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Abstract: [Background] In the past decade, high-throughput sequencing technology on ribosomal RNA
amplicons has been widely used to explore the diversity and composition of microbial communities in a
variety of ecosystems. [Objective] With the development of sequencing technology and the expanding of
reference databases, commonly adopted primers still need to be cautiously verified for different
environmental samples. [Methods] We collected several marker gene amplification primers for microbial
communities (i.e. bacteria, archaea, fungi and other eukaryotic microorganisms), including 8 universal
primer sets and 2 archaea primer sets of 16S rRNA amplification, 9 universal primer sets for internal
transcribed spacer (ITS) amplification, 4 universal primer sets and 1 fungal universal primer set for 18S
rRNA amplification, which contained two 16S primer sets, one ITS1 primer set and one 18S primer set
recommended by the Earth Microbiome Project (EMP). These primers were evaluated for the coverage and
specificity using a recently updated standard reference databases. [Results] The EMP recommended
primers all still have high coverage in current databases, while other primers have their own advantages in
coverage and specificity to specific environments or taxonomic groups. In addition, recent studies have
made some improvements on these universal primers. Changes in one single base may lead to changes in
evaluation results or amplification products. The single degenerate base added to primers may cover more
species, but it may also reduce the species specificity to some extent. [Conclusion] For different
environmental samples, the selection of primers and experimental process still need more detailed
verification. Our results could be a guide for the selection and improvement of amplified primers in
microbial ecological studies.

Keywords: Amplicon sequencing, 16S rRNA gene, Internal transcribed spacer (ITS) gene, 18S rRNA
gene, PCR amplification, Primer, Primer coverage, Primer specificity, Amplification product fragment length
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JER AN . ) (RNA FRR AT R
Borh 3 Fh, 4390 5S. 16S Al 23S, 16S rRNA Ji
A RNA B—NIEHE, 16S rRNA JEDH il 2 4 i
IR FE R . HAFAE T A 20 e iR SE R 24
t, ZHAEYEARNE SR, JFEEDIE L
BRI O —E R IR, M RG
AT A AR 2 TARictl. 16S rRNA
TR A FR/NE T EEZ R 1540 bp), 7EZ5# 5 1)
e B AT R, RGNy 5 L R AR
VIR R Gk BRI, DR G Bk o FH I D
AEIAnic 5 R . 16S rRNA 4 fith K R 2 41 Ay
9 AMRESFIXA 9 AR AR X (B 1), Hirp va-ve X
Bl E(s Ba . ReSrEly, AN AT E
BRI,

TEEZMA Y, bk DNA J& A ASL
IR B 5 22 AR B B (X 4R, HEBER 4175 A 573
3MRIR A A A% 5% 6] B X (external  transcribed
spacer, ETS). 18S rRNA SN, NERF #EIFEIX 1
(ITS1). 5.8S rRNA JE[H | PFRFE SEAIFGEX 2 (ITS2).
28S rRNA J&[K FIJE[H [7] ¥ 471 (intergenic spacer,
IGS) (K 2), HHr, 18S rRNA FE[R 245 EAZ W)
A/ NI DNA 751, Hoh B fRSFIX,
AR[ZZX(VI-V9), 5 16S rRNA JERF ML, 757X

LWL T ARl SR e 2, T A AR X0 RE 1A B
YiFplal 225, & TR RIF KT R R Gk
BRI FIRid. FEEEY, AT rRNA H11) 18S.,
5.8S 1 28S AYFLH L P51, NFEsEIAIREX 1TS1 Al
ITS2 1E R AR gt X HAT 5 i 3 B e, 7
ZBERE SN, MR LR, IF HLRERS IR
PR R G2 0 T B (0 Al A MR Rl
ITS FILRSFRIZBU R FP P AHXT—2, Fhia) 22 54
i, REE L Al E (] R AR 22 5. IEAh,
ITS 4 A Bedse/NITS 1 1 1TS2 K BE43 5114 350 bp
F1400 bp oAy, (HRRIMIFNZ AIFETE—E 25 7)),
STt . WU, ITS HoA s i B Fn
BIIRUL R 22t R, HRC ) 2 AT E
RN R A= i

