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# # 6370157423 : MAJOR FOOD TECHNOLOGY

KEYWORD: copepod, Apocyclops royi, omega-3, desaturase, polyunsaturated fatty acid (PUFA)
Supakarn Sungkaew : FATTY ACID COMPOSITION AND EXPRESSION OF DELTA-6 DESATURASE (ArD6D)
GENE INVOLVED IN OMEGA-3 FATTY ACID BIOSYNTHESIS PATHWAY IN COPEPOD Apocyclops royi.
Advisor: Assoc. Prof. CHANPRAPA IMJONGJIRAK, Ph.D. Co-advisor: Piti Amparyup, Ph.D.

Copepods are a group of small crustaceans that play an important role as live feed in fish larviculture.
Copepods contain a high content of polyunsaturated fatty acids (PUFAs), which are important nutrients for the
development of fish larvae. This research aimed to study fatty acid profiles of each developmental stage of
the Apocyclops royi, Thai copepod species (A. royi-TH). Fatty acid compositions in the nauplius (NP), copepodid
(CD), and adult (AD) developmental stages of A. royi-TH that had been fed on Tetraselmis sp., a green microalgae
that is deficient in DHA were characterized and identified using gas chromatography-mass spectrometry
(GC/MS). The results showed that the copepod A. royi-TH contains higher level of PUFA, EPA and DHA than other
aquatic live feeds. It was found that the CD (38.53%) and AD (41.85%) stages were high in PUFAs, while the NP
(22.50%) stage had the lowest level of PUFAs. In addition, all stages of copepod had a high level of LC-PUFA
(5.27-10.36%), from the highest to the lowest levels of DHA respectively, AD (4.85%), CD (3.54%), and NP
(2.78%). Comparing between the copepods feed on a low-EPA Tetraselmis sp. (ArTet)and a high-
EPA Chaetoceros sp. (ArChaeto), it was found that ArChaeto had a higher level of DHA than ArTet. This result
suggested the correlation between fatty acid compositions in the algae and the quantity of DHA in the copepod.
The study in the expression of desaturase gene (ArD6D), which is essential in DHA synthesis showed a significant
increase of ArD6D gene expression in the AD stage (p<0.05) correlated with the high amount of DHA in the same
developmental stages. This result suggested the possible function of ArD6D gene for DHA synthesis in each
developmental stage. The study of ArD6D gene expression in ArTet andArChaeto showed a significant higher
expression level of ArD6D gene in ArChaeto compared to ArTet (p<0.05), correlated with the higher amount of
DHA in ArChaeto. These results suggested that three developmental stages of copepod A. royi-TH were able to
synthesize DHA through the LC-PUFA biosynthesis pathway, and the amount and types of existing fatty acids in
the algae related to the amount of DHA in copepod. This research can lead to the nutritional improvement of

copepod A. royi-TH as live feed for larviculture in Thai aquaculture industry.
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91 INZIALINgITU dewalvidedniswauinisinzidesdnhiliduseansamannddu
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[ o

gramnssuemImziavesing lngemnsidinildeyuiragndniirissouluiagtu wu

& a

Lsfnes wazonsniile ﬁ@mﬂ'mwimmmssuamsmlsuﬁul duiBstou (polyunsaturated

fatty acid, PUFA) Taudansalesiulawini-3 (n-3 PUFA) fisnann ldieanasionisldansenms

[

ygagndnduiieday wonandulsiines uazerifile dadlaurndinlvg

<

1%
o o

Limnzaudivrwinuinvesdaiiivdouniiaudidymaasugiavateyin dwalvidniun

1%
=Y [ o

[} 1 a v v} 1 d‘ o % 1 a

Sygauilsnsinissendingn Jaqduiinnmsdaiunivgounddnidu lafinen (Copepod)
Tnelafineaduasamdourianis Svuindvian Svarnwanswuin waziunumdAglu

I3 A aaa o ¢ 8 o o ~
n1siluwmbelidinnusssufdmsudadun JagUuisienunslidlafinenluniseyuia
Qﬂﬂammawm%ﬁm (Busch et al., 2011; Olivotto et al., 2008; Rajkumar and Vasagam,
2006: Toledo et al., 2005) Ingldlafinonsauiua1nisiFIanuuaay wsolddusinis
‘WNLaamwaLLfflsuﬂmmﬂammaamiaumaé’m W1dedau LllosanlaiinenlanneInig
IS Y

lnyuInsge walusiu uavnsaleiu Swililafineanateiduemsdafinidiniidnenn

lun1seyuiadaivelaiveau

lelaaness Apocyclops royi Wulafineafinuldluszmelne windu 3 szay
WWIn1S lowA szuzuainded (nauplius stage, NP) szozlafinenlnfin (copepodid stage,
CD) wavszeemAule (adult stage, AD) Tnedvunsfinainvans (50 &1 1000 lulAsiuns)
fhasTinfidu annsomnzidesldie nudeanufuuazgamadldludiantie uenand
Fa.duunaaves PUFA Usznounie nsaluiiufiawia (docosahexaenoic acid, DHA)
nsalutiudiile (eicosapentaenoic acid, EPA) waznsalusiuiooisie (arachidonic acid, ARA)

v
o [ ' & o

Nd1Aguazdndusanisiasgyuesdniunieesu tangduidenuiilafinen A royi

fanuaunsalunsduasieinsa lusiulawni-3 annsabusiuludusdadeuansdu (short-



chain polyunsaturated fatty acid, SC-PUFA) (Nielsen et al., 2019, 2020, 2021; Pan et al,,

2018)

nsalvsudndu (essential fatty acid) lngianignsaledulowni-3 adunsalugiu
laidudBetouanssna (long-chain polyunsaturated fatty acid, LC-PUFA) 1Juanse11ns
Ao @ A & s o o A v % & o
Mndutiesnlussduseneuidfgyrendenuiad (cell membrane) wananinsalugiy
laiuni-3 falauddgsdeinsyiulanvesdnd audansduiug ssuugiauiu n1saiuay
aunavetleosl uazAMNMYBINGASMI (Glencross, 2009) NsAnwINeuUWN LAty
1dnilusinsegndunds (invertebrates) 1urunniiouladfifeivestunisdunsisn
LC-PUFA (Kabeya et al., 2018; Monroig and Kabeya, 2018) 1n ¢ LaWWSﬁLL%G}V}uLS?{

(desaturase) wagdanuna (elongase) Faluteulminanffivnuimdrdglunisdunsizi

PUFA Tudninzianlifinseandumas

ulvdifugaysaduieulainneadesiviinnsdunsizt PUFA Tnavimdiiiiia
Wuseelvnuatelgvensaluiu (Monroig and Kabeya, 2018) Tul 2019 Nielsen wazAniz
Tasrearuinouleyl Aé-desaturase Lutaulesindnlunisduasizvinsalaiuloluni-3

Tnaamznsaludu DHA uazilueulwdirmuaudnsniivesujisen (rate-limiting enzyme)

Tuaimsdaaneinsnlutulown-3 lulafinen A royi aneugléviu a8 15AMY
g9 luina@neinsaladuluwan A royi draWuging (A.

royFTH)

JUIF8UIvRNUINuLazavAlSenavuuaInNIf L

Tulafinwan A royiTH sin835ufalasunlnnsfi-wuaaunlasiung
(GC/MS) Taauivn1anaaavtilu 3d2u (1) 1dsauiiiay

avAlsznavvavnaa lulululainan A. royiTH Aua1nisi

a 1

T390 1Tadao0e¢glTuilaqgdu 1Taun



-

a157din (Arfemia salina) waz'lsuavinda (Moinasp.) (2)
WisuiauavAdssnavwavnsa ladululafinaa A. royiTH
siazseazWmu1n1s laua scozuaindod (NP) szaz1ai TG
(CD) wuarszazaitindg (AD) war (3) wisuiauavalseznay
9 a3 n 5 a1l adulula@Ndnaa
A. royiTH fldgsdaudnnidng 2 afaiinmudimeinauinis
nsalasiufiunnaefiu ldun dmsaeingn Tetraselmis sp.
War Chaetoceros sp. 3nluAny1n1sudnvaanvavin
fuamsd AD6D Afinudifrysanisasansalusiu DHA
m18135 Reverse transcription-PCR (RT-PCR) ‘lulafinan A.
royFTH 7 3 sesiauing uazlainan A royFTH Aden
PP GAVERITET QTP Tetraselmis sp. \wax Chaetfoceros sp.
wialvidinlanisvinenuuasiin ADED TuusiasseesWmuinig

aavlainan A. royiTH uardunsanisudinaniitnunzduiu

ASINsLAg T Wan A royiTH tBanndisduas Ina‘ly

aUIac

WQUIZAIA
1. WefnwiesrUsznauvesnsaludiuveslafinen Apocyclops royi 99dlng argmaila
GC/MS

2. WeAnwn1swanseanvasduinetdasiuinnisdunsieinsaludulawn-3 Tulainwen

pewAlla Semi-quantitative RT-PCR
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2.1 msiFIndmIun1sayUIadndun

o

1U99U

(%
o o w

Tugmamnssunsnziaesdaiun “omms” fadutadeniauddguindadenis

o

v
a Yy 6 o

21 3NlAuNmAkariAuAMIatUINISTIMIgaNdaRalTd@n U Tn1s1esLAula9a
wazdmnuanysel winiseyuiadaiunisesussezusnilndanaiulymdmivanamnssy

(% '

nsnzaesdadun Wesandniunivseuszezusnilnduueadnazauinlinian anns

warAzs (2561) bas1garuitgnianiivenisessesusniln 3 Tullvuinfiiies

(% 1%
0 [ o

244 lulasuns wazuindauraies 170 lulaswasmintu yinlddnlunieesusseznsniln

[ (%
= 1 o w [

lannsofuemsniivuinvgle e lidsdamalidniunisgeulisnsinisasuysiule
Lazn133eAdiniinn nn1sAnwineunitmuitgniaingadetvdeusyesusniln 1-15 Ju

WINLDRIINNTTBATINAN LALTONTINITIOALNLS 8-10% WU (NUNNIUR WazAME™, 2557)
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aaa o

LNAIR A UL U INITHTINM NS TTUVIAVIEATUY IR TUNAA UnTes waziLAy

)=

Tnsuwnasnnaugniuntdeyuiadniurivdou 1099 NTvUIAEINLEAN TAmuAmIalAwuINIg

AsUfuTnzaLTuANLfeInsvesdn i Tusou Tnaamensaluiulddusddouanee
(long-chain polyunsaturated fatty acid, LC-PUFA) ﬂﬁjuia LU N1-3 (-3 PUFA) w4
docosahexaenoic acid (DHA) ba¥ eicosapentaenoic acid (EPA) Feazvrefiusnsinis
WSaivlauarmssendinvesdn i useu
IumwmEJ"TJﬁr;humamammiumsm%Lamé’m Shfleuldensiiflouazlsuninda
Tunseyunadaiirfeseu emnamnsamzisdussdiugnamnssuld sgslsfinmuiing
wlafineaunlfiduemnsiidinluniseyuradng STuseu uidvliunswaneunnindioiiey

aa

FUOMNSETInLUUA LR aosvin windunudnistlainenluniseyuiaden iy " Tegeuls

NAaNSNANIINIT L1578 (Conceicdo et al., 2010) Lazlsunainge esannlafinend
Y o I a 1 zzl' fal %; & =l v a Y] d' @

nsnladudndudsinaganimnulueifidisuaslsunninidn uaglafinendsvuindingn

AEvaNgUIn Janngauiun1siuvesdniuiveausasssseiwuINg (JUN 1)

211154 Svely
o o
ife]) WeIU1IN1S
®
Copepod eggs
Yolk-sac larva
3-4 mm
Copepod nauplii \ P -
Early larva (pre-flexion)
5-8 mm
Small- to medium- i g —:‘ff‘f/
sized copepods Late larva (flexion)
9-19 mm

Large copepods

20-30 mm

Malacostracans

Late jdvénile



UM 1 mnsi@indmiuniseyuiagnuausiagszegiimminis

Y

AnLUadaNn Jacobsen wagAaz (2020)

2.2 nsalviudnduluniseyuiadadurdedon

nsnlagiu (fatty acid) \Wua1sdunidusziannsnansuendan (Wang et al., 2017)

fidnwaziluldens Ineflivgarsuenda (COOH) aqﬁﬂmsﬁmwﬁa 138071 Yansueani
(o-end) wagmyiiiia (CHy) sgfivarednsmunils Funin Yaneleiunn (@-end) (Lindshield,
2018) nslusuanunsanUsmudnuazlassasnsld 2 wuu leun (1) nsalutudus (saturated
fatty acid) t9unsaluffuitusznoudiefussideaanun was (2) nsalusfulddusy
(unsaturated fatty acid) {unsalvduiinuszaeglulasiaing nealusiulidududseaniiy
nsmlasfulsidudidafen (monounsaturated fatty acid, MUFA) Aifliiuszgaglulassaing
1 fundauaznsalvsiulidudaudsdou (polyunsaturated fatty acid, PUFA) fifliiuszeoflu
1A59851901NN91 2 AWnis (Moghadasian and Shahidi, 2017) lagnsalagiu PUFA @115
wUsnuAnuevesansleasuauladl nsalusiilidusudetouaedu (short-chain PUFA,
SC-PUFA) fiflauenivesansansuau 18 azneu waznsaludulidusidedouasend (lone-
chain PUFA, LC-PUFA) fifia1nue11vedaneasuaunaud 20 aznauduly (Garrido et al.,
2019) nsalasfulaidusidstoulsznausensalusiu 2 nauvan tawn nsaladulewni-3 (n-3
PUFA) ﬁﬁﬁuﬁz@mﬁqagﬁﬁumm w-3 Huanvansiuiia 1l o-linolenic acid (C18:3n-3,
ALA), eicosapentaenoic acid (C20:5n-3, EPA) itag docosahexaenoic acid (C22:6n-3, DHA)
wavnsabusiulowni-6 (n-6 PUFA) fifliuse @jwﬁqagﬁﬁmmm w-6 nUanetuiia (Turchini

et al,, 2012) 94 arachidonic acid (C20:4n-6, ARA) 1A59@519989n5a busiuLsasinLandsa

o
#1319 1



o v )

v & \ w ¢85 w 1 t | o P
nsalvsfufudiuuseneuiidng Iuammwaau LUUNILARING 91U agtdu

o

psAUsznouTiddyvedevuead (cell membrane) Inglowizluduvesasenazdudily
Tunsueafiuniofunm (retina) (nunnuf uaganz, 2557) nalusiulaidufidadou
(PUFA) finaudAggdoni155enTinuasn1swmuivedniseu tnensaludungy LC-PUFA
Juansemsidndudefofusituindeuiiddyseauauysaiiaziaiosnimyesssuy
i (Parrish, 2013) uenaniinaalusiulewni-3 anuddyeninataivinvesderiin iy
90U FITINTHURLS spuunliAuiu MsmvANaunaredloas warAMNINTBINGAS Y
(Glencross, 2009) Tagianiznsaludy EPA uay DHA Afadiudrddoniswauints

Msazaudng wazauiunulsavesdniunTageu (Sorgeloos et al., 2001) dwalidns
nmswsiulauaznissondinvesdniiivsewivgdu (J@rgensen and Kjeer,

2018)

Tasnsalysiulawuni-3 wartdunsalufunaadddialiaiunsadunsieilaes daalasuain

[ [

219157111 (Das et al., 2012) wenanLonI1@IusTNI19nsALL DHAEPA faudnfgy

o

fensinauvessrUUUsTam Wevuead waz ﬂﬁdqﬁaujzmmmaiumaé lagdnsdiu
5¢11919 DHAEPA Timunyaudmiudniurfosouagegi 1.0-2.0:1 (National Research
Council, 2011)

AN5197 1 1AS98519U09n5A budiu

nsalusiu Taseadne 81999

nsaludududa (saturated fatty acid)

Stearic acid o Chemistry Glossary, 2018
MMAMAA

(C18:0) i

nsalvsiulaiduAadane (monounsaturated fatty acid)

Oleic acid o Chemistry Glossary, 2018
(C181) HO)J\/\/\/\/;/\/\/\/

nsalvdulidudadediou (polyunsaturated fatty acid)

Linoleic acid o Chemistry Glossary, 2018
(C18:2n-6) ,,(,)J\/\/\/\W

nsalvsiulelun-3 (n-3 polyunsaturated fatty acid)



ol-Linolenic acid Kashiwagi and Huang,
(C18:3n-3, ALA) 2012
Eicosapentaenoic acid Kashiwagi and Huang,
CHy N—"N NN —""C0o0H
(C20:5n-3, EPA) 2012
Docosahexaenoic acid Kashiwagi and Huang,
P e NS N NI N D Pk
(C22:6n-3, DHA) 2012

nsaladulawmni-6 (n-6 polyunsaturated fatty acid)

Arachidonic acid - Kashiwagi and Huang,
3\/VEA:A:A:MCOOH

(C20:4n-6, ARA) 2012

2.3 mnsidiadldlunisayuiadaiundedeu

1%
o w

AuAMIlAYUINISUIe M TiTInnldlunisenuiadniurfedeuiianudAgyse

£%
[ |

nsLsiulaLarn1T5eRTInvesERIUIBeeu InedniunTuooulnazrlne1alnNeeIn1s

[%

grmsiuanieiull egrslsinugeainnssunismisidesdniuivedvedeuldemsidin

(%
[y 1

lunseyuiadniundegeu loun ensnidle wazlsunaindn

2.3.1 9159dly

v

s o . ~ At 3 ~ < ANaa a &4 aa
BIINLUY (artemla) Mi@liu’“ﬂﬂ (brme shrlmp) LUU@’]V’]iNGU'JWSUu@ﬁUQV]u‘EJNIGU

agaunsvanglugeamnssunisnazidesdniviilan o1sideduunasineudnivianis
ngndnlulnduensinslna (phylum: arthropoda) Fulwduasainide (subphylum:

crustacea) SuAUBUBARSINT (order: anostraca) (Criel and Macrae, 2002a) 8157Li85v ey

Y [ v 1%

fududefianduseawuundgluld Wfiwdonudaiudisn Suuindus 800-1200 lulasiuns

Y

arduundu 3 @ fe daui an wazvios (Criel and Macrae, 2002b) (FUN1 28) waivuin

mntugiuludmivinluldeyuiadniunisoeu onsfifleszezduduiodanunzdmnsuly

Wuswsidealanansay luvneisissussazuawasadivuin 400-500 tulasiuas (Marini,

(3 (% 1

2002) (U7 2A) Jumngdmiuldeoyuiadniuriveeu



a

SUN
U

fa

2 aNYEYINsTLY
(A) 915 Teszezunnaya way (B) 1sTlussuzstiuTe

i1 (A) Aqua Scaping Lab (2017) uag (B) Piper (2019)

£

915flusvezanfuvauisaduiuglaiauuuendainea (sexual reproduction)

L% =

Ingagdugnaniugiuseninensilediguaziile wazn1sduiuguuuladenduine

]

[
Y

(parthenogenesis) lvazlalldFuniananaindag usannsawamuselly Famsduiugvisans
wuuianunsaeengnld 2 wuu Tdud (1) sengnifud uay (2) sengniiuls (Lavens and
Sorgeloos, 1996) luanmzwandeudndniinanuifusaus 20-120 ppt ansfidlvazeangnidu
i Tnesnseuaziinesnainlalugsldvessiusl (ovoviviparous) Bsiseuarliiuemsanly
unsnneluly udorsidvazoengniiuliilleannzuindenudsuly 1wy anmiAuminndy
130 ppt fudleayUdeslafiunudreanaingsly Beni cysts violdeiidle ngldeiidle
fidiinna Waenmun uaragldindufaundiiannizuindeuas mangau (Dhont et al,

2013)
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Dormant

N\ 7 .° . Ll

- . ° Hatching
O e »
e o Female »
Active <yl
(i gy Adults young = ‘
“ | Male
|| “,‘Q .
“u s
1 »“\_/"
i L]
Naupliar
stages

Wy S8
[/ =

'
a

JUN 3 Jpinstiinvetersiily

ﬁu’l Courtesy University of Utah, Genetic Science Learning Center (2018)

| s a ° X o 3 =~ | s
VLGUEJ’]‘J‘VILMEJQﬂu’mﬂﬂuqma’mmmwﬁmﬂzLaE’J\‘iamm Lu@ﬂf\]qﬂim@qiﬂlﬂiﬂa’]ﬂqiﬂ

AUl uszezinaiuiu wagldinaiies 24 Hluslunisindeisiiduoanainla (Dhont

a

et al, 2013) Tuniseyuiadniurisgoutenldfidouvetorsiilivssuzusnilineanainla

(uewndea) esimidudiandauainisdavuinisaaan Ussneusielusiu 50.6%

a15lulainsn 25.7% wazlusfu 14.2% Uohn et al, 2004) wazdvuradafiéniian

£
] [ J

= v s I Ada aa v & ada o o v 9o
ﬂ\‘iLL@J'J']@']TVILllEJf\]zLﬂu@']ﬁrﬁllsﬁ'}@WUE@JU']@JWI%LUU@']MW?NGU'J@aqﬁﬁU@HUqaaﬁjuqﬁﬂaau

1%
= v 6 o

sgslsnanautnvesiisous1siflodeflauiailivgiiulidmivdaiuivanes via

wenandamrnislasuinisvesoiidlislimunsdmsunmsifiudnsnissentinvesdn il

Jugeu (Dhont et al,, 2013) wazliorsdefisang vilisunuluniseyuiadniuivdeu

a3

Y
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2.3.2 lsuaanda

lsumetindn wiseToaniiy water flea fFon19inendmansa1 Moina uunasineu

1 o

dninauAsamLToU Ua1FI8uAY YUIAAILE 400-1800 lulasiums (nSuUSEUY, 2561)

9

o
Y

Lsunslivianeguazinadle laglsununadigaziivuadinlugnitneg aiidruiounay

drulsuasnadazindnuazaiiieanit deeuusnilnvedlsuasaziivuinads 220-350

a0 CY 14 IS

lulasues (nsudseas, 2561) dnwazlasiinlivedlsunsaziidiuimining dasmauinlng i
oA . . ' I~ ) ] v Y T
Lgsfiwanae (Cervival sinus) nurnagusniivuialug du laitdudeddes lsunandn

IS A U s 4 1 = (% [ 1 [ A £ s o/
finnsduiiug 2 wuu lewn (1) msduiuguuuldondewma waz (2) nsduiuguuuodeine

(Yuslan et al., 2021) Tneildnuasaasialuil

MALE

=

JUN 4 dnuaizvedlsunaiIaumer

fi11 : Center for Freshwater Biology (2011)

4 o s | Y] 4 aa ! . a aAa
ﬂqﬁaUWUﬁqLLUUIN@qﬁSLWﬂ NIDNLIYNIN parthenogene5|s IiLLmQLWﬂLuﬁJWNﬂ'Wi
duiuddnuaeiiagi3enin parthenogenesis female (Mubarak et al., 2019) (U7 5A)

drusonanlisiaiitawiisonin parthenogenesis egg lagldgliniitawilaiuisalasey

o & = a4 o &

3 v 1 1Y o & o v oA 1 o &
LUUG]’J@@UI@WI@‘EJVLZJG]EN@’WWLSU@@UWﬂG]’JE‘\IJLW@NﬁSJWUﬁ %Qﬂ?iﬁUWUﬁLLUUVLlI@WﬂEJLWﬁua']lI’]iﬂ

9 9

Wnloiiaunasniatl Tswasdndnazaruisadunusiailaenaiiies 4-7 34 lneddendada

9 9

[

ausailgnla 4-22 §7 (Forro Korovchinsky et al., 2008) a1unsaflnlalayng 1.5-2 Ju

(Forro Korovchinsky et al., 2008) vnifinani1izwingeuilidivianzas Wy gamgilaamson
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Al wislunnzvauaauemnsesyinbilsuaadieuisnsduiugidudnguuuunisfonis

[y

duiuguuuedeina (Yuslan et al., 2021)

'
= 2

sUN 5 dnwaugaaslsuaaiiIninedle

Y

I v

(A Tsuastriawmeadendnsdunusuuulienfuine (parthenogenesis female) way
(B) lsunathAmmnadeniinsduiuguuuaideme (sexual female)

ﬁm : Jia wagmnug (2018)

nsAuTugIUUeABINe %30 sexual female (3U71 58) Turrananfianizuwindon
Limnzaulsunammiiozasnaldiidonin sexual ege $1uou 2 Wee Feazdommauiuioves
Lsunsnegavarunsansgludigould Inedudeazudonlioanun lvaziiiudenuds
ansonusoaniizwandenlimnzanld uazldziniludiieannzsuindendiy
uazlsunaagnduganie parthenogenesis Snaduiloaniizuandounduganinzund (naw

