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Abstract

Banana prawn (Fenneropenaeus merguiensis) is a valuable prawn in the Thailand market.
However, cultivation of this species is'timited owing to difficulty in culture management and
limited knowledge of reproduction. Therefore, this study aims to develop the cultivation of
this prawn using testis grafting technique. Testes of banana prawn were grafted into white
shrimp (Litopengeus varinamei) and black tiger shrimp (Penaeus monodon). Results showed
that ‘the survival rates after grafting of white shrimp and black tiger shrimp were 91.4% and
809%, respectively. Thus, we used the white shrimp as a recipient for further experiments. The
testes of banana prawn were stained with PKH26 red fluorescent dye for tracking. After that,
the stained testes were grafted in to muscle of white shrimps. The white shrimp recipients
were collected after 1, 2 and 4 months after grafting. The recipients were observed under a
chemiluminescence and fluorescent stereomicroscope. Some of grafted testes still showed
the red fluorescent after 4 months post grafting. Moreover, the grafted testes expressed the
DMC1 which is the germ cell marker gene during spermatogenesis. These results reveal that
the grafted testes still alive after 4 months post grafting. Therefore, there is possibility to apply
this technique in shrimp in the future. In addition, this study reported the genes which could

be used as germ cell molecular marker for banana prawn as well.
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1.1 msﬁnmmwﬁﬁuﬁ:ﬁwﬂﬂ (Fenneropenaeus merguiensis)
nsfnwsARuIne fnstaeunsistuesdsmeniusi il
Kingdom: Animalia animals

Phylum: Arthropoda

Class: Malacostraca
Order: Decapoda
Family: Penaeidae
Genus: Fenneropenaeus

Species: Fenneropenaeus merguiensis
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lulasdns @eUfisenusznounds 10 mM dNTP aulasl AMV Reverse Transcriptase wag AMV

Reverse Transcriptase 5X Reaction Buffer U5uusuinsaisiinaulinaannleseunazioulysl

'
a

RNase wauliidniu ynilguundl 48 asrwaidoa 1Junan 2 9alus 81 DNA Alalunsiaasu

9 Y

a

ANINAIEEY B-actin iU cDNA Mgl -20 srwaided aunitasinlly

9
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4.1.3 115911 RT-PCR

Y

1ieg13 cONA 1nsHadeunsuanioonvadugiemailn PCR IneUsinnssaummunes
UFASe ity 25 lulasans Saneluufisen PCR Uszneuludenduiiusiminlessuy 10.5
Tulpsanas, ANTP Aty 10 fadluans Usinag 1 lulasang, 5X Green Gotaq Flexi buffer Usanms
5 lulasans, MgCl, mnutdudu 25 fadluans Usuns 5 lulasdng, Gotaq Flexi DNA polymerase
US11m5 0.5 lalasans, nsiwesduanududu 10 laulasluans 1@y forward way reverse ag19ag 0.5
lulasdng Evuiardlolnduednsuesuandunsnsdl 1) uag cONA Fuwuy anudiudy 500 wilundu
Usums 1 lulasans Tnegamgfifldluufisen PCR weadlu Actin fo initial-denaturation 94 B3¢

a ]

WwaLgYa 5 W 91U 1 58U MUY denaturation 94 BarmaALTYE 30 TN gumnilkaviandmiu
annealing wanslum13197l 1 waz extension 72 asrnaaided 30 Jundt 1usiwau 35 seu wag final
extension 72 ssrnwadod 7 uiit Wusiuau 1 sou antuiin RT-PCR wiiasizsinalneds
Electrophoresis Ul 1.5% agarose gel T 0.5x TAE buffer finausag GelRed® Nucleic Acid Gel Stain

udhluanegusersesanenimaaiu Platinum HD2D-59LS-26MX Btfe UVITEC

A15199 1 lwsesilaluanuide

Gene name Primer name Primer sequence Annealing temp.
and time

DMC1 FmDMC1-F 5'-GACCCGAAGAAACCGATTGGCG- 3’ 67°C, 30s
FmDMC1:R 5'-GCCTCCTGCCGTGATAGCGAAG- 3’

Cyclin A FmCyclinA-F 5'-GCTGCGAAATATGAGGAGAT- 3’ 56°C, 45s
FmCyclinA-R 5'-TATGGCAGTTCAAACGCTA- 3’

Cyclin B FmCyclinB-F 5'-GATGTGGAGGAGGAAGC-3’ 60°C, 30 s
EmCyclinB-R 5'-AGGAAGTGCAAGGGAAGG-3’

Cyclin E FmCyclinE-F 5'-CTGTGGCTATGCTCACTCCA-3’ 60°C, 30 s
EFmCyclinE-R 5'-CTGTGGCTATGCTCACTCCA-3’

Nanos FmNanos-F 5'-ATTGCCAGAAATCACCAG-3’ 59°C, 30 s
FmNanos-R 5'-ATTCTGCCGTGTCAACAT-3’

NASP FmNASP-F 5'-AAGGTTGAGGCTAAGGAG-3' 62°C, 45s
FmNASP-R 5'-CACAGGTTCAAGAGGCAG-3’

MARF1 FmMMARF1-F 5'-TGAGGCTTTTCCAGTTGCTT-3' 64°C, 45s
FmMMARF1-F 5'-TAGGGGATAGGTGCAGTTGG-3’

Actin universalActin-F | 5'-GCTACAGCTTCACCACCACCG-3’ 58°C, 30s
universalActin-R | 5'-GATGTCCACGTCRCACTTCAT-3’
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4.2 In situ hybridization
4.2.1 NMIAWATIZANTU RNA

3511991 in situ hybridization 3¥ANLAUNITAINTTN15VOS Nagasawa et al. (2009) uag
Okutsu et al. (2010) TnpBuitaulagnlrauidnanadin pGEM-T-easy ndsntudulngy antisense
LLag sense Qﬂﬁamswzﬁé’wﬁm kit digoxigenin (DIG) RNA Labeling kit (SP6/T7) (Roche, Germany)

MUATDUDIUTEN

4.2.2 MIATENRIBE1NY

fanafuasidennfoauuliuds 9nUwAY testis way ovary wiluinen fixative uazidng

Y
LY
o

NITUIUNITAIUI9NAINAIDYNABLENIUDATIAMILTNTUAN 9 wazunuiiuismentsiu lagld
\ASeuTENAIRE 1T Wle (Leica Ju TP1020) ntiuiliaidevsgnildluuiondieinias embedding
(Leica 31 EG1150H) wazgnanliduunuuis o darunun 5 luaseu i microtome (Leica g1

2125 RTS) kagnavuabanwiinauaziinluvinnismeassludunsumsld

4.2.3 NM9essualaniaLolaznsIvdeuna

(%
Y Y

alannilfegrandeinisAinwingiuneunisiernisiiiueen Aalasiiegeudasiy
ansazangledu (Xylene) 1 Wwa1'10 Wil Tnevinga 2 ass uarhluudansazaneeniuoaninududy
$owar 100 1Wuian 5 uadl v 2 ads udluansavatsloniueanuiduduiosay 90 1Wulan 2

9 wailuansazaeemiusan Uit usesas 70 Wulan 2 Ui wazusluansazaigeniusaniny

(%
Y

Wudusesay 504087 2 Wil wdidnaineansazane PBST 2 wnil antiuthalandiedsgiuneu
Re-fixing Aa tnalansiesae fix 18 4% PFA 1nlUlwgnuuiATeuen meanulse 100 seuneuni
Wuan 20 Wl dispsunianiunaisivansazaie PBST 5 uil antuthalandiedsndalinud

wiuuwuly ldasludninesniiansazane acetylating WaIININISUYU ARE 9 NEAA1TALANY acetic

acid Usuas 5 faddns undladdiegliluaisazarefioamaivienduna 15 uiil dieasunanh

Y

1%
Y

dlansiiod1s aeeeaIsagay PBST 2 u1¥l v 2 ASY A1nTudIdIuneunIs pre-hybridization
Tagthalandiegnsihuudluasazaieil Formamide (WAKO) wasluansazany 20XSCC (pH 4.5)

3 Y o 1Y < | ~ A a v I =
LLﬁ%uqﬂﬁUU’i'lﬂ‘i]']ﬂi@E]au UINVYINIEAINULII 100 FaUNBUMN NYUNNUNDY WJuULIa1 30 U

(%
o

JURBUNITNN Hybridization w3sna1sazatetwines NlauUsznauvee Formamide 20XSSC (pH

a o 1 a o 1

4.5) tRNA (10 dadniumediadans) (Heparin 50 dadniunaiiafans) 10% SDS DTT wag dextran

a

UnueauliiiduaIniu@y DIG-labeled probe AULTNTY 50 — 200 urlunsudafiadans 1ntu
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el dhluunneamall 85 ssrwadea Wuan 5 wiil Mntuhinwesananyiuias 50

a

lulasans veauudladdiegne Uasenisiilan uddldlu hybridization chamber tiluuuiigaumgil

65 peAwadea 1WA 16 9lu9 WHoATUNAaIED Wndtunaunisatslnsy ialandiogawaly

Y

a

a1sazaenusenaulumie 50% formamide wag 5XSSC Naanndl 65 asAlwaLded Wuan 15U

9 Y

i1 2 A59 ndutnalasiieg1enle wiluansazaneiusznauluaie 50% formamide kag 2XSSC

a

Rounniles asrwaldea Wuian 15 il ¥ig1 3 a9 wazinalassanainuiwyluaisazaen

9 Y

a

Usgnaulude 50% formamide way 2XSSC lu PBST fignumgil 65 sariwaideoa Wulian 10 undi

Y

1
I £ 14 1

& o v a v a I3 &
"\]r]ﬂuuu’]ll']')’]ﬂi']mQmﬂ{]ﬂﬁ@ﬁﬁ]u@qmﬁaﬂa@aﬂL‘Uut)a'] 20 UM f\]’mum‘mqj%umau RNAase

a =

treatment lneudaladmeagdluaisazatetmnes NTE Ngaungill 37 osrwadea unan 5 uiil

Y

'
a

1ndudruugly NTE buffer 73 RNase A (10 dadnsusioliadans) nawey Noungid 37 997

7
a 3 = & o & o ' It Y] s a a
WwalRed tUulIan 30 U 3NNUU U’]ﬂlaﬂmﬂl@ﬁﬂﬁﬂ’]LL?IIUﬁ'ﬁ@%'ﬁ’]EJ‘UWLW@ﬁ NTE ‘I/IQZUVIQM 379361

a

warded Wuvian 5undi ving 2 Ase 91ntudns RNase Tagldansazane 0.5x SSC Ngaumadl 65 o9A

Y

v
a v a LY o

= < A o o & & o vl &
Wwalggd LUuULIaN 20 YN 191 3 ASY mﬂuuuﬁmmﬂl’mamﬂﬂmﬂaﬂ WuLan 20 U nUUU

9 Y

oY

(% (%
[ Y

dladdiegraundnsiearsazaty TBST Wunian 5 widl ven 3 Ase Wndduneunisundegaiu
antibodylaata3es Anti-DIG antibody solution Iaglaansazae DIG antibody 2 lulasdns wauiu
1X Block solution 1 fiaddns drumaulidniusazinuimyumies 13000 seusswidl uan 5

Wi wdnhunveauudladsiegas 200 lulasans Uasensfldy vuiigamaivies WWunan 1 43l

Y

LW9ATUAILLIATIAIRUARAIYINN1TA1S antibody dautiusenlasiialandiegsualuaisazais

TBST Wuan 5 wiil e 3 a5 wasdrdgtuneunisyilimindseuiisen BCP/NBT nsundlad

& r-ﬂll

luansagaty NTMT 913 NBT/BCPraueg 1eligunaiivies 4audu easuniuiaiininue

ATIvdRUNaNIARINILlAnGeansIal lnedunadiaiiinvy

5. N13A333dauNan1sUgnaneLtilaidia gonads vasdenytleludedqaiudae

Wgoaisaidud

deviinisugnany testis vaadewytisludafeunlaidussezing 1, 2 waz 4 Wi fev)

[
v o

WuITgnduIuNenTIIdauNanIsUgnailaiiasematiangestsawus lneasldasesile

Wemans 2 sliareiu lawnn3ed chemiluminescence wagndetganssAusiinainaslowuud

1% v o 1%

arunsansivdeunargealsaldudla lnsludunsuusniedisugnasivasunigLnos

9 Y

chemiluminescence (VILBER §u FUSION SOLO S) tiianisnuniafiiin1sisasias nnduiileidie

UShatulzgndessiariendeanssaiviinawasle (Nikon Ju SMZ18) liedudun1sisotuaauasty
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Wagenusng wazvihnisanduiieidausnadinaliietdiuinsisaeunanisugnaiesieimaile

molecular marker aalu

6. N13ATIdBUNANITUgNANELUBLED testis vasdauyUr8Tufedafude

germ cell molecular marker

Y =

WWeaainnisatedantaiinisanedinlddandruiiousiiaddivedadiasu @
Unfudlazluddiiotdo testis oy astuluuSiiaidasludnisuanieonvesdud
WAgadeeiuszuunisaiagadduiug (germ cell) uanndau testis AUgnaieinly

%4 =

agusanll uay germ cell Tu testis Yudinsdldinardosiin1suanieanvesdulz germ

=3

cell dauiearursaldinalia RT-PCR Tun13ns13a@0un1sAtegazn1588Invee testis

1%
o [

1o Taaldlnsiuasninliruannwizgdu testis lnalunisnnassnsetazlddu DmMC1 Fala

MN15NAAININBUNEIINTAIINTINIEAY testis YaafIwylae

=

lasBuiiloiganlasunisateninazgninunadin RNA aude 4.1.1 3nduaviUdeuy
RNA 1510y cDNA Tagldioulas AMY reverse-transcriptase Wwa¢ random primer
ANU99 4.1.2 31nYUAzYin RT-PCR Iaaldlnsiuasnidainuantwignviu DMCI auds

4.1.3 LAagASIVADUNANITNAADIAIY 1.5% agarose gel electrophoresis aald
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HaN1MARRILA I
1. MyfadenieidsunmansaudmiunsarerinFulilelta testis vasaylog

Tunuddedlainisneasslgnaieiiiattio testis (testis grafting) ainfdauwydieg

—

1dfeiasu TaglavinisiSeuisudedisuaesalinlawn A9v19 (L. vannamei) waz

anand1 (P. monodon) a131nvnNIsUgnatgiilelge laviin1sAnn1udnsinissen

v
£ CY aa Y

il
= v a <) [ ' (2 N o
il IATUMIEDITUALTULIAN 16 U NUINNNVIIUBAIINTITIBAVIATDYAS 91.4

)

NUB

2D

v =

Tuvagiidenaimiisnsinissendinfovas 80 dvuanslugui 3 azifiuladndeuidensn

o

N135en%3nNasninnenata waziilesantudagdunidiegienavaiiveiasldlunis
1 b2} ! 4 o U gj g a v ! Idi, ¥ Y
naaessie 9 Wlddrgndndanaidr dedunisneassdalululasinisidvdesdasldneuiy

Wudisu

(A)

B
L. vannamei ( ) P. monodon

80 80

70 70

e

% N1ITDAVIN

60 60

% N1IIONTVIN

50 50

40 40

30 30

20 20

10

10

pe e e e g e et

Ju Sy

~@—Grafting —@=—Control —e— Grafting —@— Control

=

JUN 3 §5amsseatinvesidiasuniendinisugnanedilewde testis vostudeunan 16 Ju (A)

Yo [ Y o v Y a

U < 1% 3 = J = 1 1 iy & =
Nelunedasu (8) Qenarandudeiidu wdudihuansdanguaivauildinisugnatesuileide

q q

= 1

gonad iudLAaRINguninsUgnaeFuLileIde testis

12
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2. Anwdu germ cell marker tWaldnsivdeuiuilaidanuytnenugndig

2.1 Anwenudnnizvessuse gonad vesawyliemeweaila tissue distribution

v

A o iy X 4 . Y & A o v ya o
bANDNINTITATIVADUTULUBLYD  testis GUE‘JQQQLLEUU'JEJ‘WQ']EJN']ﬂI'UEJQQQEUTJ ﬂm%%'ﬂﬂﬁl@

v [ 14 Y

o = a A v & = Aa ° Y} sy &
V]']ﬂ'ﬁﬂﬂ'iﬂ’]ﬁu%'ﬂgismﬂuLﬂi@ﬂvill’]ﬂillLaﬂqa‘Vlllﬂ'l']ﬂJ‘U']LW']%ﬂ‘UL‘UaaﬁUWUﬁGU@QQQLLGU‘U':IEJ I@IEJF"IELJSQ'J"UEJ

]

=

lasunnueuaTeiliguteyaduiiinisuanteanty sonad Y04 uydi8a1nNN1591 transcriptome
1nNUITBUD Prof. Dr. lkuo Hirono 91111318188 Tokyo University of Marine Science and
Technology Famnue3delevinnisAniionguainadsdudiuiunauna 7 Bunnldlunisdnw lawn

Cyclin A, Cyclin B, Cyclin E, NASP, MARF1, DMC1 wag Nanos laglavinn15ms1agouninudnig

1 '
(Y a0

YDINITUANIDDNVDITUNS 7 N1ilMe gonad ArLnATlA tissue distribution HANITNAADY tissue
distribution wuIilies 4 Bundinisuanseanianizlu testis, ovary Lag vas deferens laun gu
NASP, DMC1, Nanos uag Cyclin B fauanslugun 4 a1nuudaiguns 4 dulllunagauninudinig

iU germ cell Mmewaila in situ hybridization Tu testis Way ovary Suaaf’juwﬁawialﬂ

-
<
©)
@
T
I
O
<
-
@
=z

Cyclin A - 899 bp

- 897 bp
NASP

MARF1 -715bp

pMcC1 - 584 bp

Cy€lin.E - 574 bp

Nanos - 539 bp

Cyclin B - 528 bp

Actin - 300 bp

JUN 4 anudumguesBusiaiiiodens 9 veafewytne Welbeanedelvdne q vaafwatiegn
WIIRTI9FBUNITUAN0NVDITURN 9 sewnaila RT-PCR agld8u B-actin iuduaiuauniely
N: nguadruauittidiinasld DNA wiuwuuluU)isen PCR, T: testis, V, vas deferens; O, ovary; |,

intestine; B, brain; H, heart; Hp, hepatopancreas; M, muscle; TG, thoracic ganglion (N=5)
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2.2 nAaouANINNIEYesdusa germ cell Tu testis vafsuydruaruinaila in situ

hybridization

NAFBUAINUTIUNIZVDI8U DMC1, NASP ag Cyclin B #i germ cell Tuliloiie testis 1ag
watlA in situ hybridization WUZINU& QY 1uTBINIU antisense Vo8U DMCI wag NASP UL
germ cell wliusngdayayrauuians somatic cell waglinudyayrale 9 luiladenignuunieln

U sense @sldilungueunuidsay uansliiiudningu DMCI uaz NASP uanseandwiziu germ

o PN 1

cell Tuiilaige testis Aauandlusun 5 Tuvugnlnsu antisense ¥098U Cyclin B Usngdeysyrauilyl

A

(%
v o o= A

Wiy germ cell fauansluguin 6 dslududenlddu DMCI wie NASP Tunisnaaeun1sugnane

Ao

(% 1
=1

FuLlleite testis veanawytenealy

Antisense Sense

A3 , .

U 5 In'situ hybridization vegu DMCI uaz NASP T testis vaarauylag (A) testis vosrausiing
Mumelnsu antisense Wag sense dmiudu DMCI (B) testis vasiauyineNuuniglnsu antisense
waz sense dmsudu NASP gnasdiluansdiuiilu somatic cell aumdsud@mdouansdruindu

germ cell
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Cyclin B

3UN 6 In situ hybridization ¥8s8u Cyclin B Tu testis vaanawyte (A) testis vosauytienuuee

InsU antisense (B) testis vaanawythenuumelngu sense

2.3 NAaauAUTNNIEveduse germ cell lu ovary vesdsuvtieasumailia in situ
hybridization

Va v o

UBNAINIELNAAOUAIINTUNIEVRIBUAID testis vasrawaineudd angiIdudslavinismeasy

=

ANTUNZYBIBU NASP, Nanos uay Cyclin B lu ovary vasiuuinedndie GenuitanuBuinng
wansoondidmziyU germ cell me@ﬁwﬁw TagBu NASP fimsuanseengsiignlulwadszos mid-
previtellogenesis (g‘dﬁ 7) LLB@)NQSLLamaaﬂaﬂaﬂuizﬂz late-previtellogenesis LLaSM’]EJVLiJLﬁaL"mgi
%8y vitellogenesis 12)43@@%% Nanos uag Cyclin B finsuanseaniluszes previtellogenesis
Ay vitellogenesis\&(@% 8%&%}5 9 W@%g;ﬁu)

SERCN
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FmNASP-Antisense FmMNASP-Sense

& G St Y - PR Sy S ]
AN X Dot Al B )

y

> e

3

N

- Y -

QJ‘ILIdQJ 1% a

UM 7 I situhybridization ves8u NASP Tu ovary veafaustiae (A1-E1) iileidealuiidensned

U

'
1 [

H&E (A2-E2) (aifedlafiundielngy antisense isnmiesotiu NASP (A3-E3) iiledosalaiivudae
Tn5U sénse 7isumnzsiadu NASP ainauduans 20 pM OG, cogonia; 1PRO, stage 1 previtellogenic
oocyte; 2PRO, stage 2 previtellogenic oocyte; 3PRO, stage 3 previtellogenic oocyte; VO,

vitellogenic oocyte; MO, mature oocyte; Fc, follicle cell; Cr, cortical rod
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mNano

S-Antisense
s v g R

& A
gfg%\S In situ hybridization 4848w Nanos Tu ovary vesfawytae (A1-E1) iaibasslundeuied

H&E (A2-E2) wilawiiaselaniuumelnsu antisense Nawenadiu Nanos (A3-E3) wlaigassbunivusie

'
a o

THsU sense NINLN1EABEU Nanos @LNAauUISwaEAa 20 pM OG, oogonia; 1PRO, stage 1
previtellogenic oocyte; 2PRO, stage 2 previtellogenic oocyte; 3PRO, stage 3 previtellogenic

oocyte; VO, vitellogenic oocyte; MO, mature oocyte; Fc, follicle cell; Cr, cortical rod
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U9 In situ hybridization ¥as8u Cyclin 8 Tu ovary vasausding (A1-E1) Liaidestlindeusmed

a1y ral

H&E (A2-E2) lordodaldfiundaslnsu antisense 7ismnzsaiy Cyclin B (A3-E3) deodesslafivy
F18In5U sense s 1nzRadu Cyclin B @vnaunsuwans 20 uM OG, oogonia; 1PRO, stage 1
previtellogenic oocyte; 2PRO, stage 2 previtellogenic oocyte; 3PRO, stage 3 previtellogenic

oocyte; VO, vitellogenic oocyte; MO, mature oocyte; Fc, follicle cell; Cr, cortical rod
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3. N13ATIETDUNANITEERINTULLBLED testis vasfauvlinedleudsngaaLsadud

[
a

NEINUBNTY testis 0aNINAUTs Tu testis gnanldiouiatulszanm 7-8 Tadluns
wazéaudneansd PKH 26 Ssanunsnidesuammqoaisaduidundld driuanedideiddndositarunse
nraaeunageeisadudldlunisianunisaiedinduiele testis Inslunisnaassadedl
aniri{3dull a3 esiloansviislunisnsiaaeulduindes chemiluminescence wazndesqansseil

yipanaslofanunsonsiaaeusamlgeaisadudle

fawniasuaggnautunnsnasunantsugnaetuiode testis Wonawiuly 1, 2 uaz 4
Fou anmsnsaeunuidiognaetudeide testis Uldussozinan 1 Weu nugtuuusanis
naaosluaiugluvundn q Tiud wulasgoasaduiuiinadivesinadiuiainiedes
chemiluminescence uazndesqanssauiniivgosisadus duanslusud 10, Al uaz A2 uaziile

n3IdRULlBLERUSIMAINA1INElANSD99aNIIAULUL bright filed WudniieLde testis Aanwe

'
=

Judiriudundailorssieus (UA 10 A3) Sedullvgiuinduilelde testis vasfausiienign
dnainluanunsansseguarifineglunauilovesieunild suwuuiaesnnulaun nuuamlgesisa
Y ¢ a & A Ao ! Y] q' oA Y . .

udusIuilageninisangdin dwwandlusuil 10, B1 uag B2 udlilensiaaaunle bright filed
WuInlee testis dnwazdudn (U7 10, B3) Gsduilvgiuinilodio testis Sufinnisnne uaz
sUsuunaulaun ldnudugungeasadudla s wazlinuduiloe testis iWonsivaaumenaes
aNIIAUKUY bright filed dutiugiuiniiiaitio testis 91938AN1INAARONIINAINIVINGININNIT
Uandie (5UN 10, C1:3) 5U7 10, D13 wansnsvinguaiuauililasunisaigein testis voars

wylae Feldnudmgrungeaisaidudluvsuninisaiedin sudsldnuduiilowle testis Lo

MTIVADUATENHDI8NTIAURYY bright filed

[

Weviimsduiasgeieunilasunisugnateduilowte testis Waawiuly 2 uag 4 Whou

[%
Y

nuhdrmuslluunsianseanveuaningeslsaludiaausukuuvislunguiieg e 2 neuuay 4

\awfawaastugunl 11 uag 12 audau
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Chemiluminescence Fluorescence Bright field

Graft #1

Graft #2

Graft #3

Control

CaN

U 10 man13danane®u testis veanawytaelugmnauiten Wuszezia 1 keu (A) w17

YY)

VR 1.(B), N3 fudiil 2 (O) Asunaiasudian 3 (D) Aswninguatuaudilalasunisaieringu

de

Walda testis @nauiswindu 1 Jaans (N=15)
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Chemiluminescence Fluorescence Bright field

Graft #1

Graft #2

Graft #3

Control

JUT 11 wanisugnanedu testis veadawyheludinduiedn Wusseznan 2 weu (A) Aswnr
AITUAIN 1 (B) Neunaiisudan 2 (O) Meudiaudai 3 (D) unngualuauililasunisaneninauy

Wiowa testis @nauswinnu 1 Jaduns (N=15)
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Chemiluminescence Fluorescence Bright field

Graft #1

Graft #2

Graft #3

Control

JUT 12 nan1sugnanedi testis apsisustisludainauiedwis Wuszesiaan 4 hau (A) e
ASURIN 1°(B) Naundisudan 2 (O) Andisudn 3 (D) Qsvnnguenuauililasunisanedinauy

Wawile testis @tnausivianu 1 Jadwns (N=15)

4. ©59389UNAN1TABHINTULLBLED testis vasfuyliedlumalia RT-PCR laalddu

germ cell marker

dovntudede testis vostauateildzumsmedinludafarnidunm 1, 2 uas 4 Weuwhns
ATIEBUNILANIDDNYRITY DMCT FafuBuiifadesiunszuiunis spermatogenesis fMetmain
RT-PCR wutniflaidefsnnnuinadiitu testis unsnagiinisuansoonvasdu DMCI fashognefitintg
Uqﬂmﬂlﬂuﬁuﬂuizaznm 1, 2 wag 4 ey ﬁQLLamﬂugUﬁ 13, 14 way 15 ANUd1eU wazkinunis

wanseenuosdu DMCI Tufsunngueuauililasunisanedindu testis fetuduiivgiuinu testis
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v A

fignaneiiluonaazdaiivadursdinidadTineginldansd RNA uansoonun Tnedruaudeisud
finsuanioonvesdiu DMCI TS urusnnagaluszeziian 1 ey uidesvazavilusiuudeid
N134aA98NYRITUTTIVIUANAY é’uﬁwgmdw%umfa testis UdLiinIeauilesrszinaniuly
ogslsfinudansiiuninogsifinisuanseanvesdu DMCI Sausiinaginisugnangluudaniy
syeziae 4 1ieu Mnransvaaasiuandliifiudsanudululdlunslémadansugndredode

a v

testis Tufe@slaineisenuuineu Fwuideselulusuinn 019asfnuisnsandreNmvanzay

EN

[y [

W3NS IIMINGUEITPUUYRANTU MSonsEAUMIARLIVBRYAdaUN LS e llldnsinissen

3

S & A4 A ' &
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Abstract

Banana prawn (Fenneropenaeus merguiensis) is a valuable prawn in the Thailand
market. However, cultivation of this species is limited owing to difficulty in culture
management and limited knowledge of reproduction. Therefore, we studied the gene
expression and molecular mechanisms involved in oogenesis for elucidating ovarian germ cell
development in banana prawns. Tissue-specific distribution of certain genes identified from
previous transcriptome data showed that FmCyclinB, FmNanos, and nuclear autoantigenic
sperm protein (FMNASP) were only expressed in gonads. In situ hybridization (ISH) of these
three genes showed different expression patterns throughout oogenesis. FmCyclinB was highly
expressed in pre-vitellogenic oocytes. FmNanos was expressed at almost the same level during
oogenesis, but showed the most expression in late pre-vitellogenic stages. Based on the highest
expression of FmCyclinB and FmNanos in mid pre-vitellogenic and late pre-vitellogenic
oocytes, respectively, we suggested that FmNanos may suppress FmCyclinB expression before
initiation of vitellogenesis. 'Meanwhile, FMNASP expression was detected only in pre-
vitellogenesis. Moreover, real-time PCR analysis of FmMNASP expression was supported by
FmNASP ISH ranalysis based ‘on high expression of FmNASP in sub-adult ovaries, which
contain most of pre-vitellogenic oocytes. In this study, we found three reliable ovarian markers
for banana prawn and also found a dynamic change of molecular mechanism during the sub-
stage of pre-vitellogenesis. We determined the expression levels of these genes involved in
oogenesis. Our findings provide information for further studies on banana prawn reproduction

which may assist in their cultivation in Thailand.