e 20 10 459, NGS i ARY 2 1T
F AR R G A W RETR 19 220 M RN 4 AR
ZE, BN AR ARAS L B R My T, A
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S i eE U OV A AN AR T 2 v D R
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Figure 1 Eight primers and their positions for 16S rRNA gene amplification in prokaryotes
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Figure 2  Structural diagram of eukaryotic microbial
ribosomal DNA
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AT G Y G 5| e R 3] — & 15 2
1 eSS
1.1 16S rRNA EFE &5 |¥ 58FEE
AT T 16S rRNA JLR Y145 FRY 8 %)
ME1E 1), Hhtuds 4 &Emsiy. 27820
355F%H 515F% ) 1114F2Y; UK 7 4814
342R* . 519RP . 806RP!, 926RP*M | 1064R*
1392R | 1492RPY ) B AN [F 4 M X 08, i
T8 VI-V2 X 27F/342R 5181%F, 715 V3 X
RN 4 355F/519R 514H1%), P44 V3-V5 XY
XTG4 355F/806R TIHXT, ¥ V4-V5 XA
X514 S15F/806R 5H%), 744 V4-Ve X B pxT
519 515F/926R 514¥p%F, ¥HE VA-VT XA
) 515F/1064R 5¥%F, ¥4 VO XRG4
1114F/1392R 5|#%F, DL K15 16S rRNA JEH 2K
(VI-V10 X)H X5 4 27F/1492R 51455 1),
1 SILVA %45 /% (SILVA123_QIIME _release,
2015)%} LI 16S rRNA FE[K 8 F 5 | Pt 178 5 /Y
PP o SILVA J&—> rRNA H:[R FE 41 146 5008 2

F 1 16STRNA EFBERASIYMEKESR

Table 1 Basic information of 16S rRNA gene universal primers

WS T DA AN B M /NI 3 tRNA SR 7471
(f4i%K SSU, B 16S F1 18S rRNA)FI K 3 rRNA K&
R4 (iR LSU, Bl 23S #1 28S rRNA). i i Fl1
W AR, RSB AL e B 0% T R 4 A 5 A A
., VB SILVA Y 16S rRNA Jt R0 1 k3 E o
16S 51, Foali a5 I A% E ) 16S rRNA J
KF51) 226 267 4% A T RAREEHEE D 168 2K
JE 5, LABR OB 1T A8 X314 5 | W 1) 2 55 FETE A 45
e AR e, MBR T 80 PR SR BN T
1 500 bp IS, (T 19 084 4K JEFE 1 500 bp
LI ERES, #E R “SILVA 16S rRNA 4K ¥
SEHRIE" (R 2).

AN T IR 1 T 16S rRNA LA 1Y)
519 ASTOFP R H it iR AS19F*2 ) /2 5
H1 AB06RPFI A90SRPY. Hrf, A519F I AS06R
F 18 XN VA-V5 X, ASI9F*F1 A90SR Y41
XIChH V4-V6 X(F 3). A TIFMITAE 16S rRNA
FEREEFE 97, M SILVA [ 16S rRNA JL PR B g
BN ETAIEE 9 825 4%, M T“SILVA 16S
rRNA FER P91 5 22 R T 16S rRNA

No. Primers name  Sequences (5'—3") Amplified region Amplified fragment length (bp)