Uszag, 2561)

(%
o w

lsunandn Wuemsidinmusssunangnihuldeyuiadaiunivdeulaianis

v
a a

dondunasugia lanatgnuukazUanasygiandeuidesdudagdu Wy Jarda Yaan

<9

Uangma Yandn uazdany Wudu Inelsuaaindnidlusiu 74.09% a1slulawmse 12.50%

A A 1

wazlusiy 10.19% (nsuUseus, 2561) ag1elshnulsuasidndinuamistasuinisnsalasiu

9

Sudullvngaudmsunisfiusnnissentinuasensinisnisiasivlnvesdn it iveeu
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2.4 lanan

2.4.1 aynsuIsIUVaslainen

' ' (%
= U

Tafineaduunasinoudnivuinidnadanieifivuindaus 50-2000 lulasiuns
(Amparyup et al., 2022; Walter and Boxshall, 2022) Tuagjfuatidd lafinangninlioglu
Fulnauasaimide (subphylum: crustecea) (Mauchline et al., 1998) duaataladilund
(subclass: copepoda) tnglafilnauutoandiu 3 Susu (order) fid1dey Toun lelaanass

4

(cyclopoid) Aa1uses (calanoid) wara1sunafinesn (harpacticoid) (Mauchline et al,,

(%

1998; Johnson et al., 2012) lngiin1sinasueunsuistulagazidunsail

Kingdom: Animalia
Phylum: Arthropoda
Subphylum: Crustacea
Class: Maxillopoda
Subclass: Copepoda
Order: Cyclopoid

Order: Calanoid

Order: Harpacticoid

SUN 6 ANWULIDILANNDA

(A) lelaanees (cyclopoid) (B) manuses (calanoid) wag (C) e1sunafinaes
(harpacticoid)
i1 (A) Novikov (2018), (B) Lundgren (2011) uaz (C) Monti (2018)
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2.4.2 F23Neg1valaNNan

& ala = 4 a

T,ﬂﬂwa@LﬁuLLwaaﬁmauamwmﬂaaﬂwm ae 15U’]\1E)8Jﬁiﬂﬂa’]\‘1®'1‘UU‘U‘Viﬁ\‘i

dinilguseens ieudesidniou dladuiomeadozsinnaddiilngniunad Taod
aeUsEnaUmMe 2 @ laln (1) @1ui (cephalosome) wazen (metasome) SauAUEEAIN
prosome (Johnson et al,, 2012) dau%ail 5 Udesdidoufindu diuenil 5 Udes
flsun9A (appendages) T1aman 11 ¢ Wusersdludiuia 6 ¢ wazsersaludiuen 54
way (2) @uviag 15831 urosome (Johnson et al., 2012) WWudiumevesansi Sdnwugzidy
NTINTTUONLAU Liflse9A

wmmﬁ 1158071 “Antennule” fidnsauzuuy uniramous wuadude vadeasiivy

Ingdavinuindnvienassiraieldlunsududeluvasduiug mihfvewmuingil

(%

AztAgvaInunITNsIdTunan lngvuandidazivuianainuate lugisunafinegfaze

(%
1Y

Vg0 uavduaaluaauees (Stettrup, 2003)
| = o« y N 3 ] v 1 a 9
MIINAN 2 138071 “Antennae” Hldnuazluy biramous fiaglanuingdil 1 1NeItas
fuNsIuLaEiueIMS
5879AG7 3 58071 “Mandible” fi§nwaizuuy biramous usensAtioganstnaves

Unn ezt dievvifiueeims Useneuludedlumaled

5819AGN 4138077 “Maxillule” LYusen9AvUIALEN HdNwaLLUY biramous

flassasndudeu fy neveunaziizaaisvuun veusuluagdnmundnnuyeguuiuie
g wiuiuemns
¢ 1 a 1 « . 9 & 3 =3 S .
SENAAT 5 1Fendn “Maxilla” UuseAvunian d&nuaguu uniramous
38190 vj“ # 6 138091 “Maxilliped” LUU“U’]E]ﬂﬂLLﬁﬂﬁ ANWAUYWUU uniramous e

sUSLeANe Mg

(%
o

s819AludIuen w30 ¥10n (Thoracic legs) fivianun 5 ¢ Wuvrdmiuldingun

(swimming legs) 9187 1-4 Fdnwazadiaiuiy 4 gnslumaguazneade nefidnyasdu

Y

biramous uAYET 5 AxlidnwazuAniINUEDY druannugi 5 Shazlivuinidn g

Y

o w

1Al 1 gy d
@‘V] 5 Urdanuy VlLL@]ﬂgnx‘]ﬂuvL‘UGnN@u@I‘U "UQL‘Uuaﬂ@m%aqﬁmﬂImUﬂqiﬂqLLUﬂsﬁu@sﬂ@\‘]

>

lafinen (Conway, 2012)
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Rostrum
(A) Antennule (A1) (B) Rostrum

Mandible (Md)
Maxillule (Mx1)
Maxilla (Mx2)

Mouth appendages
Cephalosome (Ce)

Maxilliped (Mxp)

Pl

Prosome (Pr)

Pedigerous somites 1-3
(Pd 1-5)

Genital b3

somite

(Gns)

P4
Ps

Swimming legs (perciopods) 1-5

Anal
somite

(Ans)

Jrosome (Ur)

imus

Spermatheca

Caudal setae

a

(v = 9 =3 (v
JUN 7 dnwaizvedlafinensseinauiy
(A) 9UYID9 wag (B) udna

ﬁuw : Prusova waganiz (2012)

2.4.3 STEZWAUINISVIILANNON

TafineaduunasinoudniniinisasnasiuluvaziasaAula (metamorphosis)
wisoanilu 3 svez Ae mesuszesusnilnvisouamasd (nauplius) svuziejuniolaiilnda
(copepodid) wagsyazmLhndy (adult) (Stettrup, 2003)
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JUN 8 19dnsTinvaslaiinen

Tnesusasiinoonainliaunesseziduds lag NNV Tafdinonssozualnasassesi 1-6,
Cl-cV; Tafinanszaslaflnfnssesi 1-5 waz adult; lafinenszas@fude

i - Algae Research and Supply (2018)

syeyusinasd (nauplius) Wusvesusnuasaniilnesnainle wiadu 6 svevdes

o v 1 L%

Tnglafinenlusveilamaziianwusadtely dmuavme Ssliuvadudeudss Suiinsiasey

YDIVIUIN TENALUAIUIN 1azU181 LedITvuIaLEn

[

szuglafilndn (copepodid) wusliilu 5 szuzdes lnglafinensyeiadazuuaiu

v [ !

JoUans NUIALALIENALLAIUITLAS AU BUWINTEEY MLHNTy 11aedasylan BSuflvu
VST BUTAIUANULANANNTBISEUNA waviiotelsneinliy
Y [ 13 PN a | [l L4 1
sreeAlANTy (adult) LWusresNn1siasyuemnadulusengauysal a1u15auus

wAlfogetnan niaudmsunsaunug
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2.4.4 msdunugvadlaiinen

lafineninsduiugiuuedeina (Stattrup, 2003) lnefiweduazinaleziloley

[

wekeniuegauazi lafinennagaziidnme (testis) 1 919 uagvietide 1 vie Falneen

=

wanfuaesenUaesdl 1 ladineawedeasiinely (egg sac) 1-2 93 viould (oviduct) 2 vie

9

'
v a 1 v

A a o 1% A = o (% =3 a s . Gl
NUnoanusnaINUanIesUany 1 Lagigadmsuinualsu (seminal receptacle %39
i a_ a a £ 4 e v oy 4 o ¢ ~
spermathecae) 1 A N15UAUSILLAATULLDALUITUVOINANLUIEYDINAUNUTUDILNALLY
a s =3 ° v 2 a s a & a a a ! 5% a s
alsuargninulilugedwiuivalsuveunalles ntuaziinnsufausseninldivatsy
waravgnausnlilugeniideviuinlugdly lnelafinenvzinaldegieies 8 ase anelu 10

Fu alunlasuniswausziinanely 24 Filus widwiuasdlunisduiuenauasunlasiiuiu

GHRITRIRRTRRGERE

first antenna— 42
L

U7 9 Tinstinvedlaiinen

Y

i - Algae Research Supply (2018)
2.4.5 o1sdmSuiaedaiinen
Tafmenduunasineudnififuamisrwadnduemns nedsmenunsidamse
wanevinesnsiaediafinen Tetraselmis suecica (Amparyup et al., 2022; Nielsen et al,,
2019), Tetraselmis chuii (El-khodary et al., 2020; Pan et al., 2018), Isochrysis galbana
(Nielsen et al., 2019; Pan et al,, 2018), Chaetoceros muelleri (Barroso et al., 2013),
Dunaliella tertiolecta (Boyen et al., 2019; Nielsen et al., 2019, 2020), Nannochloropsis
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[%
)=

oculate (Pan et al., 2018), Rhodomonas salina (Nielsen et al., 2019, 2020) Tus1uI el
@enldansie 2 ¥l laun Tetraselmis sp. way Chaetoceros sp. G§QLﬂuaﬂwﬁﬂaﬁgﬂ1i’f
othaunsnanglugnanmnssunsnzidssderidwedinelutiaty Tnefnuddereunthild
Anviesiusznovvesnsalutuluainsienaosyiai Pan wavames (2018) Mhs1audn
a sy Tetraselmis chuii Wuamsieinunsalasiu ALA g (23.64%) wunselusiu EPA
Aaudiea (4.15%) warhinunsaluiu DHA Tuavsnewiled luvaefiamsie Chaetoceros
calcitrans wunsalusu EPA g9 (21.53%) winunsalusu ALA uaz DHA TuuSunamen

(Ackman and Ratnayake, 1990) (mi’m‘ﬁ 2)

A1519% 2 99AUSENaUVRINIALYITY (% Vasnsalusiurianun) Tuamsie Tetraselmis chuii

way Chaetoceros calcitrans

Tetraselmis chuii Chaetoceros calcitrans
nsabugiy
(Pan et al,, 2018) (Ackman and Ratnayake, 1990)
nsaludulawni-3
C18:3n-3 (ALA) 23.64 0.24
C20:5n-3 (EPA) 4.15 21.53
C22:6n-3 (DHA) n.d. 1.16
nsatudulowwni-6
C20:4n-6 (ARA) 0.92 0.17
ZPUFA 55.52 47.0

*n.d. Aoliny
2.4.5.1 @918 Tetraselmis sp.
da1vsnewmnsealia nie Tetraselmis sp. \Wua1usiodileasinnis

A s =1 [ ! & a PN ! & = PN 1 [y
Mmuunasinouiy Iuamsewadinies (5Un 10) lngamsglunguiiasivunaiunnsiaii

¥
[y

TYuegiualdd dvwmnaud 3.5-25 lulasuns (Arora et al., 2013) Tanwagnaus Inuin
a Y o Y] v H a PN a ' )
wiouwaniaaan (flagella) 4 i@udmsuleinsuadoun waziinaslswaravuinlng 1 ou
ludssnalneiinsldamsesiinilunseyuiagnimeia anviesassn Tsiles lsunses

ca a fa Y] y ) P v | a X
warorsiilly (Audidouasinunussaaneilnd, 2556) wazlimssgaunsldamseviiai
Wuerunsveslafinen A. royi (Amparyup et al., 2022; Nielsen et al., 2019; U3aun uag

AL, 2563)
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© UT-Austin

l 5 um I
1000X

UTEX LB #232
Tetraselmis chuii

JUN 10 dnwadzvesavisie Tetraselmis chuii

fis1 : The Culture Collection of Algae at the University of Texas at Austin (2015)

2.4.5.2 §1%318 Chaetoceros sp.
aMs18AlALLesed wse Chaetoceros sp. \ulneznonvianils Jdwdes

al

O RHIGEE

outhena sUSndunsenszuen GUA 11) Tvurndeus 2-85 lulasiung (Hasle and
Syvertsen, 1997) sfnaznedaiduansle (Campbell et al, 2022) 1uainsei
y a & o v

AUNLLATD

o

AuDgIIUNINa1Y Un19wizLagudaniaied 1leannidesladiy Wetagl
wfsarusneglaonszezlaglinisnazlunnaznoulnilouunasnaouivsinoug

fa o [

FeameRlaweseatgniinldiluemsidesany gnvies lsuinses (Audidouaziimu

Uiummaﬁjﬂm%ﬁ, 2556) kaglaiwen Acartia tonsa (Barroso et al., 2013)

=

090

!

t”
qéx

P
%

8
0@ . B9
S N
§ (;?' S /
5 0

JUT 11 dnwaze3amsny Chaetoceros sp.

7111 : Bryant (2015)
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2.4.6 nsldlanwanlun1seyuradniurivdou

Uagtuiimsfinwlafinenunan sadupsamdeu (crustacean) vuaidn Aunum
d1rlunisiiumieidinnusssuviddimiudndta (Williamson and Reid, 2001)
Iaefisraunisidlaiinenluniseyuialameiaiodounansyila (Busch et al, 2011;

Olivotto et al., 2008; Rajkumnar and Vasagam, 2006) lagldsauiue1msiadinluuaaiiu

1%
[ '

- v a ~ o & 0o a v
wseldiluamsmadeniiewnlulaymiveaniseyuiadniunivgeu annuideves Barroso
warAnzY (2013) ladnwinistdlafinen Acartia tonsa srudulsines dudusinisiiidia
a a ~ Aa X v ¢ o
dnvllanilanfeuldlugnamnssunisimizifesdadin lun1seyuiagnuan Centropomus

~ ~ ) a ¢ a A ' S & P ~ | )
parallelus Wisuwiguiunisldlsimesieswiiaifed nuirgnuaniidesmslainensiuiv
Lsflasidnsnn1ssonddIningaTuain 3.6% Wu 16% Tuvuziiindnslngndsves
W A a o 2L £ S & 9 a ¢ A
anUawiiiu 0.84 fadnu laetfinduaingnuaygamuaniidesmelsiinasiieswiaifeg,
(0.71 fadnsu) wagnwunUainssinenuasssezsniln (Epinephelus coioides) Anuls@nes

[l [y =1 <3 a a a [ aa a 1 [
Swdulafineadue1ms InsaTyiulanazdniinissendinfiganitvaineSinening
nlasulsAmlesifivseenusen (Toledo et al., 2005) LpsanlafinenilnuA1melaruInisgs
Tngnulusaululafinen 71.2% aslulawnse 9.5% wagludugadis 22.5% (Vijverberg and
Frank, 1976) uenainiifanunsaludu PUFA, EPA wag DHA USunugudiailSeuiieudy

'
a A [

91M1583309 000U LanwIn15199 3 uonanlANeALITULUE 1B IATOINITHAR

@

TANNOASITVUIAFITNLANNAINTAIBVUIN waziin15IeuweRoun Fevilileinannaiedy

v
¢ o aa

a1 sda i dTienddnaninluniseyuiadningaisgeu (Dhont et al,, 2013; Drillet et

al., 2011; Stgttrup, 2000)
Tullaguulafinennavaneiuggniruildluemsidinlugnainssunis
dy v 6 961 Y] = [ va dy = a a 6
wzdesdndunlunate s Yszmaiilan 3evinlulinisnnzidedlaiinealganiaive
Apocylops  panamensis, Acartia tonsa, Parvocalanus crassirostris,
Pseudodiaptomus pelagicus, Tisbe biminensis Wag Tigriopus californicus Wena
Aanns1a7 4 Teaanzlafinenaneiiug A. royi inuldlulszwmealve Juduaeiug

aAa o [ aaa o o (% ¢ 8 w 1 I3
VliJﬂﬂEJﬂ’]‘Wi‘Llﬂ']ﬁLUU@’]‘VT’W&I“U’JG\?I']W?‘U?J‘lé‘U']ﬁﬁG]’JU']’JEJ@@‘L! hagidu



ladinanatgiugninisiigidsadanialydluyseinalaniu (Dhanker and

Hwang, 2013)

M50 3 AAIslarINITvesen iy Tsuaaidn uwarlafinen

a57dle Tsunendn Taiinan
Tusfiu 50.6 74.09 71.2
ANAMISNYUINTT -
L Tusiu 14.2 10.19 193
(% ABUNUUNLIAY)
aslulanse 25.7 12.50 9.5
- Vijverberg and
27984 John et al., 2004 AsuUTEAY, 2561
Frank, 1976
PUFA 28.07 33.22 40.15
nsalusiu
Lz EPA 3.18 0.86 2.49
(% vaensalusiuianun)
DHA 0.1 0.03 5.47
- Chakrabort: Suhaimi et al,, Amparyup et al,,
91999 X panyup
et al., 2007 2022 2022

15197 4 eneiuglafineafidnisunzidendandyd (eyaaniuleduiem, figuiey 2565)

Tanwan Usun 31A1 U3En Uszine

Cyclopoid

Apocylops panamensis 8 oz 23 USD AlgaGen USA
16 oz 30 USD AlgaeBarn USA

Calanoid

Acartia tonsa 8 oz 23 USD AlgaGen USA

Parvocalanus crassirostris 8 oz 28 USD AlgaGen USA

Pseudodiaptomus pelagicus 8 oz 24 USD AlgaGen USA

Harpacticoid

Tisbe biminensis 8 oz 17 USD AlgaGen USA
16 oz 30 USD AlgaeBarn USA

Tigriopus californicus 16 oz 30 USD AlgaeBamn USA
8 oz 25 USD Pod Your Reef USA




22

2.5 laiwan Apocyclops royi

Taitwen Apocyclops royi Wiulafiwenngulelaaness (Pan et al, 2018) flodoay

Y
(%
L3

Tavslusndy 1inses wazuSantnda (Balian et al, 2008) ladinenngulaleanasd
%ﬁwmm@jLLiﬂé‘#’juﬂ’hm'mawanﬁﬂﬁ”; Faduendnuaifldsuuniafinenlungui vonanil
lelnanssdmailivazindliansqedaguil 12 lWannsaflnesnunlfusiseuszozuaimasa
10-15 §1683u (Hickman etal, 2017) Taalafinen A royi flauiradafitdnnin
Tafinenaneitugdug uazilowadfivarnvaistufussegiamunnig (50-1000 Tulasiuns)
svozuomasativaiios 50 lulasiuns Tuvasdduduomagiionn 950 lulasiuns uas
weidlefivunn 710 Talaswns (Dhanker and Hwang, 2013) @nsanulafinenwind ey
vinanundeunasinuniou nuldlunsailiennlneuarduniuressamelng lafinen
A. royi @u1saf15e¥3nluaniasaanudufivainuate (5-30 ppt) LazNUA QUM
Tugasnald (0-35 ssrwaldod) yonanilaiinen A royi Saduunaswesnsalugdusndy
vansalusfundu PUFA, DHA way EPA WawSuifiauulafinenansiiusaug uansisnnssdi

5 3evilAlafinen A royi \Wudadidinndarndraglusruuivanisdilunisidueins

dmsueuuadaitrivdounaiesila (Pan et al, 2018)

gﬂﬁ 12 dnwazveslainen Apocyclops royi

fiun : Gréve (2019)
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M1399 5 dndruvesnsaluiy PUFA, DHA uwag EPA Tulaiinenusazaneiug®

Y3ununsalegdiy (% vaensalusiunanun)

Taiinen DHA EPA 91984
PUFA
(Tawunn-3) (Tawunn-3)
Cyclopoid
Apocyclops royi 53.37-81.05 4.05-48.81 2.63-11.17 Nielsen et al., 2019;

Pan et al.,, 2018

Apocyclops dengizicus 17.62-37.56 4.07-20.23 1.77-8.43 Farhadian et al., 2009

Paracyclopina nana 26.3-32.2 13.9-26.6 2.3-11.5 Lee et al., 2006

Calanoid

Acartia southwelli 38.01 9.58 10.05 Vengadeshperumal et
al,, 2010

Acartia centrura 46.78 9.61 10.07 Vengadeshperumal et
al., 2010

Harpacticoid

Tigriopus japonicus 67.66 10.12 6.92 Lee et al., 2020

Tigriopus kingsejongensis 68.15 10.33 6.78 Lee et al,, 2020

*JS3amaansaluiuesifudvesnsalutiuiandn (% of total fatty acid) lae PUFA : nsm

lagiulaidusiifedou; DHA : docosahexaenoic acid; EPA : eicosapentaenoic acid

1wl A.A. 2018 Pan wagamg ladnwesnusznauvesnsaladululafinen A. royi
anewugldviu Tasidedlafinen A royi fsamiievunadn 3 viafidesdusznouednse
losfufiunndnafy §ell Isochrysis ealbana, Nannochloropsis oculata Wag Tetraselmis
chuii \ae 1. salbana Wuawirewiiessdaierlunsvaassinnunsalasiu DHA (10.55%)
Tuvauedt N. oculate wunsalasiu EPA gsflgn 35.20% way T. chuil wunsalusiu ALA gsiign
23.64% wiAnduwuiilafinen A. royi fiassdeamsiesausiaiinsalusiu DHA TRHRRIGN
33.73,232 Wag 4.05% A1UE1AU LTULAYIAU Nielsen hagaaiz (2019) Wui
Tnfiwen A. royi aneviugléviuiiidesdasamine Dunaliella tertiolecta finunsalusiu ALA
60.20% waldwunsmlasiu EPA waz DHA luaminewiini Rhodomonas salina fiwunsa
Ly ALA, EPA uay DHA USunuge (21.14, 15.22 uay 9.42% A1ua16U) wagainsng

Tetraselmis suecica finunsaludiu EPA gaian 19.47% uazlinunsalusiy DHA winduny
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nsaludy DHA Usunagelulaiineanaynnisnaass 21.61, 48.81 uay 29.08% AUA1RY
lafinen A royi Jaduaneiugmiraulalulagtuiiaiadtaunseduasizinsalufiudndu
nqulowni-3 Iitedlaglidealdsulviumdriannamsedunisyiauveseuledluitngg

daumaszvinsaludungy PUFA (Nielsen et al., 2019; Pan et al., 2018)

2.6 M3duAasIEinIaludiungy PUFA

[

doTlufinszgndundududnindanudAglussuuimia lngamglussuy

[%

TNANIINZLE YU 9a s UNNULNTINSANENIAUTINGILALHAILINITET TAIUINIT

o v a

Yo3dn IinTEgndunds nudnilulinsegndundalinalnlunisdunsginsaludungu PUFA

Y

Wunsviauveseulesivdn 2 ngu Lok dasuna (elongase) LarAlynyisa (desaturase)

U =

Fooulsdmataziianvaurnisihaundnnsludaililinssgndundsudazalyd Taeuide
wa1e9 uiladnyieulediiietteaiunisduasizinsaludungy PUFA ludndlainsegn

'
U faa

durdanguasadsy lnglanzunasnnoudniniaiiud

(%

YN NHNAINY AT NIUATEFND
Tumaimnzidesdniih luidmsdaaseinsalutundy PUFA toules elongase WWuiowles]
frmihiluuiisernsiiuasveulifunsalaty Sssnunsmueulsiviailulainen
ﬁﬁLﬁmUN“Uﬁﬂ (Desvilettes et al., 1997; Nanton and Castell 1998; Parrish et al., 2012)

[ 1

LLazfg]:ﬂ A1UNT10 Macrobrachium rosenbergii (Reigh and Stickney 1989) Taudnina

q

'
o Y

afanTouaziidu Elovl (Elo) vimihfimuaumsyiauveaeulss elongase wagtoulsl
desaturase (Juteulasiiimiiluufazornisiduiuszaliiunsalesiu (Monroig and
Kabeya, 2018)

nsdaaneinsaludulowni-3 lwiinsduasisinsaludungy PUFA TuaSawdeu
3u31N stearic adid (C18:0, SA) tilenannsnlusiulaidudidsdouarsifien oleic acd
(C18:1n-9; OA) AntuagsunITiauveaeulesl A12 vie w-6 desaturase Liiananidu
nsmladfu linoleic acid (C18:2n-6; LA) 91ntuanunsaidsuidunsnlosiu ALA (C18:4n-3)
Fafunsaladudefulunduuesnsnloffulowni-3 d1un1svinauves Al5 nie
w-3 desaturase Tags A12 wag Al15 desaturase dadureuledlungu methylend

desaturase lnensalutiu ALA anunsaiddeudunsaladulowni-3 @dus 16 wu EPA A1
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131 uveeulesl Aé-desaturase, elongase hay A5-desaturase Fansalusiu EPA
annsadsuluidunsalugiu DHA laRun1svinauveseulasd elongase, A6-desaturase
wazU)isen p-oxidation luvuzNnsaindouuisvlinvsiiioulesl Ad-desaturase Tunis