Keywords: Ovarian germ cell-specific genes, molecular marker, oogenesis, in situ

hybridization, banana prawn, Fenneropenaeus merguiensis
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1. Introduction

The aquaculture sector and fisheries support the livelihood of people worldwide.
Shrimps and prawns represent one of the most important commodity traded accounting for
16% of the total value of internationally traded fish products in 2019 (FAO 2020). However,
aquaculture of the shrimp and prawn group mainly includes Penaeus vannamei and Penaeus
monodon cultivation alone. Most species in this group are captured in fishery. Banana prawn
(Fenneropenaeus merguiensis) is one of the most economically important species in Thailand.
However, banana prawn sold in markets are mainly sourced from the wild owing to limited
success in farming based on high mortality of premature prawns and difficulty in culture
management. Moreover, knowledge on banana prawn reproduction is still limited when
compared to that of other shrimps or prawns, such as black tiger shrimp, pacific white shrimp,
and giant freshwater prawn. Therefore, to improve the aquaculture of banana prawn, the
development and mechanism of reproduction and ovarian maturation in banana prawn should
be elucidated.

Recently, transcriptomic -data analysis of banana prawn ovaries (lkuo Hirono,
unpublished data) revealed various genes that may be related to germ cell development in
banana prawn, including:-cyclin A, cyclin B, cyclin E, Nanos, meiosis regulator and mRNA
stability factor 1. (MARF1), and nuclear autoantigenic sperm protein (NASP). In black tiger
shrimp; quantitative real-time polymerase chain reaction (PCR) studies have reported that
cyclin/A-gene expression is higher in ovaries of brood stock than in juvenile prawns and cyclin
B-gene expression is higher in stage IV ovaries than in stage | ovaries (Visudtiphole et al.
2009). A pull-down assay analysis of cyclin E gene in black tiger shrimp showed interaction
with cyclin-dependent kinase 2 which is a key mediator that controls G1/S transition (Zhao et

al. 2016). The NANOS gene in humans is required for maintenance of undifferentiated
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spermatogonia (Krausz et al. 2015) and knockdown of Nanosl gene decreases the number of
primordium germ cells in gonads of Xenopus (Lai et al. 2011). The MARF1 gene is required
for female meiotic progression in humans (Nishimura et al. 2018) and regulates Nanos protein
expression for oocyte maturation in fruit fly (Kawaguchi et al. 2020). The NASP gene
expression is higher in the ovaries than that in the testes in black tiger shrimp (Preechaphol et
al. 2007) and it is expressed in all stages of ovaries in white shrimp (Yan et al. 2016). However,
there are no reports on the expression or mechanisms of these genes in banana prawn.

Gene expression and molecular mechanisms involved in oogenesis are essential for
elucidating the process of ovarian germ cell development to improve banana prawn
aquaculture. In this study, we aimed to identify germ cell marker genes by screening genes of
interest via reverse transcription-PCR (RT-PCR). Genes which were expressed in gonads alone
were further analyzed via sequencing and studied for expression pattern and localization in
ovarian germ cells via in situ hybridization histochemistry (ISH). The expression level of each
gene was Vvalidated by quantitative real-time PCR. This study provides data for understanding

the mechanism of ovarian germ cell development to improve banana prawn breeding.

2. Materials and Methods

2.1 Animals

Banana prawns were collected from Trang Coastal Fisheries Research and
Development Center, Trang, Thailand. Prawns were cultured at aquaculture building in
Prince of Songkla University, Songkhla, Thailand, in re-circulating sea water (30 ppt
salinity) at 28-30°C, pH 7.4-8.5. Prawns were fed with commercial feed twice per day

(Thai Luxe Enterprises PCL, Thailand). All experiments were performed according to the
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Guidelines for the Care and Use of Laboratory Animals, Prince of Songkla University

(approval no. 27/2020).

2.2 Tissue-specific distribution of gene expression

Total RNA was extracted from the testis, ovary, vas deferens, intestine, brain, heart,
hepatopancreas, muscle, and thoracic ganglion of male and female banana prawns (N = 5)
using TRIzol™ Reagent (Invitrogen, Waltham, MA, USA), according to the
manufacturer’s protocol. The first-strand cDNA was synthesized using random primers and
AMV reverse transcriptase enzyme (Promega, Madison, WI, USA) according to the
manufacturer’s protocol. The cDNA from each organ was amplified using various primers
(Table 1) that were designed from banana prawn transcriptome sequence results (Ikou
Hirono, unpublished data). A pair of universal actin gene primers were used as an internal
control. The PCR reaction mix comprised 500 ng cDNA, 250 mM dNTPs, 1 pmol of each
primer, 2.5 mM MgCl,, 1x GoTag® Flexi buffer, and 0.25 units GoTaq Flexi DNA
polymerase (Promega). Amplification was performed with SimpliAm™ Thermal Cycler
(Applied Biosystems™, Waltham, MA, USA) at 94°C for 5 min, followed by 35 cycles at
annealing temperature and annealing time for each primer, with a final elongation step at
72°C for 7 min. The PCR products were loaded in a 1.5% agarose gel that was prepared
using GelRed® Nucleic Acid Gel Stain (Biotium, Fremont, CA, USA). The electrophoresis

voltage was 100 V using 0.5x TAE buffer for 30 min. The gel pictures were captured.

2.3 Sequence analysis
The sequences of genes expressed in reproductive organs were analyzed for predicting
functions. The amino acid sequence of each gene-coding protein was analyzed for

determining phosphorylation sites and kinase motifs using NetPhos 3.1 sever (DTU Health
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Tech, Lyngby, Denmark). Multiple sequence alignment was performed with sequences of
other crustacean species using GenDoc program, and a phylogenetic tree was constructed
using sequences of other organisms using MEGA version 7.0 via the Neighbor-Joining

method based on the Poisson model.

2.4 Cloning of partial FmCyclinB, FmNanos, and FmMNASP genes

Total RNA was extracted from ovaries using TRIzol™ Reagent (Invitrogen) and cDNA
was synthesized using AMV transcriptase enzyme (Promega) as described in section 2.2.
The partial FmCyclinB, FmNanos, and FmNASP genes were amplified using banana prawn
ovary cDNA. The PCR product of each gene was purified using QIAquick® PCR & Gel
Cleanup kit (Qiagen, Hilden, Germany). The purified cDNA fragments were cloned into
PGEM®-T easy vector (Promega). Recombinant plasmids were sequenced using Sp6 and

T7 primers.

2.5 In situ hybridization (ISH)

ISH was performed as described by Nagasawa et al. (2009) and Okutsu et al. (2010)
with minor-adjustment. Briefly, each recombinant plasmid was transcribed into antisense
and sense RNA probes using digoxigenin (DIG) RNA Labeling kit (SP6/T7) (Roche, Basel,
Switzerland)..For ISH, the ovaries of banana prawns were fixed in Bouin’s fixative at 4°C
for<7 h and then placed in 70% ethanol/RNase-free water for 24 h at 4°C. Dehydration was
performed in a series of ethanol solutions followed by embedding samples into paraffin.
Each paraffin tissue was cut into 5 um serial sections. The paraffin sections were
deparaffinized and hydrated in xylene-ethanol series and then treated with proteinase K
(Invitrogen), acetylated, and hybridized with hybridization solution of 1 pg DIG-labeled

antisense or sense RNA probe at 65°C for 18 h. The sections were then washed in 2x
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SSC/50% formamide at 65°C for 30 min twice, in 1x SSC/50% formamide at 65°C for 20
min thrice, and in 0.5x SSC/1x Tris-buffered saline and Tween 20 (TBST)/25% formamide
at 65°C for 10 min once. Nonspecific binding probes were digested using 10 pg/ml RNase
A/NTE buffer (500 mM NaCl, 10 mM Tris-HCI pH 8.0, and 1 mM EDTA) at 37°C for 10
min, washed twice in NTE for 5 min, and then washed thrice in 0.5x SSC/1x TBST at 65°C
for 20 min followed by three washes in 1x TBST at 25 °C for 5 min. Nonspecific binding
was blocked in blocking Reagent (Roche)/1x TBST for 15 min at room temperature in a
moist chamber. The sections were incubated with anti-DIG-AP Fab fragments (Roche)
(diluted 1:500 in blocking/1x TBST) at room temperature for 90 min. The sections were
then washed thrice in 1x TBST for 5 min followed by once in NTMT solution (100 mM
NaCl, 100 mM Tris-HCL pH 9.5, 50 mM MgCl;, and 0.1% Tween 20). The sections were
detected in detection buffer [0.0035% nitroblue tetrazolium (Promega) and 0.0018% 5-
bromo-4-chloro-3-iodolyl phosphate (Promega) in NTMT] at room temperature in the dark.
After the reaction occurred, the slides were counterstained with Nuclear Fast Red (Abcam,
Cambridge, United Kingdom) for 5 min. The sections were observed under a light

microscope (Olympus-EX 70, Olympus, Tokyo, Japan).

2.6 Real-time PCR
Total RNA‘was extracted from sub-adult and adult ovaries (N = 5) using TRIzol™
Reagent (invitrogen) and cDNA was synthesized using AMV transcriptase enzyme
(Promega) as described in section 2.2. Each 100 ng cDNA sample was amplified using
primers listed in Table 2. Beta-actin gene (universalActin-F and universalActin-R) was used
as a reference gene. The semi-quantitative RT-PCR reaction was performed using Luna®
Universal One-Step RT-gPCR Kit (New England Biolabs, Ipswich, MA, USA) and

subjected to real-time PCR analysis (CFX96™ Real-Time System, Bio-Rad, Hercules, CA,
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USA). Amplification was initiated at 94°C for 5 min, followed by 39 cycles at annealing
temperature and annealing time for each primer. Dissociation curve analysis was

subsequently performed at 95°C for 20 s, 55°C for 20 s, and 95°C for 20 s.

3. Results

3.1 Tissue-specific distribution of genes

The tissue specificity of candidate genes was examined via RT-PCR analysis using
various somatic organs and reproductive organs, which contain germ cells and/or gametes
(Fig. 1). FmCyclinB transcripts were detected in the testis, ovary, and vas deferens;
FmNanos transcripts were detected in the ovary alone; and FmNASP transcripts were
detected in the testis and ovary. In contrast, the transcripts of these genes were detected in
none of the somatic tissues. These results indicated that FmCyclinB, FmNanos, and
FmNASP were specific to (gonads. However, FmCyclinA, FmMMARF1, and FmCyclinE
expression was not specific to gonads alone; therefore, we selected FmCyclinB, FmNanos,

and FmNASP for further study-

3.2 Sequence analysis

The full-length cDNA of FmCyclinB (1,486 bp), FmNanos (2,700 bp), and FmNASP
(2,420 bp) were obtained from ovarian transcriptomic data of banana prawns (Ikuo Hirono,
unpublished data). The sequences were analyzed for phosphorylation site and sequence
motif. The proteins contained various phosphorylation sites and kinase motifs (FmCyclinB
(Fig. 2a), FmNanos (Fig. 3a), and FmNASP (Fig. 4a)). The number of phosphorylation
residues and type of kinase motif are presented in Table 3. Kinase motifs such as PKA,

PKC, CKII, ATM, DNAPK, and cdc2, which are kinase motifs required for DNA repair
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and cell cycle, were found in the three protein sequences. However, PKG, CKIl, p38MAPK,
and cdk5 kinase motifs were only found in FmNanos and FmMNASP. FmCyclinB also
contained the INSR kinase motif similar to FmNanos and EFGR kinase motif in FMNASP.
Notably, the RSK and SRC kinase motifs were only found in FmCyclinB and FmNanos,

respectively.

The amino acid sequences of banana prawn were aligned with those of other organisms
and phylogenetic trees were constructed which showed that FmCyclinB (Fig. 2b),
FmNanos (Fig. 3b), and FmMNASP (Fig. 4b) were clustered in the shrimp group. FmCyclinB
was closest to Cyclin B of P. monodon (accession no. ACH72072.1), FmNanos was closest
to Nanos of Penaeus chinensis (accession no. XP_047487687.1), and FMNASP was closest
to NASP of P. vannamei (accession no. ALR99738.1). Moreover, the amino acid sequence
of banana prawn was analyzed for multiple sequence alignment with other shrimp species.
FmCyclinB sequence alignment showed a highly conserved region with almost all shrimp
species except P. vannamei (ACI46952.1; Fig. 2c). FmNanos sequence alignment showed
a highly conserved region only in-two Cys-Cys-His-Cys zinc-finger motifs at a carboxyl
side as well (Fig. 3c), which are hallmarks for Nanos proteins (Hashimoto et al. 2010).
FmMNASP-sequence alignment showed a highly conserved region with almost all species

(Fig. 4c) except for P. monodon (accession no. ACM66845.1).

3.3 Characterization of banana prawn ovarian cells

The ovaries of banana prawn were observed and oocytes were characterized using a
histological method. Oocytes were classified into six stages according to morphology of
the nucleus, oocyte size, and granulosa cell layer (Yano 1988; Wang et al. 2020). Oogonia
(OG) were 8-10 um in diameter shown as a large nucleus located at the center surrounded

by a thin layer of cytoplasm. The nucleus contained dispersed chromatin (Fig. 5a). The first
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stage previtellogenic oocytes (LPROs) were 10-20 um in size and oval shape; they showed
a relatively thicker cytoplasm layer which has a basophilic property, and more nucleoli
appeared at the periphery of nucleus. 1PRO was accompanied by follicle cells (Fig. 5b).
The second stage previtellogenic oocytes (2PROs) were 20-90 um in size and of polygonal
cell shape; they contained a perinucleolus and were accompanied by follicle cells (Fig. 5¢).
The third stage previtellogenic oocytes (3PROs) were 80-160 um is size and of large
polygonal cell shape; the cytoplasm retained the basophilic property. Follicle cells
differentiated into a granulosa layer and a theca layer around each cell of 3PROs (Fig. 5d).
The vitellogenic oocytes (VOs) were 160-400 pum in size; the cytoplasm showed
vitellogenesis with an eosinophilic property and surrounded by a granulosa layer (Fig. 5e).

The mature oocytes (MOs) were 400 um in size at the yolk stage (Fig. 5f).

3.4 Localization of mMRNA-positive-cells in ovaries of banana prawn via ISH analysis

Banana prawn ovary sections were hybridized with FmCyclinB, FmNanos, and
FmMNASP RNA-probes., ISH analysis showed that FmCyclinB-antisense probes were
detected as positive strong signals in the cytoplasm of 1PROs, 2PROs, and 3PROs. 2PROs
showed the most intensive FmCyclinB-antisense probe signal followed by those in 3PROs
and 1PROs, while VOs and MOs, which were in the vitellogenic stage, showed a weak
signal. Moreover, OG did not show a positive signal of FmCyclinB-antisense probe (Fig.
6).

Serial ovary sections hybridized with FmNanos-antisense probe showed the strongest
positive signals in 3PROs, while 1PROs, 2PROs, VOs, and MOs showed slightly positive
signals. However, no positive signal was observed in OG (Fig. 7). Analysis of FmMNASP-
antisense probe hybridized with ovarian sections revealed positive signals in PROs alone;

the most intensive signal to less intensive signal was observed in the following order:
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2PRO, 1PRO, and 3PRO. In contrast, a positive signal was not found in OG, VOs, and
MOs (Fig. 8). The positive signal of each antisense RNA-probe was not observed in Fcs
and somatic tissues around ovarian germ cells, and sense RNA-probe signals were not

observed in any ovary sections.

3.5 mMRNA expression determined via real-time PCR

The relative mRNA expression level of each gene was determined via real-time-PCR
in ovarian tissues of sub-adult and adult banana prawns (Fig 9). The mRNA expression
levels of FmCyclinB and FmNanos were slightly higher in sub-adult prawns than in adult
prawns. These results were in agreement with ISH results suggesting that the mRNA
transcripts of these two genes were maintained throughout oogenesis. FMNASP expression
was the highest in sub-adult shrimps. This result supports the ISH results that FmMNASP

expression was only detected in pro-vitellogenic stages.

4. Discussion

In this study, we identified germ cell-specific genes from the ovarian transcriptome of
banana prawns. Three genes were only expressed in the gonads, including FmCyclinB,
FmNanos, and, FmMNASP:. We characterized FmCyclinB, FmNanos, and FmNASP via sequence
and'mRNA expression analyses. ISH analyses revealed that the three genes showed different
expression patterns in ovaries. FmCyclinB and FmNanos were expressed throughout oogenesis,
whereas FmMNASP was highly expressed during pre-vitellogenesis alone.

FmCyclinB was highly expressed in PROs during oogenesis. FmCyclinB was initially
expressed in 1PROs and the expression level gradually decreased in 3PROs. By the 2PRO
stage, the strongest accumulated signal was observed, and FmCyclinB still showed a faint

signal in VOs. FmCyclinB expression at the late stages of oocyte development may play a role
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similar to that of Cyclin B in Drosophila and Xenopus that has been reported as a maternal
molecule required in germline development (Nakahata et al. 2001; Kadyrova et al. 2007). Our
findings were similar to Cyclin B1 gene expression detected in Mallotus japonicus via ISH
(Qiu and Yamano 2005). In M. japonicus, Cyclin B1 gene expression is observed in OG and
PROs, and it accumulates at the late stage of pre-PROs. However, no expression is detected in
VOs that contradicts our finding. Moreover, our sub-type characterization of pre-vitellogenesis
revealed relatively more dynamic expression of FmCyclinB.

FmNanos expression was detected throughout oogenesis similar to FmCyclinB;
however, FmNanos was expressed at almost the same level. The results were similar to Nanos
protein expression in all stages of Bombyx mori oocytes, which was analyzed via
immunohistochemistry (Zhao et al. 2008). Previously, Nanos RNA has been detected in early
stages of embryos in Drosophila (Lehmann and Nusslein-Volhard 1991), Apis mellifera
(Dearden 2006), and B. mori (Zhao et-al. 2008). Based on these reports, we speculated that
FmNanos expression accumulated in MOs to play a role as maternal effector molecules, which
are required for germ cell gene expression and localization in embryo development.

FmCyclinB and FmNanos-were expressed during oogenesis. The highest expression
level of FmCyclinB was detected in 2PROs while that of FmNanos was detected in 3PROs.
From these results, we suggested that the increase in FmNanos expression level in 3PROs may
suppress- FmCyclinB expression before VO development, which was supported by previous
findings. Both Cyclin B and Nanos genes have been reported as maternal molecules in
Drosophila and Xenopus; Nanos protein functions together with Pumilio protein as a
translation regulator required to suppress maternal Cyclin B mRNA expression and delay cell
cycle during oocyte maturation (Parisi and Lin 2000; Nakahata et al. 2001; Kadyrova et al.

2007)).
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FmNASP expression was only found in PROs with the highest signal in 1PRO and
2PRO which rapidly decreased in 3PROs. These results were supported by real-time PCR
results that showed high expression of FmMNASP in sub-adult ovaries, which contained most of
the PROs. However, these results contradict those of N. Karoonuthaisiri et al. (2009), who
reported that NASP expression level in P. monodon is significantly increased in MOs and
expression level in adults is greater than that in sub-adults based on microarray and real-time
PCR. The results from real-time PCR did not clearly explain which stage of ovarian germ cell
contained NASP expression because each stage of shrimp ovary contains various types of
ovarian germ cells. Especially, genes expressed in PROs could be found in every stage of
ovarian development. Thus, our results from ISH explained the more precise trends in
expression. Moreover, multiple sequence alignment of NASP amino acid sequences showed
that amino acids at 320-380 of FmMNASP differed from that in the P. monodon sequence.
Moreover, amino acids at 460-500 and 640-680 showed a gap in NASP sequence of P.
monodon. Both the different sequence and gap predicted the serine and tyrosine
phosphorylation residues and ATM, PKC, CKI, CKIlI, cdc2, and DNAPK motifs. From these
differences, we suggested that the NASP genes of banana prawn and P. monodon may play

different roles during 00genesis.

5.-Conclusion

We found three gonad-specific gene markers that are specific to banana prawn. Based
on ISH, we evaluated the expression and localization of these genes in banana prawn ovarian
germ cells. Our finding will assist studies on molecular mechanisms of ovarian cell gene

regulation during oogenesis and female reproduction in banana prawn.
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Table 1 Primers used for amplifying genes in organs
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universalActin-R

S"-GATGTCCACGTCRCACTTCAT-3'

Gene name Primer name Primer sequence Annealing
temp. and time

Cyclin A FmCyclinA-F 5'-GCTGCGAAATATGAGGAGAT- 3’ 56°C, 45 s
FmCyclinA-R 5'-TATGGCAGTTCAAACGCTA- 3’

Cyclin B FmCyclinB-F 5'-GATGTGGAGGAGGAAGC-3’ 60°C, 30s
FmCyclinB-R 5'-AGGAAGTGCAAGGGAAGG-3'

Cyclin E FmCyclinE-F 5'-CTGTGGCTATGCTCACTCCA-3’ 60°C, 30's
FmCyclinE-R 5'-CTGTGGCTATGCTCACTCCA-3’

Nanos FmNanos-F 5'-ATTGCCAGAAATCACCAG-3’ 59°C, 30s
FmNanos-R 5'-ATTCTGCCGTGTCAACAT-3'

NASP FmNASP-F 5'-AAGGTTGAGGCTAAGGAG-3’ 62°C, 45
FmMNASP-R 5'-CACAGGTTCAAGAGGCAG-3’

MARF1 FMMARF1-F 5'-TGAGGCTTTTCCAGTTGCTT-3’ 64°C, 45
FMMARF1-F 5'-TAGGGGATAGGTGCAGTTGG-3’

Actin universalActin-F 5'-GCTACAGCTTCACCACCACCG-3’ 58°C, 30s

NASP, nuclear autoantigenic sperm protein; MARF1, meiosis regulator and mRNA stability

factor 1.




