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Abstract

Brassicaceae is an important family in the plant kingdom. The Simple Sequence Repeats (SSRs)
play a vital role in the study of Brassicaceae. By using 13 known sequenced Brassicaceae species
with bioinformatics and comparative genomics methods, a total of 1,786,619 SSR loci and 1,919,464
pair of primers have been developed. The results show that the SSRs are widely distributed in the
Brassicaceae species’ genomes, 1 - 3 bases duplication have a high ratio among these genomes and
gene sequences, AT/TA repeats units have a high numbers in all of the 2 base duplication. In addi-
tion, 435,414 specific SSR primers could be used to analyze the correlation between the species of
Brassicaceae. 11 pairs of universal primers’ developed shows that there exist some consistent
base fragments and could be amplified across different species. In this study, we constructed the
world’s first SSR molecular marker database platform (BSSRD, Brassicaceae Simple Sequence Re-
peats Database http://biodb.sdau.edu.cn/BSSRD) which will play an important role in the con-
struction of genetic map, gene mapping and genetic breeding of Brassicaceae.
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HE

+FHREEY A P R—FMIREMERRL, FEESEFF(Simple Sequence Repeats, SSR)TE+F1ER}
Rt RIEE REEERNEA. ZAAFIH 13N IR FER A, &BhEYE B SIS
HERHZHTiE, BT 1,786,619/ SSRAL £ 21,919,464 % SSRE| ¥, 45 R B RSSRAL ST Z AT
FHRMHERAY, HH1~38 nNEREERANERFHIh 5HEEEHE, B nESFNAT/TA
BEEBRGUHEE SBHE RIS . FIH435414X 5057 HSSR, W] DAEAT - AERMFh BE 2 HT
11 EASIYNITR, W T HEERMAFE —BEXER, 7RGRTSI MBIy . KRR
Tt R EANTFIERISSRA FHRic B - & (BSSRD, Brassicaceae Simple Sequence Repeats Data-
base http://biodb.sdau.edu.cn/BSSRD), % F&E¥EELE+HEIEREMRBERENHE, ERE
MABEE MR REEENEH.

Xiia
+FFERL SSR, RpRFIY, ERFIY, BIEE
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1. 518

YT, ek PR EER, HAE 375 M&E, 3200 MR, Tz oA T A,
HAEREA 95 M, 20 411 RF[L]. +FIEFHEDRIMRE L, BBA S &' HMENESE, nasE.
WY, NAWEMEMER LD L5, ANEE WSS ERMEE, TR FEZmRED,
T ICHE Y B A M EN R —[2]. BHRERERRE, BT HEeRMERE I A KR, 4
$Z, JTZAEKSERA, BT EY RN R R e —, fEEHE B S TR E T
A AR B 3] IR, I RKCT B I — ey Fhric R IR e R AN E F= R ANME,
LT E A RFAME R0 LR T — A 405 [4] [5]
fa] . 5 5 /¥ 5] (simple sequence repeats, SSR), X FR N L2 DNA 541, &) Z A7 T AR 4+
—285> FHric[6]. SSR —ME XN 1~6 AMFlFE AR B AR L1 bp FIFF, i (177 512 A X R
SFRIEREE IUT S, SSR AR Zaqm, tEtke, EEWL, 28, 5 TRNEEY =M e b5
FBCON—Fp I FARd, ) 2 S TR AE ZFEE b 8L RS A . BEDR e A A2 FARid
BB FEEAUR[7] [8] [O] AHAZHEFATE W BT AN, BUAEX T AR RHEY) SSR MW 7L R FRT- SN Fh,
I BAN K FH #3555 #5 %5 (Express Sequence Tags, EST)FFFIK ] SSR FE A4 724 [10] [11].
B BLE 28 AR 452 R (0 R A DA S A A R BRAIS, BT H BTN AE, AR RHEY) TP RS
TF[12], BBEFIF[L3], MEETT[14], h3E[15], HEE[16], FeHE([17], THEIF[18], F¥3[12], WHild
SKF[12], ERIFEZAN[19] [20], /KFRIT[12], /DNEhFF[21]5F 13 AMFh D& se i 1 4x 2 BRI 2 I e i AT
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TR T, XA AT TSRGE T FEE AR . RS T A B AR U LA E BRI E,
WA AHT TR B 15 ST AN & o AW FORET HAIERMDA IR AE R, 31T SSR 45
AR AT BRI A AR S Bt e A