Waswlunsaluiu DHA uansiaguil 13

18:0
A9 Omega-6 Omega-3
18:1n—9+62)18:2n—6 :—135>18:3n—3
(OA) (LA) (ALA)
<,>0 A6 A6 6}0
v w3 v
20:2n-6 18:3n—6 —————>18:4n-3 20:3n-3
A15
k& Elo Elo %
v w3 v
:3n—6 ———————>20:4n-.
20:3n-6 IXE; 20:4n-3
A5 A5
—> wx desaturase Vv W
——> Front-end desaturase 20:4n-6 L}zoﬁn_:;
—> Elongase (ARA) A17 (EPA)
Elo Elo
v v
24:5n-3¢—0  5oun6—93  5o95n3— E© 504503
A19
Aﬁl A4 A4 lAG
v v
24:5n-6 ——————>22:5n-6 22:6n-3 €<—————24:6n-3
B-ox (DHA) B-ox

JUN 13 Fimsdunsieinsaludungy PUFA

Y

sntUaga1n Monroig waz Kabeya (2018)

Tu¥ A.71.2019 Nielsen wazamzs LaAnwin1suantoonvasduiiisadestuns
fansevinsaludulewnt-3 Tulafinen A royi anewusléniuiiiesieamsne 2 via
fiflosdusznovansalutuwnna1eiu lsochrysis ealbana idnsalasiu DHA 44 (28.37%)
way Dunaliella tertiolecta Tilainunsalasiu EPA uway DHA Tnefnuniu Elovid, Elovis, A5
fatty acid desaturase (FAD) waz A6 FAD wuinfifiesdu A6 FAD fifn1suanisanuansig

Y

fusgslitedrAey (0p<0.0000001) Tulafinen A. royi MABIAILEINTIEDIBUATLANAIAY
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17

Tnediu A6 FAD fwnihiiddalunisdunsigsinsalesiu ALA Tinatewdu stearidonic acid
(C18:4n-3, SDA) wazvindnflusunounisiuasy tetracosapentaenoic acid (C24:5n-3,
TPA) Tuilu tetracosahexaenoic acid (C24:6n-3, THA) Tudtinsdaasgvinsaladulowni-3
vinlAoulesl A6-desaturase naneiluteulasindnlunisdaunsigvinsalodulownn-3

a

wazidweulediniuaudnsisivesufizen (rate-limiting enzyme) Tudfin1sdunsizi

nsmbusiulawn-3

2.6.1 A6 fatty acid desaturase

woulusl A6 fatty acid desaturase (A6 FAD) 1ulusAudiinizegfuideuivad
(transmembrane protein) vuthiilunsduasizinsaluiulewni-3 ludiinsduaseings
lasiu PUFA Lng Jeennor wagmaea (2015) latausiuudiassvesioulysl Aé FAD
Tu Pythium sp. Uszneudaelawy Cyto-bs (Cytochrome-bs) fivane N (N-terminal) waz

TMD (transmembrane) 91u3u 5 Lok kaAeFagun 14 uwagnuineoulsd A6 FAD Intini

(%
(v

lunsiuiuszgnduvis Aé Titunsaledu uenvnidadsienunisnuieulesd As FAD

Tudwinguasamdeunatsyila M3 Y A3 waznes saudslafinen A royi ogelsinugalad

nmsTeuteyadu A6 FAD lulafiwen A. royi aneiuging

Lurman

E\cﬂm

COOH

’g‘dﬂl 14 wuudnaesueslusAu A6 fatty acid desaturase Tu Pythium sp. laefilaiuu Cyto-
bs (Cytochrome-bs) fivane N (N-terminal) wazillawy TMD (transmembrane) 5 Tt

4 - Jeennor wavAE™ (2015)
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2.7 maliaiada1§ (PCR)

aaa

%13 %38 Polymerase chain reaction (PCR) \Juufjisegniaildlunisiiuduim

a1siugnssulunasanaaedliduiuaniivdududiumi (quid, 2553) Tnen1sdansien

ee

Adweasludanfilduefuwuy JallndannsiugIuAon1591a99fL3UBRLOWe (DNA

a & 1

replication) 81&elwsiuas (primer) Miludauduiduiondwuy tieliiouley

a & = ¢ 9] a & = ° Yo
Aoulelwaluesisa (DNA polymerase) @unsaadnsasaoutoaslnd deagvinlndiuiu

' £
a =

[ [ ] o aaa a 1%
A1TNUTNITULN SU‘L!L‘U‘L!?I’ENLWWIUVJH?@UT@QﬂW‘iW’]UQﬂiﬁJ’] mAUA PCR Usenaunie

]

[

3 JUADU H19

2De

1) Denaturation %38 denaturing JutuneufivirliAduousiuy (DNA template)

fPuindeag (double stranded DNA) wonoonaIndunanetduanetien (single strand DHA)

'
=

Tng DNA aneinegailazviminiduwsinuulunisiin DNA replication (43 uay duns, 2536)

a =

Junauilaziinigamaias 95 asrwaldied (Frank, 2021)

Y Y

'
a0 w

2) Annealing lwswes 2 agiifidrsuiianalelvdgauiulate 3’ (3’ end) vesRldu

1 ¥ [ o 1 1 a @ 1 v a a
B LLUU R‘I%L‘U’]IUR‘IUGWQGHLLMUQ@ﬁQJUuﬁ’]EJﬂLBULEJLLﬂJLL‘U‘U (399 WAy UUNS, 2536)

a

lnelgamgivanganlurig 45-60 aseiwaidua (Frank, 2021)

Y

3) Extension #58 extending tJudunounisiinve1es1uiudoue lneedenis

]
=

Meruvestaulesl DNA polymerase Mvinntfnaeaisudindlolng (5->3%) vate 3’

voelnIiuasvaes N9 forward primer wag reverse primer luiienig 5->3’ Inggungl

Y

1% 1

A ° ) | = %Y a cag v i ¢
mgaudmsutuneuiaziuegiurinvosoulediily i teulsyl Tagq DNA polymerase

jmd)}

g ilivaneaneg 72 ssrwaidea (333 uay wuns, 2536)
J =i 7 < aaa = vYa @ A &) ! v a
nTuneud 1-3 duiludisen 1 seu Feaslanduearvailudauiuiiduie
v a X a ' A a aaa ] PN a3 v
sukvuiindudy 2 wih Weiinufisenanlevaite sevazanunsafiuuTuinamdueladu

IIUIUNA



28

2.7.1. Reverse transcription PCR

Reverse transcription PCR w38 RT-PCR L¥un1sifinduruarswusnssulned
91519ULe (RNA) 1Julaiuy ﬁ]'lﬂﬁ?uﬁﬂLﬂ’i’l%ﬁﬂ’l&lalﬁul@@jﬂu (complementary DNA; cDNA)
91N91510ULDA18U[ASET reverse transcription TneoduLaulayl reverse transcriptase
Tneld Oligo(dT) primer AsmzAversidutedunuuiidvans poly (A) Wiy wavasly
CDNA Fidansesildunduuiuuulufisen PCR Gszned, 2557) Filteuldlunisinuins
wanseonvasdudvuiediunisaensiaidueifiduie udunisiaviunaluuuy

semi-quantitative (qmﬁ, 2553)

double-stranded DNA

g

]

= <
|
|

) 2

]

| Ny
dNTPs primer

Denaturation Annealing Extension
95 °C 45 -60°C 72 °C

U7l 15 Funoumsh PCR

4 - Frank (2021)

2.8 wadaudalasulnns i (GC)

whalasaunnng il vse GC WuISAlTluNM S viinnarUsunavesansdunsd
luseganay lnediag1ansaalsnaein1sinsieiae GC daslinuautilunisssive

< U a a 1 v o a v v

nanawdulalaiewariianuaiesneninuseu ws1zn1synaueee GC aginishiainusau
fuansaregraiialianssagiassmenatedule (Hall, 2021) 91nHUIEINTWeNESHEAL
pan3 N lngodenuaudanuand1aetansudasyin NaudinsazatgwazALause
lunisaeduresansuiazyiinuunainfoud (mobile phase) waginaegiuil (stationary

phase) (Boonlorm, 2021) tiaana15Naun3af19e137L518ulald1ATe9 GC @1979na17



29

atAnnisszimenatsilule uazaziingaeduillansordoufadmiiumaindoud
mﬂﬁ'jumimauLLsiazsaﬁngﬂLL&Jﬂaaﬂmﬂﬁ’uI@&Jmﬁaauﬁ’amiazmaLLasmmmmia
Tunisgaduresanslunedudl Feimdhiidumasgiudl udsanduarsiiuenldazeen
nAodNAILdIfULIa uazazgnasaiaTaLiietuiiniaan (retention time; RT)
LazruIndyginvesatsuiazyiineanuilusuvesiasuilnunsy (chromatogram)

(Boonlorm, 2021)

2 |autosampler
regulator  traps

-
Y

1 detector
chromatogram

gas|
cylinder

1

6

Inert carrier gas Gas Chromatograph (GC) Computer
Mobile phase Stationary phase Data

JUN 16 urulsvaanialasuilnnsi

ﬁan - Turner wagAe (2021)

2.8.1 wadaudalasu lnnsN-wuaaunlasiuns (GC-MS)
wigalasunlnas-uuaanlangiuns (Gas Chromatography-Mass Spectrometry;
GC/MS) 1Wun1sTnuialasuningnsil (GO) WhfuasesuuaaUnlnsuns (MS) (Kusch,

2017) I98LAT09 MS agviutnAiludiunsiade (detector) Tuiases GC Taaldlun1siasizgi

(%
a

a15Usznavdunsdnarunsassvenatsdulaladny a1u1sadnseilanadanmnInwas

q

W39USu1ad (Boonlorm, 2021) waraiunsainsizvalsieg1anivsuiadeadululasnsule
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a Aa IS Y

Tnamsinegifigniesusiugn waziiussansnmgs Iudnmsvihauuietu 6C il
uiiileluanavesansluannzufaiinginies Ms azgniirlinaneidulessudiiiuszquan
MnduusnleauseniinfunudwesUszgdeina (m/2) vedlossumaiiu lossufienls
%gﬂmw"i’mLLazimeﬁmaaaﬂLﬂuLLuaaLﬂﬂm%’u (mass spectrum) (Kusch, 2017) @11158
Wisuisuuaanasuiildtutoyalugiudeyaniluszuuiielimsuriinvesasusznou
lusegalalagladesldarsuinsgulunisiUSeuiieu viawssuiisuivaisuinsgiula
Tng RT gasansitinléazgninluiouiiioudu RT vasansinmsgudiessysiinvesansiiug
durunvesdavienuilaie (peak) avuonUsinamesansiug lushegns Boonlorm,

2021) Ingarunsald GO/MS Tunisiasizusiavednsatuvdulusiogala (Chauhan at al,

2014)
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una 3

A5ALIUUIY

3.1 IngAu
3.1.1 lafiwan Apocyclops royi anewuglne (A. royi-TH)

lalanasedlafinen A royi-TH Wulafinenaeiuglng lasuaueynsigianiiy
HeowaluwladTinwmameia Audiugimnssuazmalulagtinimuisnd (ulewme) lag

dedlafinenluimgianirimnuAuvesduniniu 25 dulunilsiudiu (part per thousand,

v il
IS

ppt) Meunseieioamgll 121 ssrnwaidea 1Wuan 20 Wil luwanuda Duran wwin 5

9

a

a o & A o ~ a = v Y A &
am9 1/]'1ﬂ']iLﬁﬁNLWﬂJ"i]r]u’JUIﬂWW@ﬂWQﬁJ‘WﬂN 28 DIANLYALYYH Iﬁaqﬂqﬁiﬂﬁﬂmlﬁiaﬂﬂmaﬂ

U

pondiau waglinadlaglivianlingoaisawuinasniia

3.1.2 @318 Tetraselmis sp., Chaetoceros sp. wag Chlorella sp.

o & | Al 3 & Ay & A awv aa
Wudeamsentdlunisdnwased losuanuewasienanfiuidewmalulagdinin

. a N ] a ] =
nangia audiugimnssuiazmalulag@ininuianid (lulewa) lagamsienldlunis
~ a v 8 a . < AN T
NAaR 3 YU Usenaune (1) @nsieunan Tetraselmis sp. \WUSMIPERLIUNALYUIN

< 8 2 3 a & '
1N (2) ams1euwAy Chaetoceros sp. WuamsuAnsuIaaniungulnosne uag (3)
8 2 = = I <
a9n8uUnan Chlorella sp. WUANNIFIYIUIIAVUIALAN
3.1.3 lsuasun?a (Moina sp.)

Lsumsd3nalungu Moina sp. nldlun1smeasslasuaiueynseianiuide

wAlulag¥inmmangia gudiugieanssuazmalulagdinmuisid (lulawme)

]

3.1.4 9159y (Artemia salina)

s

sa a o & . PN % | N a aw
p157lleaneiug A salina ldlun1sneasslauinainnisiiglyonsiliedve

American eagle (USA)
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3.2 gunsnluazansiall

3.2.1 gunsal

-20°C Freezer (Mitsubishi electric, Japan)

-80°C Freezer (Sanyo, Japan)

Analytical balance (Sartorius, Germany)

Aquarium air pump

Autoclave (TOMY, Japan)

Automatic micropipettes P10, P20, P200 waz P1000 (Labnet International,
Inc., USA)

Centrifuge (Tomy, Japan)

Gas chromatography-Mass spectroscopy (Trace™, Italy)

Gel documentation (Syngene, UK)

Gel electrophoresis system iq'u GelMate 2000 (Toyobo, Japan)
Handheld salinity refractometer

Microcentrifuge (Tomy, Japan)

Microwave

Nano drop 2000 spectrophotometer (Thermo Fisher Scientific, USA)
Thermal cycler (Bio-Rad, Germany)

Vortex mixer (Biosan, Latvia)

3.2.2 d15:A%

a o [ [ & .
AN3LANENNIUNITENABITLEULD (RNA extraction)

Chloroform

Ethanol (Merck, Germany)

Isopropanol

Nuclease free water (Thermo Fisher Scientific, USA)

TRI Reagent (MRC, USA)
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a1suAidANSUFWAS1ZY cCDNA

Oligo(dT) primer (Thermo Fisher Scientific, USA)
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA)
Usznousme 1) 5X Reaction buffer

2) 10 mM dNTP mix

3) RevertAid

4) Ribolock

a3LATd NI UATITEOUNTUERNI9DNVDIBUAIID semi-quantitative RT-PCR

10X Taq Buffer with (NH4),SO,4 (Thermo Fisher Scientific, USA)

100 mM dATP, dCTP, dGTP Way dTTP (Thermo Fisher Scientific, USA)

25 mM Magnesium chloride (MgCl,) (Thermo Fisher Scientific, USA)
Agarose (Vivanitis, Malaysia)

Boric acid (Merck, Germany)

Ethidium bromide (Sigma-Aldrich, Germany)

Ethylenediaminetetra-acetic acid disodium salt (EDTA) (KemAus, Australia)
GeneRuler 100 bp plus DNA ladder (Thermo Fisher Scientific, USA)

Taqg DNA polymerase (Thermo Fisher Scientific, USA)

Tris hydroxymethyl methylamine (Vivantis, Malaysia)

asdnsunsIAsIzinga lusiu

37 Component FAME Mix (Supelco, USA)

Boron trifluoride-methanol solution (BFs-methanol)
Dichloromethane

Hexane

Methanol

Potassium chloride (KCl)

Sodium chloride (NaCl)



34

3.3 YUABUNISANTEUIIUY

3.3.1 N159LAS1LBIAUTZNBUVDINTAbYIIU

v
o

3.3.1.1 N159LATIERIAUsENaVYRInsabutuluIsanIuNIwsau

3.3.1.1.1 MSBEEMIBUAY Tetraselmis sp. wieiduamnsia
NWan

wReidoa ey Tetraselmis sp. luomsgmstiaaiin F/2
(Guillard, 1973) Mn3uainimeiananufa 25 ppt vimzaldusirandelnginiss
dwsuilssinde (autoclave) flommgfi 121 ssrwaiBea 1uan 20 unit Turaauf Duran
YA 5 Ans Besamieidu Tetraselmis sp. figaungil 25 ssmueaidoa Tienelagld
w3estuaneandiau wazuadlpglinasnlngestsawudnaoniian FnsiaesEIeii
Tetraselmis sp. {usyaz4181 3 Ju 91nHUsnM3ve18 SISz s et LAY
Tetraselmis sp. vielfiiteanadnsuihlUidedafinen A royi-TH lnsutsannineinay
Tetraselmis sp. eonu 2 130 Ysu193 2.5 803 lduaauiavuin 5 §as LAnemsansia
a19m F/2 (Guillard, 1973) wazymziavaentdeninuify 25 ppt ULUTUIAT 5803

anNALazuamaanlIaT WagygdumaNng 3 Ju

UM 17 nnsidesanvsieddy Tetraselmis sp. Tudmzialaenidennnuhy 25 ppt

v a s v e{' =
ﬂ?ﬂ@qﬂqiqmiﬂaaqiﬂ F/2 ﬂqﬂimaﬂqjgf’nUﬂNW 25 ALY
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33.1.1.2 n15.889lafinen A royi-TH Aq8d 195181 LAY
Tetraselmis sp.

dedlafinen A royi-TH TudmgianauAn 25 ppt MEIUNseiL e

aauull 121 sarwadea Wuiian 20 uit luvaauda Duran vua 5 83 lagliaivsiy

9
v
o [ d'

i Tetraselmis sp. Wuemns dedlafinemfuszoziia 9 Tu i Uil 28 BaAwaLTYa
Teniakasuatinelivasalivigesisawudnasaiial naslafinendiud1nsesvuin 32
lalasiuns dilafineniinsecldldacludimziadasmianinuia 25 ppt Usu1ns
2.5 an5 waziinavsiet iy Tetraselmis sp. USums 2.5 @nsnne 3 Ju 1iuegna
Tritwen A. royi-TH fidesseaminetniiy Tetraselmis sp. 113 6 n3u tnenseriiudn

n5099u19 32 lulasiuns et ludmsiziusuiatarosnusenauvadnsalasy tagvinnis

1PaDd 3 9N

DURAN®
5000 ml

5U 18 nsiaealafinen A. royi-TH sreausiedal Tetraselmis sp. Tudvgialaonide

Y

AILAY 25 ppt aeldanzAmunui 28 ssrwaded

3.3.1.1.3 N5 889819318138 Chlorella sp. \iatUuannisls
UAIUIIA

WIgUTNIeaIMI1811AN Chlorella sp. luemnsansiaaiia F/2

[ '
IS) I

(Guillard, 1973) Mn3euanuiiunseeigumgll 121 ssrngadea Wuian 20 widl

a

luaauna Duran Y119 5 805 LagsamI18uan Chlorella sp. N9l 25 aergaldyd

Y
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Temauazuadinglivasalwilgeaisaeuinaenina idesamsnetndn Chiorella sp. 1Hu
s¥evaa1 3 Ju MnturhnsveneUsinansnsidesdinsietian Chiorella sp. wiald
eswodmiuiludsslsunuihde Moina sp. Tasudsaminesinde Chlorella sp. peniiu
2 930 USHng 2.5 805 Tduaauiivunn 5 805 Wuemnsgesnaaisa F/2 (Guillard, 1973)

waztUaenwe iU 5 Gns o Akasiawasnial wagyhgniuaunng 3 Ju

m;wmu »‘wﬂ ;

5UN 19 msidesamsneida Chlorella sp. luihwgialasaiiioainui@y 25 ppt 988113

Y

a s

gnsnaania F/2 meldannzauaud 25 ssrwadea Wlawazenanaeniiag

=3

3.3.1.1.4 n151884915UA9U13A Moina sp. A18d19s18U1IN

Chlorella sp.

]
=

Geslsunnhdaludifiniunisdngefioamgll 121 e waidea {Wu

9

nan 20 w17 Tuwiauda Duran aua 5 ans laalsamsieiida Chlorella sp. Faduamse

a

Adenduomns dedlsuasihdadussesnn 9 Ju figamgd 28 ssnwaidea Tenauay
wasnaenan nsedlsunidanudinsosuuin 32 lulaswns ldlsunsidafinsedldlud
Uaeaitie Uaas 2.5 Ans wasiinaiusneiuims 2.5 ansnng Tuiufegidlsuaniiia
6 n¥u Tnensnsasnunnsosuuin 32 lulaswes WetiluBnssiusunauazesduszney

Yaensalvsiu Tnevinn1snaasd 3 97
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3.3.1.1.5 N15Ms8NR1sTEeY (Artemia salina)

il9e157dle (American eagle, USA) snimnglutimgianinuiAs 25

(% '
IS ]

ppt AiMuA1sAITeNouunT 121 ssAnwadea LJuiiar 20 w1 luvaawda Duran

9 Y

a5 403 Woneuaziainaanial Neamgil 28 ssrwaded Wuan 24 F9lus 9niy

[
v a

wldnsronenarsifding Uada deitelildensifiovazlafildlaiinuensonainiu
Iml"lfu'm%ﬁLﬁsﬁhjﬁlﬂ%aasa@jﬁmuu LLazaﬁﬁLﬁa‘ﬁWﬂLLﬁa%agjﬁméN WAuFe19
915dle 6 nSu Tawmsnsesiuiinsesawn 32 lulaswns Wethluinsedusunauas
ssdUsznauvaInsalutiy Tnevinmsmaass 3 o1

3.3.1.1.6 N159LA1ENUSHIULATRIAUSENaUYBINTA LY UA e

GC/MS

IATzRUsnauazesrUsEnauveInIaluduvelafinen A.royi-TH
(49 3.3.1.1.2) l3unstindn Moina sp. (T8 3.3.1.1.8) wazversiie (Artemia salina)
(U9 3.3.1.1.5) are3dunalasuilnnsa-unaaiualasiuns (gas chromatography-mass
spectrometry, GC-MS) @falusfusanaindaogns Tnasuannisuniegslhnduiodeatu
dieldiwaduan hiu 2:1 (vAv) dicloromethane:methanol dwsuarialusiusenaingiodi
ihluaedifing (vortex) wagtnftgnmaiivies 1 93lus ieliawiaideilisesmannnznou
AulanizdlulalnenseseinunszAenses Whatman no.1 uaviduaisazatsluunaifou
aaalsd (KC) avududu 0.1% adudiulafinsedld wazdunissiinnnuia 2,000 rpm
Jurian 10 wail arsazaneiildaziinnisuendu Imaimﬂu%agiumiazmadaua'wﬁia
lelasladnsnlodiudagaisazats NaOH-methanol anntiurnsalugudildluiufazen
Methylation iiletUasunsalasfiuliiegluguues Fatty acid methyl ester (FAME) ma3Svueq
Lepage and Roy (1986) 11 FAME #ilgluiiasiswiusinanazesdusznauneinsnladugie
GC/MS (1a304 GC S%e Trace™ Ju 1310, ltaly) T¥madut TR-FAME 817 60 LUA5 YR
HIUAUENATY 0.25 Tafiuns wagaunuIveilay 0.25 lulasiuns dn11EMsNAanIsl

1 =

Tdufadiden (helium; He) Wuufadng daednsn 1.0 Gaddnssound lUsunsuniuay

Y

gaunniinedul gaunfisudun 70 esenwaidea Wuian 0.50 w1l Wiugumgidu 180

DIFNYATYE MEENTT 25 BeAIYATEAfauT ANTUURNRMATIUAY 205 DeALaLTH
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FrednT1 4 pamaldoanoundl Lasiiinguungisiedns 30 esAwalfoadeund
duflonmgdl 240 ssewaidea Tiganaiasiiuiu 3 wift Mndutufinuadulasulnunss
wazUsziiiunalaetisuiuan Retention time tag Mass Spectrum U894894AUIZNBUVOINTA
lyduludleg19iuansuInsgIu 37 Component FAME Mix (Supelco, USA) N1534A518%
USinauagosdusznauvesninluiuiie Go/MS Iidsiiaseiiqudineimanisnaia
PNl Inends Mntuiinan1siingiuiiuuazessusznavvesnsaluue
dlafinen A.royi-TH, l5unatnin Moina sp. Wago137LilY (Artemia salina) 1713LAT1ERAIY
wUsU572U (Analysis of variance; One-way ANOVA) 1agvi1n15tUS 8 uLfig uaiuanm1aves