Table 2 Primers for real-time polymerase chain reaction
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Gene Primer name Primer sequence Annealing temp.
name and time
Cyclin B | gFmCyclinB-F 5'-GGAAGTGGTAGAGCATGTGGAGCA- 3’ 67°C, 30s

gFmCyclinB-R | 5'-TTGAAGCAGGGTGAAGCGGAGG-3'
Nanos gFmNanos-F 5'-GGCAGTCCTCAGGATACATTTCAGC- 3’ 67°C, 45s
gFmNanos-R 5-GCACAGAGGGCAGACATACATTC-3'
NASP qFmMNASP-F 5-TGCCGAGACCAGTGCCAGCC-3’ 67°C,30s
gFmMNASP-R 5-CTCCGTTCTCCATGCGTGCCA-3’
Actin universalActin-F | 5'-GCTACAGCTTCACCACCACCG-3’ 54°C, 30 s
universalActin-R | 5'-GATGTCCACGTCRCACTTCAT-3’
NASP, nuclear autoantigenic sperm protein.
Table 3 Sequence analysis
Gene Nucleotide | Amino acid Phosphorylation Kinase motif
(bp) (residue) residue
FmCyclinB 2,420 401 S$S=23,T=7,Y=7 | PKA, PKC, CKII, ATM,
DNAPK, RSK, INSR,
EGFR, cdc2
FmNanos 1,486 426 S=36,T=14,Y = | PKA, PKC, PKG, CKI,
3 CKIl, ATM, DNAPK, SRC,
INSR, p38MAPK, cdc2,
cdkb
FmNASP 2,700 686 S=44,T=32,Y= | PKA, PKC, PKG, CKI,
6 CKIl, ATM, DNAPK,
EGFR, p38MAPK, cdc2,
cdk5

FmNASP, banana prawn-derived nuclear autoantigenic sperm protein.
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Figure captions

Fig. 1. Tissue-specific distribution of candidate genes. Total RNA was isolated from T, V,
O, I, B, H, Hp, M, and TG. cDNA was synthesized using FmCyclin A (899 bp), FMNASP
(897 bp), FMMARFL1 (715 bp), FmCyclin E (574 bp), FmNanos (539 bp), and FmCyclin B
(528 bp). p-Actin gene (300 bp) was amplified as an internal control. A negative control
without cDNA template is shown in lane N. T, testis; V, vas deferens; O, ovary; |, intestine;
B, brain; H, heart; Hp, hepatopancreas; M, muscle; TG, thoracic ganglion; FmNASP, banana
prawn-derived nuclear autoantigenic sperm protein; MARF1, meiosis regulator and mRNA
stability factor 1

Fig. 2 Sequence analysis of cyclin B. (a) Phosphorylation sites and kinase motifs of cyclin
B. Letters in circles are phosphorylated amino acids, and sequences in boxes are kinase motif
sequences. (b) Phylogenetic tree analysis of banana prawn cyclin B gene with that of other
species. Phylogenetic was tree constructed using MEGA with Neighbor-Joining method based
on the Poisson model. (c) Multiple sequence alignment of banana prawn cyclin B amino
acid with that of known crustacean cyclin B amino acid sequences. The amino acid
sequences were aligned using BioEdit and represented using GenDoc. Gaps that were
introduced to maximize sequence homology are indicated by dashes. Shaded boxes indicate
the conserved sequence. The GenBank accession numbers of the cyclin B amino acids are as
follow: F.merguien, (Fenneropenaeus merguiensis), P.monodon (Penaeus monodon,
XP_037794731.1), “M.japonicu* (Marsupenaeus japonicus, XP_042892405.1), M.ensis
(Metapenaeus. ensis, ADI86225.1), M.affins (Metapenaeus affinis, ADI86226), P.clarkii
(Procambarus clarkii, ~-XP_045624571.1), M.nipponen (Macrobachium nipponense,
ADB44902.1), M.rosenber (Macrobacium rosenbergii, ADP95148.1), P.modestus (Palaemon
modestus, QDE09442.1), and P.vannamei (Penaeus vannamei, ACI146952.1)

Fig. 3 Sequence analysis of Nanos. (a) Phosphorylation sites and kinase motifs of Nanos.
Letters in circles are phosphorylated amino acids and sequences in boxes are kinase motif
sequences. (b) Phylogenetic tree analysis of banana prawn Nanos with that of other
different species. The tree was constructed using MEGA with Neighbor-Joining method based
on the Poisson model. (b) Multiple sequence alignment of Nanos amino acid sequence with

known crustacean Nanos amino acid sequences. The amino acid sequences were aligned
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using BioEdit and represented using GenDoc. Gaps that were introduced to maximize sequence
homology are indicated using dashes. Conserved sequences are indicated in shaded boxes. Red
and yellow boxes show specific two conserved Cys-Cys-His-Cys zinc finger motifs of Nanos.
The GenBank accession numbers of the Nanos amino acids are as follows: F.merguien
(Fenneropenaeus merguiensis), P.chinensi (Penaeus chinensis, XP_047487687.1), P.trituber
(Portunus trituberculatus, XP_045137084.1), A.nasatum (Armadillidium nasatum,
KAB7497688.1), and H.american (Homarus americanus, XP_042219141.1)

Fig. 4 Sequence analysis of NASP. (a) Phosphorylation sites and kinase motifs of NASP.
Letters in circles are phosphorylated amino acids and sequences in boxes are kinase motif
sequences. (b) Phylogenetic tree analysis of banana prawn NASP with that of other
species. The tree was constructed using MEGA with Neighbor-Joining method based on the
Poisson model. (c) Multiple sequence alignment analysis of banana prawn NASP amino
acid sequence with known crustacean NASP amino acid sequences. The amino acid
sequences were aligned using BioEdit and represented using GenDoc. Gaps that were
introduced to maximize sequence homology are indicated by dashes and conserved regions are
shown in shaded boxes. The GenBank accession numbers of the NASP amino acid sequences
are as follow: F.merguien (Ferineropenaeus merguiensis), P.vannamei (Penaeus vannamei,
ALR99738.1), P.monodon (Penaeus monodon, ACM66845.1). NASP, nuclear autoantigenic

sperm protein

Fig. 5 Histological analysis of banana prawn ovaries. (a) OG (black arrowhead), (b) 1PRO
(white arrowhead), (¢) 2PRO (black arrow), (d) 3PRO (white arrow), (e) VO, (f) MO (black
chevron), Fc (blackhead arrow line), Cr (whitehead arrow line). Staining with hematoxylin and
eosin. Scale bars represent 10 pM in (a,b) and 20 uM in (c—f). 1PRO, stage 1 previtellogenic
oocyte; 2PRO, stage 2 previtellogenic oocyte; 3PRO, stage 3 previtellogenic oocyte; VO,

vitellogenic oocyte; MO, mature oocyte; Fc, follicle cell; Cr, cortical rod

Fig. 6 Histological characterization and cyclin B mRNA expression in ovaries of banana
prawn using in situ hybridization. Sequential sections of the ovary were divided to stained
with (al-el) H&E for representative cell characteristics and hybridized with (a3—e3) cyclin B
antisense RNA probe while (a2—e2) sense RNA probes were used as a control. OG (black
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arrowhead), 1PRO (white arrowhead), 2PRO (black arrow), 3PRO (white arrow), VO (black
pentagon), MO (black chevron), Fc (blackhead arrow line), and Cr (whitehead arrow line).
Scale bars represent 20 uM. OG, oogonia; 1PRO, stage 1 previtellogenic oocyte; 2PRO, stage
2 previtellogenic oocyte; 3PRO, stage 3 previtellogenic oocyte; VO, vitellogenic oocyte; MO,

mature oocyte; Fc, follicle cell; Cr, cortical rod; H&E, hematoxylin and eosin

Fig. 7. Histological characterization and Nanos mMRNA expression in ovaries of banana
prawn using in situ hybridization. Continuous ovary sections were separated to stained with
(al-el) H&E used as a reference cell for comparison with sections hybridized with (a3—e3)
Nanos antisense and (a2-e2) sense RNA probe. OG (black arrowhead), 1PRO (white
arrowhead), 2PRO (black arrow), 3PRO (white arrow), VO (black pentagon), MO (black
chevron), Fc (blackhead arrow line), Cr (whitehead arrow line). Scale bars represent 10 uM in
(a—d) and 20 uM in (e). OG, oogonia; 1PRO, stage 1 previtellogenic oocyte; 2PRO, stage 2
previtellogenic oocyte; 3PRO, stage 3 previtellogenic oocyte; VO, vitellogenic oocyte; MO,

mature oocyte; Fc, follicle cell; Cr, cortical rod; H&E, hematoxylin and eosin

Fig. 8. Histological characterization and NASP mRNA expression in banana prawn
ovaries using in situ hybridization. Serial ovary sections were sorted for staining with (al—
el) H&E as reference ovarian cells and hybridized with (a3—e3) NASP antisense and (a2—€2)
sense RNA probes. OG- (black arrowhead), 1PRO (white arrowhead), 2PRO (black arrow),
3PRO (white arrow), VO (black pentagon), MO (black chevron), Fc (blackhead arrow line),
Cr (whitehead arrow-line). Scale bars represent 20 uM. NASP, nuclear autoantigenic sperm
protein; OG, oogonia; 1PRO, stage 1 previtellogenic oocyte; 2PRO, stage 2 previtellogenic
oocyte;" 3PRO, stage 3 previtellogenic oocyte; VO, vitellogenic oocyte; MO, mature oocyte;

Fc; follicle cell; Cr, cortical rod; H&E, hematoxylin and eosin

Fig. 9. Relative expression levels of ovarian germ cell-specific genes in sub-adult and adult
ovaries using real-time polymerase chain reaction. Sections stained with hematoxylin and
eosin used for characterizing (a) sub-adult and (b) adult ovaries. Scale bar: 20 uM. (Relative
MRNA expression levels of (c) Cyclin B, (d) Nanos, and (e) NASP respectively between sub-
adult and adult ovaries. Asterisk indicates significant differences in relative mRNA expression

level (p <0.05). NASP, nuclear autoantigenic sperm protein
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g'd‘f’i 1 Diagram of germ cell transplantation techniques in different stage of 11
current recipient fish

g'd‘f’i 2 Dissociated Spermatogonial cells from testis of F. merguiensis and 18
dyed with Trypan blue. Dead cells show in blue, live cells are white,
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31]17; 3 Spermatogonia cells, (A) bright field, (B) spermatogonia cells dyed 19
with PKH-26, the arrowhead indicates spermatogonia cells.
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Aanyday
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JUN 11 Sagittal sections of the whole protozoa (PL15) of F. merguiensis 26
gﬂ‘ﬁ 12 Fluorescent signal of spermatogonia cells from F. merguiensis 28
after 15-day post transplantation into segment 1, sperm sac
and‘arch of hemolymph of Penaeus vannamei. Arrow pointed
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Abstract

Presently, a lot of marine shrimp are harvested for consumption and export. Banana shrimp;
Fernerropenaeus merguiensis (Banana shrimp) is one of the favorite shrimps in Thailand. F.
merguiensis culture is tediness so it is not popular for farming. Therefore, the majority of F.
merguiensis for consumption and export were harvested from natural resources. To conservation
of F. merguiensis is essential both natural breeding and artificial breeding. This research is the
technique development of germ cell transplantation in aquatic animals. The method is
transferred the germ cells from a hardly propagated donor animals to the practical breeding
recipients. F. merguiensis is a model of this study and used to extract spermatogonia grm cell
from various sizes of shrimps. The highest number of spermatogonia derived from shrimp size of
11-12 cm. In addition, the stage of recipient that the primodial germ cell moving as a single cell
to form gonad is the optimal stage Then the PGCs movement was evaluated in fertilized eggs to
postlarva day 1 (PL1) by immunohistochemistry and PL1 to PL15 by histology. The result
indicated the optimal stage of recipient between PL1-PL15.

Transplantation of F. merguiensis’s germ cell into different locations of P. vannamei was
performed including segment 1, arch of hemolymph, sperm duct and carapace. The transplanted
shrimp at the carapace were dead after one day while the transplanted shrimp at other locations
was was detected the fluorescent signal after 2 wks transplantation. The DNA of the donor cell
was detected by the genomic molecular marker Fm15, VASA 741 and VASA 160 in the testis of
the recipient after 6-10'wks of transplantation however, mRNA of the VASA marker was not
found. Therefore; another experiment was performed by transplantion into the capapace at
postlarva 47, postlarva'9 and-postlarva 16. The percentage of survival rate was 26.4, 47.3 and 14,
respectively. In addition, the percentage of fluorescent cluster rate from the survived shrimp was
243, 9.9 and 57.1 respectively. In addition, the fluorescent signal located between the heart and

hepatopancreas where the testis wiil be formed.

Keywords: Shrimp; Germ cell: Immunohistochemistry; Germ cell transplantation
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v A o w a

Aaugtaedadufandenuddgynaasegiianils  aansanunsnszaelauinaenineuwas

q o <3

netadunliy uluiwauamayms Bula-wudila (Pérez Farfante and Kensley, 1997) laud gasns

Y a

a a a a = 9 & &, 2 aa Y a & ]
@‘NI@I‘UL“UEJ UL BDBHALAILAY QQLLGU‘U'JEJLTJ‘NfN‘VlL‘IJ'U‘VI'UEJ&IGU@QQ‘Uiiﬂﬂ‘ﬂﬂiu‘digL‘VlﬂLLagm'N‘UszL‘Vlﬁ Y31

q

\eannidaldannsavihmaneideddegiaunivaty  eandianunumuseanimwindey  Ains
Waguwlasmesssunilates W g Auhy anuduiivueslosindurioaniiznileandiaum
M NYRINTIUMNUVEES U ATTeUTInAkAzdRanT NN vhiuSnadautivanadet

FTINFNUNASIINYR - Sudsenazudiusiwstheddifinsmnzidesiueginitewne Jevili

v
N v o 6o a

Fewonsgaiuglatueunan dvludagiudaivmatsvinfegluannzdeaguiugulany vanedniu

YRS

i siamwelulagnisugnanewadduinia (Germ cell transplantation) 1uniadenwiislunis

W swziusdnidiuenmiloninmsuauiusienluda e welulagnsugnaewadauiiie
’oj IS5 o 14

ludniuirdinmsadunisussauaudnialudaivarsUssimaeeaauludnitidmanuaideg Wy Jan

e (yellowtail fish) wazUainun (Morita et al, 2012; Yazawa et al, 2019) walulagtdsly

v
13

wnsnanglusdgnisvedvelasamzludaih - nmsfinniilunmsifaumaluladlngldd@adunldunds

1%

a (% [

wthadudunuy winUszauanudisanisldmeluladidiufusiauazmadiiunistosiunisgayiu

Y

2N o

agiuhefiazyilinuedsdwmaluemsndnunmdmiuaulnewaziinandniionisdieanatedabu
L% Z.Jl a I Ly IS v 6 Y Y o (L=} v 6 b &Y
AeULUIANYDIlATINISAD Waynvalulaglumsmneiugiadasltiwadduiugvestuedlelay
WawnMsesugadduiugzesugtiouwasnisanelewwadduiugiinegnisiwiziuglaiedudedy
=] . s v/ 6V o 1 £ I a € A 1 b4 6V Y v 14 Y v
yayuaziwanduiusramameigfinanazaunsaimudualsivielvvesuedisludeuynls deu

v 1 %

yeybdunfeuradufenanansamsiuglaatulsanziin ilinswdsgnidldeganinunaiionaunud

Tugndsinsssunfvzomeduasunisdesieiaelauiniu wialulagfidloUszaunndnseauisn

fgvealinIguNingITes naenuNYRINTTIRzHAngNIulon1sIRewialy

ngUsTaA
1) Wawnswengadadasuninlnde dmsunisiiludgneny

2)  fawnIsnsaelnwadalesuivlndednludaeiasulaegatey 1 via
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N1373IDNEAT

'
v A o w a

Aauglaedndufandenuddgyniaasegieianils - anunsanunisnssaelauinneiineuaznea

q o <3

guaniiu salufaauumayms dula-uU@ila (Perez Farfante and Kensley 1997) flauynedursilun

Henveaustaandlulsemanaginaseina Nawythedeldinsihnsmisidesdasgiunsvate Wesin

vy A

fiarununuseaninwIndenninisfsunlamssssumalates wu gaumal anuhy Anuduiiy

s I =} A a ° B a v aa | av a ¢ aa
Yoaesunduvseanenioandaud  USununsuaaddulseinannadifvenguitenagiiaeians
n1sUsEe neulgunglazenseansiauinisuszas Tud 2560 (lonansatun 3/2562) dusunaniies 129
i Al 0.04% veaUSinafsizideimuavesssma waz 1ul2562 nadals 160 fu Al 0.04%
YosUSHnINziReimuavessEmaGeiy (anaisatduil 13/2563) dsliiiganeiunisuslan
Tulszinaviodionn  wenanuunewdiugiiensndngniuiionsmzdesdaianansssurfilueau

g vilineasnsduainunanihsssufduun  livsnadusiizanatogissamsanuaiy

1%

s35uR Fedessegayiuglatueuian Fdulagiudaiumvarsviinfegluannsdeaduiugulay Yan

v & v [ PP U a o ! v o LY 1% v ¢ ! k4
nedinidudy - mafaumalulagiludnivinisingagilugmsimunshviiugnssudaasdaisinge la

LY Ly I

Tuowen  Astumnadunistesiunisgayiugedviusiissibifuestiedinsduomsidiaanin

YRS

dusurulneunarinandnion1sa9enag1edty  MUULUIAAYDILATINISADNISHAILIMALULaETUNS

U ¥ [ ¥ &Y

wnziugalesldiwadduiudvganueitelaeinuinmsessuwadduiudvesiusitouaznisiiu

Shynwadduiuglugasarniuinwlunnzdonuds  fwdlddnsdushwalsuvesamsinegdnaudagu
Um%ﬁnmszﬁﬁu (Oryzias latipes; medaka) (Zhang et al., 2005) Uamziieu (Sooksawat et al., 2019)
wazlauwauea (Lee et al, 2016) walansiiusnviwasduiuiuar waznisanelousaddunugd
wdnnsiaefigaddurniinnse cerm cell avanunsafiaswisdaluléiSenq (Cinalli et al, 2008) e

Y

dnglevadruiniamadauiugainedeizines (spermatogonia) 3N (Donon) hlUlulivsedigeu
UB9KFU(recipient) 1wad spermatogonia Yalanunsaimwlduly viewalsuvedlnlueleazduiug
voshiunarannsaliuingnuesialileianndiiu uansnmuuuusulugudl 1 (Lacerda et al, 2013)
mﬂiuiagvl,éfﬁﬂﬁﬁL%ﬁﬂué’mi%qumwﬁﬂ WU pigs (Honaramooz et al., 2002), goat (Honaramooz et
al., 2003), chicken (Trefil et al., 2006), and cattle (Stockwell et al., 2009) uaﬂﬁ]’mﬁ?ﬂué’miﬂjﬂé}
Uszananudusaluvawaneviin launvatwwaueuy Yaunsit dan Chinese rosy bitterling LLaz?ﬁuq

(Nagasawa et al., 2019; Octavera and Yoshizaki, 2019; Okutsu et al., 2015; Yoshizaki et al., 2016)
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walladilumalulagfiludinisdiunsideludaunney msimwdaanuaunsednidelveni

lassmsafeagyihlihanuansaluldlunssnviugnssudniduy AlanudAymaasgineszay

[y

wustuauenvatlnels laeiluuinieniseaidunudy 2 dumeldnn n1swaunalulagnisiAy

]

£
a ¥ 6V a

Fnwngadduiuglunismisidestawyiiedeladnitunisuarlulevdssunm 2562 uaenis

danarelgasduiugiunisimizideaiawsiiedngndasulauniuniiienisveneiugna

wyUrelusuram

Donor gametogenesis after germ cell transplantation
in different developmental phases of recipient fish

{A) Primordial Garm Call Transplantation in Fish Embryos

Recipient embryo

[N

{B) Germ Cell Transplantation in Newly Hatched Fish Larvae

Recipsen! lanas ) ) N S
s

Dromar gamstis prodichion
{C} Germ Cell Transplantation in Adult Fish

Danor gametes
production

Adull Recipien Fish

gﬂﬁ 1 wuulaukgaameiansanelowwadduiiug (germ cell transplantation techniques) Tudandisu
Tusggedaqlulagtu (@) Primordial germ cell (PGC) transplantation in fish embryos: TneSiazdn
PCGs wosUasliliiiu embryofi blastodisc Tuszee blastula-stage fidawadmariavutsineuiiozly
faummia gonadal ridge (future gonads) Tus$u Uandisuazgniissuaiaiugauas aeadaduiug
a3 lnla (b) Germ cell transplantation in newly hatched larvae: TneA5H PGCs ma@ﬂmﬁﬂﬁgﬂa@
gasiesvasiisey mdsiindluy) vesUardiulurszesiiPGCsuowhiudundouiinaraslaladii
genital ridges 895U LﬁaLﬂ%wﬂuﬁfﬂmﬁa%’ummma%aL%aéﬁuﬁuﬁfﬁuammﬁﬂﬁlﬁ (c) Germ cell
transplantation in adult fish: TneSiazan spermatogonial stem cells Tngnssluds testes vasUasu

FeagaunsoanavadauiuguosUaidilile (Lacerda et al, 2013)

¥
s

wuunasuseuaaiimin Wunsy dudsunsidedusumtiuasnsidenuguiusemalnedidnenin (P5): SEED FUND



12

ad

25N151AaaY (Materials & Methods)

1 MSTEUYAR Spermatogonia LialEaLAREUNUSIWAL (testis) AwuwyUaeinansanelou

11 Testis veaauiigvuaUssau 11 - 12 cm wwihnswenwas lngldadlunguindienns L-

15+ Anti-Anti(1x) 420 pl, Collagenase H (40 mg/ml) 25 lalasans, Dispasell (33.3 mg/ml) 25 pl way

a aa

DNase | (15 U/&iaaans) 30 ul 9antiuviinissin Testis senssinsuansunad Wunan 5 wil deasunian

wald pipette gaduatug 50 A3 udthlUvnigaumgivienduian 1.5 hr uagld pipette gaTuauTY

Y

50 a%s 90 1 30 min ifeAsunad e ITiadeglUiunnTesiieinnsesdifisnsesuuin 42 um
Tdlu Eppendorf w1a 1.5 pl i L-15+ Anti-Anti(1x) 8 1 ml Lilednangy udnsessiosny fednsosdl
13N5099UI0 42 pm LATAIEATUNEINTORIBRIMT 1 ml uiigaldvasn Eppendorf LA 9N
vaen Eppendorf luvsuivissiiniends 1800 seusiewil figamgiivies Wuan 10 uil @mmsasmaﬁyﬂ
wazifisl L-15+ Anti-Anti(1x) 1000 ml uagkanfiuun 9 antunirlunumiesdianugs 1800 souseund

Mgauniivies Wuan 10 w1l ANENTATAILN LarduTansnAIAIeIMINUTIARIN 10%FBS Leluy

)
INBAIarauRLNaUEaanIg 500 ul  98901MNSNUTIAIN 10%FBS wuwwad 50 pl Wiludeunie

sl

trypan blue 8n518u 1:2 wazgihlUiuwaanitin  anduyinnsdouwad spermatogonia AIed PKH26

(Sigma, Missouri, USA) Taeniwad 450 pl Juthnznauavatede 250 ul Dilute C aslu waz Wionaudi

fuudath Dilute C 240 Tslasans fu PKH 26 dye 10 pl finaufuwduldluasavanead maufuun

'
P

$e pipette wiiidly 30 17l figaungiivies Wonsunald L-15+ Anti-Anti(1x) aslu 500 pl iileven
UG anthuilumiuvieeiianmnd: 1800 seusiownd flguvniivies Wunan 10 Wil gadiu
ansazaneiie NTAN 15+ Anti-Anti(1x) 250p0 waulidnfuung anty myusissiierng 1800
soustoundl -Agamgivies (e 10 wiit geansazaneis Mnduazanenznouwadlnensiiy L-15+

9 Y Y

Anti-Anti(1x) 8kl 250 pl - AwraUSinaeasiiieuiludasely

2.7 N1IN3I9HUAE  spermatogoniauazAumsEEzislun1sesENspermatogonia  #n833

Immunnocytochemistry method

Anti-Vasa antibody lanEnu191nN15n38AUAIE VASA poly peptides (GRSRGGGRGGGRGGC)
e UM GeneScript (Japan Inc., Japan) #dldnannilFeuiieusewinansaianddaves F. merguiensis
uaz L. vannamei. mavaaesiiiunms nsavlusiu VASA dadulusfuiidingegispermatogonia

VOIAR IR NIRTIAMVASALUSAUUUSpermatogonia?In F. mereuiensis
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a8 testis(n=3) IMNAVUIN 7 cm, 12 cm wag 16 cm enadla fix waathuialuparaffin lne
HIUNSTUIUAIT paraffin technique (Fischer et al., 2008) WaZAATULLDAMUNUIUUIA 5 um thickida
Anvudladum  Adaeulesl peroxidasefegluaniiaite laenisudly 3% H,0, uavansazaly

methanol ¥uaan 30 min TuAnuiinfigaumgivies udaudlu PBS Wuan 2 min 1lU permeabilized

Y

[

T 1% slycine in 0.3% TritonX-100 diluted in PBS (0.3% PBST, 14) for 30 min 7 QaUUNIYRY toeTu

Y

dlode 0.5 pg/ml ves proteinase K Wuian 20 min 37°C Aeufiasiiluvnfuaisazans blocking

solution (10% FBS in 0.3% PBST, 100), 1387 2 hr ﬁ'qmmﬁﬁaq WAIUNAY anti-vasa antibody (1:200)

Y

Wuan 16-18 hr 91 at 4°C  27ntuaesie PBS Wuwian 30 min 971U 5 A% wasuu@iy HRP-

conjugated goat anti-rabbit 1gG antibody #t§9919 1:500 tHuiaan 1 Hlud 8193 AST §ae PBST, 4guR5s

} %4 ¥

a¢ 10 min waziiloouudlan aggndawsiy 0.05% 3,3-diaminobenzidine solution (Sigma, USA) 71l
0.015% H,0, Tu PBS Walddmamunzauuaveauisenmenuinay  vaenuuiludeusied
hematoxylin  neaUfAzemetfienuagyinisiniedouualadmenisn permounted thluanesula

lauAENADY BX-53 light microscope equipped with a DP-72 digital camera (Olympus, Tokyo, Japan)

3. AnwInsiAfounuasimuINISYas Primodial germ cells (PGCs) vadiauulingdaeds

whole mount immunohistochemistry

msfnuiliadunisdumssgsiiunzauiazaslouwadduiuganduatelugeiwnaisu
= = = o = Y o e = - v o = a = 1%
iaSeuiiguiuneaniisnenunay Jfnwiemsseeh PGCs §allnsinfauiineuiiazasny gonad

