
AR, (AT B A i IR IC I 0 R TR AEAE — 8 R, (R VF 258 R IR DNA K5 3216 &
BRI A R I A i B DX IR A 5 > 0 Liang 2608 il F A [ 5 AN ASTR] X 48 A0 3 B 6 2 A XS AR iC 9
PEAT RGEVEAG 5 & B, LAGRLR DNA S 1R U5 0 38 JE AR 10 4 32 B R I 18 /R R . AR SO gl R S5 1 b
WP (R 1) FIHZRLR DNA JF & H & AR i ¥ K 22 R 30 o U FRE S, BT LA ZORL R DNA L4
P 16S rRNA &P BT 38 H T & 25 UE M i bs e i o+ &

2.3 IThRERNA

A 5T 3 5 AN A S A T RESE DR 18 AR SR S 06 A0 R ArARic ™, BT AT i 25 R 4 fi6 7 P 1 2 4
A= R AR g, BT AR R B A% A R S T T 1 A 0 A R 1 Bk K Ak A A R AR
KEER AR S PRI i T i B A F 51,

FEB IS A IR b, A D RESE DV S R S PR IC A AR SC 5T . Lu 256020 R P -5 40 s B A 38
YRR AME B G AE 5 A B A G SE BT & R AR . Ll 3R bric it 1 1) 35 R 5 0 A
A 6, XEE LR 67 TR gn i I A I D BE 2R (1 2 S s B 3R T, A HE ok b A4 (CP1-26) TEHLES T (CP1-
24 F1 CP2-9) FIEHLMR (CP1-55 F1 CP3-49) %% . Hamilton 250" 3L 22 3L I 41 BUE I & H 04 K4 S P
0 GB2 1 GEL1, 3% BERRICHIXH N 135 P 671 557 2 AL i R 28 4 B 3 1T 2 1, 102K 1 RB A A 3 40 TR 6 i 4 i
Kbt (228 ANBE Y A SR AL YRR B, S 4B e A M 8 P9 R B SR A

B & M REE AR IC Y 15 32 B U R i AR, L 2872 R 21 Fh sl 4y (0 36 G RF 5 X ) B 3 R b
ICYPEREHE TR, 7R S 2 IEAR L | SR B b BIARIE Y R CP2-9 , HABURAE(U R 40% , Hamilton
LV P 135 A3 N AERE St AR L4 A B I 3, 235 R 2 I LU M4 7 20,7 % 81 48.1% 2 18], LRI
LB A R I BRIC ) AU RURR PR, (B2 T R N BE T 0 B 2 Aric W OB 5 L s A IR K S (i

3 RESRE

UTARK , & 2R E MR BT SE 2O TR R A FE R, BE X0 58 (N3G MR A8 1) FIEF 5 (Anike R
SRMERVD B8 ) Y8 T AR AR IC 9, ¥ 41 16S rRNA & AR 0 R B R 47, i & F4ric
AVA143 2 R RICH) Sketa' ™ 55 s ZORIIR DNA S22 1 IR SR R IRBE (1 52 0, X R A pR 10 P KRR R
RS B BRI AR S, AT ST T & AR M B T & R S e LA T AR e M i B & 2R R )
WIROT T S HE 1R

B2, S 2RBEMBEIR IR R AP, (1) P2 B RIRCY I A AR E R JR IR X S hric )
TEFE I 7R RORIFAS AT, DR 5 2k A 8 S ic e 3k [ EA T R G0 1) LU LS 48 7 ORI i
Y. (2) A BEIRCY) 2RI BUSMERAR, BT DLV BT 2 & 2bric ¥ LAERR A & 2R3 5 g, (3)
B VR R T Be 2 R A i, v e e B W IR A S SourceTracker'®) fl FEAST!* 25 v
BB R YA

Brigt . b E Rk B TR LA B SR RO
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