1 27F AGRGTTYGATYMTGGCTCAG Vi1-V2 315
342R CTGCTGCSYCCCGTAG

2 355F ACWCCTACGGGWGGCWGC V3 164
519R GWATTACCGCGGCKGCTG

3 355F ACWCCTACGGGWGGCWGC V3-V5 451
806R GGACTACNVGGGTWTCTAAT

4 515F GTGYCAGCMGCCGCGGTAA V4-V5 291
806R GGACTACNVGGGTWTCTAAT

5 515F GTGYCAGCMGCCGCGGTAA V4-V6 411
926R CCGYCAATTYMTTTRAGTTT

6 S1SF GTGYCAGCMGCCGCGGTAA V4-V7 550
1064R AYCTCACGRCACGAGCTGAC

7 1114F GCAACGAGCGCAACCC A% 278
1392R ACGGGCGGTGTGTRC

8 27F AGRGTTYGATYMTGGCTCAG V1-V10 1 465
1492R TACGGYTACCTTGTTACGACTT
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Table 2 Databases for primer evaluation in this paper

Gene name Database

Number of sequences

16S rRNA gene SILVA 16S rRNA FE K 4= K741 5 122
SILVA 16S rRNA gene full-length sequence database
SILVA 16S rRNA J&F i 177 51 i e
SILVA 16S rRNA gene archaeal sequence database
SILVA 16S rRNA JE K3t B 7 51 5ol e
SILVA 16S rRNA gene non-archaeal sequence database
ITS gene Unite ITS1 FEF 751 55 %
Unite ITS1 gene sequence database
Unite ITS2 J& [ 7 51 B 4
Unite ITS2 gene sequence database
Unite ITS JE [ 4> K J5 41 804 12
Unite ITS gene full-length sequence database
VR ELT 1TS1 L0741 Bdie 2
Marine ITS1 gene sequence database
VRV BT 1TS2 SE DR 79 5di 2
Marine ITS2 gene sequence database
TR ECIA 1TS L0 4K 5 51 i
Marine ITS gene full-length sequence database
18S rRNA gene SILVA 18S rRNA JE K FLAZ i A i e
SILVA 18S rRNA gene database for eukaryotic microbes
SILVA 18S rRNA JE[H FL I 7 51 84 e
SILVA 18S rRNA gene fungal sequence database
SILVA 18S rRNA JE K E B3 751 Bl 2
SILVA 18S rRNA gene non-fungal sequence database
WEFEECIA 18S rRNA JE[H 41 $icdie i
Marine 18S rRNA gene sequence database

19 084

9 825

216 442

3970

11 367

1871

683

1281

113

25 497

3321

22 176

1116

SR 51 EERE . FEE, HEBRYEFZ
J&i SILVA 16S rRNA Ftdia P2 h 42 119 216 442 45751
FA R, T “SILVA 16S rRNA FE R E B 91 B 1,
FHAZE I P 1) 5 | 0 4 = B R PP 18T 5 L v Fly
BFHIRESEE . X BT 51 94 1 X a8 457
T 16S rRNA FE[HF R, BRI AS £t 2 e S
PEA Ok . 9715 16S rRNA JL[H VA-V5 X 138 5|
YIx 515F/806R FI 4 v4-Ve X il H 5| Hrxt

R 3 HHE 16S rRNA ERE3|MEKER

515F/926R AH—2 IR IEH 05 | 9 B AE 0 7 i
RS,
1.2 ITS 515 &iiERE

WAET 9 XTHTP 1 ITS FEH @ HE Pk
4),433E 7 SEm 514 1TS15 ITS1FPY oI TS787
gITS7ngs®® | 5.8S-Fun®™ | ITS3 KYO2"" |
ITSOMUNng"*!"; DA K 4 Z&/zim 5| . 11s20
ITS4REY | ITS4ngs™? . ITS4-Funt, £t A[R 194

Table 3 Basic information of primers for archaea 16S rRNA gene amplification

Primers name Sequences (5'—3") Amplified region Amplified fragment length (bp)
AS519F CAGCCGCCGCGGTAA V4-V5 287

A806R GGACTACNSGGGTMTCTAAT

A519F* CAGCMGCCGCGGTAA V4-V6 389

A908R CCCGCCAATTCCTTTAAGTT

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn
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Table 4 Basic information of ITS gene universal primers

No. Primers name Sequence (5'—3") Position ~ Amplified region Amplified fragment length (bp)