ﬁgenital ridge

evianasiny fertilized eggs, the nauplius 4, zoea 3, mysis 3, postlarva 1 stages S¥8za 9819
tor 305 Hamsessly 4% paraformaldehyde Wuvan 24 hr 71 4°C udadeawmtly phosphate
buffered saline (PBS) viuft 4°C wiotluld ot luldiluugly 0.5% TritonX-100 Fev1dlu PBS 1u
a1 2 Su wdnhluutly Dent’s solution (80% methanol and 20% dimethyl sulfoxide) 7 —20°C 18
1381 6 hr ﬁ]ﬂﬂﬁuﬁ%‘iﬁw PBS 1Tunan 30 min 311U 5 ﬁ%ﬂ Pldunmie anti-vasa solution (1:1,000
dilution) Wuran 4 Fu 9ntudneae PBS Wuan 30 min $1uau 5 A% uazUudae HRP-conjugated
goat anti-rabbit IgG antibody 739919 1:2,000 Wuran 2 Yu &19-3 %3 Fae PBST, 40 ASsaY 10 Undl

TUABUMTULLATAIINTNARRI  4°C  fregaviaiazgndeunis  0.05%  3,3-diaminobenzidine

¥
s

wuunasuseuaaiimin Wunsy dudsunsidedusumtiuasnsidenuguiusemalnedidnenin (P5): SEED FUND



14

v '
YA o =

solution (Sigma, USA) #ifl 0.015% H,0, lu PBS LﬁalmammammmzamLLé’mqmﬂﬁﬁ%sJ"]é’wﬁmé"u
#10¢19 whole-mount anansaihlaegulsiaesiendas BX-53 light microscope equipped with a DP-

72 digital camera (Olympus, Tokyo, Japan) miwmaaﬂﬁwlﬁa@ja testis (n=3) Lf‘ﬁlusqmmuammﬂ

4. nsfnen sl dedunuglunlaematiaiialainegn Histology

MsAnwINITIAROUT Lag Waun13ues Primodial germ cells vasfauIwazALydae Wity
wuuiilunsmszesunsanlunsanslousad spermatogonia Inensinwmaiedeinen Taeth
fasf Postlarva szewsineruay tiawde testis 3utlu Davison’s fixative uian 24 F2luadadne 70%
ethanol WHunar 10 vt 3 a% thiiledeluiunszuiums processing s wdahun ldlu
(embedded) paraffin wax tieiile Testis trandanun 5 pm Iummzﬁf’jﬂﬁy’qéffgé]’wm 7 um Tagldiedes
820 Spencer rotary microtome (MedCon, Colorado, USA) Hadeiignyuiien paraffin e0n wawiln
WiAe dousned hematoxylin and eosin (H&E) ma3sumsgu wathuwibilawazyilifauuuuulaad
ﬁh&JmWLﬁaL?jaﬁw BX-53 light microscope equipped with a DP-72 digital camera (Olympus, Tokyo,

Japan)
5. mM3analauwas spermatogonia fiauwyliag (dononludefeiau(denia)

WoAUMALRUILasSyazlungaylunisaelouas spermatogonia

Y o o

5.1 nsanglaywas spermatogonia fauydiag (dononludsdedadu(iaud) Tu

9
ALRUIA9 Y

lneanelauad spermatogonia Aaustslufiduniwinaglawn usadenlay drelowead
spermatogonia Nyt lURMIveeeiasu postlarva vuIn 5-6 cm 91U 8 fa delouiad
. 14 6V d' o 1 14 d' Y v Y [ U 1 [
spermatogonia Aawyielufiduminasdi 1 veefeiisuauin 8 cm gn 31u7u 10 67 uazaieloulsad

spermatogonialyfawiaialsy vesewasuruinil-12 cm 91U 20 /)

nsagloulwas  spermatogonia  laRliun1slaeAnLUaIINUYeY lacerda WarAY WAL
Takeuchi wazAy (Lacerda et al,, 2006; Takeuchi et al., 2009) lngiausiagsauvilvaaulaguu

vz d v X A A a v v P I3 .
WALYIUTZUI 1 U LLa’J'NQaQ'UU"mu@'TVVﬁLaENLSUE)‘VILﬂa@UWJEJ'%‘H?) % LmeEJIEJuLedaaspermatogoma

U 1 pl Usuna 1.0 x 10° cells Meusnilsuans?l 102875 microinjection Lazikodidann1uyng
Tesumedudneues 27 Aevasnisansleu 6 wks dnvhlraaulaevuiiudslssana 1 min dily
MIIVADUNITAADUNVDY spermatogonial cells ‘Luﬁj&ﬁa%’ué”wﬂé’aq Fusion Solo S - Western Blot &

Chemiluminescence Imaging (Vilber, Collégien, France) §wsungudainviotalsuanusuna 1.0 x 10°
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cells 11 testis 1MATIEOUR 15 wag 35 u nendimsnelouwad uenantudsldnsiaeunsindoui
Yoadspermatogoniafisneloudaeds PCR molecular marker Tuszezianseiu Tnensiaaeusienis
¥ PCR ¥8sgenomic DNAvasfausthefidielouludsisu Ing primer VASA160, VASA 741 uay Fm15
uaz cDNA Tng primer VASA160 #58 VASA 741

5.2 nM3anglauiwas spermatogonia flauytiag (dononludefedaiu(fev) Tudnlusses

thimla\iﬁ:\i postlarva Suii 4 (PL4), postlarva Sufi 9 (PL9)uaz postlarva Sufi 16 (PL16)

NnmMsAnwaMIeiezduiuguesisly mveassd 3uas 4 Jnhadsdeyalunisanelouad
duiiuglaenisan 15000 wadsial f5U Bnsgadae 100 fivedwsavssey Aadnusnale carapace
yosAs3u PLA, PL6uas PL16 m5aaaeuFluorescent ndsnsaneleu fidUn1if 4 ndsndn Audm
§93IN350M UALEMIINNTATIINY Fluorescent wagifiumioens Unsin 4 wdaandnetsas 1 fuile

= S
psRdeuMaiiodanald

v ¢

5.3 MInsIgauaasunulawasaunugiuelqeaiadae cDNA marker 489 VASA

(Potiyanadech et al., 2022)

1iloLEe testisUsuna 100 mg 11uatu 1 ml TRIzol® reagent udaiun1saia RNA anu3sves

US¥N (Promega, Madison, USA) NIt RNA Aiadald ug) 1ANIADNA felunit of DNase |
(Promega, Madison, USA) 9antuwisey cDNA Tneth 1 pg RNA avaelu 10 ul udwauiu 2 ul veq
random primer (100 ng/pl), Usi# 70 °C tluiaan 5 wail Yanauuiudadung 5 undt @ 5x reverse
transcription-buffer (4 ul);4U/ pl AMV (0.5 pU) #ag 10 mM dNTP (1.25 pl) asluvaenufjizen Hanh
uUSimsAsY 20 pb; luund 37°C Wunan 1 h ANINTBY cCDNA Felaenisvinisifiudiuau Su -
Actin ¢8 specific primers wanslumsedl 1 Un3e1 12.5 ul UsenausmieThe cDNA 100 ng, 1x GoTaq®
Green Master Mix (Promega, Madison, USA), 0.25 uM of the reverse primer, 0.25 uM of the forward
primer lasiinthauasy 12,5 ul. M3 PCR Usznaudie denaturation3ugiudl 94 °C for 5 min, 35
aycles of ampilification (94 °C for 30 sec, 55 °C for 30 sec, 72 °C for 30 sec), & a final extension
of 72 °C for 10 min PCR products 1nuenuu 2% agarose gel electrophoresis. MIFANTIUIU VASA
160, VASA 741 thildl specific primer waasly asnedi 1 IﬂaaaﬂLmeﬂdauﬁmﬁauﬁuﬂaaﬁqmmﬂms

WIBUNIANIPANATEIING GenBank accession numbers: L. vannamei: DQO95772.2, F. merguiensis:

¥
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MZ173499.1  dw¥uufATenn1sifind uau cDNA 48 VASA 160 Lag VASA 741 iuauifendu B-Actin

WINWE annealing temperature A® 65°C

v ¢

54  msasedeuwastuidawasduiudiauelieniediy genomic  markers

(Potiyanadech et al., 2022)

Genomic DNA anntestisanalagly Genomic DNA Mini Kit (Geneaid, New Taipei City, Taiwan)
Tnetlutestis $1W 30 mg 200 ul w83 GT bufferwaz 20 ul (10 me/ml) Proteinase K Uufl 60 °C «Ju
a1 30 min Wawfiy GBT buffer of 200 ul Usdi 60 °C luiian 40 min /14 RNA ¢78 RNase A 4
(10 mg/ml) was added to Ui 25°C Huaan 5 min wdafia 200 ul absolute ethanol and waulwan
fuwdrdeas GS column, Jui 15,000 x ¢ tHuran 2 min wanlafriunedunitauay d1ede 400 ul
W1 buffer ufl 15,000 x g uian 1 min §19818me 600 Wl Wash buffer Juit 15,000 x ¢ \uaan 1
min waulainuaeduiiuay Judl 15,000 x ¢ Wuan 3 min aanduiiy 100 pl Elution buffer Usl 5
min LLéh{]uﬁw,OOO X g WJura1l min 1Aiu DNA Y¥eanainaaduyl ﬁm%’mﬁluﬁﬂmu microsatellite Fm-
15 (ATC (7) 3eléun97ne1u Ovarian Transcriptome Analysis (Saetan et al., 2016) mitochondrial
Cytochrome oxidase subunit | gene (COI) laanandau conserved regions of COI genes (Folmer et

al., 1994) waz VASA 160

U381 PCR v83 Fm15 Usznaupig DNA 200 ng, 0.2 mM dNTP, 0.25 uM of the reverse
primer kg 0.25 uMof the forward primer, 1x PCR buffer, 1.5 mM MgCl,, 1 unit Tagq DNA polymerase
(Invitrogen, Thermo Fisher, Scientific Inc., CA, USA) dwiuufjisen COI PCR vinduigaiu Fm 15
o 3uld 4.0 MM Mgl M1snszUILAS LS WL UREI U VASAL60 mudina1adnsdu Tae annealing
temperature W83 Fm-15, COl uag VASA160 s 54 °C, 50 °C and 65 °C, muaiau Wandsn PCR vo4
Fm-15 ez VASAL60 wenuu 6.0% polyacrylamide gel kag1.5% agarose gel electrophoresis WaWz#
PCR 293COI finsg Xbal (Promega, Madison, USA) i 37 °C 24 hr Teewa PCR COolpnuytiuazgn

Anee Xbal TuuaeiPCR COlvasisuarligndn uasdinsesinieg 2% agarose gel electrophoresis
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GI’]‘J'Nﬁ 1. Primer sequences used for PCR of Actin, Vasa741, Fm-15, COI, Vasal60

Primer name Primer sequences Annealing temperature (°C)
Forward B-actin 5’ CAGATCATGTTTGAGACCTTC’3 1 55
Reverse B-actin 5’GATGTCCACGTCCACTTCAT’3 -

Forward Vasa741 5" TCCAGGGGAGGTGGTAGAGG’3 1 65
Reverse Vasa741 5’ ACTCCCTGTCTGAGCACAGC’3 |

Forward Fm-15 5’ TTGCCATCATTATCATTAGCAGA’3 ] 54
Reverse Fm-15 5’AAGTATGATGAAGAAGGCCATGA’3 .

Forward COI 5’ GGTCAACAAATCATAAAGATATTGG’3 ] 50
Reverse COI 5 TAAACTTCAGGGTGACCAAAAAATCA’S |

Forward VASA160 5’CCTCAAAGAAAGCATTTGACTCTGG’3 ] 65
Reverse VASA160 5’CCACCTCTACCTCCTCCTCTACC’3 |

NANISNAABILAZINTAINANISNAADY (Results and Discussion)
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g‘i.lﬁ 2. Dissociated Spermatogonial cells from testis of F. merguiensis and dyed
with Trypan blue. Dead cells show in blue, live cells are white, the arrowhead

indicates spermatogonia cells.
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(A)

gﬂﬁ 3 Spermatogonia cells, (A) bright field, (B) spermatogonia cells dyed with

PKH-26, the arrowhead indicates spermatogonia cells.

2. N1IATIVFBULYAR spermatogoniakazAumszazislunisinieuspermatogonia #7835

Immunnohistochemistry (ISH)

N1 T8 UAAspermatogonia M85 ISH L‘ﬁ‘lmﬁﬁéjﬂﬂmaﬁﬁLLEJﬂaE’JL‘Uaﬁ spermatogonia Way
delduszlovdlunnsnisdmdantuiadeimunzanluniseisuiwadduiugfauelae
dnfunisihludgndis lunimnassiai testis vosdausdagvuiasiagiu tieu1vh IHC
nan1snagaslagingh JHC voufelde testis wosduiadmBonvurndsiimuizanlunis
W3gaaaduiug - Spermatogonia) Aawrdisaznuirdnvusvengadifndihaiadiie
sneseendin@fiiniziu secondary antibody fiinazfu primary antibody #® VASA
UULAd Spermatogonia kaynuitdnwurieadialuvestestisyoafsvurnuszuna 7 cmi
spermatogonia fUTunmdosun Asfivuia 12cm $1uAUNINNINAITUIAYTEIAM 7 cm
LAy 16 cm 2819 TALIU LLamiug‘Uﬁ 4 uenantuLilevnisada A29819193U1M 8 cm, 9
em, 10 cm waz 12 cm § Spermatogonia laladsUssunl 66666414433 (n=3).9a4,
60833424537 (n=3)Lwad, 2833334123222 (N=3)wad Wag 1150000 (N=2) L¥Ad AUAFU LAY
dlewmToueadaindsvuin 12 cm Iflwadspermatogonia USuiaunniigauazddiauin

gniouay 86

¥
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gﬂﬁ 4 Hematoxylin staining (A-C) of testis tissue of F. merguiensis size 7 cm, 12
cm and 16 cm, black arrow head pointed Spermatid (St), red arrow head pointed

spermatogonia (Sg)

A5147 2 Percentage of spermatogonia extracted from testis of different sizes of F. merguiensis

Shrimp size (cm.) Survival cells % Survival cells
8.5+ 0.01 66666+14433 (n=3) 56.1+12.3
9.0+0.15 60833+24537(n=3) 59.1+25.2
9,9+0.423 283333+123222 (n=3) 68.0+9.9
12.5+0.35 1150000+ 0 (n=2) 86+1.13

3. finensedeuitasimuIN1sves Primodial germ cells vasfsusdinedie3s Whole mount

immunohistochemistry

L8991 Whole mount immunohistochemistry AUuf18814 fertilized eggs, the nauplius 4,

1%
a o (3

zo€a3, mysis 3, postlarva 1 stages 8¥aza819Uoe 3 67 WU Vasa-like protein AndUIAIAUULYAE

. & A Y} R P v A & o A | a s
spermatogonia lutiiatioeterzduiyinadludeiilaifdude U 5A) ldwun1sfndvediead
spermatogonia ludlaigaidudamuauay (3UN5B) wazileillaideuudiu pre-immunize serum wuin

1%

Anduinageuning Usunandndesiuiledeieriuduenanuuandldedidaauiunauan (GUN5C)
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Tuluiinauuds wu vasa-like protein Usingiugadinanaiveuvedly (FUNGA) uagwudidnumii

9

a

Y09US1I0 cephalothorax ludi8euseee nauplius 4 (U7 6B) luszes zoea 3 Wu PGCs

Y

cephalothorax LLazm?{auﬁlﬂﬁu‘%nmmpereopod regions (gﬂﬁéC—éD) sqmmuquammsﬂagﬂugﬂ A-C
sgldnugaduinia Tu mysis 3 dyg10ued vasa-like protein éTﬂmang'ﬁ cephalothorax Wag pereopod
regions (Figs. 7A-7B) uazlu postlarva 1 stage WUPGCs 7 cephalothorax, pereopod (g‘d‘ﬁ 7D-TE) W@

(%

telson (§U 7F) gaauauauazlinudimatunsneglugy 7C-7G

3‘1]17'; 5 Immunohistochemistry demonstrating presence of vasa-like protein in spermatogonia of
the shrimp testis: (A) testis section of Fenneropenaeus merguiensis incubated with anti-vasa
antibody showing positive vasa-like protein in spermatogonia (arrowheads); (B) control section
without anti-vasa antibody showing no reactivity; (C) pre-immunized serum incubated section
showing no reactivity and connective tissue showing as very pale brown color; (D) testis section of
F.merguiensis stained with hematoxylin and eosin, scale bars are 10 um and experiment was

performed in triplicate (Chimnuan et al., 2022).
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A) B)

© (D)

o Q)
sune @ho&%ﬂ\woun@nmunohlstochemlstw showing vasa-like protein in various developmental

st oQ(Z?E%ﬁﬂe?r(g‘\gggnaeus merguiensis: (A) the fertilized egg; (B) nauplius 4 stage; (C) zoea 3 stage;
f\f@z@% ska@e with magnification, where negative control without anti-vasa did not develop a
@Q brown chbz%\r in any tested stage, as shown in the inserts for A-C, scale bars represent 2 pm for C
g\)@andf\\@mser’c 8 um for A, A-insert, B and B-insert and 13.5 um for D and experiment performed in

t%tlcate using three samples of each stage (Chimnuan et al., 2022)

awv A
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A

(€= )]

gﬂﬁ 7 Whole-mount immunohistochemistry showing vasa-like protein in mysis and post-larva day
1 of Fenneropenaeus merguiensis: (A) the mysis 3 stage; (B) with magnification; and (D) the
postlarva 1 stage; (E, F) with magnifications; (C, G) the negative control without anti-vasa did not
develop a brown color in any tested stage, scale bars represent 2 um for A, C, Dand G, 8 um B, E
and F. The experiment was performed in triplicate using three samples of each stage (Chimnuan

et al,, 2022)

4. nsAnwmMsimuldgsdunugludaleawmaiiaiiiawainen Histology

v

=2 v LY = v e 14 a dy A a d' =2
ﬂ’]iﬂﬂ‘i‘:ﬂﬂ’ﬁ‘W@J‘N’]a’wﬂgﬁUWUﬁqﬁUWUﬁﬂIUﬂﬂiﬂEJLVIﬂ“lJﬂLUEJL‘EJ’EJ’J‘VIEHLW@IﬁUﬂﬁiﬂﬂHWﬂWi

9 9

\edoudl Uay Wansves Primodial germ cells (PGCs) vasfisunuazivihoioduuuumulunism
sgpeiinuizanlunisanelouwad spermatogonia Fufinsadalalafilufs postlarva seuzdl 1 vastierds
LthE (3UT 8) uazfaun (Uil 9) wasifinunalvgtu Sswu PGCs 1adioudl TuPL7 wag PL10 (3U7 10)
WAzl InnTunazisuiinisade PGCs TaladiiusnnmousiuluPL 15 1 PGCs manlnsaany VASA germ
cell marker (lail@uansluiid) (U 11)uazPGCs sufiusnuiisanniudesqauimuniy sonaddadu

testisludg uazovarylusidly
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g‘ll‘ﬁ 8 Early gonad development of F. merguiensis during postlarva stage 1 (PL1), saggital section
whole body of PL1 and H&E staining, arrowhead pointed primidial germ cell, Hp-hepatopancreas,
Ht- heart, images were taken under a BX-53 light microscope equipped with a DP-72 digital camera

(Olympus, Tokyo, Japan).

3‘1]17; 9 Early gonad development of P. vannamei during postlarva stage 1 (PL1), saggital section
whole body of PL1 and H&E staining, arrowhead pointed primidial germ cell, Hp-hepatopancreas,
Ht- heart, images were taken under a BX-53 light microscope equipped with a DP-72 digital camera

(Olympus, Tokyo, Japan).
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g‘lJ‘ﬁ 10 Sagittal sections-of the whole protozoa in PL7(A-C) and PL10 (D-F) of F. merguiensis.

A-F stained with H&E."A gross picture of PL7 (A) and PL10 (D). The PCGs (black arrowheads) were
found to'colonize at the outer line of the heart while they tended to increase cell numbers in PL7
(B) and PL10- (E). The PGCs migrating have arrived at the gap between the heart and
hepatopancreas, where the genital ridge will be formed. Yellow arrowheads demonstrated the
somatic germ cells (SGCs) assisted with PGCs. Bar of A and D are 50 [Am. The bar of B is 20. The

bars of C E-F arel0 um, respectively. Bar of C insert and F insert are 2 um. CP: carapace, HT: heart,

HP: hepatopancreas, and SM: stomach.
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g‘lJ‘ﬁ 11 Sagittal sections.of the whole protozoa (PL15) of F. merguiensis. A-D stained with H&E. A
gross picture~of PL15 (A), migrating PGCs (black arrowhead), and SGC (yellow arrowhead) have
arrived at the outer line of the midgut (C). The PGCs migrated to the lower side of the anterior
heart border and to the surface of the hepatic line (D-F). The PCGs cluster was found at the outer
line of the heart while they tended to increase cell numbers where the genital ridge will form (G-
). The bar‘of Ais 500 um. B to D are high magnification of PL15. The bar of B and D are 20 and
50, respectively. The bar of C, E-F, and H is 10 ym. The bar of | is 5 um. Bar of C insert, E insert and
F.insert are 2 um. CP: carapace, HT: heart, HP: hepatopancreas, and MG: midsut.
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*~dpt

uorescent signal of spermatogonia cells from Fenerropenaeus merguiensis

after 15 day post transplantation into segment 1, sperm sac and arch of

hemolymph (of Penaeus vannamei. Arrow pointed fluorescent cells.
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A15197 3 Detection of F. merguiensis DNA and mRNA of F. merguiensis after transplantation

into arch of hemolymph and carapace of P. vannamei using molecular markers Fm-15, VASA160

and VASA741

Gr. wks #Sam/ Genomic marker/Positive cDNA marker
56 Pos flu VASAT741
Fm-15 VASA160 VASAT41 /Positive
cm
Head Testi Vas Head Testi Vas Head Testis Vas Head Testis
s s
Arch 1 8/5
8 - - - - - - - - - X X
9 N ~ - X X - X X - - -
11 X ~ ~ X ~ ~ ? ? ? - -
Head5-6 cm  [8/0(die) - - - - - - - - - -

A15197 4 Detection of F. merguiensis DNA and mRNA of F. merguiensis after transplantation

into seement 1 of P. vannamei-using molecular markers Fm-15, VASA160 and VASA741

Gr. wk #sa Genomic’ marker (# sample/ #Positive) cDNA marker
8 s m/- VASAT41
pos Em-15 VASA160 VASAT741 (#sample/ #Pos)
cm.
flu
Head Tes Vas Head Testis Vas Head Testi Vas Head Testis
tis s
Segl 10/6
3 - - - - - - - - - 1/0 1/0
5 - - - - - - - - - 1/0 1/0
6 1/0 1/1 - - - - 1/0 1/1 - - -
8 - - - - - - - - - - -
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15197 5 Detection of F. merguiensis DNA and mRNA of F. merguiensis after transplantation into

sperm duct of P. vannamei using molecular markers Fm-15, VASA160 and VASA741

Days #Sample/Positive fluorescent Genomic marker(Number sample/ %Positive) cDNA marker VASA160
(Number sample/ %Positive)
(% survival rate 65%)
Fm-15 VASA160
Testis Vas Sac
Testis Vas sac Testis Vas sac Testis Vas Sac
2 3/2 3/3 3/2 3/? 3/? 3/? 3/0 3/1 3/0 3/0 3/0
6 3/1 3/2 3/3 3/? 3/? 3/? 1/0 1/0 11 1/0 1/0
9 3/3 3/2 3/3 3/? 3/? 3/? 1/0 1/0 1/0 1/0 1/0
12 3/2 3/2 3/2 3/? 3/? 3/? 3/2 3/2 3/2 3/0 3/0
21 3/3 3/3 3/3 3/? 3/? 3/? 1/0 1/0 1/0 1/0 1/0

5.2 Mnagaumsanelauaddunugvasisiglugieviaszeseingg

= = a 1y . . 1% v 6
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n3LAABUTTEY Spermatogonia tadauludumisfianndnazilugafiiaves gonad nsneaesiilunis
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Miileersafey Fwieningiegntey 3 aAse Wldeyauntelion ntu wagyilviseadnisimuiniy

'
] a a ¥

o val o ' « Y A v 9 o, = & A

Fuyvesinisaneley wawiiielivdeneiasayiulnauaninsadimundy gonad wardifuvienay
m3avdoUsiamolecular marker LieANSLing WU spermatogonia wazimwndualsu Tudeisy
gwoly nsneasafindusisgaaitdeddduaniiosaindesseauisinuiain postlarva aulaiuiaiie

Wautestis Lag spermatogonia e duatsule

PR
anterior

gﬂﬁ 13 Transplanted fluorescent cells of F. merguiensis in P. vannamei located between heart and
hepatopancreas. Lateral view of the transplant PL9 after 4 wks post transplantation, left picture was
the transplanted shrimp was inspected under bright field microscope and right picture was under
fluorescent light, IX-73/phase contrast microscope equipped with DP-72 digital camera (Olympus,
Tokyo, Japan)

AN519916 Survival rate and fluorescent cluster rat after 1 trial transplantation in the recipient PL4,

PLO uay PLT6.