2. 5 HZE
2.1 MR

M B L R 40 B4 %2 BRAD  (http://brassicadb.org/brad/index.php) [22] UL K 35 E A #0145 B At
NCBI (https://www.ncbi.nlm.nih.gov/) %5 2 HE 508 i A R #8087 Ae B i 42 2L R 40 7 51 DA R FLAE TR
B, GRS B OLE 1).

2.2. FEER

2.2.1. SSR =A%

FIH Micro Satellite identification tool-MISA [2313K LA 1) Perl A ZEATHE & TR A
SSR A7 pi, AWFFBERT A SSR HIAsERN: 1) —H R/ b HRES, “HILE/DbANKRER, —HiiE
MShRESE, W R/DhRES, TR/ hREE, NP E/bhRES. 2) %1 SSR ZIHHE
/NT- 100 bp B G A—NE 4 SSR.

2.2.2.SSR ALt

FIF Perl BIASSH 45752 1 SSR i 7 A R 025481t 1) SAFEKAFERFF 5 SSR A7 5% H:2) &
MR 1~6 EREICEH; 3) ZFMIFAEMES oA EE R BEE .
2.2.3. FFHIEEL

THAAEA SSR A S TESERIAL 741 EIIIEERE, FIH SSR AL BAF M FACR R RN 2 F#E SSR
AR AL KT JG 7% 60 bp FIFFA, FRIEEEFFSIHh N E/NT 1000 FRAI HiREE T R — 5 51 M0

Table 1. The detail information of Brassicaceae species

F 1 TFERIMEREER

Y4 hT 4 MrAS  EERAMK(MD)  FEH LK (Mb) RACHR A H

[T ENR SR Aethionema arabicum V1.0 199.4 435 Nature Genetics [12] 2013.06
EILEFIF Arabidopsis lyrata V1.0 206.7 39 Nature Genetics [13] 2011.04
VNP Arabidopsis thaliana TAIR10 119.7 321 Nature [14] 2000.12
e Brassica napus V5.0 850.3 100 Science [15] 2014.08
HiE Brassica oleracea V11 385 37.4 Nature Communications [16] ~ 2014.05
T Brassica rapa V15 284.9 49.4 Nature Genetics [17] 2011.08
R4t Camelina sativa V2.0 641.5 113 Nature Communications [18]  2014.04
FR Capsella rubella V1.0 134.8 353 Nature Genetics [12] 2013.06
WH KT Leavenworthia alabamica V1.0 174.2 45.4 Nature Genetics [12] 2013.06
HIFIEGH 1 Schrenkiella parvula V7.0 137.3 34.8 Mitochondrial DNA [17] 2015.08
IKFRIT Sisymbrium irio V1.0 259.5 55 Nature Genetics [12] 2013.06
EHIriEgM 2 Thellungiella halophila V10 243.1 35.7 Plant Physiology [20] 2010.11
/NERTT Thellungiella salsuginea V2.0 233.7 34.1 PNAS [21] 2012.07
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2.2.4. 5|43t

i EIREE I 51 F Emboss (http:/emboss.open-bio.org/) -6 ] e-primer3(hitp:/emboss.bioinformatics.
nl/cgi-bin/emboss/eprimerd)#HAT 5 P& T, WESECN: MinTM =55, MaxTM =80, MinGC =40, MaxTM =
60, Product Size =100~300, numberturn =5. 5I#T15E BRI PRI F R B 15190 26

2.2.5. 5|H5EiE

FIH Electronic PCR-e-PCR (https://www.nchi.nlm.nih.gov/tools/epcr/) [241% & AWH0 T i) 51 076
& H PR FE TR PCR B 38, A4 ReRE /R LAl b 56 59 5 (1) 5| M F B H SR A 16 R SSR
25 5140

2.2.6. 15T M 159
FIF Shell 18 5 HEHULE AN FE R 4L b BENE 3B AT 4 S B B I 514, 6 B A S Ve 38 51 kA7 %0 HL Fn
5 W AE R R 2H i o AR e it .