1 ITS1 TCCGTAGGTGAACCTGCGG 18S ITS1 220
ITS2 GCTGCGTTCTTCATCGATGC 5.8S

2 ITSIF CTTGGTCATTTAGAGGAAGTAA 18S 190
ITS2 GCTGCGTTCTTCATCGATGC 5.8S

3 glTS7 GTGARTCATCGARTCTTTG 5.8S ITS2 315
ITS4R TCCTCCGCTTATTGATATGC 28S

4 glTS7ngs GTGARTCATCRARTYTTTG 5.8S 315
ITS4ngs TCCTSCGCTTATTGATATGC 28S

5 5.8S-Fun AACTTTYRRCAAYGGATCWCT 5.8S 325
ITS4-Fun (AG)CCTCCGCTTATTGATATGCTTAART 28S

6 ITS3 KYO2 GATGAAGAACGYAGYRAA 5.8S 360
ITS4R TCCTCCGCTTATTGATATGC 28S

7 ITS1 TCCGTAGGTGAACCTGCGG 18S ITS1+5.8S+ITS2 510
ITS4R TCCTCCGCTTATTGATATGC 28S

8 ITSIF CTTGGTCATTTAGAGGAAGTAA 18S 540
ITS4R TCCTCCGCTTATTGATATGC 28S

9  ITS9MUNngs TTGTACACACCGCCCGTCG 18S 650
ITS4ngs TCCTSCGCTTATTGATATGC 28S

WDIBET 9 X5 pxt, Hh sy 1ms1 X
[ 2 XF5 9% ITS1/ITS2 Ml ITS1F/ATS2, ¥4 1TS2
XA 4 %51 4%F gITS7T/ITS4R . gITS7ngs/ITS4ngs .
5.8S-Fun/ITS4-Fun £ ITS3_KYO2/ITS4R, ¥ 1 ITS
SR 3 XF5145%F ITS1/ITS4R . ITS1F/ITS4R
F1 ITSOMUNngs/ITS4ngs .

M T B GRUE YR RA DNA 2t bl AL
[N K 5 2 #A4AR A 1] B X (ITS) 4L B (& 2), i1
ITS1 AYIEIA 511761 18S Wk |, §718 ITS1 HyJ
5 A5 ITS2 YIE M5 V& #E 5.8S, T4 3
ITS2 [ w5 [ 7% 7E 28S WAk | SR 1M H R
VA — B R 56 B 0 BE PERE ISR IE N 18S &
28S K J¥4), I, A 1TSx Extractor N% ]
FEXTEE ITS P8 %8HEE Unite H 43l ik Hi 1
ITS1, ITS2 FIITS 4K FEHI™), Mg T 3 5
Bt e o Forbr, ITST 85l PR Y i e 45444 - 427% 1TS1
FED, HLITS1 EERT L IT1 35 R4 EE>100 bp;
ITS2 HH R A Tde 25448 - A% 1TS2 JE[A, H 1TS2
FEIET . ITS2 JE 5 FAIHK BEE>100 bp; ITS A 4

K HNE A It 18 25 - PP a4a & 1TST LA,
ITS2 SR . H ITS1 FEHFET, 1TS1 JEH 5 1TS2 3
ARG . 1TS2 B G PAIKEE>100 bp, FT 1L,
fifiide i ITS1 J741 3 970 45 ITS2 J¥41 11 367 4%
ITS K75 1 871 4%, HLAHAHIF#EE T “Unite
ITS1 KEPRFFIR A “Unite 1TS2 JEIKF51 54
> F1“Unite 1TS BEF KT8 E", FFIHN
ITS 385 P 58 (% 2). 1o, M GenBank
FRISCEE TR PE LR Y ITS 741 15 468 25 (ki) .
Marine., Ocean. Costal, Estuary), M ik g0
e 1TS1 741 683 45, ITS2 J¥41 1 281 45U I ITS
RPN 113 55, T IS 7 W BR ITS1 5
P S0V > < TR TTS2 FEK 5 B8 3 F
“VIEELI ITS SER P o8, FFHIWnHE
FHB PR PE PR EE 038 (R 2).
1.3 18S rRNA E R E5|4 5 EE