- No. of No. of No. of
Stage of 1 st Trials of 2 i fluorescent cluster rate
o . survived 4 |Survival rate |[fluorescent . .
recipient transplantation (%) of survived shrimp
wpt (%) cluster
PL4 140 37 26.4 9 24.3
PL9 150 71 47.3 7 9.9
PL16 100 14 14.0 8 57.1
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Chimnuan, J., Saetan, J., Chotigeat, W., 2022. Primordial germ cells

(PGCs) migration in Banana shrimp: Fenneropenaeus

merguiensis. Agric. Nat. Resour. 56, 497-502.
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Results: The vasa-like protein in the spermatogonia of the adult testis was specifically
detected based on immunohistochemistry. Using whole-mount immunohistochemistry.,
the stained vasa-like protein was identified around the egg margin of fertilized eggs. In
the nauplius 4 stage. vasa-like protein in PGCs was found in the ventral aspect of the
cephalothorax region. In the zoea 3 and mysis 3 slages, vasa-like protein was detected
in PGCs at the ventral aspect of the cephalothorax and migrated to the pereopod parts.
Finally, in the postlarva 1 stage. the appearance of the vasa-like protein in PGCs was
noted in the cephalothorax, pereopod and telson.
Main finding: Vasa-like protcin was identificd and indicated the migration of PGCs
during gonad formation in F. merguiensis larvae. The obtained information should
facilitate PGC tracking and provide valuable information for germ cell manipulation
concerning gonad development in shrimp.

t Equal contribution,

* Correspondingauthor:
E-mail addrésswilaiwan38@hotmail.com (W. Chotigeat)

online 2452-316X print 2468-1458/Copyright © 2021. This is an open access article under the CC BY-NC-ND license (http://creati
prodiction and hosting by Kasetsart University of Research and Development Institute on behall of Kasetsart University.

https://doi.org/10.34044/j.anres.2022.56.3.06

LA aw & aw & 5] o
wuunasusieuanuingin Wsunsy dualunisidedusuamnthuaznisidevugiuiivsemalnefidnanin (P5): SEED FUND40O

/6




498 J. Chimnual et al. / Agr. Nat. Resour. 56 (2022) 497-502

Introduction

The Banana shrimp, Fenneropenaeus merguiensis, 1s
a common species in the Gulf of Thailand and the Andaman
Sea (Saetan et al., 2016). It is a commercial species and
a consumer favorite that commands a reasonable price;
however, broodstocks have declined because of overfishing to
meet demand (Wonglapsuwan et al., 2009). Furthermore, the
complicated life cycle of the species is a barrier to broodstock
recovery since this shrimp requires an offshore coastal
spawning ground linked to a mangrove-lined estuarine nursery
(Noor-Hidayati et al., 2014).

In the early development of organisms, primordial germ
cells (PGCs) are in a different location from the gonad and
using amoeboid movements they migrate to the gonadal
precursors where they further differentiate into sperm or
eggs. Therefore, the PGCs have to reach the somatic part of
the gonad for it to perform its crucial role in the propagation
of the species, serving as a general model for long-range cell
migration (Raz and Reichman-Fried, 2006; Yoén and Akbulut,
2015). Generally, in the males of organisms, PGCs differentiate
into sperm cells during the processes of spermatogenesis and
spermiogenesis (Richardson et al., 2010). In fish, PGCs are
large, with a low nucleocytoplasmic ratio due to their limited
cell division (Duangkaew et al., 2019). In Fenneropenaeus
chinensis, PGCs were found initially in the early embryonic
stage (Feng et al., 2011). A distinct nuclear border-and‘granular
nuclear chromatin were noted as characteristics of PGCs (Feng
et al,, 2011, Duangkaew et al., 2019). In the giant freshwater
prawn, Macrobrachium rosenbergii, PGCs were oval with
a prominent nucleus comprising 4=6 nucleoli. The PGCs of
M. rosenbergii varied between 6-14 um in diameter as the
gonad developed (Rungsin et-aly, 2012). Therefore; the PGCs
in crustaceans and fish could be typified as large cells with
distinct nuclear chromatin.

The vasa gene firstidentified in Drosophila spp. encodes an
adenosine triphosphate -dependent RNA helicase belonging to
the DEAD-box family/ which is detected during development
before zygotic gene ‘activation and expression restricted to
migratory cells, most likely to be primordial germ cells (Olsen
etall, 1997).-Since the vasa gene expression is localized to the
PGCs.during early dévelopment, its activity is required for cell
lineage. Surprisingly, a vasa homolog is also expressed in the
somatic cells of planarian that somatic cells were identified as
neoblasts a-totipotent cell type that functions in regeneration
(Raz, 2000). Therefore the vasa function is essential for

preserving totipotency which inhibits the expression of genes
that would lead to somatic differentiation (Seydoux et al.,
1996; Raz, 2000; Yo6n and Akbulut, 2015).

The vasa gene has been identified as a germ cell marker
in most animals and its expression is restricted to migratory
PGCs and gonial cells in reproductive organs (Olsen et al.,
1997). The vasa gene has been used as a molecular marker
for studies on germ cell development and reproductive
processes in several animals, such as Chinese shrimp,
F. chinensis, (Feng et al., 2011), fruit fly, Drosophila
melanogaster (Renault, 2012), Pacific oyster, (Crassostrea
gigas), (Fabioux et al., 2004), Japanese flounder, (Paralichthys
olivaceus), (Wu et al., 2014) and the striped catfish,
Pangasianodon hypophthalmus, (Duangkaew et al., 2019).

Aflalo et al. (2007) characterized the vasa gene and
considered it as a maternal factor contributing to embryos in
Litopenaeus vannamei. In I chinensis, the vasa transcript was
detected in mature oocytes, fertilized eggs and throughout
multiple embryonic stages. This gene is still expressed in the
PGCs of the nauplius 4, zoea 3, mysis 3 and postlarva 1 stages
(Turkmen, 2005, Feng et al., 2011).

To date, germ cell development and the reproductive
processes in F. merguiensis are not known, however, they
are essential for breeding technology, such as germ cell
transplantation and artificial insemination (Herrid and
McFarlane, 2013). The current study aimed to identify
a vasa-like protein in migrating PGCs during the gonadal
development of F. merguiensis. The study should provide basic
information on gonad formation and help to clarify the optimal
stage for spermatogonia transplantation during the cultivation
of . merguiensis and potentially of other shrimp species.

Materials and Methods
Animals

Banana shrimps were collected from a farm in Nakhon
Sri Thammarat province, Thailand and reared in a cement
tank containing aerated seawater. The mature shrimps
were fed three times daily with shrimp pellets and the
larvae were fed four times daily with artemia. To start the
experiment, the fertilized eggs, the nauplius 4, zoea 3, mysis
3, postlarva 1 stages, and the adult testis (length 12 cm) were
collected, fixed in 4% paraformaldehyde for 24 hr at 4 °C,
transferred to phosphate buffered saline (PBS) and kept at
4 °C until used.

41

suunasusiwauauiimtl Wswnsy daasunisisegunuaniinaznisisenuguiiussmelveiidnenin (P5): SEED FUND41

/6




J. Chimnual et al. / Agr. Nat. Resour. 56 (2022) 497-502 499

Antibody

The nucleotide sequence of the vasa gene of F merguiensis
(GenBank accession no. MZ173499.1) was obtained from
gonad transcriptome (Saetan et al., 2016); it contained the
same conserved domains with Drosophila spp. (Lasko,
2013). In shrimp species, the glycine-rich domain is one
of the conserved domains of vasa among F. merguiensis,
M. rosenbergii (GenBank accession no. DQ339110.1) and
P. monodon (GenBank accession no. HQ385221.1).
The glycine-rich region containing the translated
GRSRGGGRGGGRGGC amino acids was synthesized and
used for anti-vasa production by the Genscript Company
(NI, USA).

Immunohistochemistry and whole-mount staining of vasa-like
protein

The fixed testis (n = 3) were processed using the paraffin
technique (Fischer et al., 2008) and the tissue was cut into
5 um thick slices to be mounted on glass slides. Endogenous
peroxidase was removed by submerging samples in a 3%
H,0, and methanol solution for 30 min in darkness at room
temperature. Then, samples were placed in PBS for 2 min.
The tissue slides were permeabilized with 1% glycine in
0.3% TritonX-100 diluted in PBS (0.3% PBST, ,,,) for 30 min
at room temperature. The tissue sections were mildly
digested further with 0.5 ug/mL of proteinase K for 20 min
at 37 °C before soaking the blocking solution (10% FBS
in 0.3% PBST, ,,), for 2 hrat room temperature. Then, the
tissues then incubated by covering the slides‘in anti-vasa
antibody at 1:200 dilution for 16~18 hr at 4:°C. After washing
three times with PBST, ;i for 10 min each time, they were
incubated in‘horseradish peroxidase (HRP)-conjugated goat
anti-rabbitTgG antibody at a dilutionof 1:500 (Merck, Germany)
for l‘hrvat room temperature. Then, the tissue slides
were washed three times with 0.3% PBST, ,,, for 10 min each
time.

Whole-mount samples of fixed fertilized eggs and the
nauplius 4, zoéa '3, mysis 3, and postlarva 1 stages (n = 3 for
each stage) were immersed for 2 d in 0.5% TritonX-100 diluted
in PBS and then soaked in Dent’s solution (80% methanol
and, 20% dimethy] sulfoxide) at —20 °C for 6 hr. The samples
were washed five times in PBS for 30 min each time before
being incubated in anti-vasa solution (1:1,000 dilution) for
4 d. Following washing as described above, the samples were
incubated in the HRP-conjugated goat anti-rabbit IgG antibody

at a dilution of 1:2,000 for 2 d, and subsequently washed three
times with PBST, ,,, for 10 min each time. All the washing and
incubation steps were performed at 4°C. The tissue slides and
whole samples were stained with 0.05% 3,3'-diaminobenzidine
solution (Sigma, USA) containing 0.015% H,O, prepared
in PBS. After a brown color had developed, the reaction
was stopped in distilled water. After that, the testis sections
were stained using hematoxylin. The sections were stopped
in tap water and were finally permounted while the whole-
mount immunohistochemistry samples were skipped for this
step. Finally, photographs were taken under a BX-53 light
microscope equipped with a DP-72 digital camera (Olympus,
Tokyo, Japan) (Joyner and Wall, 2008; Graham and Vermeron,
2022).

Ethics

This study was approved and conducted according to
the Institutional Animal Care and Use Committee (IACUC)
of Prince of Songkla University (Approval no. MHESI
6800.11/558).

Results

Vasa-like protein was detected as a brown color in the
spermatogonia of the adult testis (Fig. 1A). No reactivity in
spermatogonia was detected in the negative control section
(Fig. 1B), while the section incubated with pre-immunize
serum was a very pale brown color with connective tissue
(Fig. 1C) which was clearly discriminated from the positive
cell. In the fertilized egg, the vasa-like protein appeared as
dark brown dots around the egg margin (Fig. 2A). In the
nauplius 4 stage, this protein was concentrated in PGCs
located in the ventral aspect of the cephalothorax region
(Fig. 2B). In the zoea 3 stage, the vasa-like protein was found
in PGCs migrating to the ventral aspect of the cephalothorax
and pereopod regions (Figs. 2C-2D). The negative control
without anti-vasa did not develop a brown color, as presented
in the insets of Figs. A-C. In the mysis 3 stage, the vasa-like
protein signal remained in the cephalothorax and pereopod
regions (Figs. 3E-3F). Finally, the signal of vasa-like protein by
PGCs in the postlarva 1 stage was noted in the cephalothorax,
pereopod (Figs. 3H-3T) and telson (Fig. 3J). The negative
control without anti-vasa did not develop a brown color and
is shown in Figs. 3G and 3K.
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Fig. 1 Tmmunohistochemistry demonstrating presence of vasa-like protein
in spermatogonia of the shrimp testis: (A) testis section of /‘enneropenaecus
merguiensis incubated with anti-vasa antibody showing positive vasa-like
protein in spermatogonia (arrowheads); (B) control section without anti-
vasa antibody showing no reactivity: (C) pre-immunized serum incubated
section showing no reactivity and connective tissue showing as very pale
brown color; (D) testis section of Fmerguiensis stained with hematoxylin
and cosin, scale bars are 10 um and experiment was performed in triplicate.
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Fig. 3 Whole-mount immunohistochemistry showing vasa-like protein
in various developmental stages of [enneropenaeus merguiensis: () (he
mysis 3 stage: (B) with magnification; and (D) the postlarva 1 stage: (E. F)
with magnifications; (C, G) the negative control without anti-vasa did not
develop a brown color in any tested stage, scale bars represent 2 um for A,
C,Dand G, 8 um B, E and F. The experiment was performed in triplicate
using three samples of each stage.

Discussion

The vasa gene has been previously characterized and
used as a germ cell marker in crustaceans (Feng et al., 2011).
The current study has demonstrated for the first time the
distribution of vasa-like protein in the fertilized eggs and larvae
of I merguiensis. In L. vannamei, the vasa gene has been
cloned and its transcript was detected in the oogonia of the
shrimp ovary (Aflalo et al., 2007). The amino acid sequence
homology was used to design the peptide for generating the
antibody used in the current study and the selected region is a
conscrved region among the vasa of I¥ merguiensis, . monodon,
M. rosenbergii and Drosophila spp. However, the sclected
region was not found in the vasa of L. vannamei and therefore
may be used to differentiate the germ cell of /1 merguiensis
from the germ cell of L. vannamei. Then, the produced
anti-vasa was uscd to track thc vasa-producing cclls.
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The developed antibody successfully depicted the spermatogonia
of the testis, which resembled the vasa protein specificity.

The current whole-mount study successfully demonstrated
the presence of PGCs in various juvenile stages. In addition,
the vasa-like protein detected in the current study corresponded
with the vasa transcript found in the eggs, embryo and PGCs
at the cephalothorax of the nauplius 4 stage, in pereopods of
the zoea 3 and mysis 3 stages and near the hepatopancreas
of the postlarva 1 stage of F chinensis (Feng et al., 2011).
The pattern of migration was initiationed from the egg to the
ventral aspect of the cephalothorax (nauplius), followed by
from the cephalothorax to the pereopod (zoea 3 and mysis
3 stages) and then to the telson (postlarva 1 stage). The early
vasa-like protein detected in fertilized eggs and embryos
was possibly transmitted vertically by the maternal route
(Feng et al., 2011). In addition, the current findings suggested
that PGC migration followed a similar pattern in these two
shrimp species and also suggested that any manipulation
concemning gonad development could be done at any stage
from the egg until the postlarva 1 stage (the last stage in the
current study). In mammals, PGCs are found near the yolk
sac outside the embryonic region, from where they migrate
to the hindgut and separate from the gut epithelium to enter
the dorsal mesentery to form a gonadal ridge. Therefore, PGC
migration was proposed in three steps: separation, migration
and colonization (Soto-Suazo and Zorn, 2005). The current
study showed only PGC migration in separation and in part
of the migration step; thus, further study is required until the
PGCs have colonized the genital ridge to confirm the route of
PGC migration.
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female broodstock and offsprings
A15197 2 Microsatellite primers used to study differentiation between 20
female and male
A543 Microsatellite primers used to determine broodstock M1-M5 27
AN5197] 4 Microsatellite primers used to determine female and male 27
mswﬁ 5 Sex identification using 4a, and FmmM microsatellites, 32
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Ul 3 siiavosnaifinnisdnfiuvesdiuiandlelus (tandem repeats; TRs) 15

gﬂﬁ 4 PCR product (710 bp) of COI gene from M1 female broodstock 22
and offspring

gﬂ‘ﬁ 5 Nucleotide sequence of COI gene from female bloodstock M121 23
and its offspring
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of female shrimp M1-M5
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gﬂ‘ﬁ 9 PCR-product pattern.of genomic DNA from male and female 30

amplified by 4a microsatellite primer

g‘th?i 10" PCR:product pattern of genomic DNA from male and female progeny amplified 31
by Fmil,.;FmM, FmN  microsatellite primer

gﬂ‘ﬁ 11 PCR product pattern of genomic DNA from male and female from Songkhla

and Satun amplifiedby FmM microsatellite primer 31
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Currently, the demand for marine shrimp for consumption and export has increased in
Thailand. Banana shrimp (Fenneropenaeus merguiensis) is one of the favorite shrimp for
consumption in the country. Culturing of Banana shrimp is more severe than other commercial
shrimps. Therefore, a DNA fingerprint is essential for the identification and selection of broodstock
for breeding and sex selection for culture. In this study, microsatellites in F. merguiensis were
used to survey the genetic relationship between female broodstock and offsprings and differentiate

females and males for breeding programs.

The microsatellites in this study were derived from transcriptome data of banana shrimp.
Twenty-nine microsatellite primers were designed to screen female broodstock and F1 offspring
DNA fingerprints. The Fml, FmM, and FmN microsatellites primer generated the DNA fingerprint
from five families (M1-M5), which showed the genetic relationship between female broodstock and
its offspring. In addition, the FmM microsatellites primer could also identify the progeny of each
of the five families (M1-M5). Fifteen microsatellite primers were used to screen females from male
shrimp. The PCR products of 4a microsatellites primers could distinguish some females of F.
merguiensis from males. In_ addition, FmMM microsatellite primer was used to screen female and
male shrimp and found that FmM had a potential to indentify female and male. Two microsatellite
primers were required to confirma better result. In conclusion, DNA fingerprint using microsatellites
was beneficial:in identifying the broodstock's progeny and screening the sex of shrimp for further

culture.

Keywords: Shrimp; DNA fingerprint microsatellite; sex determination
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[ [
0y v s 1

Waguwlaameiugnssuiagazaenaniiunliganivitty anviedslidnsinisiinnisnateiugaant

Y

AAdesALduLe (Castro et al. 1998) {93 1nAIUITALAAAIURANAIALUATLUIUNITIIADIA LD
(replication) launnnin Fsvirlusianumunzaulunisinunldduununardsddiala (Vaseeharan et al.
2013) mtDNA gnianldegrawnivarslunisiiaseiasssmunenieiugnssulunwaieyie (Garcia-

Machado et al. 2001; Klinbunga et al. 2001; McMillen-Jackson w.az Bert 2003)
nuclear marker fiain3aainefidueiiogluiuaiva witeandunaisviialaun

RFLP Junsesmnefidueriauwsnildlunisuonusyans (Parker et al. 1998) lnensanslou
v s o a v o ya & ] o = ° [y
meoulwifindnzuinaidens sinlilaapuevunseraniugaunsatilusuuu agarose gel
Y v o - = - [y & o £ = ' < vao Ao v a A as

wangeumieans ethidium bromide nasantutlgaeldiuased egralsinmunsldisiiiveldefoniou
WUIRdUIARINASARLATIUIAlAAABIA LN A@ LN saAnSTauTiuAUN18TANITSULeE Fvinln
winduuauvesdiduweliisaauiien (Fetzner and Crandall 2001) agnslsAmulainislaisdlunissiuun
Uszynsvesienardluusnadulawddiln uasnuiuaudulawudiindiainuainnaleniaiugnssuns
NNV Llnveaiue (Benzie et al. 2002) wananidadinnslyd RFLP Tun1sdnuundsewns
Aanaitulsemalneusnumzaduadu loun Jminaga a¥ We wagseues suwluiuiunenine
LA nin gunsuansia lnensasenanuvainvaieludiuves mitochondrial cytochrome oxidase
subunit 1 (COI) uagnuinusiazUszansinisuenesnandulunguy fivdsunvasnunainioaaiud
(unique demographic and dynamic properties) (Khamnamtong et al. 2009)

RAPD fansiiadiuiuegsduvesasaiilinsuuidalagnisvin PCR 33aduisiianunsavile
| & R ] IR X . PN yva & a o
18 TIsuarAleTieda Bnledslvinaninuvainuaienie polymorphism #ias TdeidueUsunudey
Tunsvhluedemungmaiiugnisulaglidnludemsudeyaddividuedmnamsgldnswesily
Tumzivusnalaguesdioue egrelsinuisiidedefevidldlananuuinein esarn RAPD i
AnalifeanIrAgNenaldsunladlaseninanivnass 8nviauauvesiduleinaInn1syin RAPD
ganansnsuNaensldiinLaufdule vinlwldaiuisavenAnuunnmA19sEning homozygote wag
heterozygote e uenantnisimsginaduinlaeiniiesainiivsuiavesdnuiuvesdoyaosunn
(Brown and Epifanio 2003) {in1551891un15t RAPD Tun1s@inwianuvainvaienieiugnssuuesn
Ua1 wag oy (Zhuang et al. 20014, b; Mishra et al. 2009; Lakra et al. 2010 way Rezvani Gilkolaei

etal. 2011)

AFLP Aantldludsueanisitasizniiaseanunefduelaeniswauldslagni1suivefvean1svi

RFLP waz RAPD w5y defndnvesisifaslddndudemsudeyadduiandlolng annsavinle
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I3 a . ° Y a aa a v Ay 1 I aad o ay
INLIILATLNA pOlymOfphlsm ﬂ']u’lu&nﬂIG‘IEﬂfU‘Ui@JWﬂJ@L@‘UL@LﬁﬁJ@]u‘Vlu@EJ aﬂqﬂlﬁﬂﬁqmjﬁu JUUYDRBYAD

a ¢ o o v = oo a & o S o a g A &
ﬂ']i'lLﬂﬁqzﬂﬁﬂﬂﬂwfﬂ,ﬂﬂqﬂLan‘UWﬂN‘UTﬂ'}uGU@QLLO‘U@L@‘UL@‘UiWﬂ{]@JW NAINATIULAYUNILOUALDULDNLUY

polymorphic fragments s9ue¢iu unrelated fragment (Li and Quiros, 2001) 8nv4 qﬁ@iﬂ%’ahaﬁgjq

% o’ Aa a £
LLagmﬁNﬂrﬁﬂLSULQWNQQWQJUsﬁz‘!WﬁaQ

Y

SNPs #ensiinnisidsuutasasdrsuiinalelvaluniie Tnesinfauuu transition (Wasu
nualunga purine Mefiu) 11NNIIMUY transversion (Lﬂ?iauQWﬂLua‘Luﬂfju purine \Uu pyrimidine)
videenainainnsmely (deletion) wiawfisdu (insertion) vesianalelns anunsansiaaeulalnenisin
PCR, microchip array waginaiianie fluorescence Tunisvinuseaasiniinasda SNPs lulalunsdnwnd

lulinuazn13ns19itiadelsa Wesandinisvin chips d1m5uitasizy SNPs 99nu10e19unsviane

lulasugvivalayl wise simple sequence repeat (SSR) Aenisiinnisgniuaesaauiiindlelne
(5U% 2) ledandnTeevsendaniugi (O’Reilly and Wright 1995) wusnnludsidinninganslen lawn au
Y a | P N = . . 1Y) ¢
dn3 uagiiy wazavnuunntudiuveslasiulyuilaladdiuvesdu (intergenic space) (nunwsiazalaanuad)
Ingarduihadlolnaniimsgriudiuig 1 8 9 Awaasisenilulasuginalan vindnsgiuvesdiuil
mdtelnd 10 89 100 Awaazsenindidugvminalan (minisatellite) wagmniinsgiiuvessiduiegle
InAunnan 100 gruaaziseninuualaswynmalad (macrosatellite) (3UN 3) IuiunazaugIvaslula

sugninalaviagduegivatinvesduaugn lawn 1 91 (mononucleotide) 2 91 (dinucleotide) 3 %1

£% 1%
o

(trinucleotide) 4 1 (tetranucleotide) 5 91 (pentanucleotide) waz 6 %1 hexanucleotide (Merritt et al.
2015) yenanidsanunsauvsssnnaaslilasusialavieandy 3 Usean; Usziamiivilede perfect
repeats AonsiinnnstvesasuTnalelnduuy 1 91 81 6 snegraiedlnenase Wy (AT)20 Ussuand
dosio imperfect repeats Aennsiinnsswasdsuianalelnduuy 1 91 8¢ 6 Smaufuuasiisiuiue
wansnafdmay Wi (AT)12 GC(AT)8 Ussumiienuiie composite Aonisiianisswesdisuinale

Inauuy 197 84 6 gananiulaeidruiuniseilnalAssiunselinnu wu (AT)7(GC)6 (Saeed et al. 2016)

s & 5 a a sa & Aa o a ¢
lﬂiﬂiLL%WLmalaW‘ﬂ@LUULﬂi@W@J"IUu’JLﬂaﬂiﬂLQULQWUEJNU']@J{H{IUW‘IT]Lﬂiqgﬁﬂﬁqmﬁaqﬂ‘waqﬂwqﬁ

Ly

wgnssuludddin Wennmstanuuusuniuedadussiuneduaznglunguuszving

¥
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CHROMOSOME

CHROMOSOME FIBER

DNA DOUBLE HELIX

TAAGCCCATGCATGOAGC TTATTATTATTA TTATTATTATIA CCGATAGCACGATAGLG
ATTEGGGTACGTACGTCG AATAATAATAAT AATAATAATAAT GGCTATCGTGOTATCGC

\ NG 72X J
Y W= .

