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The aim of this studywas to develop genome-wide microsatellite (SSR) markers for whiteleg shrimp Litopenaeus
vannamei using a reference genome-based in silico approach and evaluate their applicability for genetic analysis in L.
vannamei populations. A total 0f 9,123,781 perfect SSRs were identified from the reference genome (ASM378908v1)
using the Krait software, and 96 candidate loci were initially selected. After PCR amplification and genotyping, eight
polymorphic SSR markers were validated and selected. These markers were evaluated using broodstock samples
(n=82) that were collected from three L. vannamei farms. The number of alleles (N, ) per locus ranged from 6 to 12
(mean=8.6), while the average observed heterozygosity (H,) and expected heterozygosity (H,) were 0.737 and 0.7338,
respectively. All markers exhibited polymorphism information content (PIC) values above 0.5 (mean = 0.685) and
null allele frequencies below 0.1, indicating high informativeness and low bias. Genetic diversity analysis across
the three broodstock populations revealed consistently high heterozygosity, minimal inbreeding coefficients and no
significant deviation from the Hardy-Weinberg equilibrium. These results demonstrate that the developed SSR mark-
ers are reliable and effective tools for population genetics studies and selective breeding programs for L. vannamei.
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of =Atste} 4 71uk we] o) dagdo] A7 =aL itk E
o} 31 ) (white spot syndrome virus)# -4 7H T A
(acute hepatopancreatic necrosis disease, AHPND) 5 Z| 4]
QAR O] ZA FA| A AT ] Aatd g ol STt
d Q42 Z8-5)01 Qlch(Park et al., 2020; Kumar et al., 2021).
25 9 S W AAE AL, oA A 27}
ik o} QLA grob AR HHAY Al Al tf-g-o] of -1, &
% 913 el Aol o3 Satoll girk(Han et al, 2019)
A& 2023 d0ll= AHPNDZ} A=t 0 52 S| HA Af$-
p4] Aol BRI, WA Mo A% Ajelo] 2
A AT ol2RE 2] FHeFdS AR 9] bt A1 7t
d= Aol o gl A aQlom Argsh, AW At
2Hg A5/ ol St ANAIE Adshy] ffRt A 71955 7]
=9 =9 FeAS v F4A71AL Slh
U] 4] @Fol| A Z-8-El= SPF A2 o H-2 3l €] o A
Lo, 82 Zek W chepy el ZuwloAle] B
ARtA Q1 Aot 53] AlgHe AlE oA o] v
1402 04 by Aaet 444 98
Fe/dol glom, ol= 4t Auke] 2|4 72
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Microsatellite (simple sequence repeat, SSR) 1} = R
7F I A Arte] 2] fasl= 445 7HAH, $
o} A (polymorphism), 5-$-4(co-dominance), PCR 7]¥
A19] golid T Aoz Qlel A=) FAdsh 9l £
& ¢kl @] 2-&-FIthWenne, 2023). SSR uH# <= 7HA] 4]
H, 44 ohebd B7h AE 2 24, 2R Q1 5 TRt
2okl -85, Bl A Au]g-o = 2§ 7t aaA el &
2} upA 2 H7HE T Vieira et al., 2016). £3], A d71A4
o] ELA] 7]<:(next generation sequencing)2] e SSR wlA
£ FAA AA 2ol LasE g skal AEe o= oA 5t
of, TRt AMYE Fol A A=Y vhA A 71551 oF
31 QJth(Hung et al., 2016; Ariede et al., 2018). Stz Af-$-2]
A%, kA ofl= EST (expressed sequence tag) 7|5t = HA}
3 7)1k} SSR B2} 213 A g oL, 0] Aihe m
SFA] oL Hhg Al G ek thg Aol Algo] Qlof A8 Ho
A 280 AHeko] 9lotH(Perez et al., 2005; Ren et al., 2022;
Mangabeira-Silva et al., 2024).