22.7. @AY 151
BT CEAEE A SSR ¥ (K151 40 5 B A3 B4 R A e DR 4L AT L T4 PCR 374, I Perl DA
Shell 1& = ¥ 76 BT A5 Yok b S RE S 1 (10 51 AR B H SRAE -t AE R R 038 ] SSR 51 4B H

2.2.8. BSSRD ¥iiBEERY#IE

f#iFl LAMP (Linux, Apache, MySQL, PHP/Perl)HE 423k 4T %045 )2 (o # d . ¥/t iBid Dreamweaver
2014CC BRAF R ER Bl P A6 P B0 & L0, KT (1 SSR A7 A1 51 0 B 5N MySQL 5 & 5 B, il
9n'S PHP A Perl JIASSEHLHT & SIS & B0 11 58 HA R -T2 7R SSR #id 2 BSSRD
(http://biodb.sdau.edu.cn/BSSRD). SSR J & LA K 51 # ¥ it R B £k W1 1.

3. BZREHh
3.1. SSR i s ¥ B B AFAE

I3 FACR I MEAT T A R A AR B R R A1 SSR FA 4, 7R FE A LRI T 1,786,619
AN SSR £, TERERFHIFILRIL T 63,915 4 SSR 747, (K475 SSR ) 3.58%. 1E+FAER
YRk 4 2L R 20 7 31, F35)%F 100,000,000 MG ks AR 2 £7 7 324~596.8 > SSR. G P AR JE A 21
[K14%h B. napus 1 C. sativa H: Genome-SSR £l Gene-SSR 1 J& T 1T i . &% #)#f Gene-SSR |5 Genome-SSR
[ LA E (B. oleracea) 1.86%-~(A. lyrata) 6.14% [F)i#4a T FxT () A2 (0L % 2).

ANF SSR B A ML AR KM mA P, fERREE AT HIREER T SSR HE It FEE R
ERRER 5 R —RorE S SSR 2 H oF T 2B H I —LL 24 68.4%, Hike —HcE M =Mt
HE 1) 23.32%F1 7.59% (WLIF 2(a)), SAMIERERE 741 i) = ot EE 1) SSR £ H =ik 79.47%, HkN—
HOCEE M I TEE K 11.12%F 8.47%(. & 2(b)).

XA [F AR R B R 4H 7 41 AN [F] SSR B Bear AR 7 — A4k, HEAMIM e ES
BT H AT A B BRI R . &R A R BTSRRI AL SSR B AR B AHE Y,
Hh “HdEEE N ATITA, =L E 2 1) GAA K TCT FIIUGHIEET () AAAT/ITAAA FES R R A
O ARH . AR =R S T ORI A B H BT ALy GAA MTTCT, 2R S. parvula #1745 GAA
ATTC (W& 3),

3.2. SSR 5[4+ B & E
I 15 A6 AL Rl (4 2 D2 310 L J B R e P B 810 SSR HEAT HE L I BELE T 31 9REAT 7 T
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Figure 1. The route of SSR development and primer design. 1) SSR development, primer design and confirm of universal
primers; 2) Put all the data to MySQL,; 3) The connection by PHP and Perl scripts; 4) Foreground display by Apache

& 1. SSR FF&R AR SIHNZ TR ARBEE. 1) SSRFL, SIMNZITUREFESIIMEBERASIMNHE; 2) KAEKE
S MySQL Hi#EEES; 3) PHP F Perl B S EZATAFIGES; 4) Apache RIS RE RN

Table 2. The statistics of Genome-SSR and Gene-SSR in Brassicaceae
= 2. TFERMIFh Genome-SSR #1 Gene-SSR # B %

A A A B. B. B. C. C. L. S. S. T.