ANLRABA2875 Duncan’s multiple range test NSEAUANLTDIU 95% A18lUsLATU SPSS

Version 28.0
3.3.1.2 A15AsIziesAUsTnauvansalusiuvadlainen A. royi-TH Tu
UARTIZIZWAIUING
3.3.1.2.1 n15iagsamnseULAY Tetraselmis sp. iatduanns
Taniwen

WIsuTea et A Tetraselmis sp. lugsansiaanin F/2
(Guillard, 1973) iuﬁ’mmaﬂaam%amwmﬁu 25 ppt I@ﬂLgﬂaamiwﬁ%?ﬁm Tetraselmis sp.
WuReAunUTe 3.3.1.1.1

331220150889l N0A A royiTH @28819518 0 0A Y

Tetraselmis sp. [NBUYNTZYZTNAUINT

lafinen A. royi-TH @unsaluenuszesiamuInsiadu 3 szey Ao
(1) lafineaszezuiniln nief10ouszezuoinasd (nauplius, NP) UUIAAIAILA
50-150 lulasiuns (2) Infinenszeyiosu vsesseslailngdn (copepodid, CD) HUuIAFIRAILA
180-275 lulasiuns uag (3) Iafinenszagiiiude (adult, AD) Usenauniglafinanines
waztnely Tnedluuinasis 300 lulaswastuly

o o s A , %

Beslafinen A. royi-TH saua@us1euLAy Tetraselmis sp. Inaldes
lafinen A royi-TH \Wusserinan 9 T wwdeadude 3.3.1.1.2 nduiiumisgnlaiinen

A. royi-TH usiagsgagiaiuinis (uowndea lafilnin wazdfude) svevimuinisas 6 nSu
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TAUNTBIHIUAINTBIVUIA 32, 180 waz 300 hulasuns m1uanau wieuluImsienuSuiu
WareIAUSLNBUVRINIALYLY TRevinNIsNAad 3 90

3.3.1.2.3 N15LA89EUI8UNAN Tetraselmis sp. B ATITHNTA
lugiu
& ! I . aa v &
LAEAINI8UILAL Tetraselmis sp. #1UITUD 33.1.1.1 laglaey
| - X = o p ° 2 o | | v
awsedAN Tetraselmis sp. Wuszezian 7 U Weasuivunaziiuimegnsd@msneiia
Tetraselmis sp. lneludusieaini1usy 12,000 seuseundt 1Wuian 5 uid wielaad
ANTYANATNBUY ANTARAINI18M8UINTIaUABALTBAULAN 25 ppt 8819tRY 2 ASS
:’/ I3 1 [y d' o a & 1a I3 LY o
INTULAUEMSY 6 N5Y Ll UTAs1wiUSITwareIrUsSENaUYaInsaludulngyinnis
Aaed 3 91
3.3.1.2.4 N15MAT1TRUSUIULAZEIAUTENBUVRINSA LU UA Y

GC/MS

o

Ynsegralafinen A royi-TH finenssesiauinis (e 3.3.1.2.2)

Laza e Tetraselmis sp. (o 3.3.1.2.3) 1insziSunauazesiUsynouyoinsa

lugiugig GC/MS mu3sde 3.3.1.1.6 LagilAs1Einalngn1TIATIERANLUTUTIU (Analysis

of variance; One-way ANOVA) 101543 sulfisuninuunnd1svasanadodieds Duncan’s
multiple range test AiszduauIdoiiu 95% salusunsu SPSS Version 28.0

3.3.1.3 n53ATziesdusznavvasnsaluiuaslafinen A. royi-TH 7

LBEeR8ENIUNAN Tetraselmis sp. WaLaMIIBUNAN Chaetoceros sp.

3.3.1.3.1 nsiReeaus1eU LAY Tetraselmis sp. Walluaunisla
=
iwen

a Y d‘l’ [l qoj [ . cgf 1 qoj [

W3BULT a8 UNAL Tetraselmis sp. WaLLag@IMI18ULAL
Tetraselmis sp. WWULAINUTD 3.3.1.1.1

3.3.1.3.2 01518891 Nan A royi-TH A28d14518U1LAY

Tetraselmis sp.

deslafinen A royi-TH das@wsiguAu Tetraselmis sp. Lii®

Ipszvinsalsiuuiediute 3.3.1.1.2
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3.3.1.3.3 N3IAB9EMSI8UNLAN Tetraselmis sp. WBAIATIZHNTA
Tusiu
WBesa1ns1euIAL Tetraselmis sp. La¥INUAIDE19819I18ULAL

Tetraselmis sp. UTIAsIzvnTAlaiuAINIETe 3.3.1.2.3

3.3.1.3.4 N15tABeEMIEULAN Chaetoceros sp. Waldua1uis
Taniwen

W3guiLeaIns18 LAY Chaetoceros sp. Tuamisgnsfiaaise

'
=

F/2 (Guillard, 1973) F3ananivzaauy 25 ppt Frnunsanged w121 896

9

wardea WWual 20 uii Tuwlawda Duran Yu1a 5 805 1889811981 eN Chaetoceros

a

sp. ﬁqmmm 25 ssrwaidoa TennAuazuanasniia eIt iy Chaetoceros
sp. Wuszezen 3 Ju ntuimsvgisUsinanisziasuielifiemedmiuillides
lafinen A. royi-TH IWEJLLUQEIWM’]EJSWL&@J Chaetoceros sp. panilu 2 van USuns 2.5 ans
Tdvaunvunn 5 ans Lﬁummiqmﬁam%m F/2 (Guillard, 1973) LLaszmLaUaawﬁamm
WA 25 ppt AuiiUSunms 5 ans TennAlaguaInaanian LLazﬁw{‘fWLﬁmamqm 39U

3.3.1.3.5 msiaslafinen A. royi-TH §aeausietay
Chaetoceros sp.

Feodlafinen A. royi-TH luthmziamnuda 25 ppt fiumsedei
gl 121 semnaidea 1Uwnan 20 uiit luwiauda Duran vua 5 das taelvamsie
iy Chaetoceros sp. LU m13 \Asalafiwanifuszeziaan 9 Yu figuugdl 28
peALgaLged lWenniALazuaInasnial nsedlaiinenr uNInIasrua 32 lulasiuns
Brlnfineniinsedldldadluimeziavaonifonudy 25 ppt U3unms 2.5 ans uaziinamsng
i Chaetoceros sp. U3anms 2.5 ansnne 3 Ju usedasladfinen A. royi-TH Adeede

1 I [J o 1 v P
A318uUAd Chaetoceros Sp. 37UIU 6 NIY 1A8NTBINIURINTDIVUIA 32 lulasiuns e

lUAAT AU LAY eIRUSENaUYINIA LT 1aevinn1sneass 3 9N
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5UM 20 n1stassavwsieiAn Chaetoceros sp. TutmgiataoniiioainulAy 25 ppt #ae

Y

gsgnsiaansn F/2 meldan1izAiunui 25 esmwaidea Tikaiaza1n1Anaeniia

3.3.1.3.6 N15188981MS18ULAN Chaetoceros sp. lBILATIEH
nsalusiu

W3EULRaIMI 18U LAY Chaetoceros sp. Tua misgnsiaaise

[ '
= = a

F/2 (Guillard, 1973) FinFonannuimeiandnuniy 25 ppt filnunisendefiounad 121

9 Y

~ & ~ v a & | v
paALYaLYyd LJuLIa 20 U IUGU'JG]LLﬂ'J Duran 9uU1% 5369 Layg3d@1nI18guUILAY

a

Chaetoceros sp. ﬁqmmgu 25 perwaLdoa Tenn Al LAmADALAN LABIA WSO LLAY
Chaetoceros sp. \uszezaan 7 Fu dlensuimunasiiuietseamseiuiy Chaetoceros
sp. Tnguluduniesiiannunda 12,000 seusewri Wutian 5 undt ielfiwadainine
AnATNaU d1uadaIns euLiu Chaetoceros sp. faed mzialasniionatuLiy
25 ppt 8819UBE 2 ads nduivamse 6 n3u eluimseiusinauazesiusznay
yeansalusiulaginismaaes 3 81

3.3.1.3.7 nM5aas1zudsunanazasalsenauvesnsalusiufae
GC/MS

Y

indaegalafinen A. royi-TH Mdeemeansieunay Tetraselmis
sp. (0 3.3.1.3.2) lafinen A. royi-TH Lagssaea@ mineuAn Chaetoceros sp. (10 3.3.1.

3.5) @1us18UNAN Tetraselmis sp. (18 3.3.1.3.3) War@1msngUuILAN Chaetoceros sp.
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(T8 3.3.1.3.6) UIATIEYUSIMLaYesAUsENOUTBINIAlYLIUMEY GC/MS MuioTe 3.3.1.1.6
LarAATZINalAENTIATITRANLLANAIBIRLRAEREAS T-test Tisziuauidosiu 95%
felusunsu SPSS Version 28.0

3.3.2 N15AN¥18U delta-6 desaturase (ArD6D) fiiiadasfiunisdaasierinaa
logiulawwnn-3 vaslaiwen A. royi-TH

3.3.2.1 MsAnwdnuwazautfvestu ArD6D vaslawen A. royi-TH

v oa

Undeyadiduilindlelnd (nucleotide) vaa8u ADED vasladfinen
A. royi-TH (Amparyup et al., unpublished data) uUSeuifisuainuwmiaufududisinng
srga1ulugiude 38 GenBank (National Center for Biotechnology Information, NCBI)
Tnglalusunsy BLASTX (https://blast.ncbi.nlm.nih.gov/Blast.cg) Iiasngannuiandlolne
wazandunInezllu (amino acid) vos8un18lUsUNTN EXPASY (https://www.expasy.org)
AU ySnEYveIBy ArD6D felusunsy SMART (http://smart.embl-heidelberg.de)
wazyinsiUssufisuaIuiaularIALENNUsTEINelUSAY (Sequence alignment)
Tnelglusunsn Clustal Omega (https://www.ebi.ac.uk/Tools/msa /clustalo/)

3.3.2.2 11SANBINISUANIDNVDITU ArDED TulAaZIZasWAIUIUDY
lafiwan A. royi-TH

3.3.2.2.1 n15\A8eamsgULAN Tetraselmis sp. ialtluanns

Taiwan
a o & ] 3 . & : T
LSEUMFDANMINUUNAN Tetraselmis sp. LAZLAIAINIIEUILAN
Tetraselmis sp. ALA5UD 3.3.1.1.1

3.3.2.22 01518891 NaN A royi-TH A28d14518ULAY

Tetraselmis sp. lN@ANYINTISUENIDINVDIBUTULARZSZISNAIUINS

a

Aaslafinen A royiTH ludamziananuia 25 ppt Au3sde
3.3.1.2.2 Wusveziian 9 Yu ntunsenileusnsyevimuinisvoslafines laud svovsfa
To, sraslailnan Laysyesualnaed Mer1nTasuIn 300, 180 wag 32 lulasiuns a1uainy
WAUAI0819LATNDA A royi-TH LARYILELRMUINTT S28ENAUIN1TaL 0.5 n5U asly TR

Reagent U311ms 100 lulaséans iiefnwinsianseantesdu tngyinnisnaase 3 @1
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3.3.2.2.3 N1560n971519ULd (RNA)

anme1soulenanun (total RNA) a1nlafinen A. royi-TH uAagssey
WaIuIn1s MAsIseaIms1euLay Tetraselmis sp. ngusiog19az 3 91 laaisuainug

feg1elafinenliavidenieyinligadunn 31ntWAn TRI Reagent Usuns 900 lulasdns

a

el Ausensiesmng wiu 5 widl ntudumiedinauss 13,000 rpm Ayl

Y

a ] N oA O = R a
4 9IAALTEE LWuIal 5wl wiewenuAwilaiiaflifedniseanannaisazans Tun
a1sazarvdrulanenldlulasiog (microtube) vaaalni afnaisidutolasnisiinansazane

Aaslswasy (chloroform) Usunns 200 lulasans waumaslsnesuiuaisazatelimadniuaie

a

M303wWng 2 Wil Mevudda 30 i nduluiesannuss 13,000 rpm Agamnd

Y

= I3 a Ay v v & s
4 peFalged LJuian 15 U aqiﬂlﬂﬁ]gLLUﬂLUu 2 VU I@ﬂaqiLQULaﬁlﬁQﬂLLﬂﬂaaﬂf\ﬂﬂ
a = a e ¢ ) 9 a &
Adwe TWshu wazansdunidduy lnvensidueavaratvegluansavatvdinuuiila Uindu

laduvuldnanalulasiivindlagldlisuniunznou dulelglnsniuea (isopropanol)

al

U3u1as 500 tulasdns wanlidadu iennnsnoueisiduie drluvufiaamgll -80

]

a

sesAgadua Ldunan 1 Falus daluduiniesiinaiusa 13,000 rpm Ngaungdl 4

U

%

= I3 = 1 G = P a &
peAaLged Luaan 15 U ﬂg‘lﬂm%ﬂau@"lﬁLBULaﬁ"U"nf’JQW UNaBN ‘L]L‘Umﬁ'ﬁa%aﬁliﬂva'ﬂﬂ

TMnA0LanIZAENaUYDIDISLAULD AN9NENIUDISLAULENILLENIUDE (ethanol) ANLTLTY

a

75% (%v/v) Usuns 1 fiaddns Jumieefiaanusa 13,000 rpm fiaaumgll 4 esrwaldeod

Y

et 10 w1l Tnen1ueaiiuazseauievIueassimenin azaenznoueIsidueiy
unusmnieulediinadiea (nuclease free water) Usung 50 lulasdns Wransazang
915 ueflaluiamududunazaiuuianiveseisidutenisiaias Nanodrop 2000
Y 1 § & 2 a Y v § &
spectrophotometer lagldiiagnto15iduelsnng 1 lulasing anududuveseisiduie

ggniasiziiasuaninaoenu lumiswilunsudelulasing usnwaisaraivensidue

=)

Mgaunil -80 Bemgallua Weselasievlutunaudaly

3.3.2.2.4 N15M383 cDNA
Fups1eimouULeaunsn (First strand cDNA) Iaeld RevertAid First
Strand cDNA Synthesis Kit uaglwsiuas Oligo(dT) L‘%mmmsm%stJm%LéuLaﬁuamﬂ@hasm

Tranadudy 1,000 wrlunsu lnenausynineasanneisioute, Insiues Oligo(dT)
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Usuims 11ulasans wazUSuuSu1nseaae Nuclease free water T IUS UMY

= a

12 lulasdns drluuufeanall 70 esrmwwaides 1Wuiai 5 w1 aaepsee Thermal cycler

9 Y

[

densunanliuriudsiuiiodsiies 5 uift ntunasansaunsed 6 aslunaoniidens
ndutasafidosidaios Thermal cycler Tnadalusunsusel 25 ssrvaidoa
Wwnan 15 wdl auee 42 ssrwaded 1Wunan 90 udl 72 ssdwalded 15wl uay
anvned 12 ssrniwaiea Wuan 10 Wil wislrldfidulegan vie cDNA (complementary

DNA) 9 n1iugne cDNA ldlavasnlulasiing wazihluiiuiigamall -20 saraides

AN 6 @SLANNITIUNISELATIEI cDNA

asuadl Usuns (lulaséng)
5X Reaction Buffer 4
10 mM dNTP Mix 2
Ribolock RNase inhibitor 1
RevertAid 1

3.3.2.2.5 msﬁn‘mmmamaan%mﬁu ArD6D ﬁ’)ﬂLVIﬂﬁﬂ
Semi-quantitative RT-PCR

Mnrseeniuulnsiuesiiduniziudu ArD6D vadlaiinen A. royi-
TH laglglusunsy Primer3Plus A19d0UnN1suaAIDRNTaIBUMELALlA Semi-quantitative
RT-PCR Tneid0319 cDNA Tudndiu 1:10 #1e Nuclease free water Ww3suansaumsnaii 7
Tneld Forward gene primer wag Reverse gene primer #3n15137 8 nushidens
(Polymerase chain reaction, PCR) Tnesslusunsudall gaumndl 94 ssmiwaidea Wuan 1

Y A1UAIE 25 58U 999 94 9ANIALTEE 30 U191, 55 a9AIALTYd 30 U way 72

=

IS a I 4 a IS 13 ) Y a [ L4
DIANYALYHE 30 UV LaENIYENNYUNANL 72 parwaided 1 uaal 5 i azlandnsie

9

s

AF915 (PCR product) 9anu1 Tunsunsliuindnduaiide1suidtasizinlaia
aa N a . v v v

Wwasanlnslnida (gel electrophoresis) lngltpznlsa (agarose) ANMULTNTU 1.8% (%w/v)

waER5IIAANLTLTUYBILIUALBULE N auAeLeSRaulushus (ethidium bromide, EtBr)

Munuanlalulinsziaienies Gel documentation s3uAUlUSHNTU GeneSys aglawau
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998U UaunlaluinAinisiansesnvesdiu (MRNA expression) melusunsa Gel Pro 3.1

v o

simple analysis ATUIMAINITLAAIDDNTDIBUAUNNS (relative mRNA expression) Faauns

&) S o

# 1 lngld Elongation factor 1-a (EF1a) udumiuay vinsnaaed 3 41 ilaluTeuiiigy
nsiansoanvesdululafinen LagiAs1eiAINLUsUSIU (Analysis of variance; One-way
ANOVA) Tagvinn15iUTauLiguANLANe1au99AIladea875 Duncan’s multiple range test

fiszsrumnudosiu 95% @elusunsy SPSS Version 28.0

AMIdNYRILaUEU ArD6D

Relative mRNA expression = - - (1)
AINULVUVDILOUEU EF1OL

AN5197 7 a@nsAsiflegvin PCR

GREIGE Y3uns (lulasing)
PCR water 11.3
10X Buffer w/(NH,),50, 2.5
25 mM MgCl, 15
1 mM dNTP 25
Forward gene primer (F) 25
Reverse gene primer (R) 2.5
Tag DNA polymerase 0.2

cDNA 139374 1:10 2

AN519% 8 annuirdlelneaveslnswesilylunisyin PCR

Folnswad dauinalalng (57-3°)

Fatty acid desaturase

ArDé6D-F TCGCCCTTCCCATTATCTACACGC
ArD6D-R TGTTCGATCTGGTAATTGAGACCTCC
Elongation factor 1-al (EF1Q1)

EF10-F GTGTTGGACAAGCTGAAGTC

EF10-R GGTCCAGTGATCATGTTCTTGATG
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3.3.2.3 MsAneNsuanteanvasiu ArD6D lulafinen A. royi-TH fiAes
drwamsretndy Tetraselmis sp. WazaEmIBLLAL Chaetoceros sp.
3.3.2.3.1 N154A89EMI8UAL Tetraselmis sp. WeLdus1mis
Taniwen

a Y% dy [l %z’ [ . dy 1 sg [
LI THURILTDANNINYUAN Tetraselmis SP. AZLAYIATINRIYUILAL

Tetraselmis sp. AL35U9 3.3.1.1.1

3.3.232n1518891afNan A royi-TH A28d14518ULAY
Tetraselmis sp. WaANWINTSUENIDDNVDITU

aqd

Bedlafinan A royi-TH ludingiananuiAy 25 ppt a1uisde
3.3.1.2.2 1uszeziian 9 YU andunseuiawanlafines al861nsesvuln 32 lulasiuns
<@ Y 1 =l N [ a a
udaegrslafinen A royi-TH 0.5 nSu asly TRI Reagent USums 100 lulasans

WBANWINSHEANIDBNVBIEU 198YIIN1SNNABY 3 91

3.3.2.3.3 N15LA89EIMI8UAN Chaetoceros sp. Wallua1nis
Taninen

o o & | L] & ] 5
LATYURIBBANNTYUIAN Chaetoceros SP. BAZLAYIAINIYUIAL

Chaetoceros sp. M13098 3.3.1.3.4

3.3.23.4n15.18891aANBA A royi-TH A28814518ULAY
Chaetoceros sp. WaRNEINISUENIDDNYDIBU

aqa

Bedlafinan A royi-TH ludingiananuiAy 25 ppt a1uisde
3.3.1.3.5 Wuszezingn 9 U antunsasiekenlafinen mernsasuia 32 Wlasuas 1y
fiedgrslafinen A royi-TH 0.5 nSu adlu TRl Reagent USu1as 100 lulasdns

WBANYINISHEANIDDNYDITU AEVINNITNAaDT 3 9N

3.3.2.3.5 N1SANWINISHENIDBNVBIEU ArD6D
(v & @ Y} ] ad VY o w 1 & @
ANMBNSLOULDDINIINAIBYANNITVD 3.3.2.2.3 UNA98199715L0ULD
PlalUu&aAs1z9t cDNA 793599 3.3.2.2.4 7N UUT cDNA 993lANNaANLALIR18d1UI e
Y . | - q» ~
ULAL Tetraselmis sp. Lag@1m318uLAN Chaetoceros sp. MANYINITUAAIBDNUB I
ArD6D WWuLiefuNIswandoonvasdululafinenumasseasiauIn1se1uisds 3.3.2.2.5 hay

WATIERAMULUTUTIU (Analysis of variance; One-way ANOVA) Tngvinnsidssuifisuaina
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WANFNSYDIANLAAEAI835 Duncan’s multiple range test NT¢AUAIINLTBITU 95% A28

TUswNsU SPSS Version 28.0
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uni 4

NALAZAATUNANITNAADY

4.1 auAmslasuinsnsalviuluamsdadiriedeu

4.1.1 M3AATIRRUAMISIATUINITNIAluuYas laiiwen lsuasin3n wazensii

AuAIMIIlaguIn1snsaluduresentslzdinildluniseyuiadniuniesau

v
[ I

fianuddgyrotmuinisvesdaiunivesu lneanizegrdnsalududnlungulawni-3
(omega-3 polyunsaturated fatty acid, n-3 PUFA) isnsaladu docosahexaenoic

acid (DHA) wag eicosapentaenoic acid (EPA) Mdsnalaensinanisiasgiiuln

v (3 v 1

ANSNRIUINIT BAZNITIANIATINITTOATINVIERIUIT880U (Matsunari et al., 2013)

Y a

Tnelafinen A royi \uunasvasnsaladulddudidedou (polyunsaturated fatty acid,

Na o Y

PUFA) Faidudadiddadlasumuaulaiiazdiuniaundus misiidialuniseyuiadn il

Jegau 1uidelislafnwiasdusenavvesnsaladululaiinen A royi aneiuglng
(A royi-TH) W3suifisudunsabedulueimisidgdawuuaadunldludaqdu lown

(1) lsunan@n (Moina sp.) wag (2) 815918 (Artemia salina) (gﬂﬁ 21)

Z J

50-1000 um 220-1800 pm " Nauplius’400-500 um

Naa A

'gﬂﬁ 21 é’ﬂwmmaqmmsu%mﬂ%’aumaé’miﬁﬁaa'au (A) Tafinan Apocyclops royi
(8) lsunsiidn Moina sp. waz (C) e137le Artemia salina svezuemdea

A (A) Jorgensen and Kjeer (2018), (B) Poynton wagaaiz (2013) wag (C) Ocean
Nutrition (2011)
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PnMsAneesrUsznavvesnsalusiululafinen A royi-TH, lsuasinan (Moina sp.)