2 Aol A= olegt IS Bt 7]sR4A E B|et
S0 JoS ZTE A nhA SHFE SHE SR 61 9
3} National Center for Biotechnology Information (NCBI)®f|
S5 ST A FHA(ASM378908v)E B SR
Krait 432 E.9]0} 2 283 perfect SSR 11715 S5}tk o]
Z 0374 AA o] w2 npAE Adste] Zefo|wF AA st
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31, AR AR S A0 2 PCR FEA4T G484 S4S 3
7¥ero =y, FAckel 4190 A A1, 214 ke, B2
2§ 7153 SSR k7] AES At shoct.

Mz H L

AE 2 Genomic DNA =&

At A-F-2] microsatellite 1HAE 7ol AR A& F
8471 A = 2023\ A4HA S FA1 371 ax(A A, n=22; B A
o, n=30; C et n=32)0f|A] ghE ¥ Wol5S oz 4
S} tH(Table 1).

Bk A]$-2] genomic DNAE DNeasy® 96 Blood & Tis-
sue Kit (Qiagen GmbH, Hilden, Germany)& AM-3}o] A=
Aol wj ol wpet 2EFch 48 24 25 mgS E-tube
of] ¥al ATL buffer 140 uL®} Proteinase K 10 uLE 3 7}3t
%, 23tsto] 56°Col| 4| 8AI17E BEG-A Tt ©] % AL buffer 180
uLe} 99% ethanol 180 uLE 713t F, &3&=< S-Blocks
2] DNeasy 96 plateo]| 274 8,000 rpm (6,000 g)o.= 1&7F
AAEZ5FLE 0]o] column plateE W A3} AW buffer
450 uLE H7lsto] BUS 2708 187 YalEesigich
22 720 2 column plateE WA SH & AW?2 buffer 450 uL
£ 73kl 20,000 rpm (14,000 g)ofl A 327+ 422|313
th o]% AglS ¥7] Foll AERAA ethanol& A Ak, AE
buffer 100 uL= Z7}5}k0] genomic DNAS §%319ich %
 DNAL BHHEAS o] 8] 522 2453, 44 prx
3| 5ho] Aol ARE-SFAITE H-2> DNA= ARE- 1 7kA] 4°Co|
A W s,

Microsatellite EfAH 2l mato|H A

Bt} 2| A (L. vannamei)®] -4} vl 7S $)s) NCBI
o 52% =z GAHAl ASM378908v1 (2018.11.16.)2 &-&
3FT} Krait v1.3.3 AZE 90| & AFE3}o] A4 U] SSR A
-5 =319] 0, annotation A H-Z 79k & SSRO] 91X S
exon, CDS, intron 5 7|54 Jo9¥d = BRsl4ch

R o] A= B-91A SSR (imperfect SSR) @ =3t SSR
(compound SSR)= A| 253, $H W -2 5 74A] = 2hEel
SSR (perfect SSR) & A 3}9Ic}. 0] k2 500 bp 99
A A71ME R TL 755 SSR Foll A, FHA ol 2

Table 1. Collections of whiteleg shrimp Litopenaeus vannamei
samples used in the present study

Sampling name Year of

No. (abbreviation) collection Number of samples
1 A pop 2023 22 (2 713 15)
2 B pop 2023 30 (? 15/3 15)
3 C pop 2023 32 (2 18/3 14)
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M