T.
: ) . ] S . . Total
arabicum lyrata thaliana napus oleracea rapa sativa rubella alabamica parvula irio halophila salsuginea

Item

Genome-SSRs 94,773 103,106 50,092 362,529 174,199 145,843 367,769 80,450 61,345 44,482 85,325 110,234 106,472 1,786,619
Gene-SSRs 3,042 6,335 2,647 9,743 3,233 4568 13,008 3,549 3,167 2,724 3,856 3,308 4,735 63,915
Ratio 3.21% 6.14% 5.28% 2.69% 1.86% 3.13% 3.54% 4.41% 516% 6.12% 4.52% 3.00% 4.45% 3.58%

No. of SSRs (Mb) 4753  498.8 4185 4264 4525 5119 5733 5968  352.2 3240 328.8 4535 455.6

Pl PCR ¥ 956, 2%, 1EALNYLFHIh LA 1,919,464 Xt 51 Mwiifise, [RI 722K 751 HH 4 54,619
XF 5 VIR 8 o TEAS [F) (R 40 1 4 6 1R 26 97 w51 420 1 25 5 A (L. alabamica) 112.94 %f/Mb £I|(T. halophila)
1177.68 Xf/Mb %5, 7EFE K 751 A (A. arabicum) 42.65 X/Mb #I|(C. sativa) 139.69 X/Mb AN (.7 4).

3.3. FRMSMMERAS Y

FE A FE R 40 7 5 AN L DR PP 51 v 23 3 4k 1) 435,414 A1 30,141 M4 RE #4854, [FIN 11 XFREE+77%
R 31 () SSR 51 ¥4 5E (Universal-primer-01~ Universal-primer-01), H: 4 H =43k & F C. rubella,
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Figure 2. The distribution of different repeat unit in Genome-SSR and Gene-SSR
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Table 3. The statistics of different SSR top two repeat units
3 TE SSREESR K BRAUNEE FRSGIT

Species Dimer Trimer Tetramer Pentamer Hexamer

Aarabicum AT(11,437) TA(8993) GAA(464) TCT(386) AAAT(51) TTTA(44) AAAAT(14) TTTTA(8) TAAAAT(7) ACATAC()
Alyrata  AT(5993) TA(4539) GAA(730) TCT(672) AAAT(31) AAAG(19) GAAGA(B) TTCGG(3) TTCTTG(3) AGAAGG(2)
Athaliana AT(2641) TA(2054) GAA(514) TCT(475) TTTG(13) AAAG(8) AAACA(3) AGAGA(3) CGACCA(3) CAAACT(2)
B.napus  AT(28,081) TA(19,905) GAA(1435) TCT(1422) AAAT(148) TTTA(96) TTCGG(15) TTTTG(15) TGGGCT(19) CCCAAG(17)
B.oleracea AT(13474) TA(9200) TCT(642) GAA(607) AAAT(77) TATT(44) TATTT(34) AAAAT(34) CCCAAG(7) CTCTCC(5)
B.rapa  AT(10,743) TA(8039) GAA(678) TCT(610) AAAT(184) TATT(161) TTTTA(10) TTCGG(6) CCCAAG(7) TTTTGT(4)
Csativa AT(25786) TA(17,597) GAA(2528) TCT(2368) AAAT(87) TTTC(63) TTTTG(80) ACAAA(6L) GAGGTA(20) GGGTTA(9)
Crubella  AT(5423) TA(4218) GAA(696) TCT(646) AAAT(55) ATTT(54) TTTTG(7) AATAA(5) CAAAAA(2) AAAAAC(L)
L.alabamica AT(6477) TA(5003) GAA(510) TCT(438) TTTA(S5) AAAT(53) AAAAT(13) TTTTA(10) TATTTA@B) TTTTAAQR)
Sparvula AT(4463) TA(3132) GAA(610) TTC(537) TTTA(20) AAAT(18) AAAAG(5) AAATA(3) TCACTC@) TTTTGT(4)
Sirio  AT(6953) TA(4700) GAA(578) TCT(576) AAAT(29) ATTT(17) TTTTA®E) AAAAT(5) CATAAA(2) GGTGCT(2)
T.halophila AT(7128) TA(5283) GAA(698) TCT(614) AAAT(26) AAAG(21) AAAAT(7) TTTTA(4) AAAAAT(2) CCCGAG(2)