XFF 18S rRNA B, e T 5 X519 5), fu
$5 4 S1EM5 4. SSU_F 22 TAReuk454FWD1M]
nu-SSU-08171 | Euk1391£*7; DI K 5 & 1m5 |4
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SSU R 09" ssu R 13" R1200" | nu-SSU-
119611 BukBr'*", 413 A [l A4 38 X Ik e 1 7
V3 X5 SSU_F 22/SSU R 09, § 3
V3-V7 X514 SSU F 22/SSU R 13, 44
V4-V5 X195 H1%) TAReuk454FWD1/R1200 ., 44
V5 X 85145 nu-SSU-0817/nu-SSU-1196 DA K 4714
V9 X ) 5] ¥ X} Euk1391f/EukBr ., H &,
nu-SSU-0817/nu-SSU-1196 A EL A FEF- 451 %,
HAth 4 X519 0 BAAMAYERSI Y. BT
Euk1391f/EukBr (414 v Bt/ 18S rRNA J: K
WA —AATAE X V9 X, K514 BukBr 16T
ITS1 FE] b, oAt 3457 F 18S rRNA JEH Y
TRAFIX (R 5).

FATERE SILVA 18S rRNA JE DK EA% A Mk
PERVEM LA 3@ 5 14, Foi R 25 497 5%
HAEM A 18S tRNA R F4), HIFK
¥1>900 bp. HrUFEECEITH 3 321 4%, T IR
iM% T “SILVA 18S rRNA Jt [K FLH# e 41 5 1%,
ol 43 51 R 7 “STLVA 18S rRNA FE N FL 1
SV, AFEIE AP 22 176 55(K 2). T
P18 VO XA 18514 EukBr 7€ ITS1 J: A |, 1
FEBAT — AN SRR EE R T LI 18S+ITSI

Costal, Estuary). AN CEMT P ERAH)
YK N 1200 bp, [Ht A% EE 8 Hh ik H
JE>1 300 bp BIFES) 1 116 5%, FET UM E T H7E
LA 18S rRNA EEPR P A8 A, F 0K FH 5 |
PIXHEE RS I0IE R . TBPEELT ITS1 SLHTF 4
Bl e FK 53 AMPEAN S 1015 | ) EukBr X F i A
A T (R 2).
14 BEESHFUITE

51 S TR i T T BLASTn R4 1L
XFo SIS BRI P AT, I 2R
TR 555 | RN O 5 | e B 1 Y 4 i
FEo R

%A S FRm—A N LFFIREARE, 84
S={8,,8,,....,8¢} » N=|S|, Hrf|S|REAR S M,
FORESTIFIINAEG BoE E IS 19 P A m Fi]
AEME, 3BC N PG =1,2,...,m), P 5¥HREF T
FUHAT X, B0 78] DU s — A
iLHS(P) ;

M4, EBikSE)WIFEUL S(P)#E5 Y P
ERAEE S S P IS, 519 P s a5 T
PIRIR R

_IUL SR
S KIFA, FIEA Unite ITS1 R o50R  Coverage?) —T
K7 AN [ 1519 EukBr FI7E 55 5 (R 2). BB ITS SO PR EIE Y P MG, P
HEH e, FAITA GenBank Wit TPELLHING 18S U sp
Coverage(P') = |1:1—(1’)|
rRNA JE[H 1] 13 459 2GR : Marine, Ocean., g S

5 18SrRNA EFERSIMEKEE

Table 5 Basic information of 18S rRNA gene universal primers

No. Primers name Sequences (5'—3") Amplified fragment length (bp)  Amplified region