1%
[ o

waz 8157 A. saling (1151991 9) WUINBIMNSTITINAMSUAN U Yo 9o uNaa LY RaTiUS U

)=

PUFA igs Taglafinen A. royi-TH wu PUFA gefia 41.00% Sesasnfoensiille A. salina

a

37.06% wazlsunsinda (Moina sp.) 28.03% Feaenndasiuauideneundilgdne
peAUsEnouvesnsalutiuluesilly A franciscana wunsalusiu PUFA 38.1% (Paulo et
al.,, 2020) waznwunsalusiungy PUFA Tulafinan Apocyclops sp. 54.23% (Cabrera et al,,
2021) uenanidanunsalusulewn-3 lulafinen A, royi-TH 26.04%, Tsunsihdn (Moina
sp.) 18.33% wave$fidy A. salina 30.17% tnesdunsalusiu EPA 2.55%, 3.66% wag 1.59%
Aua1AU wunsaludu DHA 4.76% lulafinen A royi-TH waldnunsalaty DHA
Tulsunatindn (Moina sp.) wazensilidle A. salina dsaenndesiusuddeneuntiladne
aafUsznovvasnsalusiululafinen A royi fiaeedaeamsne Tetraselmis chuii Wunse
Tusfulatunn-3 24.17% waznsalasiu DHA 4.05% (Pan et al., 2018) agnelsnauludnunsa
lugiu DHA Tulswna Moina micrura (Parakrama et al., 2012) wag M. macrocopa (Yan,
2011) Vannerson (2022) nanliitagwunsalusiu DHA Tue1silly (Artemia sp.) Usane
Teunselinuiay Fadenadeaiuiuideves Chakarborty wazage s (2007) finunselusiy
DHA Tuensiiidle (Artemia sp.) 0.10% way Prusifska kagAmz (2018) wunsnlusiu DHA Tu
91571188 (Artemia sp.) 0.18%

nsnlasfungy PUFA Usznausiensaludfuliduidsdenaradu (short-chain
polyunsaturated fatty acid, SC-PUFA) waznsabuiulududidsdouanssns (long-chain
polyunsaturated fatty acid, >C20, LC-PUFA) 91an15@nw1nuinusuiu PUFA Tulafinen

A °

A. royi-TH wage1s7iily A. salina ﬁﬂ'%mmﬁqmdwimmﬁww (Moina sp.) ag198idudfgy
(p<0.05) (5U 22A) Tnensalusiungu PUFA finuluamsidinisanusindunsalosundy
SC-PUFA 1Juwnan Inenuninantueisiile A salina sesasundulaiinen A. royi-TH waz
tovaalulsunsinia (Moina sp.) (U 228) uenanildswunsladungs LC-PUFA Tupimnsdl
Fnraauiln Tnewu LC-PUFA maﬁqmiuiﬂﬁwam A. royi-TH %QWUU'%mmgm’j'] LC-PUFA

nululsuna1dn (Moina sp.) wagensilly A. salina atgaided sy (p<0.05) (U 22C)
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A15197 9 parUsenauvansabudululafines tsuasiin wareisuie*

" Tadinen lsunetindn o139dla
e (A. royi-TH) (Moina sp.) (Artemia salina)

n-3 PUFA

C18:3n-3 (ALA) 17.65+2.26° 13.10+0.65° 28.13+0.49¢

C20:3n-3 1.08+0.14° 1.56+0.05¢ 0.45+0.04°

C20:5n-3 (EPA) 2.55+0.06° 3.66+0.17¢ 1.59+0.08°

C22:6n-3 (DHA) 4.76+0.64° n.d. n.d.
n-6 PUFA

C18:2n-6 cis (LA) 12.63+0.50¢ 9.43+0.28° 6.36+0.34°

C18:3n-6 0.58+0.05° 0.27+0.01° 0.32+0.89°

C20:2n-6 0.29+0.26° n.d. 0.04+0.06°

C20:3n-6 0.25+0.04° n.d. n.d.

C20:4n-6 (ARA) 1.34+0.15° n.d. 0.17+0.29°
2SFA 29.62+8.57° 28.91+0.67° 20.69+0.89°
2ZMUFA 9.04+1.23° 23.19+0.18° 25.27+0.98°
2SC_PUFA 30.86+2.78° 22.81+0.81° 34.80+1.09¢
ZLC_PUFA 10.26+0.88¢ 5.22+0.22° 2.25+0.47°
Y n-3 PUFA 26.04+1.94° 18.33+0.88° 30.17+0.60°
Y n-6 PUFA 15.09+0.22° 9.70+0.28" 6.88+0.99
S PUFA 41.12+2.12° 28.03+1.02° 37.06+1.56°
DHA:EPA 1.87:1

“Uunavesnsalududuesidudvasnsalusiunianun (% of total fatty acid) wandluzuves

ALRdYLazdIUTEAULNINIEIN (Meantstandard deviation) AIENYINIIBINGYNLANGIY

o w

filuusazunnansdanuuanasegsiitedfymneadn (p<0.05) Tag SFA: nanluiududy
(saturated fatty acid); MUFA: nsnlusiuladdusidanen (monounsaturated fatty acid); SC-
PUFA: nsnbusiulddusidediouaedu (short-chain polyunsaturated fatty acid); LC-PUFA:

v A

nseledulidusuddouasen (long-chain polyunsaturated fatty acid, >C20); n-3 PUFA:
ﬂimimﬁuizjéuﬁaL%asé’fauﬂejuiamm—?; (omega-3 : polyunsaturated fatty acid); n-6 PUFA:
nsalusulaiufudadoungulowni-6 (omega-6 : polyunsaturated fatty acid); PUFA: N30

TusulaiBusidedou (polyunsaturated fatty acid) wae n.d. feliny
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nsnbudungulatuni-3 (n-3 PUFA) lagianigegnadansabudiy EPA uag DHA
JussdusznouidAyrendeviuwadludiuvesaues (cell membrane) wazduildlunis

LDUTULALTUNIN (retina) (UUNNTUR LazAz, 2557) uanainiinsaluiiy DHA §ude1da9

1%
[

funsiauINsvesdniuniveeu warn13aumIulsa (Sorgeloos et al., 2001) 3NFUA 23A
wunsabuiulewni-3 Ysunugeluemnsidinsaiuiin lnenuninfngalueisiiile

A. salina ssasundulafinen A royi-TH wazdesgalulsunsirda (Moina sp.)

1Y

ag1alidud1Agyn19adf (p<0.05) Inenunsaludu EPA u1nvianlulsuasunia (Moina sp.)

o

sesaauuladinen A royi-TH uaztiosanlueifiile A salina (U7 238) uazangu 23C
wunsaludu DHA Tulafinen A. royi-TH mmnamasm HgdrAgyneada (p<0.05)

ﬂiﬂlsUZJUﬂaiJIBLQJﬂW 6 (n-6 PUFA) Inganiznsaludy ARA 91 d ’J‘L!‘U’]EJLW@J@WT‘IﬂWﬁ

a

WIYAUle LagdnInssentinvesdniunis ey (Bessonart et al., 1999) 31NN1SANYY
Usunaunsaludiungulaiuni-6 (3 24A) nunsaluduleiwni-6 luemisiidinvieaiuviie

lagnunnigalulafinen A royi-TH 1guRgInunsaluiu ARA nuuinigalulafinen

Y

A. royi-TH (3Uf1 24B) eehsilfiodn

[

YN9EDR (p<0.05)

ANNSANYIUIUIULALDIAUTENBUVINTA bWl UDIMISTTARNIEIUYRA bawA

=

ladinen A. royi-TH, lsunstnaa (Moina sp.) waze159iile (Artemia salina) wuitlafines

aaa

A. royi-TH Wuemsiitdnfinsaludungu LC-PUFA uag n-3 PUFA a4 wawiluemnsidin

WEITRALRININUNG ASAludu EPA, DHA kag ARA Tag Jin wagmAne (2017) nuinensiau

£
[y

szningnIalusiu DHA:EPA dinanon1siasyvesdnidniveou lngdnsdiuimnyanveinia

937y DHAEPA 8¢ 0.5-2.0 (National Research Council, 2011) 31ARNan153To WU

Y

Tafinen A. royi-TH fiSnsndusewinansaluiu DHAEPA Wiy 1.87:1 (151t 9) Failit

' ' v
a a s Y

ladinen A. royi-TH uddiddsnunaulalunisWaundusimsidiadmsvoyuiadaiunie

gaunall
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(A) PUFA
50 - b
b
40 ~
= a
Lou 30 ~
=20
(o]
X 10 A
0
A. royi-TH Moina sp. Artemia salina
(B) SC-PUFA (C18)
50 -
40 ~ C
= b
g 30 4 a
=20
o
R 10 A
0
A. royi-TH Moina sp. Artemia salina
© LC-PUFA (C20-C22)
50 -
40 ~
=
© 30 A
°
= 20 A
G ¢
X 10 A - b 3
0 | —
A. royi-TH Moina sp. Artemia salina

=

JUN 22 msidSeuiiisunsaludungu PUFA vadlaiinen A. royi-TH, lsundud1da Moina sp.

wazen§Tille Artemia salina (A) nsalutiulddudndedou (polyunsaturated fatty acid,

[
v a v [

PUFA) (B) n3nbusiulaiduddadiouarsdu (short-chain polyunsaturated fatty acid, SC-

PUFA) waz (O) nsaludulidudidsdouansens (longchain polyunsaturated fatty acid,

a o (%

LC-PUFA) Tng@a8nusn1u189nguilkanaeiuianifianinuiana19eg 9l deddgnisais

]

(p<0.05)
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n-3 PUFA

A. royi-TH Moina sp. Artemia salina

EPA (C20:5n-3)

C
b
| a
J.-

A. royi-TH Moina sp. Artemia salina

DHA (C22:6n-3)

a a

A. royi-TH Moina sp. Artemia salina

JUN 23 msSeuiitsunsaludungulown-3 vadlaiinen A royi-TH, lsunsindn Moina

sp. kaga1§iiile Artemia salina (A) nTaladulaidudaigedaundulotunn-3 (omega-3

polyunsaturated fatty acid, n-3 PUFA (B) Eicosapentaenoic acid (EPA) & & g (Q)

Docosahexaenoic acid (DHA) 1ngfiaonssn 118N eikanA i ULanIRIAULANG 199819

a v Y

NiudAYneana (p<0.05)

o
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(A) n-6 PUFA
25 -

20 +

10 4

% of Total FA

A. royi-TH Moina sp. Artemia salina

(B) ARA (C20:4n-6)

% of Total FA

b
2
a
0__- @ ==

A. royi-TH Moina sp. Artemia salina

=

JUT 24 nmswSeuiisunsaludiungulowni-6 vaslafinen A royi-TH, lsuasinan Moina
sp. wazo§fiily Artemia salina () n3alusiulsidudndadounguleinni-6 (omega-6
polyunsaturated fatty acid, n-6 PUFA) (B) Arachidonic acid (ARA) lagifiadnusn1unaing

Y

NLANANNULEAIDIANULANAIBE L TEENA

[

YNEDRA (p<0.05)

4.1.2 n15AsziiasAUsznavvaensalydululainen A. royi-TH Tuudassses
WAIUINS

dnitinedousvozusniindauindifuazauiatiniineudnudn Seiasnisenms
IFnAflunadfian uaiiauamalavuinisnsalusiuiivanzan 3slddnwesddsznou
vasnsaluululafinen A royi-TH usiazsseziauInsfidvuadfiwanaisiu Inslafinen
A. royi-TH @1113081uunadssesiaunsiaidy 3 sveg loun ssovusinded (NP) sz
Taflnin (CD) wagszezaLAude (AD) LLamé’fquﬁ 25 Tneidoslafinen A royi-TH

Mgams1ed AL Tetraselmis sp. amsiedideanlainunsaladu DHA
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(A (B

gﬂ‘ﬁ 25 dnwuganslafinen Apocyclops royi-TH lulmazszazimuinis (A) lafinen
A. royi-TH szuzuandea (Nauplius, NP) (B) lafinen A. royi-TH szaglaiilngn (Copepodid,
CD) way (C) lafinen A. royi-TH Syazdau@nie (Adult, AD)

i - Amparyup kagatuz* (2022)

PMNNTIATITRBIAUTENOUTBINTA lusuluase Tetraselmis sp. #1838 GC/MS
(3799 10) wunselasiu PUFA gsiia 36.11% Tneifunsalusiunga SC-PUFA 32.66% uas
LC-PUFA 3.45% dloasieainsalusiulewuna-3 Tuaiwsie Tetraselmis sp. wulowni-3
24.71% laeiJunsalodu ALA 22.22%, EPA 2.49% wazldwunsalosiu DHA Tuaivine
Tetraselmis sp. Biaanndosfuannsie Tetraselmis chuii inunsalusiu ALA 23.64%,

EPA 4.15% waglinwunsalatiu DHA Tuasiesiiad (Pan et al., 2018) wulfenniu Nielsen

[
L]

wazAny (2019) Tiliwunsalasiu DHA Tuawsie Tertraselmis suecica uenaNTdanunse
Tasiulewni-6 Tuamse Tetraselmis sp. 11.40% laeidunsaludu ARA 1igs 0.96%
nsAneresrUsznavvesnsalusululafinen A royi-TH lussusuoindsa (NP)
Tadilndn (CD) wazdfiue (AD) Masdoamsetufiy Tetraselmis sp. #2833 GC/MS
(m15197 10) wunsaludy PUFA Tulafiwen A royiTH 538 NP, 38 CD wazssey AD
Winiu 22.50%, 38.53% Way 41.85% nuasu lagusuiaues PUFA Tulaiiwen A. royi-TH
finnudenndesiunisinumdeundilulaiinen Apocyclops dengizicus Maseseamste
Tetraselmis tetrathele Wu118USU UV PUFA 37.56% (Farhadian et al.,, 2009)
Tnetanuszeriaunsvedafinen A royi-TH (NP, CD wag AD) wuaniinsalusiu LC-PUFA
USanaugs AU 5.27%, 7.98% waz 10.36% nudidu 1edinsgiuTunuvesnsaluiiy

Toun-3 Tulainenyeauseey WuINdAnny 15.58%, 25.81% way 26.64% ANUa1AU
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uananiifanunsalutu DHA Tulafineaynszegiauinig lnswuaniigalulaiinen
szey AD 4.85% 509a3ADIEEY CD 3.50% uarszey NP 2.78% uoninnidmunsnlauiiy
Town-6 lulafineaisanuszoy SuU3unanviniu 6.92%, 12.72% uag 15.21% auddu
Tngnunsalusiy ARA Tulafinenszer CD 0.95% wagsver AD 1.31% uliinunsaludu ARA
Tulafinenszus NP Fsdenndoan1sAnuues Cabrera Waganz (2021) Anunsalusiu ARA
0.91% Tuiiwen Apocyclops sp. 5¥8% AD

211307 26A wunsalusiungy PUFA Usinagslulafinen A. royi-TH aanuszey
Wauns Tnensaludungu PUFA Tulafinen A royi-TH vinszeziamuinisidunseludungy
SC-PUFA 1uvdn (3Ul 268) atndlsimudanunsalasiu LC-PUFA Tulaitwen A. royi-TH ¥
spoy (3U7 260) Tnonsalusiungs PUFA, SC-PUFA uay LC-PUFA wusnfigalusses AD

v
Y

sosanduszer CD wanuinsaludunsanungululafinen A royi-TH sz AD way CD

¥

fUsuunliuansnaiuegafited1dgn1eada (p>0.05) wasnunsaluduraiunguilies
nantulafinen A. royi-TH szey NP ageiitdudfnynneada (p<0.05)
nsAnwinsalydungulowwni-3 (n-3 PUFA) lulafinen A royi-TH usiagsees

WAWINTT wanadsgun 27A nunsalusiungslomwnt-3 aslulafinen A royi-TH szey CD uag

N o

AD TnafiUSunaunldunnsniusgralilediAgynieada (p>0.05) wasnuteeanlussys NP

C -

agalitidAyneada (p<0.05) uananillleAnwinsaludiulungulowni-3 nuilafinen

(% '
Y

A. royi-TH NeauszegimuIn1sinsalediu EPA USunailndifesiu (p>0.05) (JU# 278)
TuvaugAinsaludu DHA Suwilduiinaulunsazseugimuinis lnenuuinfiantusses AD

sosantuszey CD wavnutlesfanluszey NP (3U71 270)
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A15199 10 ssAaUsznevvesnsalusiululaiinen A. royi-TH TuumagsseasWmuins*

Taiiwan Apocyclops royi-TH

Fatty acids Tetraselmis sp.
Nauplius (NP) Copepodid (CD) Adult (AD)

n-3 PUFA

C18:3 n-3 (ALA) 22.22+0.97 10.31+6.04° 18.91+1.97° 18.10+3.01°

C20:3n-3 n.d. nd. 0.64+0.21%° 1.15+0.10°

C20:5 n-3 (EPA) 2.49+0.26 2.50+0.19° 3.05+0.84° 2.55+0.08°

C22:6 n-3 (DHA) n.d. 2.78+0.01° 3.54+0.48% 4.85+0.88°
n-6 PUFA

C18:2 n-6 cis (LA) 9.96+1.73 6.92+0.72° 11.09+3.43° 12.81+0.55°

C18:3 n-6 0.48+0.10 n.d. 0.56+0.02° 0.59+0.06°

C20:2 n-6 n.d. n.d. n.d. 0.24+0.34°

C20:3 n-6 n.d. n.d. 0.24+0.00° 0.27+0.01°

C20:4 n-6 (ARA) 0.96+0.24 n.d. 0.95+0.20° 1.31+0.19°
YSFA 22.74+9.46 44.58+4.06° 21.58+1.16° 27.10+10.42
2ZMUFA 6.25+0.37 14.20+1.12° 9.00+2.16° 8.86+1.68°
ZSC_PUFA 32.66+0.79 17.23+6.76° 30.56+5.43° 31.49+3.62°
ZLC_PUFA 3.45+0.49 5.27+0.20° 7.98+0.50° 10.36+1.22°
2n-3 PUFA 24.71£1.21 15.58+5.84° 25.81+1.10° 26.64+2.31°
2n-6 PUFA 11.40+1.42 6.92+0.72° 12.72+3.81%° 15.21+0.10°
2PUFA 36.11+0.48 22.50+6.56° 38.53+4.92° 41.85+2.40°
DHA:EPA 1111 1.16:1 1.90:1

“USnaeansalutuluesidudvensalusiuvianun (% of total fatty acid) uandluzuves

ARfguazaLUgUUNNIATEIY (meantstandard deviation) F9NYINTHEINGBALANGNS

o w a

filuusazuniwansdannuuanaseselitedfymneadn (p<0.05) Tny SFA: nsnluiududy
(saturated fatty acid); MUFA: nsalosulddusfaudafen (monounsaturated fatty acid); SC-
PUFA: n3nluiulddusdsdouaedu (short-chain polyunsaturated fatty acid); LC-PUFA:

v A

nseledulidusuddouasen (long-chain polyunsaturated fatty acid, >C20); n-3 PUFA:
nsalusiulaidudidstoungalewnini-3 (omega-3 : polyunsaturated fatty acid); ); n-6 PUFA:
nsalusiulaidufudadoungulowmni-6 (omega-6 : polyunsaturated fatty acid); PUFA: N30

Tusulaidusidedou (polyunsaturated fatty acid) wae n.d. fieldwy
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(A) PUFA
50 1 b b
< 40 4
w a
T 30 A
)
: 20 -+
o
O\o 10 .
o _
Nauplius (NP) Copepodid (CD) Adult (AD)
(B) SC-PUFA (C18)
50 -
< 40 - b
_.Tg 30 - a
E 20 -
o
X 10 A
0 _
Nauplius (NP) Copepodid (CD) Adult (AD)
(@) LC-PUFA (C20-C22)
50 -~
40 -
X
=< 30 -
|§ 20 -+
S b b
X 10 A a -
0 _
Nauplius (NP) Copepodid (CD) Adult (AD)

JUN 26 MaUseuiisunsaludiungu PUFA vadlaiinen A. royi-TH Tuudagsseeiaminig

Y

A nsalusiuliduddadou (polyunsaturated fatty acid, PUFA) (B) nsalusiulidudn
\Fedauanodu (short-chain polyunsaturated fatty acid, SC-PUFA) uag (C) nsaluduly
dufdedouansena (longchain polyunsaturated fatty acid, LC-PUFA) Taafasnus

Y [

ATHDINGWNLANANAULEAIDIANULANFNDETTE AN 19EDH (p<0.05)
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(A) n-3 PUFA
50 -
< 40 A
© 30 1
|9 a
5 20 A
= 10 -
o _
Nauplius (NP) Copepodid (CD) Adult (AD)
(B) EPA (C20:5n-3)
10 -
< 81
£ 6
o
u?: 4 - 3 a 3
X 5 | - - -
O _
Nauplius (NP) Copepodid (CD) Adult (AD)
(©) DHA (C22:6n-3)
10 -~
8 -
=
B 6] b
o
s
X o
0 -
Nauplius (NP) Copepodid (CD) Adult (AD)

Ul 27 msSeuifisunsalusiungulewni-3 vedlafinen A. royi-TH luusiagszaeiaunnis
(A) ﬂi@lﬁuﬁuhjauﬁ’aﬁﬁauﬂzjﬂaLum—3 (omega-3 polyunsaturated fatty acid, n-3 PUFA)
(B) Eicosapentaenoic acid (EPA) tay (C) Docosahexaenoic acid (DHA) 1ag @26 n s

Y [

ATHDINGWNLANAIIULEAIDIANULANFNDETTE AN 19EDTH (p<0.05)
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(A) n-6 PUFA
50 -
40 A
<
= 30 -+
2 20 A ab b
e 101 a - .
0
Nauplius (NP) Copepodid (CD) Adult (AD)
(B) ARA (C20:4n-6)
10 ~
8 _
=
T 0
g -
i [ I v
0
Nauplius (NP) Copepodid (CD) Adult (AD)

JUN 28 msiTeuiisunsaludungulewwni-6 vedlaiinen A. royi-TH luwsasseogimuinis

Y

N ﬂsﬂlmﬁulﬁéuﬁaL%qsi’fauﬂfjﬂamm—6 (omega-6 polyunsaturated fatty acid, n-6 PUFA)

8¢ (B) Arachidonic acid (ARA) 1agifiadn¥sN 119N eNuANA1 T ULAAIDIAIIULANAIT

o w a

pgslitsd Ay n19ana (0<0.05)

nsAnwUsunaunsaludungulowni-6 (Ui 28A) Tulafinen A. royi-TH uwsassses
fiaunns wudnsalwiungalewnt-6 fuunlinfvgauluuiasssoginnuinis lnewulios
anlulafinenszey NP uazsnfigaluszes AD lusaziinsalusiu ARA (3U71 288) Fady
nsalasfungulowni-6 vdanidsndunuudlulafinonszey CD waz AD iy Tngnuly
Usunaudililunnansiusgaditfodidyniada (0>0.05) uwazlinunsaloduriailulafinen
88y NP

NEaNITILATIERIAUsEnauveInsaladululaiinen A royi-TH usaysyey

WAILINNS (NP, CD wag AD) MideamiganusieullAu Tetraselmis sp. @1nsiedideainlanu

nsnludiu DHA wuinlafinen A royiTH ninszaziimuIn1sionsidiuszninensnlagu
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1
o w 1

DHAEPA Tnzaudmsuldiluemseyuiadniuriessu (1.11-1.90:1) uenainillafinen
A. royi-TH ninsgegiimun1snunsalbudy DHA Tasfiwuilduiiinaadulunnssueinuinig
=2 [ Y1 = . ! [ = 1 A ¥ [y

Jaduldlanlaiinen A royi-TH lulsayssesiamuinisiinalnuieg1eiiiieidesiunns

duaveinsaludungy LC-PUFA Baiendesiunisadiansalodu DHA WWuwdn

4.1.3 n153Aszviasnusenauvasnsaludiululainen A. royi-TH Aitdegefe
#1318 Tetraselmis sp. was Chaetoceros sp.

AAIMILATUINISNIAluT ke nesTuTesans el daudlaTinendwadians

losululadinen uAdeddsladnwiainseansrdaNinuaIMIalnsuINIsNsabusTuALANE

q

ffu loun (1) amsednAn Tetraselmis sp. Wag (2) @s1edLAN Chaetoceros sp. LaARIAS

U7 29 Faflauideneumilddnwinisldamvseaswiladuomsdmsulaines (Tohamy
et al., 2020)
(A (R) Iy
j (\TB;:‘,,’.”‘_
/\(‘/ s "\
P . ,_/\'\)/' b Q‘G
Jid4 & S % ?
f - “'\" ‘-4.\ E A g
(RN ok & .
‘\ \ W y 8 F /;'
g - 3 }f}' Y
Q), TR o 7'@?’/
2

v

JUN 29 dnwazvasamseldiluemisidestaiinen A royi-TH (A) awmse Tetraselmis
sp. kA (B) @138 Chaetoceros sp.