Tsalsuginea AT(6960) TA(5015) GAA(685) TCT(590) TTTA(20) AAAT(19) AAAAT(7) GAAAA(4) AAAAAC(2) AGAGAA(2)

S.irio F1 T. halophila 73 5| &5 4%, HAKE T B. oleracea, A. arabicum, S.parvula , T.salsuginea %
Al — 2 (W3 5).

3.4. BSSRD #iBEERI+E M

BTG TR BT AR BRI 5E R, SSR 745158, e-PCR (R LALSEEIMIER, MY
+7 AR} SSR %diE 7 (BSSRD, Brassicaceae Simple Sequence Repeats Database http:/biodb.sdau.edu.cn/BSSRD),
ZHHE PEALEE SSR, Primer, Tools =/Mi%3, F 7 AT LAZE SSR 1 Primer F i+ H SSR 1D 1 Primer 1D %%

MERIEZRA BT SSR AHEGIWIRIK R, [ 7E Tools FLIREHSfH H —LLfi s ) TR, BIEFmELm
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Table 4. Statistics of the SSR primers in Brassicaceae

% 4. +FIERMIFR SSR 3HHG

Species No. of Genome Primes Genome Primer (Mb) No. of Genome Primes Gene Primer (Mb)
A. arabicum 43,217 216.74 1915 42.65
A. lyrata 92,470 447.36 3131 80.49
A. thaliana 25,620 214.04 1899 56.86
B. napus 586,594 689.87 9908 97.91
B. oleracea 210,585 546.97 2584 70.22
B. rapa 71,954 252.56 3659 76.07
C. sativa 403,231 628.58 16,162 139.69
C. rubella 33,039 245.10 2404 67.34
L. alabamica 21,417 122.94 2304 49.13
S. parvula 19,585 142.64 2018 55.75
S. irio 37,828 145.77 3072 54.18
T. halophila 286,293 1177.68 2650 73.41
T. salsuginea 87,631 374.97 2913 82.06
Average 147651.08 400.40 4201.46 72.75
Table 5. The detail information of 11 pair of universal primers
F 5. 11 MBASIMERR
T GIE/E S kY] =Lk
Universal-primer-01 Bol-C08-17368332-17368462 GACACAGCTGCTTTCAAAAA  ATTCAATGTCTCCCCACCTG
Universal-primer-02  Cru-scaffold_1-17431124-17431282 GAGTGGCAGTGAGCTGTCAA AGGGACAAACAGCGTCAGAG
Universal-primer-03  Aar-AA_scaffold6649-155781-155912 TGACATGGAAGATTCGGTTC ACTCGTCAAACATTGCTTCTTG
Universal-primer-04 Spa-Sp6-18047624-18047764 AGGGCACGTGCATTACTAGC AGATGGGCACATGAAGAACT
Universal-primer-05 Tha-scaffold_22-1282063-1282197 CATTCTTCTCTTTGGCCTTT GCACCTGTGTCCACTTCGTA
Universal-primer-06 Tsa-ch1-01-1287940-1288076 CCTTGTACAAACGCTCCTTCA TCCTGCTGTTGATTTAGGACAG
Universal-primer-07 Sir-S1_scaffold2431-6850-6980 CGAGCGCCTAAAGTTAAAAA  ATGACAGAGCTGCGGTGAC
Universal-primer-08 Cru-scaffold_1-429966-430108 TATCATTCATGGGCCCCTAC  TGGTGGCTTGAGATTCTTGA
Universal-primer-09 Cru-scaffold_6-26067-26247 GGAAGATGGGCACATGAAGA TTGAGCAAGATGGAGAAGCA
Universal-primer-10  Sir-SI_scaffold2301-134273-134433 GAGTGGCAGTGAGCTGTCAA AGGGACAAACAGCGTCAGAG
Universal-primer-11 Tsa-ch4-82-2961373-2961507 CATTCTTCTCTTTGGCCTTT GCACCTGTGTCCACTTCGTA