Ao 2 AEE intron Y $AH oz Mutslal, 27tE
exon @ CDS 4ol A= SSRS A3}ttt

AHkE SSR vl Foll A= BHE T =71 83 o) 4olH, 2-3
A 5o ukE RE|ZE Z33 upA S $AF 02 sl
c}. 2% SSR up#| F1of| 3] Primer3 AZE o] 243
Sefo] S AASHEOR, WhE A D] et Al G AN
© & oF4 ¢l PCR $E0] 7H53l =% Zafo|u] IS A3
ak3ich.
Microsatellite 02| PCR 5= % 43

o

A microsatellite 19| 5% 7Fs/dE& HESH] 8,
7} A eHA, B, C)oll A 470 A1 4] 5 127041 & A 5to] PCR £-4]
& 45h9ich POR ¥hg ERES 3 10 uL2 THE|0
10 x Ex Taq buffer (Mg?* 22&}) 1 uL, ANTP mixture (2.5 mM
each) 0.8 uL, TaKaRa Ex Taq polymerase (5 U/uL) 0.1 uL,
forward ¥ reverse primer (22} 10 uM) 0.3 uL#], template
DNA 0.5 uL, 18|31 et S742 A S Sl

S22 Veriti™ 96-Well Fast Thermal Cycler (Applied Bio-
systems, Waltham, MA, USA)E Alg-3slo] th3 242 =4
© & S E|9ITh 95°Col| Al 1057 AL ¥4 T, 95°C 12(H
A, 54°C 1¥8(annealing), 72°C 1A 353] HHE519 0
o, 72°Coll A 723t 2§ A4 skt PCR -34S
1.8% agarose gel A7]| 952 E3f Folsly o, FZo| &9l
=l up7]of| gj3f forward primerof| &322 (6-FAM E+= HEX)
2 23js)el $UT 2408 PORS W St o). B0
A% PCR AH=2 GeneScan™ 400HD ROX size standard2}
Hi-Di Formamide 5 23}5to] 95°CollA] 247t #1733 7], ABI
PRISM® 3730XL Genetic Analyzer (Applied Biosystems)=
ol-gsto] T 7|5 #A5T o] IS Faf kA & o
2Ql 53 of 3o} FEAO| et 7] Slslgic.
Microsatellite O &84 4% ¥ |RUN Ly
24

d

20236 A4 372 QAlolA BE kS Hake
= 25 FE microsatellite "F7 9] A& S0 )
ul7] 9] thEA A E X4 (polymorphic information content,
PIC)& Cervus ver. 3.0.7 (Kalinowski et al., 2007)] tfH-&
AR Wl BARS #-8-8ko] AbEskgint Null 7 4be
MICRO-CHECKER (v2.2.3; Oosterhout et al., 2004)5 53|
Z}ol5}+Sit). Arlequin version 3.1 (Excoffier et al., 2005) 43
EQJol& o]-&sto] tyd-f-3At 4=(number of alleles, N, ), ¥+
zk o] % A 3HE(observed heterozygosity, H,)), 71t o1& H3H&
(expected heterozygosity, H,), 12|11 Hardy-Weinberg %3
(Hardy-Weinberg equilibrium, HWE) o] o] 5 & H.A3}
t}. IE3F FSTAT version 2.9.3 (Goudet, 1995)E Al-8-5}¢]
ot 3712 B A Y-8-A A} 4=(allelic richness, AR)2} -7
vl| A|<(inbreeding coefficient, F )& AF=3F3iTt.
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2 f8 2MS 2I8F SSR Ot 2 B

B Aol A= Slcke| AL, vannamei)2] 324 thefA] &
A5 98)l SSR wHAE 7Ndstal 2843 HrkstalA}, A&
AAE 7|HEo2 vpA S gAskal AA oF4] ZiATS e
B fHshy 241 4=9siqitt. WA, SSR ulA Aol 4
L9} Eo|S EHE] Yol AFRE ZR SHA e 7R E