#1171 (A) Borowitzka (2018) wae (B) Bryant (2015)

nsAnwesrUsznevuesnsalusiuluanusie Tetraselmis sp. wag Chaetoceros sp.
(51971 11) Wuamsne Tetraselmis sp. finsnlausiungy PUFA gefia 36.11% nendunsn
lusfungulowuni-3 24.71% FsUszneuludaensalasiu ALA 22.22% wag EPA 2.49%

waldnunsalusiu DHA Tuanusievdail (Pan et al,, 2018; Nielsen et al.,, 2019) waynunsn
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lusfungalown-6 11.40% Taeidunsalusiu ARA Wiss 0.96% Tuvaziiawine Chaetoceros
sp. nunsalusiungy PUFA wazlelun-3 iigd 23.62% wag 18.33% auafu uindununsa
lusfu EPA gefls 17.69% waznunsalusiu DHA 0.65% Taaenadesiuauideneuntniiny
nsaluiiu EPA Tua1nsne Chaetoceros muelleri 17.15% (Vega and Saavedra, 2009) way
wunsalydu DHA 1.16% luaivsne Chaetoceros calcitrans (Ackman et al., 1990)
wonanidmunsalasiulowni-6 luamsne Chaetoceros sp. 5.29% Tnetlunsmlusiu ARA
3.15% donAdosfUIUITouas Ackman wazames (1990) Anunsaluiu ARA Tuansne
Chaetoceros gracilis 3.50%

nsdnwresdusznevvesnsalaululafinen A royi-TH flasade@1n3ne
Tetraselmis sp. Tilinunsalusiu DHA waswunsabusiu EPA 61 waza wsne Chaetoceros
sp. finunsaladiu EPA ga (1137197 11) nudnlafinen A royi-TH fidsadreainsne
Tetraselmis sp. (n3alvsiu EPA 61 2.49%) finsalusfunda PUFA gsfia 41.12% Taeifunsn
lusiungs SC-PUFA gafla 30.86% uagnsnlusiungy LC-PUFA 10.26% daonadosfiuaiide
¥94 Farhadian WazAmg= (2009) Anunsnlusungu PUFA 37.56% lulafinen
A. dengizicus A8 sda8aming T, tetrathele uanaininunsnladungulowwni-3
Tulafinen A. royi-TH flasasaeansie Tetraselmis sp. 26.04% taoiJunsaludu EPA
2.55% uagnsnluiu DHA 4.76% Taaenndaafiueuidovesuian uaganz (2563) Ay
nanlusiu EPA 2.93% Tulafinen A. royi MAsseamins T, suecica wagnunsalusiungy
Town-6 15.09% gadunsalusiu ARA i 1.34% Tusaisiilafinen A royi-TH Miaeesae
411918 Chaetoceros sp. (Nsabusiu EPA @1 17.69%) wunsalusiungy PUFA 23.69% lag
Junsalusiungy SC-PUFA tles 1.94% uaznsnlusiungu LC-PUFA gefia 21.66% 1ile
Wpseinsaludungulewni-3 wu 19.14% Wunsaludu EPA 11.48% wagnsnluiu DHA g9

89 7.58% wazwunsalusiulawni-6 4.45% Taaidunsalusiu ARA 2.54%
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A1519% 11 esAUsenovvesnsalusiuluansiy Tetraselmis sp. Way Chaetoceros sp. hay

lAfinen A. royi-TH Maesmgausensadesviin®

#9318 Taiiwan Apocyclops royi-TH
Fatty acids
Tetraselmis sp. Chaetoceros sp. ArTet ArChaeto
n-3 PUFA
C18:3 n-3 (ALA) 22.22+0.97° n.d. 17.65+2.26¢ 0.08+0.14¢
C20:3 n-3 n.d. n.d. 1.08+0.14¢ n.d.
C20:5 n-3 (EPA) 2.49+0.26° 17.69+4.75° 2.55+0.06¢ 11.48+3.09¢
C22:6 n-3 (DHA) n.d. 0.65+0.23° 4.76+0.644 7.58+1.12¢
n-6 PUFA
C18:22 n-6 cis (LA)  9.96+1.73° 0.89+0.31° 12.63+0.50¢ 1.68+0.31¢
C18:3 n-6 0.48+0.10° 1.24+0.36° 0.58+0.05¢ 0.18+0.31¢
C20:2 n-6 n.d. n.d. 0.29+0.26¢ n.d.

C20:3 n-6 n.d. nd. 0.25+0.04¢ 0.06+0.11¢
C20:4 n-6 (ARA) 0.96+0.24° 3.15+1.43° 1.34+0.15¢ 2.54+1.71¢
SFA 22.70+9.46° 27.27+4.09° 29.62+8.57° 38.95+6.63°
2MUFA 6.25+0.37° 18.41+4.67° 9.04+1.23¢ 20.69+6.65°
2SC_PUFA 32.66+0.79° 2.14+0.27° 30.86+2.78° 1.94+0.52¢
2LC_PUFA 3.45+0.49° 21.49+5.01° 10.26+0.88° 21.66+2.88°
2n-3 PUFA 24.71+1.212 18.33+4.73° 26.04+1.94¢ 19.14+4.159
2n-6 PUFA 11.40+1.42° 5.29+1.70° 15.09+0.22¢ 4.45+1.93¢
2ZPUFA 36.11+0.48° 23.62+5.10° 41.12+2.12¢ 23.69+3.22¢

DHA:EPA 0.04:1 1.87:1 0.66:1

*Usinaswensaladuduesiusussnsaluduionn (% of total fatty acid) wandlusuves
a1 dsuLINnIEIU (meantstandard deviation) fdnusnmsndanguiuandieiu
TULAaLYANITNARBILANIDIAIULANGIRE 1T T AYN19adA (p<0.05) lne ArTet: 1ad
nWan A. royi-TH ﬁLgmé’wama’w Tetraselmis sp.; ArChaeto: lafiwen A. royi-TH ﬁLgm
PEEINIIY Chaetoceros sp.; SFA: nsnlasudusn (saturated fatty acid); MUFA: nsalady
T8 usTuien (monounsaturated fatty acid); SC-PUFA: nsalusiuladusidetouanedu
(short-chain polyunsaturated fatty acid); LC-PUFA: nselosulidudiddouansen (long-
chain polyunsaturated fatty acid); n-3 PUFA: ﬂﬁﬂl%ﬁulﬂéuﬁ’sL%ﬂ%auﬂduIaLMﬂﬁ—B

(omega-3 : polyunsaturated fatty acid); ); n-6 PUFA: n3alusfhulsifusudstoungalowmni-
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6 (omega-6 : polyunsaturated fatty acid); PUFA: nsaladulaududiided o

(polyunsaturated fatty acid) tag n.d. Aslinu

31n3UN 30A n1sAnwinsaludungy PUFA wesa1usne Tetraselmis sp. Way
Chaetoceros sp. Waglafiinon A. royi-TH L8890 18@1131879d09910 WUI1@1%518

Tetraselmis sp. finsaludungu PUFA gendnfinuluainsie Chaetoceros sp. 88143

Y

HodA9ana (0<0.05) WwuhenAulafinen A. royi-TH Nldesseansie Tetraselmis sp.

Anunsalusiu PUFA gandnlafinen A royi-TH Mvieada8@1431e Chaetoceros sp.

pg1eflidedAgyn19adf (p<0.05) nsaladiungu SC-PUFA Tua1nsny Tetraselmis sp.

1U3u1genInamsy Chaetoceros sp. 88 1lTadARYN19adA (p<0.05) Fedeaadoaiy

Tnfinen A. royi-TH Miassdeamsne Tetraselmis sp. Tnunsalusiu PUFA gendnlafinen

Y

A. royi-TH Ma89n8@11se Chaetoceros sp. 98198itydN

[

WUN9EDRA (p<0.05) (gﬂﬁ 30B)

Tuvaugnunsaludiungu LC-PUFA geluawsig Chaetoceros sp. LlawSauiieuiuy3aunu

1 IS

LC-PUFA finuluannsne Tetraselmis sp. e819ited1fyn19adf (p<0.05) alafinan

A. royi-TH Maegeatganstensdosstaiduulldudsutaveansalatu LC-PUFA

Y

wudeatuiinuluange nanfenunsalutiu LC-PUFA gilulaiinen A. royi-TH NIy

@318 Chaetoceros sp. warnunsnlasiu LC-PUFA doslulafinen A royi-TH fiaeedae

ause Tetraselmis sp. 9819HUEEAYNINEDR (0<0.05) LLaméﬁ’agUﬁ 30C
nmsAnwinsabudungulewni-3 luamsne Tetraselmis sp. wag Chaetoceros

sp. kazlafiwen A. royi-TH Midgsaluamsiensassain wuiannsaludiulaiwni-3 dnulu

CY [

asensaesin (3UN 31A) fvsunanlduandeiuegaideddgyeada (0>0.05) uazly

>

lafinen A. royi-TH Mdeamesansievsaesrilinfnunsalusiulewni-3 lulSununlduaneig

Y [

fusegaflfadAmeada (p>0.05) ualilalasizvinsalusiu EPA uay DHA falunsalusiu

o

latuni-3 ndununsaladu EPA geluainineg Chaetoceros sp. uaglafinon

A. royi-TH M@aeaIu@11i1e Chaetoceros sp. lalUIsulisutiuaniny Tetraselmis sp.

Y

wazlaiwen A. royi-TH Mlaun8@113e Tetraselmis sp. 98198Ud"

o

UN9ENH (p<0.05)

(5% 31B) Tuvauginunsaludiu DHA USurudsud1sdesluainsie Chaetoceros sp.
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wazlinunsalediu DHA Tuawsie Tetraselmis sp. windununsaludy DHA Usunaugely
Tafiwen A royi-TH Alagedroansensanssia Ingnunsalufy DHA lulafinen
A. royi-TH Adsasroa1m91e Chaetoceros sp. U%mmqm’hﬁwuiuiﬂﬁwam A. royi-TH
Fdpesuaine Tetraselmis sp. agaided ARUNNEDA (0<0.05) LLamé’]’agUﬁ 31C
nmsAnwInsabudungulewni-6 luamsie Tetraselmis sp. wag Chaetoceros
sp. wazlafinen A royi-TH Masedoamsioraaswia LLamﬁquﬁ' 32A WUINEINIY
Tetraselmis sp. wazlafinon A. royi-TH flassdaeansne Tetraselmis sp. SUSu0unsa
lusfungulown-6 ganinfiwuluawans Chaetoceros sp. warlafinen A. royi-TH fdssdae
@198 Chaetoceros sp. penuiifuddyN19adA (p<0.05) auardu luvaefinunsalusiu
ARA (5U71 328) Tuamsne Chaetoceros sp. USannigsnina1ming Tetraselmis sp. 0143
Todfayn1eadn (p<0.05) Wideafunsalufu ARA finululafinen A royi-TH fiasedae
@ mie Chaetoceros sp. sanninimululafinen A royi-TH fidesdaeansne Tetraselmis

o w

sp. wiflUSunauiliuansatuegieddaneada (0>0.05)
nNMsAEnwUTINakaresdUsznevresnInluiuluamseaesviafidnsaluiy
wan@a1adu Lawn (1) @a1nsie Tetraselmis sp. hag (2) @138 Chaetoceros sp.
wazlafinen A royi-TH flasedaeamsiediedewia wuitlafinen A royi-TH asedie
amsy Tetraselmis sp. inunsabusiu EPA 1 (2.49%) waglinunsaludu DHA nduny
DHA gt 4.76% luvaugillafinen A royi-TH flassseainse Chaetoceros sp. iwunsn
lusiu EPA g9 (17.69%) wunsalusfu DHA gefls 7.58% Fauamdlififiuinusunansalusi EPA

Yasamsenididusnisiasdlainendinasausununsalosiu DHA Tulaiinena w1unalnnis

dunsizvinsalusiu DHA Tulafinen A. royi-TH
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a

JUN 30 MaSeuifigunsaludungy PUFA vesanse Tetraselmis sp. wag Chaetoceros
sp. wazlafinen A royiTH fiasadaeamsneicaessin (A) nsnlesuliduddedou
(polyunsaturated fatty acid, PUFA) (B) nsalusiuladuddsdouansdu (short-chain
polyunsaturated fatty acid, SC-PUFA) uag () nsmlusiuliidusidadouanssny (long-chain

polyunsaturated fatty acid, LC-PUFA) Tneidaamnenondy (*) LEPDIAULANFDE 198

PUFA
_ E3
|
| | I .
Tetraselmis sp. Chaetoceros sp. ArTet ArChaeto
(algae) (algae) (copepod) (copepod)
SC-PUFA (C18)
i * *
1 ' | |
Tetraselmis sp. Chaetoceros sp. ArTet ArChaeto
(algae) (algae) (copepod) (copepod)
LC-PUFA (C20-C22)
N . .
| Il
— [ ]
Tetraselmis sp. Chaetoceros sp. ArTet ArChaeto

(algae) (algae) (copepod) (copepod)

HodAgyn19ada (p<0.05)
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(A) n-3 PUFA
50 -
40 A
g 30 -
£ 20 - T
(o]
X 10 A
0
Tetraselmis sp. Chaetoceros sp. ArTet ArChaeto
(algae) (algae) (copepod) (copepod)
(B) EPA (C20:5n-3)
25 - -
*
< 20 - |
LO" 15 -
10
(o]
X 5
0 [
Tetraselmis sp. Chaetoceros sp. ArTet ArChaeto
(algae) (algae) (copepod) (copepod)
(©) DHA (C22:6n-3)
10 - *
8 _
=
T 6
|9 4 4 *
G
9 2
o i
(=)
0
Tetraselmis sp. Chaetoceros sp. ArTet ArChaeto
(algae) (algae) (copepod) (copepod)

JUN 31 nisiisuifigunsaledungulewuni-3 vesaivnineg Tetraselmis sp. hae
Chaetoceros sp. waglafinen A. royi-TH Massmeavienidsssin (A) nialudulaidusi
v3edoungulotuni-3 (omega-3 polyunsaturated fatty acid, n-3 PUFA) (B)

Eicosapentaenoic acid (EPA) wag (C) Docosahexaenoic acid (DHA) TnewSemunenaniy

Y

(*) WEAAIDIANULANAIDELTYANA

1Y

YN9EdRA (p<0.05)
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(A) n-6 PUFA
25 -

< 20 - . *

S 15 -

° T

ua 10 -

N T i
0

Tetraselmis sp. Chaetoceros sp.  ArTet ArChaeto
(algae) (algae) (copepod) (copepod)
(B) ARA (C20:4n-6)
10 -
< 8
J— *
g °]
|_
4 -
- |
RN 2 A
o L ]
Tetraselmis sp. Chaetoceros sp. ArTet ArChaeto

(algae) (algae) (copepod) (copepod)

5UN 32 nswSeuifisunsalasiungulelunn-6 vesa1vine Tetraselmis sp. kae
Chaetoceros sp. Waglafinen A. royi-TH MLa8IseaInIend@asimuIng (A) nsalusiuli
uAILTIgauUNgULeLUN1-6 (omega-6 polyunsaturated fatty acid, n-6 PUFA) wag (B)

Arachidonic acid (ARA) IagtA38amuenandy (*) wansfamanuuansaeg1elded1Agynie

an (p<0.05)
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4.2 nMsAnwguduaszinaladulawmni-3 vaslannwen A. royi-TH

4.2.1 anuazaNUAYD98U delta-6 desaturase (ArD6D) vaslaiwan A. royi-TH

1NN15ATIERTayad1ulinadlalnavesdy delta-6 desaturase (ArD6D) voslaiinan
A. royi-TH (Amparyup et al., unpublished data) Wu731% open reading frame (ORF)
YU 1,302 ALua Feanunsauvaidusialusiuifivunn 433 nsaexiilu (U7 33)
Fethdrfunsneiiluveslusiu AD6D lUAlaszsimeumisoyinusmelusinss SMART
(http://smart.embl-heidelberg.de) wuinlusau ArD6D Usensumalawu 3 Tty laun (1)
cytochrome b5-like Heme/Steroid binding domain (Cyt-b5) fivarediu N (N-terminal)
(2) transmembrane domain (TMD) 3113 5 Ly wag (3) fatty acid desaturase domain
(FA_desaturase) Aanedu C (C-terminal) LLamﬁ'ﬂgUﬁ 34

91NTIBUVDY Li waz Amz (2021) laAnwinisvineiuuesiusiu cytochrome b5s-
like Heme/Steroid binding domain (Cyt-b5) Wu31 Cyt-b5 dunuindraglunisatslau
didansouvedauluyl desaturase JatAgatosiunisduasizsinsaluiungy PUFA uay
fatty acid desaturase domain aziiadpsiumsdaanevinsalufungy PUFA TnsaziUde

wuszinenluaelavasnsatusiulvnateduiusea (Nielsen et al., 2019)

Y

dlevnisseuifisuanumilousesdiiunsnesiily (sequence alignment) ¥4
1UsAu ArD6D vadlaiinen A. royi-TH Aua1dunsnezilluweslusiu desaturase lulafinen
aewugdug Ansseanlugiudeya GenBank fglusunsu BLASTx wuinlusiu ArD6D
fmnumilau (%ldentity) AulUsAu delta-6 fatty acid desaturase (NODE_1 length 2498)
yasladinen A. royi a1eWuglaniu 99% (Nielsen et al., 2019), 1UsAu delta-5 desaturase
4 waalaiwan Tigriopus japonicus (AIW65593) 61% (Lee et al., 2020), JUsAu delta-5/6a
desaturase ¥9slafineon Tigriopus kingsejongensis 61% (Lee et al., 2020), 1UsAu front-
end desaturase-2 UoslaNWaA Tigriopus californicus (QWC69495) 60% (Kabeya et al.,
2021) wazlusiu delta-5 desaturase voslainen Paracyclopina nana (APH81338) 57%

(Lee et al.,, 2017) LARIFINNTIT 12 LLangﬁ 35
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JUN 33 drduilindlelnauaznsneziluvesdu ArD6D vadlaiinen A. royi-TH NlAINNI3

Apsziiglusunsy Expasy ninerdlundniniedideussvinaisiesiindlolvaunazlanou

(codon) Msustdmunansisarsuiinadlalnaves cytochrome b5-like Heme/Steroid

binding domain fI8nYIUUILERAIEN transmembrane domain NTUSHIANIDDULAAIDS

o w

a1rutiinalelunAves fatty acid desaturase domain #1UL%4U8e forward gene primer

wanIRENISUALEULA LAz reverse gene primer LanIeN1ALEUlFED LAY
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Stop
coqon

ArD6D y OytbS | ==t TM = TM || ™ | 'TM || TM | FA_desaturase | 133

Start
codon

a

JUT 34 lawuveslusiu ArD6D vadlaiinen A. royi-TH AUE1IV0EMUNIABLILULARAIGT
ALaUAIUVINAD FILRUIVBS cytochrome b5-like Heme/Steroid binding domain wan9
AuELREDY MILNUIVBY transmembrane domain LansAedHn AMLKUIUDY fatty acid
desaturase domain wanIrE@NT Iae Cyt-b5: cytochrome b5-like Heme/Steroid binding

domain; TM: transmembrane domain; FA desaturase: fatty acid desaturase domain

31N5189°U89 Nielsen wagamiz < (2019) ARnwduiiAsadestunisduasiz
nsatvtiulowni-3 Tulaiinen A. royi anewugliniu tasieaulidnlussiu delta-6 fatty acid
desaturase (NODE_1_length_2498) aaalafinan A. royi fifanssuved A6-desaturase i
winfilun1siasunsalusiu tetracosapentaenoic acid (C24:5n-3, TPA) Tuidunsalagiu
tetracosahexaenoic acid (C24:6n-3, THA) ﬁawmsmﬁmﬂﬁﬁ%m B-oxidation wanaeidu
nsmalasdy DHA (C22:6n-3) maudfinasdstAsigwnsalaiuves Sprecher (2000)
wazanAsAnwInIsdsLAsIginsaladu DHA Tulaiiwen 7. californicus wuinlusfu front-
end desaturase-2 (QWC69495) fifanssuved Ad-desaturase iviniindlunisiudeunsa
s docosapentaenoic acid (€22:5n-3, DPA) Tinaendunsalugu DHA (Kabeya et al,,
2021)

INMTAATIEVTBYaVRIBU ArDED vadlaiinen A royi-TH uaznsilIeuliisuainy
willourasddunsnasiilu wuindu ArDED Unazietestiuifinisdunszsinsaludu DHA
Tneiifanssuves A6-desaturase fatudsdnwssiunisuantoanvasiu AD6D lulpdinen

A. royi-TH Tuusagszeziiauinis welmanlaineuvesdu ArD6D wiinunUu
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A15199 12 Anunileuvesanuiinalelnaveclusiu ArD6D vaslafinen A. royi-TH AU

lUsAulungy desaturase lulafinenaneiugaus*

Identity (%)
Similarity (%)

ArD6DTH  ArD6DTW TjD5D4 TkD5/6Da TcFed2 PnD5D

ArD6DTH

- 99 61 61 60 57
(Apocyclops royi-TH)
ArD6DTW
(Apocyclops royi-TW) 100 - 61 61 60 57
(NODE_1_length 2498)
7jD5D4
(Tieriopus japonicus) 76 76 - 83 92 66
(AIW65593)
TkD5/6Da
(Tigriopus kingsejongensis) 76 76 89 - 81 67
(Lee et al.,, 2020)
TcFed2
(Tigriopus californicus) 76 76 96 89 - 66
(QWC69495)
PnD5D
(Paracyclopina nana) 75 75 83 81 82 -

(APH81338)

*ArD6DTH: delta-6 fatty acid desaturase ¥ 3lafinen Apocyclops royi-TH; ArD6DTW:
delta-6 fatty acid desaturase vaslaiinen Apocyclops royi aneiugleniy; TjD5D4: delta-
5 desaturase 4 vaslaWwen Ticriopus japonicus; TkD5/6Da: delta-5/6a desaturase ¥4
1aiwen Tigriopus kingsejongensis; TcFed2: front-end desaturase-2 ¥aslafiwen Ticriopus

californicus; PnD5D: delta-5 desaturase vodlaiwen Paracyclopina nana
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Cyt-b5 domain

ArD6DTH  ——==-=-——- MPSRVPDEL DKL SSQ 52
ArD6DTW -—-—-—-----MPSRVPDEL DKL SSQ. 52
PnD5D —-—-—---MEPDHGVMDKKH GKI SQ. 55
TkD5/6Da —-------M-ASDLSPES DKI ST 52
T7D5D4 -—----MAP-NSEIHPES DRI SQ. 54
TcFed?2 MPSREMAP-NSEIHPES NK SQ 59
Cyt-b5 domain
ArD6DTH FYAVDKSVDYSEKDNQ F IGILTLVT 112
ArD6DTW FYAVDKSVDYSEKDNQ FLKIGILTLVT 112
PnD5D YISDDTTVSHDPQDH YIKVAFILGSA 115
TkD5/6Da FQOSKDESVQYSPDDH E" GVILGAA 112
T7D5D4 FERVDQTVTYSTDDH Y AFIMGTV 114
TcFed2 FESTDETVTYSTDDH I Y AFIMGSV 119
__TMD__ —_—MD FAD domain
ArD6DTH YTAS FLF L TF| 172
ArD6DTW YTAS FLF L 172
PnD5D IN LEY 175
TkD5/6Da LTQS IMGLLY 172
T7D5D4 MTKS WE'Y 174
TcFed2 YTKS WEY, 179
FAD domain TMD
ArD6DTH VRL LKFQLF! 232
ArD6DTW VRL LKFQLF! 232
PnD5D LE REFHI 235
TkD5/6Da THL LKYHF 232
T7D5D4 VHL LKYH 234
TcFed2 VHL 239
FAD domain.
ArD6DTH LSIEDVLSW KSYQS LGSA 292
ArD6DTW LSIEDVLSW KSYQS LGSA 292
PnD5D IQTVDNILKG GPH VTSAL 292
TkD5/6Da IQSLENVVSGS KPHR TETWVL 289
T7D5D4 QSLENVVSG KPHR TFMWSL 291
TcFed2 IQSLENVVSG. KPHR TFMWSL 296
TMD FAD domain
ArD6DTH H] ET)| 352
ArD6DTW H! ET 352
PnD5D GF! 352
TkD5/6Da LL TRPS K 349
T§D5D4 TLEDTTRPS 351
TcFed2 IL 356
FAD domain
ArD6DTH HVKKFCDERK TTIDANL IK 412
ArD6DTW T HVKKFCDERK TTIDANL IK 412
PnD5D QHS I EEKG DSINE SCVKHL I 412
TkD5/6Da SHETY]| TVREFCKEKN PTLGENIRSCTQ 409
TjD5D4 T TVK LEKK PTIGENIRSCTOQ 411
TcFed2 SHT TVK LEKN PTIGENIRSCTQ 416

ArD6DTH ESEMPNSVVME TKMPIVS 433
ArD6DTW ESEMPNSVVME TKMPIVS 433

PnD5D NN VHITMISAAN-—--—-— 427
TkD5/6Da SHETPKNATIQAAKTMLAH-- 428
T7D5D4 SHETPKNATIQAAKAMLAH-- 430
TcFed2 SNETPKNATIQAAKTLLVN-- 435