SSR KGN e-primer3 FI7EZAE (LIS 3).

4. g

H1 SSR A R W LAF i, SSR I 20 A T %A AR A S R AUF 21 b, AH BB A 23T Fid
SKidi, SSR J&— P 7t H 20 O BEAR K 4 T ARic [25]. MW FH ) Gene-SSR I Genome-SSR I LE A >k
&, WAV AT AERH DA A R X LU AT 1 SSR ELfl, XM= T+ FAERFr SSR 431

iz g — .
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Brassicaceae is an important family in the plant kingdom. The Simple Sequence
Repeats (SSRs) play a vital role in the study of Brassicaceae.

By using 13 known sequenced Brassicaceae species with biocinformatics and
comparative genomics methods, a total of 1,786,619 SSR loci and 1,919,464 pair of
primers have been developed. The results show that the SSRs are widely distributed
in the Brassicaceae species’ genomes, 1-3 bases duplication have a high ratio
among these genomes and gene sequences, AT/TA repeats units have a high
numbers in all of the 2 base duplication. In addition, 435,414 specific SSR primers
could be used to analyze the correlation between the species of Brassicaceae. 11
pairs of universal primers’ developed shows that there exist some consistent base
fragments and could be amplified across different species.

In this study, we constructed the world's first SSR molecular marker database
platform (BSSRD, Brassicaceae Simple Sequence Repeats Database
http://biodb.sdau.edu.cn/BSSRD) which will play an important role in the
construction of genetic map, gene mapping and genetic breeding of Brassicaceae.

Version100 | LNKS: [ BRAD | NCBI | TAIR | PlantGDB | JGI [ EMBL | DDBJ |

Figure 3. The construction and use of BSSRD
3. BSSRD HIMZ AR fER

6T SSR F AL E A I LLFI LA K& SSR F gt nf AR, — o, ZHon S HorEE N T
DRI ZE RN L R 0 R 43 FF H ATITA LA GAAITCT It i el e, 78 BUS (-8 Bhist 4 K3 1)
R AR o, FRATTRT AR R AR DR 57 Ao g 1) — B s A = B E E [26].

TESAN T TAERH R R e e S8 I 510 LLG e RE ) B B R 8 7, 383 4% 7 i DA R asi A% 1]
WA R REAF B2 (2% AR [8] . [RIRE 11 X638 F 51 04 3 H ket o DS AR R HRIRE P AR 5] 5
BRI S 8 R T s Bl

e, BT AR AT £dE, BATE T 168 SSR £ & BSSRD fig /7 &A1 AT3 2IW AT SSR
ARG R BT 1 & A0 51 015 Bk AR AR R L T (B2 5T . 721800008 R 7E 26 1) SSR 4 TR LA 51
Yt (A8 B T R A R TAEE St TARKHER] o 4 0 1) 25k R 4 DA R ik DRI 0t 7 A b AT 2 I
I 1) 25 BE RO e o FRAT AR IR AN B8 A DA S (R O6 T+ e R s AL G A, SR DRE A, R
YA AN I AL B MR S R E AR .

5. &ig

AP B+ FAERI A ) L R A P SURBE R R 51, HEEH 1 H P i SSR A s, BEAT 1 & 4t
T T, XX AL (AT 1 SIBEE AL R R S D AE L S AR, n AT EE T BSSRD 71k
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