1 SSU_F 22 TCCAAGGAAGGCAGCAGGC 137 V3
SSU_R_09 AGCTGGAATTACCGCGGCTG

2 SSU_F 22 TCCAAGGAAGGCAGCAGGC 990 V3-V7
SSU R _13 GGGCATCACAGACCTGTTA

3 TAReuk454FWD1 CCAGCASCYGCGGTAATTCC 600 V4-V5
R1200 CCCGTGTTGAGTCAAATTAAGC

4 nu-SSU-0817 TTAGCATGGAATAATRRAATAGGA 385 V5
nu-SSU-1196 TCTGGACCTGGTGAGTTTCC

5 Euk1391f GTACACACCGCCCGTC 130 N
EukBr* TGATCCTTCYGCAGGTTCACCTAC
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WP-P PP X—X59, 84, P-P
TEBRPE S AP, WURIERE14 P A
JZIA B 1Y P AR S th S R AsHE, B
UL S(E)YNULS(RY) . B4 P—P (B G

(UL SBYNULSE)|
S|

Coverage(P—P') =

2 R4
2.1 16S rRNA EFBEASIITFMER

A WF 5T W4 RS BT SILVA U E
19 084 £ K ELE 1 500 bp LA FAYFS , M8 Hy 16S
SRIPIVEHRIE . B EI A 69 A4 AN
W] (phylum), 2 202 /0] %2 [ J& (genus),
5 105 N EEE ) Ff (species) (K] 3), FFit, &
TR G H AN T 7E 16S rRNA K [ i 5 i 12 0
HRcR G 8 Xl S Y, HHuts 4 & 1Em
SR 7 R 5 (1) FEA FSLVF IR IE A L AN
XAV — RIS B A TS LR, 4303 T ax sk
1% T SILVA 16S rRNA 4> K J7 51 5 18 114 75
T

TERAVHERLIRESL T, X 11 4519 T
27F, 1114F Fl 1492R =451z 40, HABS 60
i FETE 80%L) | Hirh 355F, 515F, 926R F
1392R PUZ55 WM 35 Bk 2] T 90%LA |, 806R

= 236
= 275

= 331\

= 546

F1 1064R W7 7 BEIRE] T 85% LA F o B IHIXK
F, V4-V6 [X 515F/926R 5| ¥xt B PE 45 SR iy,
HTEEREIRF) 87.05%, V3-V5 [X 355F/806R 514
XF . V4-V5 [X 515F/806R Fl¥IXf . V4-V7 X
S15F/1064R 5| x5 56 FE 243k 5] 80% LA I (&
4) TEARVF— MRS OL T, 51 w5 B
JUFHRE] 7 ARSI BR T 27F 342R .| 1114F
I 1492R PUZ&5 240, HoAths |97 55 FE 39 HE
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Figure 3 The composition of SILVA database for 16S rRNA gene full-length sequences in phylum level
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Figure 4 Coverage of 16S rRNA gene amplification primers in SILVA 16S rRNA gene full-length sequence database
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Figure 5 Coverage of 16S rRNA gene archaea amplification primers in SILVA 16S rRNA gene archaea database and their

specificity to archaea
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Figure 6 The coverage of ITS amplification primers to 3 Unite databases and 3 marine ITS fungal databases
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Figure 7 18S rRNA gene primer EukBr’s coverage of
ITS1 databases before and after the improvement
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Figure 8 Coverage of the 18S rRNA gene amplification primer to their corresponding database
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Table 6 The final recommended primers for amplicon sequencing of environmental samples

Primers name EMP proposal Proposal of this study Proposal for marine samples

16S rRNA gene universal primers 515F/806R, 515F/926R 515F/806R -

16S rRNA gene archaeal primers - AS519F/A806R -

ITS1 primers ITS1F/ITS2 ITS1F/ITS2, ITS1/ITS2 ITS1/1TS2

ITS2 primers = 5.8S-Fun/ITS4-Fun 5.8S-Fun/ITS4-Fun

18S rRNA gene primers Euk1391{/EukBr* Euk1391{/EukBr* Euk1391{/EukBr*
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