e FAeH AckEAle- A FAIAI(ASM378908v1,
1.66 Gb)= & 1,663,581,301 bp= A E]o] glom o] Z A,
T, G, C2 Bgs] 7184 f1 A7]14 282 oF 1.62 Gbz 14
€] 97.26%°l| siF3tet. F-4419] GC -2 36.69%, N %7
&2 2.74%3 SSR wh#| T o] Hehdof FaFs wx|A] ¢
L 2L #0183 tH(Teneva, 2009; Sigang et al., 2021)
(Table 2). F= GHAES 7|42 Krait v1.3.3 AZEY ]S
o|-g-5k] perfect SSRE B 2}, 3 9,123,7817§2] SSR
o] AZEUeH, ol 59 HhE Lol & FARE & o= 9k 295
MbE AA FAA Y] F 17.76%= 2}A5F¢ic}. Bt SSR &h
£ 710l 32.38 bpPlov], 444 | Mbg Bt 5,638.8712]
SSR 22K loci)7F 2 Sk, WhE & ol & 7|E o= 3
At WEl 182,539.22 bp/MbE UFEFGTHTable 2). ¥H2: &
& B3 di-nucleotide SSRO] 7,250,157/ 2 714 B3k
™, tri-, tetra-, penta-, hexa-nucleotide SSR-2 2}+2} 628,31171,
654,4747), 60,1357}, 10017171 & L}EFTH Table 3).

Microsatellite Ot Mgt

SAE SSR ] % HAle) HEAT AT} 4] Al Es
Tejste], 2-37) Q7] RE| LS 74A| 0] 24 85] o] ukEEL

Table 2. Genome assembly statistics

Item Value

Total number of scaffolds 4,683
1,663,581,301
1,618,035,433

Total length of sequences (bp)
Total valid length of sequences (bp)

Unkown bases (Ns) in sequences (bp) 45,545,868
Percentage of unkown bases (%) 2.74
GC content (%) 36.69
Total number of perfect SSRs 9,123,781
Total length of perfect SSRs (bp) 295,354,926
The average length of SSRs (bp) 32.38
SSRs per scaffold 1,948
The percetage of sequence covered by SSRs (%) 17.76
Relative abundace (loci/Mb) 5,638.8
Relative density (bp/Mb) 182,539.22

SSR, Simple sequence repeat.
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Table 3. Distribution and characteristics of perfect SSR motifs
identified in the whiteleg shrimp Litopenaeus vannamei genome

Motif type Nusr’nsbsg of Progzr)tion Avera(%% ;ength
Mono 430,533 4.72 18.49

Di 7,250,157 79.46 34.84

Tri 628,311 6.89 23.52
Tetra 654,474 717 22.92
Penta 60,135 0.66 28.67
Hexa 100,171 1.10 32.65
Total 9,123,781 100.00

SSR, Simple sequence repeat.

&, Zeto|u] §IX], FEANEC] 27| 55 TUH 02 aejsto]
% 967112] SSR HHAE 12} SR &2 M8t 12} $1 npA
52 S 2 PCR 53 o] 5o} HARE9] 27] 52 ERlgh
A} 52719] upA 7} P A 0 2 FZE 5] o] microsatellite 117
TR ALt o5 5271 TR uh o] FF #2(6-FAM
E2 HEX)S 2akeh & 94 BAS Sasigon, g
FAIARE] 4= B A7) wol 5 VRke & et Ay, HFA o=
8711 9] microsatellite W75 4125} TH(Table 4).

Microsatellite Ot &8 43 ¥ |8 YA
B A
ey |

2| AarE 872 microsatellite UHA Q] EEAL HZ3)17)