Ul 35 msdasssddunsaeriluiiewiouiisuanumilouszninslusiu ArDD veq
Tafinen A. royi-TH (ArD6D-TH) fulUsfiu desaturase Bu¢) ﬂimaxﬁiuﬁmﬁauﬁ’ulunaiﬂsﬁu
wansFrensusidmdy nsnexiluiimilouiiluldstiudusaeswiaduluuansdionisus
WAwnseu MIusdiuansiuniinsaesiluiiuanseiuves ADED-TH waz ArD6D-TW
1ny ArD6DTH: delta-6 fatty acid desaturase vodlaiiwen Apocyclops royi-TH; ArD6DTW:
delta-6 fatty acid desaturase vaslafinen Apocyclops royi maﬂ’uﬁ:léfui’u; PnD5D: delta-
5 desaturase VpIlANNBA Paracyclopina nana; TkD5/6Da: delta-5/6a desaturase 2949A

W W e a Tigriopus kingsejongensis; TjD5D4: delta-5 desaturase 4 % ® 4
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lafiwena Tigriopus japonicus; TcFed2: front-end desaturase-2 voslaNWaaA Tigriopus

californicus

4.2.2 MSANYINISUERIDDNVBIEU ArD6D VaslaNwan A. royi-TH luusazssey

WAIUINIT

A o sal o U = =

dipvmseenwuulnswesidnmeiuiu ArD6D iensivaeunisianioanasduly
uAazITIENMUINITTOIANNEA A royi-TH fewmalla Semi-quantitative RT-PCR lagldgu
elongation factor 1-at (EF1a) \Jugummuau anntuAnwinisuanieanvestu ArD6D Aae3s

Gel electrophoresis meﬁﬂgﬂ‘ﬁl 36

Nauplius (NP) Copepodid (CD) Adult (AD)
100bp NP1 NP2 NP3 CD1 CD2 CD3 AD1 AD2 AD3

3000 bp

P . T S ww— w— w—. " wwwww wsssw B OB

g

{l=la]=]
oF oo

g
(1]
|

w
8
o

g

<« EF10L 143 bp
(control)

JUT 36 n1suanteenveddu ArD6D vadlafinen A. royi-TH Tuusagsvezimuinis (A) n1s

LanIeeneddu ArD6D Wag (B) MIuansoanvesdu EF1QL Fududuauny Sssadeude
wAllA semi-quantitative RT-PCR 1ae M: 100 bp DNA marker; NP: lawwon A. royi-TH
syuyusnasd; CD: lafinen A. royi-TH sveglafiln@n; AD: lafinen A. royi-TH sy8@alAl

[y

Y



75

2.0 A
S b
F:
o 1.5 A
—
=%
<
(] a a
< 10 I
o
€
g
] 05 ]
o
[}
o

0.0

Nauplius (NP) Copepodid (CD) Adult (AD)

SUN 37 sgaunsuansaanvasdiu ArD6D vadlafinen A. royi-TH Tuuragszasimuinis 1oy

'
LY [ = o w a

AIINYINIINGUNLANANTURAAITIANLANANDE 1Tt AN 19aDR (0<0.05)

=2

L a

NANTSIASIENTLAUNSHANIDDNVIEUW ArDED Aleluswknsy Gel Pro 3.1 wulngu
ArD6D finnsuanseaniigannnaisiuegalidedrAgynisaifluszes AD vadlafinen
A. royi-TH Wieilguiuseey NP wagszeae CD wanenegun 37 WealUSeuiiiguiunanis
a ¢ Y ! P~ ~ . I~ Y]
AnTzvnsaluiunuInIswanseanuetdu ArDeD lulafinen A. royi-TH szag AD fisgau
Lanseanangn uazwanseanteslulafinen A royi-TH ssgy CD waz NP Fsaenndediy
USuauweansalusiy DHA A8AWINTU 4.85%, 3.50% WAy 2.78% MUAIRU Dakandliliiung

unuInveedu AD6D Tun1sdaasizvinsalatiu DHA vaslafinen A royi-TH uhagsees

NAIUINTT

4.2.3 N5ANYINITUANIDDNVBITY ArD6D vaslafinan A. royi-TH MLaeedae
#1%918 Tetraselmis sp. Wag Chaetoceros sp.

INMsANYINsIAnseanvasiy ADED vaslafinen A. royi-TH MlaBedeamsne
apavilaifinaAmslavuinisnsalusiufiunnneiu liun (1) amse Tetraselmis sp.
amsedideafinunsalusiu EPA i wazlinunselusiu DHA was (2) @wsie Chaetoceros
sp. amseFivdoseiiana inunsalusfu EPA g1 #1875 Gel electrophoresis (U7 38)
WUITERUNITLERIanveBuTtiATzildannlusunsy Gel Pro 3.1 Tafinen A. royiTH

N v

MABINI8aImMINY Chaetoceros sp. TgsunishanseaniigeetralifedrAgynisanaiiie

o
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Wlsuiiteuiulaiinen A. royi-TH fidssieaming Tetraselmis sp. (p<0.05) LLamé’quﬁ
38 Feaenndesfunisanwinsalusivlulafinen A royi-TH MAssdvamsnoasseind
Tnelafinen A royi-TH fiidewsieainine Chaetoceros sp. wunsbusiu DHA g9dia 7.58%
Tusasilafinen A royi-TH fidesfreamsne Tetraselmis sp. nunsabusiy DHA 4.76%
nitlinunsalaturindluamsne Tetraselmis sp. uansliifuiinmamnslaguinig
FupnsnefuresamedmaioUsunauavesfUsznovransaludululafinen A royi-TH

lneAndtamsienil EPA geagyinliilafinen A royi-TH a1unsadaunsivsinsaludiu DHA

YSunaugendnavsnenidl EPA ¢

100 bp 1 2 3 1 2 3

[
Tl
Tmwiw]
SEss

| 1t

-t
CTOUTOUTOY

(89]

B

500 bp
400 bp
300 bp
200bp — et gl < ArD6D 265 bp

100 bp

—
—
————
- ——-

~
g
o
b
’
e

il

<« EF10.143 bp
(control)

'guﬁ 38 nsuanteanvadiiu ADED vaslafinen A. royi-TH MaBeeamsne Tetraselmis
sp. Way Chaetoceros sp. (A) NTUaAI®NTDI8U ArDED laz (B) N1TLanieanvesdu EF10L
Fadudumuau Jsmsavaeunisuanieanvesdusieimaiia semi-quantitative RT-PCR lag
A8 M: 100 bp DNA marker; ArTet: lafiwan A. royi-TH ﬁL?:aqé’aaamﬁ"lsJ Tetraselmis sp.;

ArChaeto: lafiwen A. royi-TH Ml&edne@14ine Chaetoceros sp.
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2.0 -

1.5 A

Relative mRNA expression
[
o

0.0

ArTet ArChaeto

JUT 39 sEAuNITHANIeNYeIBUY ADED Yaslainen A royi-TH NAgslI8a1ms1e
Tetraselmis sp. Wz Chaetoceros sp. AIPNYINIHISINGUILANA 1T ULARIDIAMUBANETS

a8 190 0Bd1AyYn19adn (p<0.05) Tay ArTet: Lafiwon A. royi-TH MLA89A18@I1IN8

Tetraselmis sp.; ArChaeto: lafiwen A. royi-TH fWAeaseavsie Chaetoceros sp.

JLAUMIUARI0ONUBITU delta-6 desaturase (ArD6D) dinsuanssaniigeluszey AD
voslAfinen A. royi-TH MdesaiuaIvsng Tetraselmis sp. (Mlanwunsalagdu DHA) sgAunng

WANIDBNVDITU ArDED MALTUTAanARINUNISHANTUYDINTALVTU DHA waziilavinnis

=

Wiguilsuainsneaesviaiiie AOUA Armislavuinasnsalafufinanane Toun @ 1msie
Tetraselmis sp. finunsalasiu EPA s wazldwunsalusiu DHA wava wsng Chaetoceros

sp. inunsaludiy EPA g¢ wudn1swaniaanvesdu ADED dnisuanseeniigilulaiinen

C o [

A. royi-TH L8830 18@1%518 Chaetoceros sp. 98198 Usd1Agyn19ad R (p<0.05)

LanIAIIUN 39 Faaepadaaiuuunansaludiu DHA Aiugadululaiinen A royi-TH ldes
AEAMIE Chaetoceros sp. IANTIVINNTHAAIRBNYBIEU ArDED MBUAUDIADAMAINIS

s

Lnsuinisnsalusuluamsefiunndisiu wudsifudailunguafamdsunatsaneiug
iauﬁﬂ‘g Eriocheir sinensis (Yang et al., 2013), Scylla paramamosain (Lin et al., 2017),
Portunus trituberculatus (Wang et al.,, 2014) ﬁ: JdavaLnes Sagmariasus verreauxi
(Shu-Chien et al., 2017) wazn9¥17 Litopenaeus vannamei (Chen et al., 2017) finuindu
delta-6 desaturase WuBuiineuausssionuAvalarMInsaluiuresems wagamnse

dufluguladndu ArD6D fifanssuves Aé-desaturase Favimthilunisifuiuszeliiy
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aaa |

nsalosiu TPA Tinaneilu THA Geanunsatinufisesneladunsaleiu DHA Tuddnas

duasgninsalvduvedlafinen A royi-TH uansisguin 40

C20:5n-3
Eicosapentaenoic acid
(EPA)

‘ Elongase
C22:5n-3
Docosapentaenoic acid
(DPA)
‘ Elongase
C24:5n-3
Tetracosapentaenoic acid
(TPA)

46§ Armep*
C24:6n-3
Tetracosahexaenoic acid
(THA)

* B-oxidation
C22:6n-3
Docosahexaenoic acid
(DHA)

JUN 40 Famsdaaseinialudiu DHA vedladinen A. royi-TH
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una 5

A7UNANTIINARDY WazUalauaiuL

5.1 @gunan1innaay

) s

N7 aﬂf“fqmﬂizamLwaﬁﬂmaaﬁﬂizﬂawaaﬂﬁﬂiﬁuﬁwﬂaﬂﬂﬂwam Apocyclops royi
aewuglng (A royi-TH) uazfnwinisuanieenvesduiliieadesiuiinsduaseginsalusiy
Town-3 Tulafinen ankan1snaassnuiItafinen A. royi-TH WWuwvasvensalugdudndu
719 PUFA, EPA 4@z DHA Im&JWUﬂiﬁlﬂﬁué’ﬂﬂa"nﬂ‘%mmqqﬂdﬁﬁwﬂummiﬁ%imﬁ@%uq
¥ur 9ns7idle (A, salina) wazlsunwinda (Moina sp.) uenaniilafineaii 3 syesimuINg
laun szeguawaed (NP), szuzlafilnAn (CD) uwazszovdLdnds (AD) wunsaludu DHA

a

USununas laenudesvanlulainenszes NP uazuinigalusses AD aaudidu

9

Galafinonnnazeriiaminisddneninluniniluldeoyuradaiihfeseu uasnuinladinen
flasseamieindu Chaetoceros sp. (EPA g9) fiUSumnsalusiu DHA figeninladinen
Fdoasansreindu Tetraselmis sp. (EPA ) ildmsnuinesdusznevresnsalusiy
Tugmsefiuansasiudanaseusuiansaludu DHA lulafinen 99nn1sAnwINISLARIEEN
138U ArDED TiAwdesiuidnsduaseinsaluiulewni-3 lulafinenusazssesimuing
wui1Bu ArD6D Hszdunisuantooniiiisgetulussey AD Feanndostunsalusiu DHA
fufingedululafinanszey AD wansliifiuindu AD6D oraviminiluidnisdunsie
nsalasiy DHA vadlafinen wazanmisAnwinisuansesnyedu AD6D Tulpfineniidssdie
ause Tetraselmis sp. wag Chaetoceros sp. wuﬁﬁzﬁummamaaﬂLﬁ'm@q%ﬂuiﬂﬁwam
fidesdeaming Chaetoceros sp. donadasiud3unansalusiu DHA finuinnlulafinen
Fdusheamste Chaetoceros sp. wlvnsuingu AD6D Wudufimeuauessoasruszney
voensaluiuiivaneiu Tneusutaunsaludu EPA dinaseusuiansalusiu DHA finulu

Tpfinen Jsdayaluddnildezlulsglovidonsiauinismededainondandivdves

Inglusuran
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desaneuideiidunisfinwszduiosufoinig aeldaniazarunueiag
mndesnnilldlussdugrainnssunsfinsfinwifiuiu Wy ssuunndss uazane
Tun1sidsslafinen wagamie ieldaiunsadsddafinenuazaminsuiuauinld
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d13aza18 A : Nitrate and phosphate stock solution (1 §7%)

NaNO, 84.15
Na,MoO,.2H,0 6.00
Fe,Cls.6H,0 2.90
Na,EDTA.2H,0 10.00

d19a2a18 B : Silicate stock solution (1 &n3)
Na,Si05.9H,0 33.00

d19aza1® C : Trace metal stock solution (1 &a3)

CUSO4.5H,0 1.96
ZnS04.7TH,0 4.40
NayMoO4.2H,0 1.26
MnCl,.4H,0 36.00
CoCl,.6H,0 2.00

d19aza1® D : Vitamins stock solution (1 &n%)
Vitamin B1 0.40

Vitamin B12 0.002 fiadnsu



100

Biotin 0.10 fiadnsu

AMANUIN U

NATURNUNIU Proceedings



- a - v - <
m?ﬂ‘iz‘quwwz'n'm'n’lmumqwmamnw?mam'ﬂ?m 60 ANTMUVANARAT

asrdsznaurainsaladuuaznisuansaantasiiu methyl-end desaturases lulainwan
Apocyclops royi

Fatty acid composition and gene expression of methyl-end desaturases in copepod
Apocyclops royi

AN AsTunia®, 2REns WImindad e TR dwndwe, dundilszm Anadladne

Supakarn Sungkaew®, Walaiporn Charoensapsri®®, Piti Amparyup®®, Chanprapa Imjongjirak™*
*mpdrmatuladnieems ansAngrAnans aaansafumanende Ngamne 10330
CAutiugisanssauazmaluladidanmusienid yusail 12120
AuiliFtnanmamezmeinunaiulatiianmmmain Anginenanans inaansimingdt nqamne 10330
“Department of Food Technology, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand
°National Center for Genetic Engineering and Biotechnology (BIOTEC), Pathumthani 12120, Thailand

“Center of Excellence for Marine Biotechnology, Faculty of Science, Chulalongkorn University,

Bangkok 10330, Thailand

*Corresponding author. E-mail address: chanprapa.i@chula.ac.th

UNARED
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'I.uqmmunﬁunﬂﬂwmgﬂqﬂvmﬁiﬁ Tunsdneifldianisinssinsaleiulagdufalasuans il
unagwntnsalnd Aunudmnazazaes A. oy ldun uemaes Talinda uazdainde fdosdanaming
Tetraselmis sp. f LC-PUFA Tutunnugesaaifhs DHA unz EPA uenaniulddunudnduiiandle niasysafues
flu methyl-end desaturases uai 2 #u 1dur AO3D-1 uaz Ar03D-2 angudayansuaailing iiediaszd
Tisfu Ar03D-1 waz Ar03D-2 wudniladuwieunuiiu 03D-1 uay 03D-2 vaslafiwan Tigriopus californicus
Wil 72% waz 73% ANaAL Midssinisuanseantasdunudniuiinisuanseanlunnsrasimunnis uas
uanspeniageiulusstzsaingt uandliuini 2 Bueraiuhithidinmadaammsinealaii PUFA sesladl
o A. royi
AdnAty: naoluuliBumidedou, Tnitwen, Ausmiss

Abstract

Copepod Apocyclops royiis a group of small crustaceans, which plays an important role as major live
feed in the aquaculture industry. In this study, analysis of the fatty acid contents using gas chromatography/
mass spectroscopy analysis indicated that all copepod stages (nauplius, copepodid and adult stages) of a
Thai culture of A. royi fed Tetraselmis sp. contained high levels of LC-PUFAs, including docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA). Moreover, two novel full-length cDNA of methyl-end desaturases
(ArO3D-1 and ArO3D-2) of A. royi were identified through transcriptome database. ArO3D-1 and ArO3D-2
proteins exhibited 72% and 73% similarity to O3D-1 and O3D-2 of the copepod Tigriopus californicus,
respectively. Gene expression analysis showed that ArO3D-1 and ArO3D-2 were universally expressed in all
different stages and also upregulated in the adult stages, suggesting the possible function of these genes in
LC-PUFA biosynthesis pathway of copepod A. royi.
Keywords: Copepod, Desaturase, Polyunsaturated fatty acids (PUFA)
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Mnswsauialiaansie Tetraselmis sp. Tuanunsgnsiiaansa F/2 (Guillard, 1973) Aitsgauannin
NELBAMNLAN 25 ppt tuN1sHTaNgmMgR 121°C e 20 Wi innnsidesfiguuugi 25°C Iieniduas
uaslaelduaanlnngaasamusnaaniaat inmadaadung 7 5u uasihamsenidslainen A. royi i

o ¥ = o & o - . o - PP o
1an 15 31 lwdmziafinauida 25 ppt liumetwlafineausazszazimuinis (wamaea Tatinin uas 5o
winde) Taeldnseclunseuiifiauingdn (Pore size) 33, 180 uax 300 Tulasiuns ausnlafinanusiazssas in

msmaaes 3 1 aniudelafinen ududelug -80°C wedinssiludunausialyl

nsaAReiLinunea lvauluusasssaznsimunsyeslaiwen A. royi
Ymsiaealafinen A. royi T meianauiAy 25 pot tngldausae Tetraselmis sp. iluanwnitluaan
16 4 amuinnsuansazlafinan 18un #uiude (AD), TaRiTnAn (CD) wazuawana (NP) Aaadinnseqaunn
300, 180 ua 33 lulasiuns AudrdL innsdralafinenlutimeiananuidy 25 ppt agnatiae 2 A% amifurin
shatalainanlifinmsimaiauardndiuaesnsalasiusamaiiniinsedl GC/MS analysis Aaszinalae
. .

v ,
nsvinnnsmaaed 3 91 tnadayaildargninlddiassiaauuislson (ANOVA) wasvinnsuSeuifisuaaiu

unnsinsrasAiedelaald Duncan's multiple range test AiszAuAMULTRN 95% AnaTilsunsu SPSS

NITAUM RS IATIEE methyl-end desaturases (ArO3D-1uas ArO3D-2)

Aunide HRUD §1 ArO3D-1 (GenBank accession number: GHAJ01031023) ia e ArO3D-2 (GHAJ
01060007) mngm-ﬁmdamwuaﬂ?ﬂ‘[mummTﬂﬁwm A. royi Wmsevianauilaaalalng uazansunsnaziluaes
fusaeTilsunsu ExPASy (https:/www.expasy.org) nnuna Iaiureslsiudaalisunsu SMART (http:/smart.
embl-heidelberg.de) WFauifauAumiaunuduiisiasulugiudeys GenBank Tatl4Tisunsu BLASTP
(https://blast.ncbi.nim.nih.gov/Blast.cgi) UaTNa Sequence aIignmentTﬂﬂ'l'ﬂlJ?Lmi‘u Clustal Omega (https://

www.ebi.ac.uk/Tools/msa/clustalo/)

N19817A RNA UAzis5e cDNA

$n12arin total RNA annsieauszazaaslafinen A. royi (NGNA18EN9AT 3 u1?'1) FAtgamIe
Tetraselmis sp. Anagaannaifidule TRIzol™ Reagent Fnnstesdidueiidaiuaandaeianle: DNase |
FAnziA T NduLATATIA AR L AN INTBIAIBEI9 RNA #tLA3eq Nano Drop 2000 (Thermo Scientific)

wazdaLas1zy cDNA Taeld ImProm-II™ Reverse Transcription System Kit (Promega) Lﬁﬂﬁ’m’ﬂ?’fluﬂgm‘m

RT-PCR

N1934AIEANITUAANR DN YBIE
yinnnreenuuunswesidamwiziuEu ArO3D-1 (F: AGGGTGAGGATGTTCCTTGGTA Uay R: TCATT
GCACTTCCTCACAAGGT) WA ArO3D-2 (F: ACGAGATCTTCTACCCCGTGAG a¥ R: CCCAAGATAAGTCCA
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quantitative RT-PCR Tnel4TLsunsudal] 94°C 1 1un#t mwdan 25 381 184 94°C 30 3N, 55°C 30 3wl uax
72°C 30 2wl Lm:vT'ma;m"?i 72°C 5 il fumewsieltiin PCR product M&lAiasesilaeld 1.8% Agarose gel
fendat Ethidium bromide (EtBr) Bhusiumaaiiléludiaszidaninies Gel documentation sauruldsunsa
GeneSys azlfunuanatiu anthiuouildlsaAnsuanseanteiy (mRNA expression) saglilsunsu Gel
Pro 3.1 simple analysis UAZATUITIANNITUAAIDBNTDIEL (Relative mRNA expression) {ne/ld Elongation factor
1-a (F: GTGTTGGACAAGCTGAAGTC war R: GGTCCAGTGATCATGTTCTTGATG) Lﬂuﬁumuqu YIN1INARDY

_

3 41 eFauifiaunisuanseanvestululainanudassey
R

NALAZINTUINANITNARDY

nsaarzings laiululaitnes A. royi #Lz‘v'ywm”oﬂmuivﬂ Tetraselmis sp.
annsdnBanneanseluiiuselafinen A. royi i 3 sresiilaessanaming Tetraselmis sp. e
3% GC/MS wuiliunnuans PUFA 1aslafinan A. royi lussazuainaag (NP), szaclailingia (CD) uassvassalfia
Ja (AD) ANy 22.5%, 37.59% waz 42.0% auaau InaFuiuaes PUFA lulafinesiinanaanadasiu
nsfnereunthillulafinen A. dengizicus Fieadan Tetraselmis tetrathele wudn i Funnses PUFA (37.56%)
(Farhadian et al., 2009) laevaausvazRLNsaslARwaANLINT LC-PUFA afluBaunmniiige winiu 5.27%,
9.43% uaz 10.51% Audd edinsziAnsasnsalailewni-a lulafinenta 3 szay wudn feawinfy
15.58%, 25.25% WAz 26.64% AINAIAL vanamiugawunsalasiy DHA (C22:6 n-3) Tulafinemia 3 sves Tnelu
szavAILAN (AD) wumnﬁqm (4.85%) sa9nenARszeuulAngGa (CD) (4.23%) uazszazrigauuainaes
(NP) (2.78%) luaniiinsnlasfiilawinn-6 veslafinemia 3 szy S15an0s 6.92%, 12.34% Uy 15.36% ANANSU
Tnenwunsnlasiu ARA (C20:4 n-6) lulafinansvazdugulaiiinga (CD) (1.11%) uazsvas Aalfindt (AD) (1.31%)

wilinululafinemsvazsingauuainana (NP) uanesa Table 1
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Table 1 Fatty acid analysis in the three developmental stages (nauplius; NP), copepodid; CD, and adult; AD) of

the cyclopoid copepod A. royi fed with Tetraselmis sp.