Flanking Microsatellite Flanking
Sequence  Sequence (TTA)g Sequence

Ui 2 dnwazvaslulasuenmalasi (https://woodrow.org)

Chromosome

g

e § &
— — N

Microsatellites (1-9bp)  Minisatellites (10-100bp)  Macrosatellites ( >100 bp)

TRs (tandem repeats)

[l
=

Jun 3 siinvasnsiianisdriuvasdrduianalelng (tandem repeats; TRs) (Saeed et al. 2016)
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1 o =

2. n1sAnw1 Microsatellites TugaidInnaunsanLyeu

9

lulasugninalavigniunldedaunsvaneunlunisfinwnguussvinsvesdmidiminuaiuazasa
wBey 5rsnunmsfnerlulasuanmalariufmaigeie wulud 1999 Xu wagane viinisfneilula
sugnimalanlufanaien (Penaeus monodon) wuinlalasuavinalaniuszinn imperfect repeats 1013
wuuniige Tagvdafifinisnszarefuiniigaovin dinucleotide mufasyia tri- tetra- uas
hexanucleotide I1UIU 67%, 20%, 9% uag 3% arualnulaglugiia dinucleotide Lua (AT), #in1s
nszangdLNTign aenadediu Tassanakajon wazany U 1998 eehslsfinudsdinisnsanulalasuam
walaviiln octanucleotide (ATTTATTO)s uonanilul 2007 Garcia war Acacia 8vinnisdnwnlule
sugmnalanluievny (Penaeus vannamei) wuitlulasuaninalasiviia dinucleotide In13n3zaT86a
mrrﬁfjm ALY tri-, tetra-, penta- WAy hexanucleotide lag (CT), Wumﬁﬂizmséfﬁmmﬁqm ALY
(GT), uay (AT), donndaausieaIuYes Meehan wavaay 1wl 2003 fivinsanwilulasusmninalavives
f3u17 32lUds Thoren wazaniz Tul 1995 FaviinisAnuilulasuanimalasiludnisimnuuasngs
hymenopteran wakaNA193n Cruz wavanglul 2002 Genuidunugies (TA), ﬁmimawumnﬁqm
589891178 (CT),, (GT), wag (AT), amua1nu Tul 2003 Robainas wazAty Mn1sAnwlulaswgynatan
Iuﬁﬂ pink shrimp (Farfantenaeus notialis) WU"L:MI%LLWmalaﬁd’auﬁlwmjlﬂuuw perfect repeats lngl

lulaswainalavivila dinucleotide #n13n32318M1INTEA A1UAE tri- wag tetranucleotide Tngd

(CT), NIEAYFIINERA A8 \(GT), Wag (AT), Auaey

Tul 2003 Maggioni wagAne YIMIANYLATIATIUILYINTVOINIVT L. scchmitti ludseine

a = X A a & v & P P a X
U538 WU 6 llasuavimalaviluuiion 8 fiuimnegicmans wanddiviuinlaswaseussynsvesieuiing
a % Ql' ¥ 7 U Q' ¥ .q! Y} 1 1 a I3 a z-i’{l -'-NI y ‘:’l/
fdadeingdesiuladenndilandeudnszaeiegmuusar gimansuazusnaiuiyeil wenaini
Tul 2012/ Chiang wagatly LAvinA1sWAILN microsatellite array Lﬁaﬁﬂmﬁ:ﬂ Metapenaeus barbata
WAuanldmiunaz 3w WUl 8 dinucleotide SSR wazildnuiu 2-4 §ada vsvanlenlulasusmalania
L dg” ag" ) Y d" a < = % 2 5 ¥
WawaudansodrunldiduiaseanuneaduelunisAnwiusevinsvesnala uenainuuled
Wian1sAneuazasna ShrimpMap dmsufnwinnuduiugvenen L. vannamei Yaonitelagandely
Taswavialaiiduesasunemdualunisdne (Alcivar-Warren et al. 2007) Tulasins United States

Marine Shrimp Farming Program (USMSFP)

1
o =

ndeiiRadnululasusnmalaniludauydisaindeyanisfineg transcriptome vasausdneiiie
[ d' o % '3 1 o [~ 1 1 =l o v
nsimueIssngluanadunlduselevd wu lunisiuwunanuduneuwign vseldlunisduunds

wyngeanaNdelindunsa N1sIMUNINAR

¥
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2. 9n15nnaa9 (Materials & Methods)

2.1 NNSLASUUAIDENAZNITANATIUTINALDULD

Juuaifanlasunisnananantungiaun 5 67 udrdshudeenudasduielriingnidluisiag
Asenkeniu NUwinsaiadlulinfdweainu1iten (Pleopods) A7 5 voduaiiugie 5 67 uavdy
Funugniandiuau 25 deniaudunimsatiadlufindidwe handwstiennibiaaulaeinldugly
g < = g = o o v a a a Yao [ [
Wndauudszana 15 Wit mnduiahuinisadedluiindiduelagldisnisadaniuyaaia QlAamp
DNA Mini Kit (Qiagen, Germany) ka1 lddar1n1sgandunasyiiauilulaeldinies NanoDrop
Spectrophotometer f1AU81IAAY 260 way 280 uluiias wadluuenmdueuu 0.8% agarose gel
iensvdoumudntularaunmaedlulinfdueiiadald lnadsdulidunsiafiogeiildlunisyi

¥ Y a 1

msveaasindunduazgnieiwisseeunldlunsivaeumanuuwandsveslulasuavminalavisfinsneg

nsnsadeulagldldndnnisiaduevesudaratenenumduvedilnneunsedeiiedldhedy
Y99 mitochondrial cytochrome oxidase subunit | (COI) ﬁﬂﬁuﬁﬂﬁﬁmiduLﬁaﬂﬁ'umﬁ'wF1 Yo M1
Uunsivanuilandlelnavesdiu mitochondrial cytochrome oxidase subunit | (COI) Taglalnsiues

MITO MR

al da & v o y ¢
2.2 msnsnsauagnunadwelufwytaelasldinsamunelulasuenmalad

Andenlulasuaninalainliandeyansiuansulaudataelagnisldlusunsy MISA Tuns
Aunbulasueninalanaantusianasguidentulaswenimalauniesinnisfinefennuaiunsalunis
arvdeuaRdandIdudLytigudazdy nuinnisesniuulnsweslulasuaminalaidnuiu 29 ¢

(m1572971. 1) dnhlunegeuiufiduesiegviiatnldanuifastie M1-M5 Tngvinismaaessisil

rsfnwlulasusnalavininfiduesiodsfiadaldanduatae Tnefessusenaudad fduie
UYL 100 wunsuAelulasans 3nulu 1 lulasans, 10 mM dNTPs 37u3u 0.5 lalasans, 50 mM
MgCl, 97u7u 2 Tulasdns, 10 UM waslnswes forward uag reverse ag19az 0.8 lulasdns, 5U/UL 09
Taq DNA polymerase 91u3u 0.4 lulasdns, 10x PCR buffer $7uau 2.5 lulasdng YSuusuinsgaie
$reti deionized T 25 lulasans aniuiiluldwdos PCR Tnsfuunanitzgumnfidu 94°C 0y
a1 3 Wi muae 30 SeuUvee 94°C tHuian 30 Jund, 50-56°C (ms19it 1) Wuan 30 Jundl, 72°C
Juan 30 Uil wae 1 sou vesamall 72°C Wunian 7 wid LR amsvdeuNanIsiinUIamedlyle

sugnalanlaenissuun 8% Polyacrylamide gel (non-denaturing)

¥
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2.3 nsnagaunssainglulasuenmalailugnieaizefinsuanuduu

WeidumsBuduussansnmvsedonmnglilasuenmalayiiiunihnsnwm Isvinsmeaey
wisoamnlulasuennalayifld (m151efl 1) fugnds (F1) Aldanvhsmmedsdasnisdugnismnsiuam
25 fhsewilagu Tngvhmafufegfiduevesifiifiesouisusluvuredalasuavimalasiile
91ngns tetdunsBudulssansamuonniemunelulasueyinalaiitiunyiinsdnea 3eims
yaaoueomglulasuenmalas FmM, FrN wag Fmi Sswudranansalduenauumnatsoausifen
5 dflé Sevanmaaeufiugnia F1, F2, F3, F4 uae F5 Taeidasduldviinisinungndsliifios 9 sasevils
usitieAnYIuUULNLYES PCR product vadlulasueyinalasi FraM, FmN wag Fmil waztiisiu 25 i

LLEJﬂﬁﬂH’]ﬂW‘iLLEJﬂQﬂéjﬂﬂ’m M1-M5

2.4 Mmsnagaunasasnglulasuanmalailufssdqsuenwadwytoe

lulasuanmnalasilunmsuwenmadaeielifnainduiiiaufeidesiunsimuimavedag
Lulasuenimalaiann transcriptome 3 wenanuulaveaeddy lulasusmmalaviilduenmadamunsiy
(Min See et al., 2009) hansluns1an 2 humageulewiuiununadouaziunadogioeineay 7
i Waldlulasugnimalaviiaaiuenuwalsdmaaeuiiiudusioly
maiiuduaefuifduelufwstedndunswudeiuide 2.2 uazgumgldmiunis
1Y) . | Y & Yo S aa = v Y
ey primer vadusiay lulaswenimalavilumsuenmaawytielifnaindunfianuieidesiunis

Wanwavesuae lulasuasvminalauandlunisan 2

¥
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A15799 1 Microsatellite primers used to study relationship between female broodstock and

offsprings
Annealing

Primer | Repetitive temperature | Expected

name bases F-primer R-primer (°C) size (bp)
Fm2 (AGA)6 CGCATGACACTGGACAGACT CGAGTTCGCTCACGACAATA 55 300-306
Fm4 | (GAA)9 CGGTAGACCCATTTTACCGA ATCTAGAAAACCGTTGCCGA 54 182-194
Fm7 (AG)12 TTCGACAGATAGACAGAGCCAA CTCTCTCTCGCGCTTTTTGT 55 226-286
Fm10 (AGT)8 GGCAGTGCTTGAAATAGTCAGA ATTCCTTCGACTCCTGCTTC 55 290-298
Fm242 | (ACACAC)3 | CACACGAGTTGATTGTCTGCT CACGTTGTGTGTGCAGTGAG 55 316
FmA | (W17 TTCTTCTACAAAGAGATGCCTCG TTACATGTGAAGAAGTCTGGCAA 54 158
FmB (CA)10 GATAAGTACAATGGAAGAGGGCA AGATTTTAATGAGCATGGGTTTG 54 160
FmC (ccme CAAGGGTACTGTCAAGCTCTTTT GATCGAGTTCGAGGAGAAGAAG 54 159
FmD (TAAA)6 CACTTAGGGTGTGTTGTGGAGAG TGTTAGCTGACCCAGTAGTGACA 57 160
FmE (GTCAT)4 CGGGAAGCCTCATACCTCTATAA CATTTCAGACCAGGCAGTGTAGT 56 160
FmF (AAATAA)4 | TACATTGCATTTATAGATGGGGG TTGTCTAAAAGAGGACAGTGCAA 54 160
FmG (AGCAGT)4 | TTCTAGTAGCAGTAGCAGCAGCA TCTTTTCTGGCTTCATTTCTGTC 55 144
FmH | (CCAGAG)4 | cAGCCCCTAAAAGACCTAGAAAA TTCATCTTTTCTCTGTTTCCCTG 54 126
Fmi (CCTGCT)4 | TCAGGTTTCAGTTTTGGAACATC TGAAAGTGAAGGTAGCAGACACA 54 145
FmJ (TA)6 TCACCTTGTTAAACTGCATCAAA ACAAAATTAAAAGAGGGCCTAAAAA 52 238
FmK (ATTTC)4 TCTCTTTCCATGTGTCAATCCTT ACGTGACTACAACCTGGGAATAA 54 101
FmL (TAA)16 GGCTTTTTCGTGACATTGGT CACACACTGCACACATGGAA 55 160
FmM (CATA)16 CACATATCTTAGTCTCTGTCTCCA CTGATTTATGGTACGGAACAAGC 54 153
FmN (TAA)19 CACAAAAGATATGAGGAATATTGAAAA | AAGGGGAATTTACTTTCTGGTCA 53 139
FmO (TCG)23 CACTAATTCTACTGCTCCTCCTCC GTCTTCCTTCATCCTTCCCCT 55 160
FmP (CA)33 AAATGCACACATACACAAACACA GGGTTTCGGAAATAAAGGACTAA 54 130
FmQ (CCCT)6 TAAACCATTTTCCTTCGTGTTGT CTAAATTCCTGTGAAAGACAGGC 54 143
FmR (GAGGG)4 | ACAAACACACGCACTACGACTC CAATGGATATGACAGTGGATGTG 54 125
FmS (TTA)7 GAAGTGAAATGCAAATGAATCGT TTCCCTATTCTCAACCTTCTTCC 55 125
FmT (GGGA)5 TAGGTAGAGAGATGGGTAAGGGG ATTGGATGCTACTGGCACATACT 54 108
FmU (TTTC)6 TATTTAGATTAGGGGGAAGAGCG TGTTTCAAGAAAAGGAAAGACGA 54 145
FmV (CTG)5 GAGCTATGTGAACGTCGAAACTG CCTGTCAAGTCTTCTACACGGAG 54 129
FmW- | (AC)? ATCTCCCAAACTTACCATTCCTG CGAGGTCAAGAATTCCAAGAAG 54 141
FmX (CG)7 GTCTCGTTTTTCTCTTTTCGCTT GCAATCACACACCCCTCC 54 148
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A15799 2 Microsatellite primers used to study differentiation between female and male

Primer name Repetitive F-primer R-Primer annealing | Expecte

bases temperatu | d size
re (°C)

Sex-lethal (M1, GTTATTCATTGAAAGAGCTCCCC TAAACAACAACAGCAACAACAGC 59 152

CHH-CA (Crustacean (CAX CAAATGTCTGGCCGTATCTAAGT GTGTGTGTGTGTACGAGTGTGTG 144

hyperglycemic

hormone)

Ecdysteroid-GCA (GCA)44 CTGCACCTTATTACGTTCCTCAG GACGTCTGCTGATGCTGGT 159

(Ecdysteroid receptor

E75)

Ecdysteroid-TA (TA) AACCACTAAAAGCATAAATAACTCAAG | CATATGTGAAACGGAAGTGGAGT 141

(Ecdysteroid receptor

E75)

Unigene2131_Wnt16 (AG), GCTATCCAAGTACTCCAGAAGCC CATGCTTACTCTCTGGTTGATTTC | 55 145

Unigene5366_Dsx My, GGGGGTTATATGCCATTGT ACATTTCAACTACGCATGG 53 118

Unigene2174 Beta- (GT)¢ CATGCATGCGTGTGTGAATA TGGCAATATGTAAGCTATTC 55 157

catenin

Fushi 1-GA (Fushi (GA), AGGACACAAGAAAAGAAATGCAA ATTAGAATCATCACTTTCGCTGC 53 156

tarazu-factor 1)

THr-T (Thyroid (M5 ATGAATCGTTTCCACTGTGATTT ATTTAATACCGTTACCCCCTTTG 147

hormone receptor

beta-A)

Ecdysone-TG (TG, AACATTTTGTGTATGGTTCAGCA CATCCCACTCATACTAATGCACTC | 57 142

(Ecdysone receptor)

Primer 4a (TAG),(GC | TATCAGCAGCAGCAGAGAAG GTCTGTTTGTGCAGGTGGAG 49 251-
A), 377

primer 5a (TA)4(CT),,| CCTCTTGTGTGTGTGTGTGG CCTTAAATTGTGTGTGTGTGAC 48 309-
8 449

primer- 17c (TTC), AGGATGAATGCAGGTGGAAC CAAAACAAGACGTCCCCTTC 60 226-

258
primer.17d (GGQ), ATTTGCGGAAGGATGTGTTC TATGCTTCCGGCTCGTATG 46 169-
221

primer 109a (TTG),(AT | GGCATTCCGTTGTTGTTG CGCTCTTGTTGTTTCTTCTC 50 169-

TT), 323
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3. NAN1SNNABILAZIANTAINANTISNAABY (Results and Discussion)

3.1. Myguasranaduilinglolndvasdu COl Tugniu F1 1nen1s sequencing

mnmsnrndeudiuindlelndlugndeuetaesu F1 wuvdy Taevhnsdudengniadesiuin
6 f191n 25 & IéuA gnifa F1.10, F1.11, F1.12, F1.14, F1.18 uag F1.20 ilensiageumamiiouiuyes
Bu COl diaisutiuul (Ul 1) memnmsnsgidduiinadlolndwuingniah 6 fianumieuiuyes
fu ol lawfisuiumife M1 Tuduoyiny ¥e9COl gene 1aflAMLUANAIIUFILIISTID19LARIN
mnuRaAdeuTeINseudFuTadlelnddiuiu 3’ Fadudiuvarevesnserunadduiianalelnd
1es1ndiuniseunuy direct sequencing 910 PCR product Fasnuuatsetaiinaiunainindouls

(3U 2) eealshd egnslsiinismilouiuludnludieusng vos COI gene azuslainduniinasgniu

3.2. nMsnadaunzasnanglulasuanmalailugnieadtefinsuanuduwsi wazaaudunug

Auanng
Y 9

n3doukuuwNuYeslulasuenivalanlufauydisluniine M1-M5 LiioATI9aBURUULNUT
LANAIAUTBILNA M1-M5 uazliuauvuinfimaniwedlulasueninalanidumsiuiiauanininy
[ 4 ! ! a fal & & £% v A
duiugseninawiuazgn nsesavdeuaneniuimduelawulagldiasomunelulasuannalaingldlng

< < a oo & L v ' ¢

wesie Tumsel 1 waannnsesvaevaeiiuifdwelowy wuitlnsweslulasuammala Fm |,
Fm M uag Fm N aansalduanainuuandiavesusdieis 5 dald uandugd 3 uaega1s1ei 3 ety 3
Imhanldlunisdunanuuandisazanuduiusvesgnisluidazaen uandlugy 5 lag PCR product
284 Fm | primer ians19gpuad18duiusvesialis M1 uazanis F1 nukaunanininiiuiain M1
LandlaegnATEYARI LA HULUURNUYDIANNN 2 WUU uandlaggnAsavuy Lol Fm | primer g
AT UATINAUNUSYRIINY M2 wazanie F2, wile M3 uazands F3, wils M4 wazania F4 uag ul

N9 M5 Waggane F5 AULaUVEnynadnananuidng M2, M3, Mduwag M5 uanalaegnasaiiass wagwuy

WUULNUTDIQNAY 3 WU Yasidaznanuanilaggnesaysy

wannuuleld FmM primer waz FrN Tunisiiudiwiugnie F1 vasualds M1-M5  nuuay
NANNAININWIINULAT M1, M2, M3, MAlag M5 LandlaganAsainaad WagnuluulNuuesgnne 2-5
A a o Y . a PN A4 a o v
WUULBLNTIUIUAIE FmM primer uanslaggnasdyuy luaaeiny 2-3 wuukkuLioiiuduiunieg
FmN primer 1ilatUeullguluuiny PCR product g@nieves M1-M5 aanag 25 A3 wui1 FmM primer
annsakengnieaanMi-ms eanainduls  deliaiuisamuisainesvesnensld n1saguviinves

microsatellitesil¥anunsaduunauduiusvesuiiuuazaniuuansy a1s1ei 3
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3.3 magauiasawanglulasunmalailudmiunsueninagniusdiag

31NN15ANYI transcriptome Va4 testis waz ovary veafawytae lulaswaninalasilufaydae
wenneafauedagladnandunvienuiertesiunsiamnnavess  Tun19199 2 Jshuvedsuiy

(%
o & ¥ % 14 a

W mageuLUeruiuNunAlle LAzl UnARAINWMAI99 kAT NUIY da microsatellite TUUURNUATINIE

q

=

= o a4 a o = Y ' A a | o
FafluauAdueiTeliniy 4 uauuaziivuawiniudseann 300 Aua lunadlenuansiainnag wansly
JUN 9 wenantiuliveaedld Fmi, FmMuag FmN microsatellite Tunisuwenfaneadowagianeg wuii
FmM microsatellite lothlunaaeulagldgnieainuiMi wudddnennnefiuengniuneiilouas faneg

a (% v a dll o % g ! (% (Y =
naemAgInule wansluguin 10 wazillodnlunaaeuiudisgrsaindminagaiazasvaliionsn
mua1duvesgnasniiiuld 1-4 usninaiseanainduld wazdrumisildlunisuenazivdeuluniy

A v ! IS v ! IS a [ v v «
uwdsnweieg i 1 MmegdrmaAdizanawariuenlalddaauuandimensemangnnay uandly
JUN 11 detudemsihlunaaeuiuiegidiuiuiinduienaaesulviuudasiely uavdieg1enlaidaiay

ATl 2 vllaeprimers lun13¥iensivaey nMsasuviinvesmicrosatellitesildueninedeaanaininagf

19 wanalupis1ai 5

gﬂﬁ4 PCR product (710 bp) of COI gene from M1 female broodstock and offspring of M1
amplified by MITO MR, lane 1= M1, Lane 2-6 = offspring of M1, M=100 bp marker, N=no

template control.
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* 20
F1 76
F1 75
F1 81
F1 76
M1 75
F1 : 74
Fl AGTAAAAGAGAAGGAAGTAGATTGGTTATTTTATTTTTTAATTTTCNelehye C C GAT. ) : 119
TGGTCAACaAA TCATAAAGATA
F1 196
F1 195
F1 201
F1 196
M1 195
F1 194
F1 239
F1 316
F1 315
F1 321
F1 316
M1 315
F1 314
F1 359
F1. 436
F1. 435
F1. 441
F1. 136
M1 435
F1.12 : \ : 434
Fl. : \TC 5 ) ) : 479
F1. 556
F1. 555
F1. 561
F1. 556
M1 555
F1. 554
F1. 599
F1 673
F1 674
F1 680
F1 673
M1 674
F1 673
F1 718
* 740 * 60

F1.10 : (/L3

F1.14 : BT ————————— oo 7684

F1.11 : CTTATTTTGATTTTTTGGTCACCSMrNAT THIA ANk

F1.20 : A P TGAT T T T TGETCACC N ANE T ThA AR

M1 : \CTATITTIGATTTTITGCTCACCHE A G 1hia 2 MR

F1.12 : N B S e e G- 713

F1.18 : ACTTATTTTGATTTTTTGGTCACCCT*GEAGTTT"G 1 758

CAACAcTTaTtttgattttttggteacc a\tt aa

gﬂﬁ 5 Nucleotide sequence of COIl gene from female bloodstock M1 and its offspring (F1.10,
F1.11, F1.12, F1.14, F1.18, wag F1.20)
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sUl 6 PCR

product pattern of genomic DNA from broodstock female shrimp M1-M5
amplified by Fm2-Fmx microsatellite primer
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25

12 13 14 15 16 N M 2117 18 19 20 21 22

R (AR
[0

|
|

14 15 16 N M 22 17 18 19 20 21 22 23 24 25 N

M2

Fml

21 22 23 24 25 N

M 2310232 10 11 12 13 14 15 16 N M 231 23217 18 19 20

e —————— — — o—

[ 1w

/

13 14 15 16 N

M ERY 2 3\ 3 N\\¢ 9 N M IS5 10 11 12 13 14 15 16 N

5U# 7-1 PCR product pattern of genomic DNA from 1st generation (F1) of female shrimp M1-

u

M5 amplified by Fml microsatellite primer, yellow arrow indicted significant band from their

broodstock, pink arrow indicated pattern among F1 in each family.
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M 21 17 18 19 20 21 22 23 24 25 26 N

R
IR

|

i

M$31532 10 11 12 13 14 15 16 N

[ 1w
i
(R

I

4 10 11 12 5 N M oS4 17 18 19

f—

|

fr—
-
=
e
—

5U#1 7-2 PCR product pattern of genomic DNA from 1st generation (F1) of female shrimp M1-

Y

M5 amplified by FmM microsatellite primer, yellow arrow indicted significant band from

their broodstock, pink arrow indicated pattern among F1 in each family.
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M 1 10 11 12 13 14 15 16 N M 1 17 18 19

—————— ——— —

—

U L

|

M2

FmN

232 10 11 12 13 14 15 16 N 331 33217 18 19 20 21 22 23 24 25 N

L L T e L

M S4 17 18 19 20 23 24 25 N

M4

----:-----‘

U7t 7-3PCR product pattern of genomic DNA from 1st generation (F1) of female shrimp M1-

Y

M5 amplified by FmM microsatellite primer, yellow arrow indicted significant band from

their broodstock, pink arrow indicated pattern among F1 in each family.
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M1 M2 M3 M4 M5

MM412 3456 789N MM512 3456 7 89N

MMI12 3456 789N MM212 3456 78 9N MM312 3456 789N

Lot
[ 1 v
[0 et

[
|

1

M M11011 1213 14 15 16 N M M210 11 1213 14 15 16 N M M310 11 12 13 14 15 16 N M M410 11 12 13 1415 16 N M M510 11 12 13 14 15 16 N

[ 1w

=
=

l

[
i

MM117181920 2122 23 24 2526N M M217181920 2122 23 24 2526N MM317181920 2122 23 24 2526N MM4 17181920 2122 23 24 2526N M M517181920 2122 23 24 2526N

(L

U7 8 Comparison of PCR product pattern of genomic DNA from 25 offspring (F1) of female

v

shrimp M1-M5 amplified by FmM microsatellite primer, upper row = offspring PCR product

No 1-9, middle row = offspring PCR product No 10-16, bottom row = offspring PCR product

No.17-25/26.
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Primer name Yes/No Primer name Yes/No

Fm7 (AG),, Fm M (CATA)16 Y

Fm10 (AGT)g Fm N (TAA)19 Y

Fm E (GTCAT), Fm O (TCG)23 N

GT242 (ACACAC), Fm P (CA)33 N

FmB (CA),o Fm Q (CCCT)6 N

FmD (TAAA)s Fm R (GAGGG)4 N

FmF (AAATAA), Fm S (TTA)7 N

FmG (AGCAGT), Fm T (GGGA)5 N

Fml (CCTGCT), Fm U (TTTC)6 N

FmJ (TA)6 FmV (CTG)5 N

FmK (ATTTC)4 Fm W (AC)7 N

Fm L (TAA)16 Fm X (CG)10 N
A15199 4 Microsatellite primers used to determine female and male

Primer name Yes/No Yes/No

Sex-lethal T(1*12) Y Unigene5366_Dsx (T)11 N

CHH-CA(Crustacean hyperglycemic hormone) N Unigene2174_Beta-catenin (GT)6 N

CA(2%6)

CHH-AC (Crustacean hyperglycemic hormone) N Fushi 1-GA (Fushi tarazu-factor 1) N

AC(2*8) GA(2*9)

Ecdysteroid-GCA (Ecdysteroid receptor E75) N THr-T (Thyroid hormone receptor N

GCA(3*14) beta-A) T(1*13)

Ecdysteroid-TA (Ecdysteroid receptor E75) N Ecdysone-TG (Ecdysone receptor) N

TA(2*6) TG(2*12)

Unigene2131_Wnt16(AG)7 N Female primer 4a Y

Male primer 5a N Female primer 17c N

Female primer 17d N Female primer 109a N
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(Male) (Female)
Satun M Songkhla M Satun F Songkhla F

g‘th?i 9 PCR product pattern of genomic DNA from male and female amplified by 4a
microsatellite primer, Satun M, Satun F (male and female from Satun), songkhla M, Songkhla
F ( (male and female from Songkhla), M= 100bp marker, red arrows indicated the bands

which were different between male and female.

Fml FmM FmN

male female male female male female

| ) 1 L I |
| o \ | | T \ [ | o )
M 2 34 35 36 37 33,3040 41 4243 N M 2 34 3536 37 38 39 40 41 42 43N M 2 34 35 36 37 38 39 40 41 42 43 N

Frmmnmn
!