Sfal, S Tkl FA 3AA(A, B, C)olA BHuat of
o] TRGUT, n-82)2 o= 5 B4 BAL 4y

Bl

Microsatellite 1} 9] t}&E A 4 Ha2FS UE &= PICE
0.685% Lhehion], 744 =2 ZES [Vms 09 (0.793), 7}4+
Lo ZFS [Vms 18 (0.545)% <1 ¥ gtk Table 5). 2E 17
O] PIC gto] 0.5 o[ o.=, o]= w2 thg Ao 412 =5 vt
o= A AP 9 ek 7F 23} B4 {83 02 Hrt
I th(Serrote et al., 2020). T3+ null tjF-FA=}F 24 A3}, A
A 870 A % 27H(LVms 24 2 LVms 27)°l|A] null o H--4
A7} AEE 9 oH, 747ke] k= 0.0716 E 0.098= LERy:
th d¥bA o 2 null tfH-FAAF RIE7E 0.1 w|eko]d - &
Aof mj2|= Gk Azt ol 518 7hedt o=
H(Dakin and Avise, 2004; Chapuis and Estoup, 2007). w}2}A]
2 Aol A ZRIE null P -AARS] Bl AA] 58 e U
of glof, A AlZ| ) npA o] A8 AfiehA] b= Ao ®
Tkt ol2et Adte S| v o] A E AT
Aol A 21k 4 (highly polymorphic) nHA = 7HEE= 7]
(Liu and Cordes, 2004)2 5532 2Julsh, 74| A4,
o R 5 ookt R B4 o) ARtet =R 2 7hs et
& AAp.

24 AR N, IO 107) Afo]2 s 00], 3
o 7 E SRIE Ik H 2> 0.364-0.955 ®H 9= B4t 0.737,
HE% 0.554-0.879 W= Hat 0.7382 YEFGTH(Table 5). ©]
A% H S H7F R 220 5:2(20.5)% W11, 92} 7+ Ao
£ 2 A4<0.15), 3 ohrhs o] S<sia ek v

Table 4. Characteristics of 8 microsatellite loci developed in whiteleg shrimp Litopenaeus vannamei

Name (id) Primer sequence (5'—3') Repeat Dye Observed range size (bp)  Locus
F-GTAGTATAGCCGTCCGGGAG

LVms_09 (ACA),, FAM 124-160 CDs
R-CGCTGTTCAGGAAGATGACA
F-GCATTCCAGATAGCTGCACT

LVms_18 (TC),, FAM 172-182 Exon
R-AGCCTATGCATTATAGCCTGC
F-TTCAGCAGTCCAATACAGCC

LVms_22 (AGA), FAM 180-201 Exon
R-ACATTCTCCACCGCAAGATC
F-GAATTTACGCATACGCAGGC

LVms_24 (TC),, FAM 195-207 CDs
R-GCAGGGTTGGAGAAGTACAG
F-CCTACGTGGGCTATTGGTCT

LVms_32 (TC),o HEX 190-210 CDS
R-CCGACACTTTACCACTGCAC
F-ACCTTACCTGCCTATTTACCA

LVms_33 (AGG), HEX 197-218 CDS
R-ACATTCCAACGACGATGTCA
F-TGACCGTGGTACCATTCTTG

LVms_27 (GA), FAM 303-319 Exon
R-CAAATCCTCCCACCAGCTTA
F-TGGATCTCTAAGCTTTAGCAGT

LVms_28 (TG), FAM 294-318 Exon

R-AGGCAACAGTTTCTGGATTGA
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]

o[ B4EA Agol Ho] TPy BAol A Ao B
S tH(Taniguchi, 2003; Liu et al., 2022).
ek W 72wl o RE Brksh] Sl Fi B wARt 2
I}, Bt 0.002% Vrepiom, 4h0] 11 9]=-0.323¢]141 0.403 A
o] $tH(Table 5). o]+= & ¢15-of 23k Slrke] A9 et ol
A} 7#219] 1Ll (random mating)7} ] 1AL Rl o.m, T3l

U= A0 =2 eyt o] 2|gt A3k= Zhang et al. (2023)0] &
g F= W A7) A Al 5-AIThA 2]3E(H,=0.446,
H,=0.566, F,;=0.057) ¥ Ren et al. (2018)0] &= 21} 227
FA ol A ﬂiﬂ 367 Al5-2] Bt A E(N,=5.85, H =0.66,
H,=0.69, F, =0.08)¢} H] &t of, & A Ftho] o] 52 o]