(A (RN
I e

—

!
o B

(I RERAE |
[

--------—-‘
-~ om ) ——

gﬂﬁ 10 PCR product pattern of genomic DNA from male and female progeny from broodstock M1

amplified by Fml, FmM and FmN microsatellite primer, M= 100bp marker.
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Male from Satun FmM Female from Satun

3‘1]17; 11 PCR product pattern of genomic DNA from male and female from Songkhla and Satun
amplified by FmM microsatellite primer, M= 100bp marker, 1, 2,3, 4; markers to identify female

respectively.
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Table 5 Sex identification using 4a, FmM and FmN microsatellites, pos; positive, un; unidentified.

Sample location

Sex (numbers)

microsatellites

4a FmM
pos un pos un
Satun Male (8) 6 2 8 0
Female (8) 7 1 8 0
Songkhla male (7) 7 0 7 0
Female (16), (8) 14 2 7 1
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Abstract

In this study, the probiotic potential in shrimp aquaculture of Pediococcus pentosaceus
MRO01 was investigated by means of feeding trial. In the feeding trial, dietary supplementation
with P. pentosaceus MR001 significantly increased weight gain and digestive enzyme activity (p <
0.05) in shrimp, Litopenaeus vannamei. The intestinal histology showed that shrimp given the
probiotic diet had healthier guts than the control group. Also, the immune gene expression
(ProPO, LvToll and TLR) and the survival rate in the treatment group were significantly increased
when compared with the control group. Our findings suggest that insights in the functional
characteristics of P. pentosaceus strain MR0O01 could provide opportunities for applications of

such strain in shrimp diet supplementation.
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AIUANLIA N13NTEAUYIANIU NISNYIANAATDIRAUNTEUTEUUNNAANIMNS (Kumar et al., 2016; Li
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2012; Chai et al., 2016; Won et al., 2020)



15799 1 dasnsaseaulaveaninendinnsiasulnsluledn

Control  Probiotic 10" Probiotic 10® Probiotic 10°
Initial weight (g) 4.106 + 0.70  4.59 + 0.36 4.31 + 0.32 3.59 + 0.21
Final weight (g)  4.73 + 0.81 521 +0.41 5.06 + 0.39 4.3 +0.19
Weight Gain 13.66 + 1.89° 13.29 + 1.99° 1553 + 0.56®° 17.56 + 1.40°
Feed efficiency 1.30 + 0.18%  1.27 £0.19° 148 + 0.05°  1.67 +0.13"
FCR 0.79 + 0.12°°  0.81+0.11°  0.68 + 0.02*°  0.60 + 0.05"
SGR 0.61 +0.08° 059 +0.08  0.69 +0.02® 0.77 + 0.06"
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Digestive enzymes Control Probiotic
Trypsin (U mg protein™?) 0.89+0.18 1.66+0.46*
Chymotrypsin (mU mg protein™ ) 10.94+2.91 13.84+5.29
Activity ratio of trypsin to chymotrypsin

69.70+19.68 148.26+54.71
(T/C ratio)
Amylase (U mg protein™ ') 780.09+94.37 1660.92+435.10%
Cellulase (U mg protein™?) 13.37+1.75 15.71+2.15
Lipase (U mg protein™) 392.20+118.68 1117.16+172.33*
Total Protein 11.04+1.30 18.98+4.39%
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diefnwmavedinslulefnmensedurdaaiunfauiluneield §ide3s@nummananseanves
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Evaluation of probiotic
characteristics and whole genome
analysis of Pediococcus pentosaceus
MROO1 for use as probiotic bacteria
in shrimp aquaculture

Warapond Wanna2*‘, Komwit Surachat“®, Panmile Kaitimonchai' & Amornrat Phongdara?3

The development of non-antibiotic and environmentally friendly agents is a key consideration for
health management in shrimp aquaculture. In this study, the probiotic potential in shrimp aquaculture
of Pediococcus pentosaceus MR001, isolated from Macrobrachium rosenbergii, was investigated by
means of feeding trial and genetic characterization. In the feeding trial, dietary supplementation with
P. pentosaceus MR0O01 significantly increased weight gain and digestive enzyme activity (p<0.05) in
shrimp, Litopenaeus vannamei. The intestinal histology showed that shrimp given the probiotic diet
had healthier guts than the control group. Also, the immune gene expression and the survival rate

in the treatment group were significantly increased when compared with the control group. The
genetic characteristics of P. pentosaceus strain MR001 were explored by performing whole-genome
sequencing (WGS) using the HiSeq 2500 platform and PacBio system, revealing the complete circular
genome.of 1,804,896 bp. We also identified 1789 coding genes and subsequently characterized genes
related to the biosynthesis of bacteriocins, stress resistance, and bile tolerance. Our findings suggest
thatinsights in the functional and genetic characteristics of P. pentosaceus strain MR0O1 could provide
opportunities for applications of such strain in shrimp diet supplementation.

Epidemics are increasingly recognized in many countries as one of the most important constraints on cultivated
shrimp production. The development of non-antibiotic and environmentally friendly agents is a key factor
for health:management in aquaculture!. To reduce the use of antibiotics while maintaining or even increasing
production efficiency, many farmers feed probiotics in place of antibiotics to their aquatic animals. Probiotics
are live microorganisms that play an important role in the microbial balance of the host organisms. They can
reduce pathogenic microbes, stimulate growth rate, and improve animal health'. Nevertheless, it is essential
that the effects of probiotics are thoroughly investigated prior to any aquaculture applications. A variety of
effects are dependent on the probiotic itself, the dosage employed, the treatment duration and the route and
frequency of delivery?. The most common probiotics used in aquaculture include lactic acid bacteria (LAB)
such as Lactobacillus sp., Bacillus sp., Pediococcus sp., Enterococcus sp., and yeast (Saccharomyces cerevisiae)®=.
Pediococcus pentosaceus is often used in starter cultures for fermenting meat and vegetable products in the food
industry”®. Additionally, studies have shown that P. pentosaceus can enhance innate immunity, physiological
health and resistance to pathogens in fish* and shrimp®'°. Despite these findings, little is known about its genetic
information and functions, compared with another closely related species P. acidilactici, which is widely used
in aquaculture!™'2,

Some complete genome sequences of P. pentosaceus have been made available, but the strains investigated were
isolated from food and the human intestine. Hence, this study focuses on the strain of P. pentosaceus MR001, iso-
lated from Macrobrachium rosenbergii, which showed probiotic properties in vitro. The dietary supplementation

!Division of Biological Science, Faculty of Science, Prince of Songkla University, Hat Yai, Songkhla 90110,
Thailand. 2Center for Genomics and Bioinformatics Research, Faculty of Science, Prince of Songkla University,
Songkhla 90110, Thailand. 3Faculty of Medical Technology, Prince of Songkla University, Songkhla 90110,
Thailand. “Division of Computational Science, Faculty of Science, Prince of Songkla University, Songkhla 90110,
Thailand. *Molecular Evolution and Computational Biology Research Unit, Faculty of Science, Prince of Songkla
University, Hat Yai 90110, Songkhla, Thailand. **email: w.warapond @gmail.com
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Total plate count (log,, CFU/ml)

Oh 3h 6h
pH3 6.73+£0.34 6.62+0.41 4.98+1.52
pH7 7.35+0.06 7.31+£0.13 8.08+0.21

Table 1. Total plate counts for P. pentosaceus MR001 on MRS agar at pH 3 and 7 (control) over 3 h intervals.
Values are mean + standard deviation (n=3).

Total plate count (log,, CFU/ml)
1% 9.23+0.04
2% 9.58+0.03
3% 8.99+0.13
4% 8.89+0.10
5% 8.68+0.21
6% 7.86+0.09
0.6% |7.52+0.13
Bile salt 0.8% |6.20+0.03
1% 5.87+0.06

NaCl

Table 2. Effect of NaCl and bile salt on the growth of P. pentosaceus MR0OO1. Values are mean + standard
deviation (n=3).

was evaluated, and the whole genome was characterized in order to further evaluate the potential of this strain
as a probiotic dietary supplement in marine aquaculture.

Results

Isolation and characterization of P. pentosaceus MRO01. Twelve LAB were isolated from giant
freshwater prawn gut'and showed antagonistic ability against V. harveyi. Two isolates (no.4 and no.8) that have
the best inhibitionjand high hydrophobicity (>80%) were identified (Supporting Fig. 1, Supporting Table 1).
Molecular analysis of the isolates was tested using 16sRNA which showed that two isolates were identified as the
Pediococcus pentosaceus. Isolate no. 4 was defined as MR0O01 and retained for further analysis.

P. pentosaceus MR001<is Gram-positive, and coccus-shaped. The MR001 recorded a viable count, 4-6
logl0-CFU/mL at pH 3 (Table 1). It tolerates up to 6% NaCl in MRS broth (7.86 +0.09 log10 CFU/ml) (Table 2).
Oneimportant property to be called MR0O01 as a probiotic is the ability to tolerate ingredients in the gastroin-
testinal tractlike bile salt. For this experiment different concentrations of bile salt in MRS broth (0.6-1%) were
prepared. The results showed that P. pentosaceus can tolerate bile salt in all those concentrations, up to 1% bile salt
as shown in Table 2. MRO0O1 also exhibited antibacterial activity against shrimp pathogens including V. harveyi
and V. parahaemolyticus (Fig. 1).

The auto-aggregation and co-aggregation properties of MR001 are shown in Table 3. The probiotic strains
showed auto-aggregation values, ranging between 40 and 75% at 2-24 h incubation time. In addition, MR001
showed the high co-aggregation abilities with V. harveyi (70%) and V. parahaemolyticus (83%) at 24 h.

Growth performance of L. vannamei. Post-larvae of L. vannamei were divided into four groups. One
group was given a control diet, and the rest were given diets containing the probiotic supplement at different
concentrations. The results of growth performance and feed utilization are presented in Table 4. Shrimp treated
with the probiotic bacteria at 10° CFU/g exhibited significantly higher degrees of weight gain, a faster specific
growth rate, and lower feed conversion ratio (FCR), compared with the control group (p <0.05). However, no
significant differences were observed between the groups that received probiotic supplementation at 107 CFU/g
and at 10® CFU/g. Therefore, the group with probiotic supplementation at 10° CFU/g was selected to further
analyze the potential probiotic activity of P. pentosaceus MR0OO1 in later experiments.

Digestive enzyme activity. The digestive enzyme activity of L. vannamei was evaluated after a three-week
feeding trial. The activities of trypsin, amylase and lipase were significantly enhanced in the 10° CFU/g probiotic
group, compared to the control group (p<0.05). However, no differences were detected in chymotrypsin and
cellulase activities (Table 5).

Intestinal histology. At the end of the three-week feeding trial, the intestinal tissue of shrimp that received
probiotic dietary supplementation at 10° CFU/g was collected and stained with hematoxylin and eosin (H&E).
Compared with the commercial feed group, the tissue of the probiotic group showed more closely connected and
longer epithelium (Fig. 2, Table 6).
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V. harveyi V. parahaemolyticus

Figure 1. Inhibition zones produced by antimicrobial activity of P. pentosaceus MR0O1 on (a) V. harveyi and (b)

V. parahaemolyticus were shown. P: positive control (100 pug/ml tetracycline), N: negative control (MRS broth),
1-3: culture supernatant.

% of auto-aggregation
2h 6h 24h
MRO001 40.40+1.07 |72.03+0.48 | 75.00£0.97

% of co-aggregation

2h  |6h 24h
V. parahaemolyticus | 12.74+021 | 50.81+0.04 | 83.04+0.13

V. harveyi 20.114£0.13 | 53.47+0.06 | 70.71+0.08

Table 3. Auto-aggregation and co-aggregation abilities of P. pentosaceus MR0OO1. Values are mean + standard
deviation (n'=3).

| Control Probiotic 107 | Probiotic 10° | Probiotic 10°
Initial weight (g) | 4.106+0.70 | 4.59+0.36 4.31+0.32 3.59+0.21
Final'weight(g) ) | 4.73£0.81  |521+0.41 5.06+0.39 4.3%0.19
Weight gain 13.66+£1.89° | 13.29£1.99* | 15.53+0.56® | 17.56+1.40
Feed'efficiency 1.30+0.18* | 1.27+0.19* 1.48+0.05° | 1.67+0.13"
FCR 0.79+0.12%® | 0.81+0.11* 0.68+0.02® | 0.60+0.05"
SGR 0.61£0.08* | 0.59+0.08* 0.69+0.02® | 0.77£0.06"

Table 4. Growth performance and feed utilization of P. pentosaceus MR001-treated L. vannamei. Different
letters indicate significant comparison (p <0.05).

Cumulative survival rate of L. vannamei after V. parahaemolyticus infection. The survival rate
of the shrimp receiving the probiotic bacteria at 10° CFU/g was determined after an infection challenge with V.
parahaemolyticus (PV group). The PV group showed a higher survival rate than the infection-challenged group
that received the commercial diet without probiotic (CV group), with the difference being 40% on day 10 post-
infection. After 10 days-post challenge, the percent of survival rate reached a plateau (Fig. 3).

Immune-related gene expression. To investigate the effects of experimental diet on the immunity
of L. vannamei, immune-related gene expression in the hemocytes was studied. Three immune-related genes
(proPO, LvToll, and TGase) were significantly upregulated in the probiotic treatment group compared to the
control group (Fig. 4). In addition, Fig. 5 shows that after 48 h of V. parahaemolyticus challenge, the expression

levels of proPO, Lvtoll, and TGase in probiotic feeding group were higher than that of the control group (com-
mercial diet + vibrio).
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Digestive enzymes Control Probiotic
Trypsin (U mg protein™') 0.89+0.18 1.66 +0.46*
Chymotrypsin (mU mg protein™") 10.94+2.91 13.84+5.29
Activity ratio of trypsin to chymotrypsin (T/C ratio) | 69.70+19.68 148.26+54.71
Amylase (U mg protein™') 780.09+94.37 | 1660.92+435.10*
Cellulase (U mg protein™") 13.37+1.75 15.71+2.15
Lipase (U mg protein™") 392.20+118.68 | 1117.16+172.33*
Total protein 11.04+1.30 18.98 +4.39*

Table 5. Activity of digestive enzymes in the GIT of L. vannamei after the feeding experiment. Asterisks show
a significant difference between groups (p <0.05).

Figure 2. Histological sections of shrimp intestinal tissue (x 400). Shrimp had received (a) a diet supplemented
with P, pentosaceus MR0O01 and (b) a basal diet. Abbreviations: a, brush border; b, epithelium; ¢, nuclei and d,
lumen.

) n\:’) - Diets
Muscu.lmﬁ@er & No Probiotic Probiotic
Thickness (um) 25.18+£2.04 42.55+7.46*
Villiheight (um) 21.48+1.81 49.12+6.81*

Table 6. Intestinal’histology of shrimp fed a diet supplement with the MR0O1 probiotic for 3 weeks. Asterisks
show a significant difference between groups (p <0.05).

Genome features of P. pentosaceus MR001. The genome of P. pentosaceus was sequenced using a
hybrid next-generation sequencing (NGS) platform (Illumina Hiseq 2500 and PacBio RS II). De novo assembly
generated a single complete genome. The full genome of P. pentosaceus MR0OO1 consists of 1,804,896 nucleotides
in one contig. The complete genome sequence then was annotated with the Rapid Annotations using Subsys-
tem Technology (RAST) server version 2.0. The GC content of MR001 was 37.2%. In the main chromosome,
1,789 protein-coding genes were predicted. These genes were identified in 280 subsystems (Fig. 6a). This MR001
genome has 51 tRNAs and 15 rRNAs. Unlike P. pentosaceus wikim20 which had three circular plasmids, P. pen-
tosaceus MR0O1 did not have any circular ones. The properties of the genome are shown in Table 7. P. pentosa-
ceus MROO1 was highly conserved when compared with P. pentosaceus ATCC25745, SRCM 100194, and wikim20
(99% identity with 85-87% query coverage) (Supporting Table 2).

Comparative genome analysis. A comparative genomics assay of MR001 with the three closest organ-
isms revealed five unique regions that might produce their specific probiotic activity (Fig. 6b). Thirty three pro-
teins encoded by P. pentosaceus MR001 genes were not detected or had sequence similarities of less than 50% in
the comparative analysis with the three known strains, P. pentosaceus ATCC25745, SRCM100194 and wikim20.
Among these proteins, 239 hypothetical proteins with no clear functions were not further analyzed; the other 33
proteins are listed in Supporting Table 3.

We also identified orthologous proteins among the strains closest to P. pentosaceus MROO1. Using a reciprocal
all versus all BLAST search against ATCC25745, SRCM 100194 and wikim?20, we found that 1512 proteins formed
the core set among these species. Based on the prediction of orthologous proteins, a four-set Venn diagram of
the pan-genome among the species was included in Fig. 6¢. P. pentosaceus MROO1 contained a relatively higher
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Figure 3. The survival rate of P. pentosaceus MROO1-treated L. vannamei challenged with V. parahaemolyticus.
Error bars indicate standard deviations (n=3). Asterisks indicate significant difference comparisons (p <0.05).

number of 186 unique proteins than other species. The unique proteins were identified using BLASTP search
against NR databases.

Phylogenetictree. A neighbor-joining tree based on the 16S rRNA gene sequence of strain MR001 showed
the phylogenetic relationships among the species of the genus Pediococcus. P. pentosaceus formed a distinct
branch separate from the groups of other members of the genus (Fig. 7a). Sequence analyses of pheS, recA, tuF
and gryA housekeeping genes were carried out to definitively identify MROO1, P. pentosaceus wikim20, P. pen-
tosaceus SRCM100194 and P, pentosaceus SRCM100892. The results showed that the combination of the above
housekeeping genes provided good phylogenetic relationships among the four strains. P. pentosaceus wikim20
was the closest evolutionary relative of strain MR001 (Fig. 7b).

Genome analysis of P. pentosaceus MR0O01 exhibit as probiotic. ~We performed genomic data anal-
ysis to obtain a comprehensive view of relevant probiotic potency for the ability of probiotic strains in shrimp
aquaculture. In P. pentosaceus MR001, we found that sortase A which recognizes the LPXTG motif in bacterial
cell wall protein and catalyzes a cell wall sorting reaction and may play an important role in cell wall adherence.

In‘addition; P. pentosaceus MROO1 has a gene that encodes choloylglycine hydrolase—an enzyme that partici-
pates in bile acid synthesis and gives microorganisms a bile salt resistance property. The existence of this gene is
normally used as one of the criteria for probiotic strain selection. The P. pentosaceus MR001 genome also carried
various coding proteins, including the chaperones DnaK and Dna]J, and the heat shock protein GrpE. Also, the
codingsequence linked to antibiotic and toxic compound resistance was identified.

This genome showed unique coding sequences that include (1) copper chaperone, (2) copper translocating
P-type ATPase and a negative transcriptional regulator-copper transport operon for copper homeostasis, (3)
DNA gyrase subunits A and B, (4) topoisomerase IV subunits A and B, 5) the efflux pump Lde for resistance
to.fluoroquinolones, (6) the transcriptional regulator MerR family, (7) a DNA binding heavy metal response
regulator, and (8) cadmium-transporting ATPase for cobalt-zinc cadmium resistance. In addition, colicin V, a
peptide antibiotic that kills sensitive cells by disrupting their membrane potentials'*!*, was found in P. pentosa-
ceus MROO1 strains. We also found protein-coding genes involved in oxidative stress tolerance. These include
(1) ferroxidase which aids iron homeostasis, (2) the iron-binding ferritin-like antioxidant protein which can
prevent DNA damage by reducing the formation of hydroxyl radicals'®, (3) the peroxide stress regulator PerR
which is a ferric uptake repressor-like protein involved in adaptation to oxidative stress and iron homeostasis,
and (4) glutaredoxin which catalyzes glutathione-dependent disulfide reductions'®. Increased oxidative stress has
been shown to be related to various diseases in shrimp'”. The results suggest that P. pentosaceus MR001 might
effective at protecting cells against oxidative stress.

Bacteriocin identification. In the preliminary investigation, P. pentosaceus MR0O1 exhibits an antagonist
activity against Vibrio spp. We analyzed bacteriocins from the P. pentosaceus genome by performing a BLAST
search against the bacteriocin database of Lactobacilli. The BLASTX parameters used for the identification
included an E-value cutoff-point at 1e—4, and identity percentage at 30%. From the results, entrolysin A belong-
ing to class III bacteriocin was identified with 54.84% identity (E-value=2e-17).

Gene expression of sortase A and entrolysin A.  For determining the sortase A and entrolysin A gene
were transcribed in P. pentosaceus MROO1, We analyzed the transcription of these two genes by RT-PCR. We
found that the full length of sortase A is 690 bp. This sequences is 98-100% identity with sortase A from P
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Figure 4. The relative expression levels of three immune-related genes (proPO, LvToll and TGase) between
the probiotic treatment group (P) and the control group (N). Error bars indicate standard deviations (n=3).
Asterisks show a significant differences between the control group and probiotic treatment group (p <0.05).

pentosaceus isolated from other organisms and approximately 75-58% with P. acidilactici. Whereas a partial of
entrolysin A gene was amplified and sequenced (Supporting Fig. 2). The sequence length of entrolysin A is 246 bp.

Discussion

The development of non-antibiotic and environmentally friendly agents is a key factor for health management in
aquaculture’. The application of probiotics in shrimp’s diet is beneficial to growth, immune response, and disease
resistance. In this study, the genome analysis of P. pentosaceus MROO1were performed to confirm the probiotic
and antibiotic properties of the strain.
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Figure 5. “The relative expression levels of the three immune-related genes including proPO, LvToll and TGase
from shrimp fed a diet supplemented with MR0O1 and challenged with V. parahaemolyticus. Error bars indicate
standard deviations (n=3). Asterisks show a significant differences between the control group (normal +
vibrio) and probiotic treatment group (probiotic + vibrio) (p <0.05).

Growth performance is an important factor in shrimp aquaculture. We show that dietary supplementation
with P. pentosaceus MR0O1 significantly improved the weight gain and growth rate of L.vannamei. Compared
to the control group, the lower value of FCR observed in the group that received an MR001-supplemented diet
suggests that P. pentosaceus MR001 could improve the feed utilization and growth performance of shrimp. Our
findings are consistent with other studies that probiotic supplementation significantly increased growth perfor-
mance and nutritional utilization in shrimp'®-2!.

The enhanced growth performance of shrimp in this work might have been due to increased digestive enzyme
activity induced by P. pentosaceus. The shrimp digestive system is activated particularly in the larval and early
post-larval stages when the probiotics would have the greatest effect’”. The digestive enzyme activities of shrimp
are important indicators of the organism’s ability to metabolize given nutrients. Trypsin amylase and lipase activ-
ity were significantly increased in the probiotic group compared with the control group (p <0.05). A few studies
of shrimp supplemented with probiotic Pediococcus spp.'** demonstrated similar responses to our results. The
higher level of enzyme activity obtained with diets containing probiotics may help to improve the digestion of
protein, starch and fat, which might in turn explain the better growth observed in the probiotic-supplemented
shrimp. Carbohydrate and protein macronutrients can influence the activities of digestive enzyme, especially
trypsin, in shrimp?*. Therefore, the specific activity of trypsin and the T/C ratio have been used as indicators for
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Figure 6. The annotation and comparison of P. pentosaceus MR0O01: (a) The distribution of the genes associated
with the 25 COG functional categories/subsystems. (b) Comparative genomics against top 3 most closely related
organisms. (c) A Venn diagram showing numbers of genes in common among the four species.
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Attribute Value
Size (bp) 1,804,896
GC content (%) 37.2

L50 1
Number of Contigs 1
Number of Subsystems 280
Number of Coding Sequences | 1789
Number of rRNA 15
Number of tRNA 51

Table 7. Genomic nucleotide content and gene counts of P. pentosaceus MROO1.

growth and feed conversion efficiency in aquatic animals®. In this study, the T/C ratio appeared to be higher
in the groups that received probiotic diets, although insignificant. It is possible that the T/C indicator would
have shown significant differences either in larger treatment groups or with prolonged treatment®. Suggested
by Won et al.'¥, improved growth performance through probiotic supplementation may be due to enhanced
gastrointestinal performance®®?” and immune response*?.

The intestine, regarded as the digestion and absorption center, produces the most sensitive tissue response
to environmental stress in aquatic animals®®?!. In this study, the intestine epithelium height increased in the
probiotic feeding group. Increased height and/or density of intestinal epithelial cell microvilli and enterocytes
has been demonstrated to provide a vast absorptive surface area and nutrient absorptive ability*"*2

The crustacean immune system eliminates pathogens very efficiently through humoral and cellular immune
processes. The shrimp immune system works without a memory basis by activating a response using hemocytes
that attack foreign cells during infection®*. Immunostimulation is an alternative strategy and a vital method of
alerting a shrimp’s defense system to increase resistance to various pathogens. It also indirectly enhances growth
performance'®*!. In this study, the expression of three immune-related genes was investigated using real-time
PCR in order to evaluate the immune status of shrimp after supplementation with probiotics. The relative expres-
sion levels of the immune genes proPO, LvToll and TGase in hemocytes were significantly higher in P. pentosaceus
MRO001-supplemented shrimp than in control shrimp (p <0.05).

proPO enzyme is akey component of the prophenoloxidase-activating system which plays an important
role in the invertebrate immune system. Active proPO induces the oxidation of phenol to quinone and prompts
the production of melanin, allowing a rapid response to pathogen infection. The upregulation of proPO in the
probiotic feeding group may have enhanced resistance against pathogens. Similar results were found in other
studies where greater upregulation of proPO was detected when pathogen-challenged shrimp were fed with
probiotic diets'®%.

The Toll-like receptor (TLR) family is a highly conserved group of proteins that participate in innate immune
responses®, In’shrimp, Toll receptors are important pathogen recognition receptors (PRRs), playing a vital role
in'defending against viral and bacterial challenge®. From this study, we inferred that upregulation of LvToll
receptor genes.may increase pathogen recognition and increase disease response. A similar result was found in
L. vannamei given mixed Bacillus spp..

The enzyme transglutaminase (TGase) is known to be involved in blood coagulation, a conserved defense
mechanism among invertebrates”. In shrimp, an effective and efficient blood coagulation system increases the
chances of survival, particularly in cases of injury?®. Fagutao et al.*®, reported that the absence of TGase rendered
shrimp susceptible to both bacterial and viral infections, suggesting that TGase is an essential component of the
immune system of shrimp.

It has been known that V. parahaemolyticus infection causes serious disease in L. vannamei. Our results show
that shrimp treated with P. pentosaceus MR0OO1 exhibited stronger disease resistance against V. parahaemolyticus
than those in the control group. As noted in previous reports'®!8, the mortality rate of shrimp infected with
Vibrio spp. was lower in the P. pentosaceus treatment groups than in the control groups. In agreement with gene
expression analysis, the relative expression levels of the immune-related genes (proPO, LvToll and Tgase) in
hemocytes were also significantly upregulated in P. pentosaceus MR0OO1-supplemented shrimp after 48 h post
V. parahaemolyticus infection than in control group (p <0.05). Our data imply that P. pentosaceus MR001 could
enhance systemic innate immunity during the Vibrio challenge by stimulating immune gene production.

The genomic data analysis of P. pentosaceus strains showed a genome size and GC content of 1.8 Mbp and
37.2%, respectively. A total of 1789 sequences were assigned to putative functions, and the remainder could
be classified as hypothetical proteins. Many of these functional proteins were potentially related to probiotic
properties.

The ability to adhere to the gastrointestinal tract/mucosa is an important property of most probiotics
In vitro analysis, MRO01 showed strong auto-aggregative ability and high hydrophobicity (>80%). Probiotic
bacteria, especially LAB with aggregation ability and hydrophobic cell surface are more capable of adhering to
intestinal epithelium®*!. Additionally, MR001 possessed strong co-aggregation with both shrimp pathogenes. The
co-aggregation ability could play a significant role in inhibiting the growth of pathogenic strains in the GIT and
can help prevent colonization by invading foodborne pathogens*>+.

39,40
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Figure 7. The phylogenetic tree of P. pentosaceus MR001 and its related species. (a) The multiple alignment of
the 16S rRNA nucleotides was generated using MUSCLE. The phylogenetic tree was constructed with Geneious
9.1.2 using the neighbor-joining method with a bootstrap value of 1,000. (b) The phylogenetic tree highlighting
the evolutionary relationships of the four strains of P. pentosaceus was based on concatenated nucleotide
sequences of the pheS, recA, tuF and gryA genes (approximately 5800 bp).
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Sortase A is one of the proteins encoded by P. pentosaceus MR001 and predicted to influence the adhesive
potential of P. pentosaceus. Sortase A recognizes the sequence motif LPXTG in the cell wall proteins*. This
protein has also been found in other probiotic bacteria such as Lactobacillus plantarum*® Lactobacillus rhamno-
sus* and Bifidobacterium bifidum*’. The genomes of most Gram-positive bacteria encoded two or more sortase
enzymes in order to fulfilled different functions*.

Upon ingestion by the host and during transit through the gastrointestinal tract (GIT), probiotics encounter
various environmental conditions. Firstly, they need to survive the harsh conditions of the stomach. Our analysis
of this genome revealed bacterial responses to acid and bile, and other stress resistance mechanisms. This finding
was in agreement with in vitro analysis of MR0O1, when it was able to tolerate a wide range of salt and bile salt
concentrations and can expose the acidic condition (pH 3). Many other stressful conditions, such as oxidative
stress, can also be encountered in the GIT. A number of stress proteins that regulate the adaptation of this strain
to GIT stress were found in this study, in particular, the chaperones that are known to intervene in response to
numerous stresses. These proteins are involved in important tasks such as protein folding, renaturation, protec-
tion of denatured proteins, and removal of damaged proteins*®. Important molecular chaperones include DnaK,
the well-known heat shock protein related to acid adaptation®’, which was found in this study. Using a microarray
analysis, Pfeiler et al.*® found that dnaK and grpE were upregulated in L. acidophilus NCEM after exposure to
bile*. Heat shock proteins appear to be especially pivotal for long-term acid stress resistance.

Due to in antibacterial assay, we found that MROO1 can inhibit shrimp pathogens. Thus, the bacteriocins were
analysed in genome of MR0OO1. Bacteriocins are a group of potent antimicrobial peptides. Most bacteria, includ-
ing LAB, can produce at least one bacteriocin®. The production of bacteriocins depends on the microbial strain
and culture condition®’. Some bacteriocins are used as alternatives to antibiotics and were deployed in the food
industry and medicine®->. In this study, entrolysin A, a type I1I bacteriocin, was found in genome by in silico
analysis. Entrolysin A is a cell wall-degrading bacteriocin first reported to be produced by Enterococcus faecalis
isolated from fish®. It can inhibit the growth of various Gram-positive bacteria such as enterococci, pediococci,
and lactococci. Our findings are in agreement with that of Jiang et al.”’, who comparatively studied the genomes
of 65 P. pentosaceus strains isolated from food, humans, and animals. They found four kinds of bacteriocins in
these strains; two of which, enterolysin A and Bac, had not been previously reported in this species.

In this study, entrolysin A was amplified to confirm that it is transcribed in the MROO1 strain. However,
just a small part of this gene could be amplified. This phenomenon may have been caused by the integration
of some mobile DNA such as prophages, mobile genetic elements, and insertion elements. In the comparative
genome analysis, among 33 proteins, two insertion sequences (IS) were found (IS6 and I1S1182), revealing the
mechanism of MR001 adaptation for survival via integration of these elements to its genome®. Additionally,
four sugar transport proteins were detected only in MR001; three were PTS system fructose-specific EITABC
components (FruA) and one a PTS system oligo-beta mannoside-specific EIIC component (gmuC). In bacteria,
to carry out its catalytic function in sugar transport and phosphorylation, the phosphotransferase system (PTS)
uses the phosphoenolpyruvate (PEP) as an energy source and phosphoryl donor. The phosphoryl group of PEP
is usually transferred via four distinct proteins to the transported sugar that is bound to the respective membrane
components of the PTS®. In general the regulatory roles of protein components of the PTS for the control of
carbohydrate metabolism<have been reported. Notably, the PTS also fulfils numerous roles in the regulation
of biofilm formation, stress response, gut colonization, chemotaxis, and virulence®-**. Various types of sugar
transport systems may designed to specific probiotic-prebiotic in the future.

Conclusion

This study,;showed that the use of P. pentosaceus MROO1 as a dietary probiotic for the white shrimp, L. vannamei,
significantly improved growth performance, feed utilization, digestive enzyme activities, and disease resistance
against vibriosis. A probiotic supplement of P. pentosaceus MR0O1 at 10° CFU/g in the diet of white shrimp is
recommended. Our elucidation of the genome sequence of P. pentosaceus MR001 allows for a deeper understand-
ing of the strain’s probiotic potential, facilitating the future development of food additives for marine aquaculture.

Materials and methods
Candidate probiotic isolation. Guts of 3 animals were removed from Macrobrachium rosenbergii. Each
gut was dissected aseptically and homogenized in an eppendorf tube with 200 pL of sterile saline solution with
0.85% NaCl. Homogenates were serially diluted (107-107°) with 0.85% NaCl, and 1 mL of diluted homogenate
was poured on de Man, Rogosa and Sharpe (MRS) agar plates and incubated at 30 °C for 24 h. All isolates were
examined against V. harveyi using the agar well diffusion assay to test the antagonistic ability using method
below. Colonies producing inhibition zones were isolated and future tested for the hydrophobicity using the
microbial adhesion to solvents (p-xylene) following with slight modification was used to determine cell surface
properties®. The isolates that showed the highest antibacterial activity against pathogenic V. harveyi and high
hydrophobicity were characterized by Gram staining and catalase test.

Total DNA of isolate was extracted from a colony using a PureLink® Genomic DNA (Invitrogen) according
to the manufacturer’ instructions. The amplification of 16S ribosomal DNA was performed by single PCR using
the universal primers 27f. and 1492r (Supporting Table 4).

In vitro characterization of P. pentosaceus MROO1. Antibacterial activity. The isolates were re-ex-
amined against V. harveyi and V. parahaemolyticus using the agar well diffusion assay to confirm the antagonistic
ability. All isolates were grown in MRS broth at 30 °C for 24 h. After incubation, the supernatant was collected by
centrifugation (10,000 rpm; 1 min) and re-suspended into 100 pl of MRS medium. The target Vibrio strains were
grown overnight in 10 ml of Trypticase Soy Broth (TSB) at 30 °C, and 1 ml (10® CFU/mL) of each Vibrio was
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mixed with 20 ml of melted TSA supplemented with 2% NaCl. Wells (6 mm) were then punched into the agar
and 100 pl of isolates supernatants were added. Plates were incubated at 30 °C and observed for clearing zones
around the wells after 24 h. Sterile MRS broth was used as the negative control and 100 ug/ml of tretacycline was
used as the positive control (P).

Acid resistance.  Isolated strains were cultivated in MRS broth until the OD600 reached 1.2. One ml of culture
was centrifuged at 12,000 g for 10 min at 4 °C and cell pellet was resuspended in MRS broth where the pH was
adjusted to 3 and 7 (control), respectively, by 1 N HCI. Cell suspensions were incubated for 3 h at 37 °C and
then viable cells were counted by standard plate counting. Measurements were done in triplicates and the mean
values were shown.

Bile and NaCl tolerance. The bile tolerance of Pediococcus pentosaceus was determined using a modified ver-
sion of a previously method®. Briefly, bile salt tolerance test was determined by inoculating P. pentosaceus
MRO01 into various MRS broth containing 0.6%, 0.8% and 1.0% bile salts (Sigma-Aldrich). The suspension was
incubated for 6 h at 30°C. After incubation, the suspensions were serially diluted in sterile PBS. 100 uL of the
suspension was flooded in MRS agar with triplicate and incubated for 24-48 h at 37°C and the viable colony that
appears was counted using colony counter.

To determine NaCl tolerance, P. pentosaceus MR0O1 was grown in MRS broth supplemented with different
concentrations of NaCl (1-6%). 0.1 mL of overnight culture was inoculated into 10 mL of MRS broth with various
percentage of NaCl. After 3 h of incubation at 37 °C, MR001 was sub-cultured in MRS agar and was incubated at
37 °C for 24 to 48 h. The NaCl tolerance of MR001 was calculated by counting viable cells on plates.

Auto-aggregation and co-aggregation assay. The specific cell-cell interactions were determined using auto-
aggregation assay® and co-aggregation assay®® with slightly modified methods. P. pentosaceus was cultured at 30
°C for 20 h in MRS medium. The bacterial cells were harvested at 5000 g for 10 min at room temperature, washed
with PBS and resuspended in PBS to 10® CFU/ml. For the auto-aggregation assay, 4 ml of each bacterial suspen-
sion were vortexed for 10 s and incubated at 37 °C for 2 h, 6 h and 24 h. The absorbance of the supernatant was
measured at 600 nm. The auto-aggregation percentage was expressed as: 1 — (A/A) x 100, where A, represents
the absorbance at t=0, and A, represents the absorbance at incubation time.

For the co-aggregation assay, Vibrio spp. were cultured in TSA medium + 1.5%NaCl at 37 °C for 16 h. Equal
volumes of cell suspensions (103 CFU/ml) were mixed, vortexed for 10 s and incubated at 30 °C and 37 °C for
4 h without agitation. The absorbance (A 600 nm) of the mixture was determined during incubation at2h, 6 h
and 24 h. The percentage of co-aggregation was calculated following the formula [(Ayipio + Apediococcus)/2 = (Amix)/
(Avivio + Apediococcus) /21 X100, where Ay, and Apegiococcus represent the A600 of individual bacterial suspensions
and A, represents-the absorbance of their mixture after incubation for different times.

Samples for feeding experiments. Healthy specimens of L. vannamei were provided by Kanjana Farm
in Nakhon Si Thammarat province, Thailand. They were placed in an indoor cement pond and cultured for one
week ifi filtered, aerated seawater (salinity 30%, pH 8.5). Shrimp (average weight 4-5 g) were selected for experi-
ment and randomly divided into four groups with three replicates for growth rate experiments and two groups
with three replicates for survival rate experiments.

Preparation of shrimp feed supplemented with P. pentosaceus MROO1. P pentosaceus MR001
was cultured and incubated at 30°C for 20 h in MRS broth (HIMEDIA) on a shaker at 200 rpm to a final con-
centration-of about 10'° CFU/ml. The probiotic was harvested by centrifugation and washed twice with sterile
saline-and mixed with commercial shrimp feed in the ratio of 1 ml of probiotic to 1 g of shrimp feed. The probi-
otic concentrations of the final suspensions in the commercial feed were 1x 107, 10® and 10° CFU/ g. After feed
préparation, MR0OO1 concentrations in the diet were confirmed by a plating technique in which a sample of each
feed was serially diluted in MRS broth. New batches of feed were produced every week to keep up P. pentosaceus
MRO01 viability.

Determination of L. vannamei growth rate. The shrimp were divided into four treatment groups
(three tanks per treatment, 15 shrimp per tank). All shrimp in each tank were initially fed twice a day, each
time with a diet weighing 10% of their total body weight. At the beginning of the experiment, five specimens
were randomly collected from each group to measure their initial body weight (W,). After three weeks of treat-
ment with the probiotic supplement, five specimens were selected at random from each group to measure their
final body weight (Wt). The weight gain rate of each group was calculated following the formula [Weight gain
(%) =100 x (Wt— W,)/W,]. Other biological performance criteria such as specific growth rate (SRG), feed effi-
ciency, and feed convention ration (FCR) were also determined.

Determination of intestinal digestive enzyme activity. Sampling was conducted at day 14 of probi-
otic supplementation. Five shrimp were randomly selected from each group. Shrimp gastrointestinal tracts were
removed and homogenized in ice-cold deionized water (1:3) using a micro-homogenizer. The homogenate was
centrifuged at 15,000 g for 30 min at 4 °C. The supernatant was kept at -20 ‘C until used. Total protein was evalu-
ated using a BSA standard curve as described by Lowry et al.%’. The activity of the total protein was measured
by a spectrophotometer at 750 nm. Trypsin and chymotrypsin were determined based on the method of Run-
gruangsak-Torrissen et al.%. The enzymes were incubated at 50 “C for 10 min by methods developed by Gam-
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boa-Delgado et al.**. The activity of these two enzymes was measured spectrophotometrically at 410 nm, and
the comparison was made with the linear response concentration range of a p-nitroanilide standard. Amylase®
and cellulase” activity were determined using a starch solution and carboxymethylcellulose (CMC) as respective
substrates, respectively. The optimal condition of incubation was 55 C for 10 min, following the method of Xue
et al.”’. Both enzymes were then evaluated spectrophotometrically at 540 nm and compared with maltose and
glucose standard curves, respectively. Lipase activity was measured in triplicate by the method of Stuckmann &
Winker”!. Lipase was detected spectrophotometrically at 410 nm based on the cleavage of p-nitrophenyl palmi-
tate (p-NPP; Sigma). The optimal condition used was at pH 8 and 60 C.

Intestinal Histology. Shrimp intestinal tissue was fixed in 4% neutral buffered formaldehyde and then
dehydrated in a graded ethanol series and embedded in paraffin. Tissue blocks were sectioned 4 pm thick and
stained with hematoxylin and eosin (H&E). Villi heights were then evaluated and observed under a light micro-
scope. At least 5 fields were observed in each samples.

Survivability test. To determine the effect of P. pentosaceus MR0O1 on the survival rate of L. vannamei
post-larvae, the shrimp were divided into two groups (control group and probiotic group; 15 shrimp per group).
At the end of the three-week feeding trial, shrimp fed with MR0O1 supplemented and non-supplemented diets
were exposed to pathogenic V. parahaemolyticus at a level of 10° CFU/ml (LD50) by adding the bacteria to the
water for 24 h. During the first 24 h post-infection, water was not renewed to ensure the infection. All groups
were fed a basal diet and kept under observation for 10 days. At the end of the feeding trial, post-larvae survival
rates and the numbers of dead shrimp per each replicate were calculated and recorded. The survival rate (SR) of
each group was calculated as SR (%) = [final number/initial number] x 100.

Immune-related gene expression analysis. At the end of three week feeding trial, five shrimp per
experimental diet from each tank were collected (3 tanks per experimental diet) for RNA extraction. In addition,
to determine immune-gene expression after pathogen infection, shrimp feeding with each diet were injected
with V. parahaemolyticus. Then 24 h after V. parahaemolyticus challenge, shrimp were sampled for determina-
tion of immune-related genes expression. RNA was extracted using TRIzol reagent (Invitrogen) following the
standard protocol and RNA with an absorbance ratios (A260/A280) greater than 1.8 was used for the next step
in which ¢cDNA was synthesized from 1 pug RNA with a Viva cDNA Synthesis Kit (Vivantis Technologies Sdn.
Bhd.). The transcriptional expression levels of proPO, LvToll and TGase genes were determined by real-time
quantitative PCR (RT-qPCR) using the SensiFAST SYBR NO-ROX kit in accordance with the manufacturer’s
protocol (Bioline). RT-qPCR was performed in the following order: denaturation at 95 °C for 5 min and then 40
cycles of 95 °C for 30's,55-58 “C (depending on each primer) for 30 s, and 72 “C for 30 s. A dissociation curve
analysis was performed at the end of qPCR to confirm the specificity of the PCR products. The EFI gene of L.
vannamei was-used as an internal control to verify the successful reverse transcription and to calibrate cDNA
template. Primer sequences were presented in Supporting Table 4.

Statistical analysis. < The data were analyzed using IBM SPSS version 24. One-way analysis of variance was
used to determine significant variations between the treatments. The differences between means were evalu-
ated and-compared by post hoc multiple comparison test (Least Significant Difference, LSD). All results were
regarded as significant when p <0.05. Data were reported as means + standard deviations.

Genomic DNA isolation and genome sequencing. DNA extraction was performed with a PureLink
genomic¢ DNA mini kit (Invitrogen, USA) following the manufacturer’s instructions. The isolated DNA concen-
tration was quantified using the Qubit fluoromete (Life Technologies, USA). DNA integrity was checked using
gelelectrophoresis in1% agarose gel. NGS of genomic DNA from P. pentosaceus MR001 was conducted using the
TruSeq DNA PCR-Free kit library on the HiSeq 2500 platform. Total read bases were 973.6 Mbp with 9,639,394
total reads. The GC content was 37.05%, and Q30 was 92.91%. After filtering, the total number of bases, reads,
GC (%) and Q30 (%) were 853.7 Mbp, 8,568,054 reads, 37.01% and 97.84%, respectively. Third-generation DNA
sequencing was performed with the PacBio RS II technology using a PacBio P6C4 chemistry sequencing kit. One
single-molecule real-time (SMRT) cell yielded 128,058 subreads (1,123,882,312 bp) with an average read length
of approximately 8.76 kbp.

Genome assembly. We used the software called Canu to assembly high-noise single-molecule sequenc-
ing from PACBIO. The default parameter of the software was set to use with the P. pentosaceus MR001 with
setting the genome size around 2 Mbp. The first result from the software returned 1,836,985 on genome size
and 37.2%GC. There is no sign of any plasmid in this strain. Then, we use the Circlator to identify and trim
overhangs and orients the start position at an appropriate gene by using assembly contigs and the corrected
reads prepared by Canu version 2.1”* with default parameters of the software. The contig length was trimmed to
1,804,890 bp. Finally, we corrected the PACBIO assembly with Illumina reads. The Illumina reads were aligned
to the draft assembly using BWA”?, BWA-mem , and SAMTOOLS version 1.77* Then, Pilon version 1.247> was
used to automatically improve draft assemblies and find variation among strains, including large event detection.
The result was still the same result from circularization. There was no any change in the result. The assembly
workflow is illustrated in Fig. 8.
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Figure 8. Genome Assembly Workflow.

Genome annotation. Glimmer 37° and Genemark software’’7° were used to identify genes in the genome.
Functional annotation was achieved using RAST (Rapid Annotation using Subsystem Technology)3*#!. tRNA
was predicted by tRNAscan-SE 1.218%-3% and rRNA genes were predicted by RNAmmer 1.2%°. All the pre-
dicted proteins were used in the BLASTP search against the NCBI non-redundant (nr) protein database to
find homologs. Prophage regions were predicted using the PHAge Search Tool (PHAST) webserver®. Regions
of clustered regularly interspaced short palindromic repeats (CRISPR) were searched using the CRISPRFinder
server®.

Genome comparisons and visualization. The microbial nucleotide BLAST database was queried to
find the closest relatives of P. pentosaceus MR001 for comparison. P. pentosaceus wikim20 (NZ_CP015918.1), P
pentosaceus SRCM100194 (NZ_CP021927.1), P. pentosaceus ATCC 25,745 (NC_008525.1), P. pentosaceus SL4
(NC_022780.1), and P, pentosaceus SRCM100892 (NZ_CP021474.1) were the top five BLAST hits with approxi-
mately-99% identity and very significant E-values. The similarity of MROOI to its three closest relatives was
analyzed and)visualized using the CGView Server, with the E-value cutoff set to 0.0001 and the identity cutoff
set to 30%, based on the BLASTX comparison. The circular representation of the chromosome of P. pentosaceus
was produced using the CGView Server V1.0%. Subsystem mapping was produced by RAST version 2.0%#!. In
addition; a circular representation of the plasmids was drawn using Geneious 9.1.2%.

Bacteriocin identification. Bacteriocin identification was analyzed following the procedure of Surachat
et al., 2017°. The nucleotide sequence of P. pentosaceus was first screened against the BACTERIOCINS database
using BLASTX. The preliminary screening result was then generated and used as the target of a search for simi-
lar-protein sequences from Lactobacilli in the NCBI and UniProt databases. After removing data redundancy,
the’ local database was then created. Finally, the preliminary result from the first BLAST was used as query
sequences to search against the newly created database using BLASTX with the E-value set sequence and con-
firmed as a bacteriocin in P. pentosaceus. We identified the bacteriocin using the Bagel4 server. We also used
the Bagel database®® (Class I, I1, III) in the BLAST analysis to identify antimicrobial proteins. The P. pentosaceus
MRO01 sequence was then used in a BLASTX search with the E-value and %identity cutoff set to 10~* and 30%.

Phylogenetic tree analysis. 165 rRNA sequences (approximately 1,580 bp) were obtained from the fol-
lowing 11 species: P. pentosaceus ATCC 25,745, P. pentosaceus SL4, P. pentosaceus SRCM100194, P. pentosa-
ceus SRCM100892, P. pentosaceus wikim20, P. acidilactici JCM 2014, P. claussenii ATCC BAA-344, P. damnosus
TMW 2.1536, L. curieae CCTCC M 2,011,381, L. paracollinoides TMW 1.1995, and Lactococcus lactis subsp.
lactis KF147. The multiple alignment of 16sSRNA was generated using MUSCLE®> The phylogenetic tree was
constructed with the Geneiuos 9.1.2% program using the neighbour-joining method with a bootstrap value of
1,000. The phylogenetic tree highlighting the evolutionary relationships of the four strains of P. pentosaceus was
based on concatenated nucleotide sequences of the pheS, recA, tuF and gryA genes (approximately 5800 bp).

The amplification of sortase A and entrolysin A transcripts. P pentosaceus culture (at an optical
density at 600 nm of 0.5) were centrifuged at 4000 g for 10 min, and the pellet was resuspended in 1 ml of Trizol
(Invitrogen). Bacteria were broken once for 30 s in the Bead Beater at maximum speed. The supernatants was
then extracted with chloroform : isoamyl alcohol. Total RNA was precipitated using isopropanol. The contami-
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nating DNA was treated with RNase-Free DNase I (Roche). First-strand cDNA was synthesized from 1 pg of
total RNA using the SuperScript III First-Strand Synthesis System.

The transcripts of sortase A and entrolysin A were analysed by PCR using the each specific primers SrtA-F
and SrtA-R for sortase A and EntA-F and EntA-R for entrolysin A. The thermal cycling profile used was 95 °C for
3 min, followed by 30 cycles of 95 °C for 30 s, annealing for 30 s at 52 °C for sortase A and 60 °C for entrolysin
A and 72 °C for 30 s. PCR products were analysed on 1.5% agarose gel.

Data availability

This Whole Genome project has been deposited in the NCBI BioProject, BioSample, and GenBank under the
following respective accession numbers: PRJNA596088, SAMN13612138, and CP047081. The raw sequence
PacBio and Illumina reads have been deposited in the SRA database (accession number: SRR10717635-36).
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Abstract

Shrimp is one of the most important aquatic animals in Thailand. Pacific white shrimp is the
most popular in shrimp industry with 95% of total shrimp species due to its growth rate is high
and culture in high density captivity is capable. In contrast, banana shrimp, a common species in
Southeast Asia, is one of high economic value animals but it has not been cultured inland like
white shrimp and black tiger shrimp. This leads fishery wild banana shrimp and results in reduction
of its population. Therefore, a way to conservation of this shrimp is important. The gonad transfer
and surrogating from donor banana shrimp to recipient white shrimp is an approach to propagate
banana shrimp offspring without aquaculture. However, this technique has been developed and
not success in shrimp yet. Hence, to improve growth and gonad development of white shrimp is
necessary by developing feed diet. This study aimed to improve low cost of shrimp feed with
herb extracts for shrimp growth. Seven potential herb extracts were examined for shrimp growth
by injection. The result showed that Tinospora cordifolia (Tino), aloe vera, curcumin, and ginger
extracts increased average daily growth (ADG) during 7-14 days after injection. Also, an injection
of Tino, aloe vera, and ginger extracts increased growth in shrimp compared with single injections
whereas mixed double extracts decreased the growth after injection. Moreover, an injection of a
recombinant protein, His-TF-rgbb, stimulated ADG in shrimp. Then, feed diet supplemented with
either herb extract or powder was tested for shrimp growth by oral feeding. The result indicated
that ADG was highest in shrimp fed with the feed diet with either Tino extract or powder
compared with feed diet supplemented with aloe vera and ginger. These suggested potential

growth enhancement of T. cordifolia in shrimp.
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