E
TR, Hok o S F 8 wolol, 40w 404

W2 QlFh 27 ThebAl 7t Sfao] W Ao e,
235+ HWE 2
A A1} 8719] microsatellite 1} XFo)| A Bonferroni &7

QL oA 24 o

(0=0.00625)& #-&3t G214 7
gho| Th2hE| 7] kol AA] Keto] &

H= O
TE’.D—:}-\_

a7] 19

A7ollA SAA SR frolgt o]

A2 P A E A5

chopgo] 3 obgHel 9 &

O.

o

T 28y Tong et al. (2009)2>
7t AsEesE 544 tefdo] "ak At

25§25 Qs ow B

a2 -

Al

s}l 27} o}

A G4 =l 3K germplasm degradation) 2] 913 o] ZAgHchar
A3t e, ol & ogslr] sl o Ase] F714 % 7

Table 5. Genetic diversity indices of 8 microsatellite loci in three whiteleg shrimp Litopenaeus vannamei broodstock populations

Loci Locus Mean.
LVms 09 LVms_ 18 LVms 22 LVms 24 LVms 32 LVms 33 LVms 27 Lvms 28  allloci

N, 10 3 7 3 10 6 5 6 6

AR 10 3 7 3 10 6 5 6 6

H, 0.955 0.727 0.682 0.364 0.909 0.773 0.591 0.955 0.744
gggg) H, 0.841 0.554 0.592 0.604 0.879 0.711 0.689 0.770 0.705
o 0138 -0.323 -0.156 0.403 -0.034  -0.088 0.146 -0.248  -0.055

PIC 0.803 0.463 0.544 0518 0.845 0.642 0.623 0.712 0.644

HW' 0.934 0.171 0.885 0.023 0.912 0.957 0.054 0.212 0.518

N, 7 4 6 6 8 5 7 8 6

AR 7 4 5 6 7 5 7 8 6

H, 0.800 0.533 0.567 0.833 0.667 0.733 0.600 0.833 0.696
'&Egg) H. 0.793 0.593 0.597 0.820 0.732 0.706 0.803 0.817 0.732
Fe -0.009 0.102 0.051 -0.017 0.09 -0.04 0.256 -0.02 0.052

PIC 0.748 0.497 0.547 0.779 0.689 0.639 0.758 0.778 0.679

HW' 0.507 0.365 0.166 0.926 0.889 1.000 0.019 0.626 0.562

N, 10 6 5 7 9 6 7 9 7

AR 10 6 5 7 8 6 7 8 7

H, 0.844 0.844 0.813 0.719 0.906 0.688 0.625 0.719 0.770
g}fgg) H, 0856 0720  0.764 0.782 0843 0725 0774 0747 0776
o 0.015 -0.176 -0.064 0.082 -0.077 0.052 0.195 0.038 0.008

PIC 0.827 0.674 0.712 0.736 0.808 0.676 0.727 0.698 0.732

HW' 0.425 0.194 0.338 0.437 0.748 0.006 0.003 0.520 0.334

N, 12 6 8 7 1 8 8 9 9

H, 0.866 0.701 0.687 0.639 0.827 0.731 0.605 0.836 0.737

Meanall He 0.830 0.622 0.651 0.735 0.818 0.714 0.756 0.778 0.738
loci  F.  -0.044 -0.132 -0.056 0.156 -0.007  -0.025 0.199 -0.077 0.002
PIC 0793 0.545 0.601 0.678 0.781 0.652 0.703 0.729 0.685

HW  0.622 0.243 0.463 0.462 0.849 0.654 0.025 0.453 0.471

N,, Number of alleles per locus; AR, Allelic richness; H,, Observed heterozygosity; H,, Expected heterozygosity; F

s’

Inbreeding coef-

ficient; PIC, Polymorphic information content; HW, Hardy-Weinberg equilibrium. *Not in conformity with Hardy-Weinberg equilibrium
(P<0.00625, Bonferroni-corrected value)
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