Copepod Apocyclops royi
Fatty acids
NP cD AD
n-3 PUFA
C18:3 n-3 (ALA) 10.31+6.04 17.1440.53 18.10+3.01
C20:3n-3 Not detect 0.79+0.21 1.15+0.10
C20:5 n-3 (EPA) 2.50+0.19 3.100.76 2.55+0.08
C22:6 n-3 (DHA) 2.78+0.01° 4.23+0.49™° 4.85+0.88"
n-6 PUFA
C18:2 n-6 cis (LA) 6.92+0.72° 10.47+2.55*° 12.81+0.55"
C18:3n-6 n.d. 0.56+0.02 0.59+0.06
C20:2 n-6 n.d. n.d. 0.39£0.13
C20:3n-6 n.d. 0.21£0.00° 0.2740.01°
C20:4 n-6 (ARA) n.d. 1.1140.42 1.31£0.19
YSC_PUFA 17.23+6.76 28.16+2.04 31.49+3.62
SLC_PUFA 5.27+0.20° 9.43+0.35" 10.51+1.01°
Sn-3 PUFA 15.58+5.84 25.25+0.59 26.64+2.31
Sn-6 PUFA 6.92+0.72° 12.34+2.98%° 15.36+0.30°
SPUFA 22.5046.56" 37.59+2.39" 42.00+2.61°

Note: Data represents the meantstandard deviation of triplicate samples. Means with different lowercase letter
(shown above) are significantly different (p < 0.05; one-way ANOVA with Duncan’s multiple range tests). n.d.=

Not detected.

nsAnEiil uazNITUAAIBENTAIEL ArO3D-1uas ArO3D-2 aadlaiinan A. royi
HaaINN133LATIeiEulungy methyl-end desaturases 199lAfinan A. royi Aunudua1uIn 2 By
yszneudan Ar03D-1 uaz ArO3D-2 ievinnsiiasesiwudnia 2 Buiuiilmifdslifimeelulaines A. royi
(Nielsen et al., 2019) 34 1#s1 81 un s A UNUEUS U 4 Ty lungu fatty acid elongase (ELO) ua fatty acid
desaturase (FAD) fimnadnifiaadesiunisdainszinealastusnidulungulamni-3 (Nielsen et al., 2019) uaaan
N193LATIEU ArO3D-1 waz Aro3D-2 lulafinan A. royi wudnisznaudae Open reading frame (ORF) 1141
1,149 ua 1,233 fiua ansnsoudasialidullsfivawin 382 uaz 410 nenariily mMua1Ay AnnsatasIzin
Immw?'iﬁmwd']ﬁmﬁmiﬂmnm SMART W41 ArO3D-1 waz ArO3D-2 1sznausag FAD domain 411491 1
Touu uanslu Fig. 1 ﬁuﬂuﬁnwmmuu‘ﬁmwwzﬁwﬁryﬂmmu‘l'nﬂ FAD (flaufiun199189 U1 AN an ey
aniRvesdiu FAD 'Lu‘llﬂﬁw'nm‘nﬁmﬁluq (Nielsen et al., 2019; Kabeya et al., 2021) naannnisilFauieuanu

wilewiuguniseaulugiudesys (GenBank) Aaelisunss BLASTP wudneiu ArO3D-1 uaz ArO3D-2 HA21x
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wileunuiiu methyl-end desaturase-1 (O3D-1) ias methyl-end desaturase-2 (O3D-2) gaelafinen Tigriopus
californicus TaaEA1ANIMEBUWINGTL 72% UAY 73% AMNATIAL AINT1BIUTR Kabeya et al. (2021) wudndiu
03D-1 agjlungu methyl-end desaturase il A12, A15 uaz A17 desaturase activity luanzfitiu 03D-2 aglu

nq’u methyl-end desaturase A5 A15, A17 uaz A19 desaturase activity (Kabeya et al., 2021)

FA desaturase domain

PRAT PSTLELKKALPAHCRQPDLT TS FYYAFKDLAL

PONTPSILET KRQLPAHCROPTLACS FYYVIKDLVIMAV

VBS ILELKK TLEKECEQPS LV TSMYYV FKDI AT TAGLI

PRNVESTLELKKNLBQHCFE SHEP TS LYYV FKDLAT TAAL
FA desaturase domain

KLSHRHHHKNTGNIDKDEV FYBVREQH 1P FYMFKGY SPRT INHE NPFNHLET K SVNC IESMAC LT ARMGLVVI PYG- SAYGFSRLAI HY LMPVEGEMOW 1V F1 TFLAHHCENVENYG DE KWDEVRGO LS SVDRNYGHAH OV LHN

FYBVREKDY. KFLPLEGLGLSWFFYLFK LCHYLI P1EVEASHLVVT TFLAHQIEN i VAN
KMSHHHHHKNTGN IDKDE FYFVRK TE GEKG —~ GKRK HF IPFFGFGL! A
K FY LPLEGLGL!

YGIDSQQENLRRKR IMTSEAIRNLSTT

W VEN

FA desaturase domain

_—

TGTHOTHHLES KV BHi¥H EEATK VERE RYPE LVRKSDERLI PAF v

IGTHQIHHLFSK TERTVYPOLVRMSNEP IMPAFFRMEY IFDOQOWTKN|

IGTHOTHHLET K1 PHYY KAEVKREF VEDAQQWI DODT RV
TGTHOTHHLET K BHY:: NDP ILTS FVKREF VETS HOLE SNETKE BF FDGKKS TAS!

Fig. 1 Multiple alignment of deduced amino acid sequence of methyl-end desaturases (ArO3D-1 and ArO3D-
2) of copepod A. royi with TcO3D-1 and TcO3D-2 of copepod T. californicus

Note: Gray highlights indicate complete conservation in two species of copepod

(A (B)
ArO3D-1 ArO3D-2
'5 2.0 .5 2.0
2 2 b
] o
5 15 5 154
x x
) )
2 10; S 10
[ b 4
= 4 £
2 os y 2 051
- =1 a
o o a
(0] [7]
X o0 @ oo
Nauplius  Copepodid Adult Nauplius  Copepodid Adult
(NP) (CD) (AD) (NP) (CD) (AD)

Fig. 2 Gene expression analysis of ArO3D-1(A) and ArO3D-2(B) mRNA in various developmental stages of
copepod A. royi

Note: The expression profile from the nauplius (NP), copepodid (CD), and adult (AD) developmental stages
were analyzed by semi-quantitative RT-PCR analysis. The elongation factor 1-a (EF1a) served as an internal
control in all analyzes. Data represents the meanztstandard deviation (error bars) of triplicate samples. Means
with different lowercase letter (above each bar) are significantly different (o < 0.05; one-way ANOVA with

Duncan’s multiple range tests).

WevinniseenuuulnsinaManmnziugiu ArO3D-1 uaz ArO3D-2 ianadeaunsudadnantestiuluus
avsrazRmUIN13Te9lAfiNe R A. royi-TH Aaenaila Semi-quantitative RT-PCR a4 elongation factor 1-a
(EF1a) lutuniunn uan1sAnswugn B Aro3D-1 uaz ArO3D-2 finnsuanteaniigauansineiuatineilittdAty

neadA luszazAaufindt (AD) vaslafinen A. royi ilaauiuszazuandea (NP) wazsraslaitnan (CD) Ad
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wanglu Fig. 2(A) uaz Fig. 2(B) ATNAIAL RINTILINUN1TANE1284 Lenz et al. (2014) AUNUIEY delta-9

v a

desaturase (D9D) 1@slpitwen Calanus finmarchicus finmsuassaaniigeluszaz CD Wadinuruszaz AD (Faus
Fuweily) agnelsfinauiiiediaszinusn Do Lﬂumulmﬁu‘m*wnim'lmﬁu‘lai‘é'uﬁqﬁﬁuﬁwjLﬁ'm
(monounsaturated fatty acid: MUFA) Tmﬂﬁwﬁﬁﬁ"Lmnﬁmmnneimmmu‘lmf 03D Fmifiairanselasiu PUFA
dleuBauieunansiinnsinaalasunusnisuanieentesiiu Ar03D-1 uaz Aro3D-2 luszay AD (u&mseen
49) uaz sveiz NP (uaaseanten) dnauasnndasiuiFunnaes PUFA TnaiAnwiniu 42.0% (AD) uay 22.5%
(NP) mudnsy Feliiiudeumunmaesiuiaaeslunisdainmesd PUFA atnslsfmunisinundusielludedn
489N1919LT84 ArO3D-1 LA ArO3D-2 axinlinsuutirfiuesduiaeslunisdainszyingslasiu PUFA Tulaft

i a &
WaR A. royi NINENTU

a1
naaINNIsANAdELlszauANdia lunsinssiesilseneusesnsaladunarAunuguninesdeeiu
< WA o a 3y = . o . = a4 4 o .
nsdaiassinsaladulidudadedauseclafinen A. royi anauging wudnlafinenfidassaaainine
Tetraselmis sp. 14 3 svez liun szazuaindaa (NP), szazlafiinda (CD) uazszazafinde (AD) wudni
LC-PUFA ot lurffunouiig 5.27%, 9.43% uaz 10.51% mnaau uazlddunudulud 2 g leiud Aro3D-1 uay
. s W gy 3 o~ F
Ar03D-2 wudrdmsuanseaniingalulussasmdinge uanslfidiudnn 2 8u enavinmiiluitinsdaaszd
" 4 5 el 1 o X
nsnlesiu PUFA gaslafinen A. royi Sedayaludednildazidulselosianisimuinismizidasiaiinen

@anwrirefvesne lusunan

fAndAnssuilszna

a

v
ddei Tafunusivayunisisuainguediugirnssuuazmalulad@anwuisand dinauwam

InenAansuazmalulatiuveand (P2050332), A1ineunisisawieanf (foyq1iaah 29.99.(8)(N4)/49/2564)

uaznauitaAinaning ainansaiivAnend (dtyty1iaafl RCU_F_64_004_23)

1and1981984
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ARTICLE INFO ABSTRACT

Keywords: Copepod Apocyclops royl can biosynthesize long-chain polyunsaturated fatty acids (LC-PUFAs) when fed low-
Copepod PUFA p P ly, two el and two desaturases in the n-3 PUFA bmsyn(he[lc pathway were
Apocyclops royi |dennﬁed from A. royi. However, the lete PUFA bil hesi: i in this copepod species is poorly
;:;Agase understood. Here, we report 13 genes, of which nine are novel genes, ding PUFA bi h lated en-
Desahirasi zymes belonging to the fatty acid desaturases (ArD6D, ArDSD, ArD4D, ArO3D-1, and ArO3D-2) and elongases

(Elovll, 2, 3, 4, 5, 6, 7, and 8) families identified from a Thai culture of A. royi (A. royi-TH). Identification of the
fatty acid using gas ct hy/mass spectroscopy analysis indicated that the copepodid and adult
stages were high in PUFAs, with omega-3 fatty acids, while the nauplius stage had the lowest level of PUFAs.
Moreover, all copepod stages of A. royi-TH fed Tetraselmis suecica contained higher levels of LC-PUFAs, including
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), than the microalgae fatty acid content, which was
deficient in omega-3 DHA. Changes in transcript expression levels were determined in three developmental
stages of A. royi-TH. ingly, the i d gene exp! of the fatty acid desaturases (ArD6D, ArDSD,
ArDA4D, ArO3D-1, and ArO3D-2) and elongases (ArElovl3, 4, 5, 6, and 7) in the adult stages was reflected in the
i d fatty acid conc of DHA and EPA in the adult stages compared with the other developmental
stages, suggesting the possible function of these genes for LC-PUFA synthesis in the d pod devel-
opmental stages. These results indicate that the nauplius, copepodid, and adult stages are capable of synthesizing
DHA from low PUFA through a LC-PUFA biosynthesis pathway.

1. Introduction number of marine fish species (Busch et al., 2011; McEvoy et al., 1998;

Copepods are a group of small crustaceans that play a pivotal role as
consumers of primary producers and as major live prey for many aquatic
species in natural food webs (Dhont et al., 2013; Williamson and Reid,
2001). The use of copepods has been reported for larval rearing of a

Ogle et al., 2005; Olivotto et al., 2008; Payne et al., 2001; Rajkumar and
Vasagam, 2006; Shields et al., 1999; Toledo et al., 2005). According to
their high nutritional value and wide range of sizes and swimming
motions, copepods are considered as a promising potential live feed for
marine larviculture (Dhont et al., 2013; Drillet et al., 2011; Stgttrup,
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Fig. 1. Representative microscope images showing the morphology of the nauplius (a), copepodid (b), and adult (c) developmental stages of Oil Red O-stained

A. royi-TH. Scale bars represent 200 pm.

Table 1

Nucleotide sequences of the primers used.
Primers Sequences (5'- 3") Purpose
Fatty acid desaturase
D6D-F TCGCCCTTCCCATTATCTACACGC RT-PCR
D6D-R TGTTCGATCTGGTAATTGAGACCTCC RT-PCR
DSD-F CCGTTGTCTACATCATCAGGTGGGT RT-PCR
D5SD-R GTGTGCGTTGACTGGTCTTCTCGTG RT-PCR
D4D-F CGATCGGAATTCCATTCTCAGT RT-PCR
D4D-R GTTGAACGAAAGCTGAATCACG RT-PCR
03D-1-F ACGAGATCTTCTACCCCGTGAG RT-PCR
0O3D-1-R CCCAAGATAAGTCCAAGCCAAG RT-PCR
03D-2-F AGGGTGAGGATGTTCCTTGGTA RT-PCR
03D-2-R TCATTGCACTTCCTCACAAGGT RT-PCR
DSD-TW-F GCTGCTCTTTTCGGATTGCA RT-PCR
D5D-TW-R CCGAAGCTGGCCTATTTATGT RT-PCR
Elongation of very long fatty acids protein (Elovl)
Elovll-F CCGATAGCCCGAAAGCTTTACTTA RT-PCR
Elovll-R ACGTTGAGGAAACCAAAGAAGGAG RT-PCR
Elovl2-F ACGGTCAATTCGTTAGTTCACGTC RT-PCR
Elovi2-R AGCATGAGGAGGCTTGTTATCAGA RT-PCR
ElovI3-F TTCGATTTCTTCCAGGTGGTCA RT-PCR
ElovI3-R CACTGGGTACGCACAGTCCTCT RT-PCR
Elovl4-F AGTTCCTCGAAATGTTGGACTCGT RT-PCR
Elovl4-R TAGTAGCCGTACATGAGGACGTGAA RT-PCR
Elovl5-F GGAATCCAACCTTCTTGGAAGAGAC RT-PCR
Elovl5-R GTTGGCGATATACAGCCTAGGTCAC RT-PCR
Elovl6-F GTATCACCACTTGACCGTTCTGTTG RT-PCR
Elovl6-R ATCTGATAGGCCCAGACGTTGACTA RT-PCR
Elovl7-F GATGTGTGCCGCCTACGTCTAC RT-PCR
Elovl7-R GCTTTGGGGTTGTCGGAGTAGT RT-PCR
ElovI8-F ATCGCTTACAATGCTGTTCAGGTC RT-PCR
Elovi8-R GACACGTTGTCGAACTTTTTCCTG RT-PCR
Elongation factor 1-a (EF1a)
EFla -F GTGTTGGACAAGCTGAAGTC RT-PCR
EFla -R GGTCCAGTGATCATGTTCTTGATG RT-PCR

2000).

Certain essential fatty acids, especially omega-3 (n-3) long-chain (>
C20) polyunsaturated fatty acids (LC-PUFA), are essential nutrients that
are considered important drivers of ecosystem health and stability
(Parrish, 2013). Their significance not only impacts on animal growth,
but also on other facets, including reproduction, immunity, and ion
balance regulation and product quality (Glencross, 2009). Previous
studies have shown that many invertebrates possess enzymes that
contribute to LC-PUFA production (Kabeya et al., 2018; Monroig and
Kabeya, 2018). In particular, the desaturases and elongases are key
enzymes that play essential roles in the PUFA biosynthesis by aquatic
invertebrates.

Three types of major enzymes that participate in the pathways of de
novo and trophic upgrading of PUFA, namely methyl-end (or wx)

desaturases, fatty acyl (front-end) desaturases (Fads), and elongation of
very long-chain fatty acid (Elovl) proteins (commonly known as elon-
gases), have been characterized from many invertebrate species,
including sponges, cnidarians, molluscs, annelids, crustaceans
(including copepods), rotifers, echinoderms, and non-vertebrate chor-
dates (amphioxus and sea squirt) (Kabeya et al., 2018; Monroig and
Kabeya, 2018). In copepods, a previous study reported that methyl-end
desaturase genes were exclusively found in the specific orders of
Siphonostomatoida, Cyclopoida, and Harpacticoida, but not in Cala-
noida copepods, while the presence of front-end desaturases, as
demonstrated by the ability to bioconvert eicosapentaenoic acid (EPA)
to docosahexaenoic acid (DHA), has been suggested in the calanoids
Calanus finmarchicus and Drepanopus forcipatus and the cyclopoid Cyclops
strenuus (Monroig and Kabeya, 2018).

Although genomic and transcriptomic resources are available for
several Harpacticoida, including Tisbe holothuriae (BioProject
PRJEB23629), Tigriopus californicus (Schoville et al., 2012), Tigriopus
Jjaponicus (Kim et al., 2015), Tigriopus kingsejongensis (Kim et al., 2016;
Lee et al., 2020a), and Platychelipus littoralis (Boyen et al., 2020), and
Cyclopoida (Paracyclopina nana) (1.ee et al., 2020b), there is no evidence
demonstrating the functional role of these enzymes in the LC-PUFA
biosynthetic pathways. Interestingly, a recent study in the harpacti-
coid copepod T. californicus revealed that the complete n-3 LC-PUFA
biosynthetic pathways exist in a copepod, with 13 genes encoding for
two wx desaturases, five front-end desaturases, and six elongases being
identified and functionally characterized (Kabeya et al., 2021). How-
ever, the molecular mechanism underlying the PUFA biosynthesis in
copepods remains largely uninvestigated.

The cyclopoid Apocyclops royi is a tropical copepod that is suspected
to possess the capability to biosynthesize n-3 LC-PUFA from short-chain
PUFAs (Nielsen et al., 2019, 2020, 2021; Pan et al., 2018). Transcripts
coding for four putative front-end desaturase and elongase enzymes,
including Fad A5, Fad A6, Elovl4, and Elovl5, have been identified and
assumed to function in the n-3 PUFA biosynthetic pathway (Nielsen
et al., 2019). However, their exact function remains to be experimen-
tally characterized. In this study, we identified 13 n-3 LC-PUFA bio-
synthesis-related genes encoding for methyl-end desaturase, front-end
desaturase, and elongase enzymes from a Thai culture of the cyclopoid
copepod A. royi (A. royi-TH). We analyzed the transcript expression
levels and fatty acid compositions in the nauplius (NP), copepodid (CD),
and adult (AD) developmental stages of A. royi-TH that had been fed on
Tetraselmis suecica, a green microalgae that is deficient in DHA.
Knowledge of the gene expression and fatty acid profile in these different
development life stages of A. royi-TH may provide novel insights into n-3
LC-PUFA biosynthesis and metabolism in invertebrates, and may alter or
enhance more efficient PUFA production to supply the demand from
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Molecular characteristics of the genes and their predicted protein products in the
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Table 2 (continued)

. . : ) Gene CDS /ORF Closest gene (%  Conserved Putative
LC-PUFA biosynthetic pathways of the cyclopoid copepod Apocyclops royi. it amino‘add doriatng Biological
Gene CDS /ORF Closest gene (%  Conserved Putative similarity) Functions/
name amino acid domains Biological (ACNO) Reference
similarity) F i sources
(ACNO) Reference (67%) activity
sources (QWC69501) towards C18,
Fatty acid desaturase €20, and
ArD6D 1302 bp/ Tigriopus Cytochrome b5- Front-end €22:5n-3, but
433 aa californicus like Heme/Steroid  desaturase: n?l C22:4n-6
front-end binding domain, A6 fatty acid (Kabeyaetal,,
desaturase-2 Five desaturase 2021)
(76%) transmembrane activity ( ArElovl5 723bp/  T. californicus Six Elovls (
(QWC69495) domains, and Nielsen et al., 240 aa fatty acid transmembrane Nielsen et al.,
FA_desaturase 2019) elongase-4 domains and ELO 2019)
domain A4 desaturase (76%) domain Elongase
activity ( (QWC69492) activity
Kabeya et al., towards C18
2021) and C20, but
ArDSD 1317 bp/ Paracyclopina Cytochrome b5- Front-end an €22 (
438 aa nana delta5 like Heme/Steroid ~ desaturase: Kabeya et al.,
desaturase binding domain, AS fatty acid 2021)
(76%) Five desaturase ArElovlé 879bp/  T. japonicus Seven Elongase
(APH81338) transmembrane activity (Lee 292 aa longase-2 b activity (Lee
domains, and et al., 2017b) (78%) domains and ELO et al., 2020b)
FA_desaturase A6 fatty acid (AIW65585) domain
domain desaturase ArElovl7 879bp/  P. nana Five Elongase
activity ( 292 aa longase-1 t activity (Lee
Nielsen et al., (82%) domains and ELO et al., 2017b)
2019) (APH81340) domain
ArD4D 1026 bp/ Tigriopus Sphingolipid Front-end ArElovi8 771bp/  T. californicus Five Elongase
341 aa i i A A 256 aa fatty acid transmembrane activity
deltad- domain, Four A4 desaturase elongase-5 domains and ELO towards C18
b activity (Lee (79%) domain and C20, but
(86%) domains, and et al., 2020b) (QWC69493) not C22 (
(AIW65589) FA _desaturase Kabeya et al.,
domain 2021)
ArO3D- 1149 bp/ T. californicus Five Methyl-end
3 | 382 aa thyl-end b
desaturase-1 domains and A12, A15, aquaculture.
(72%) FA_desaturase and A17
(QWCoRI9%) domsin desatiirsse 2. Materials and methods
activities (
Kabeya et al.,
2021) 2.1. Identification of PUFA biosynthesis-related genes and sequence
ArO3D- 1233 bp/ T. californicus Six Methyl-end analysis
2 410 aa thyl-end b d
desaturase-2 domains and A15, A17, § 3 T g F 3 i
(73%) FA désatiiEise a5 AL0 To identify genes involved in the PUFAs biosynthesis, nucle‘otlde
(QWC69500) domain desaturase sequences encoding for desaturase and elongase enzymes were retrieved
activities ( from the copepod Apocyclops royi (A. royi-TH) transcriptome (Amparyup
Kabeya et al., et al., unpublished data). Sequence similarity searches were performed
2021) : - : F T
ing the BLASTx program (https://blast.ncbi.nim.nih.gov/Blast.cgi).
Elongation of very long fatty acids protein (Elovl) u; 4 1 L:S dp 08 di ((i ; " ¢ id fgth : di d?- )
ArElovil 873bp/  P.nana Five Elongase The nucleotide an predicted amino acid sequences of the candidate
290 aa 1 1 b activity (Lee genes were analyzed using the EXPASy program (https://www.expasy.
(86%) domains and ELO et al,, 2017b) org/) (The deduced amino acid sequences were shown in Fig. 51). A
- ; (APHB1340) domain 1 conserved domain search was performed using the SMART program (htt
ArElovi2 ssibp: L cahjo.rmcus Seven Hongase p://smart.embl-heidelberg.de/). The TMHMM (http://www.cbs.dtu.
276 aa fatty acid transmembrane activity % o z
elongase-2 domains and ELO  towards C18 dk/services/TMHMM) software was used to predict transmembrane
(79%) domain and €20, but domain (TMD) helices. Multiple sequence alignments were performed
(QWC69490) not €22 ( using the Clustal Omega program (https://www.ebi.ac.uk/Tools/msa/
Rabeya et'al., clustalo/).
2021)
ArElovl3 858bp/  T. californicus Seven Elongase
285aa fatty acid transmembrane activity 2.2. Development stages and sample preparation of the copepod A. royi-
elongase-1 domains and ELO towards C18 TH
(73%) domain and C20, but
(QWC69489) not €22 ( . s . . .
Kabeya et al., The A. royi-TH was originally isolated from Chanthaburi province,
2021) Thailand, and maintained at the Center of Excellence for Marine
ArElovi4 903bp/ T callfornicus Seven Elovi4 ( Biotechnology, Chulalongkorn University, Bangkok, Thailand, under
300aa fatty acid Sransmemibiane e enien Al controlled laboratory conditions at 28 °C in an aerated 5-L vessel con-
elongase-6 domains and ELO 2019) . . L. N N
doriatn Elongase taining sterile seawater at a salinity of 25 ppt (SSW), was used in this

study (Fig. 1). Copepods were fed three times a week ad libitum with the
green microalgae Tetraselmis suecica. To prepare samples for gene
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expression analysis, three independently replicated A. royi-TH cultures
were transferred to SSW for an additional 3 h to allow gut evacuation.
Approximately 500 individuals from each of the three major develop-
ment stages (NP, CD, and AD) were collected separately.

2.3. RNA isolation and cDNA synthesis of A. royi-TH developmental
stages

Immediately after sampling, the A. royi-TH were homogenized in
TRIzol™ Reagent (Invitrogen) with a glass tissue grinder and then the
total RNA was extracted following the manufacturer’s instructions. To
eliminate residual genomic DNA contamination, each sample was
treated with RNase-free DNase I (Promega). The RNA concentration and
purity were measured with a NanoDrop (Thermo Scientific), and then
500 ng of the total RNA was used as the template to synthesize the first-
strand ¢cDNA with the RevertAid First Strand ¢cDNA Synthesis Kit
(Thermo Scientific) according to the manufacturer’s protocol. The cDNA
samples of each developmental stage were stored at —20 °C. The
amplification ability of the cDNA was evaluated by PCR amplification of
the elongation factor 1-a gene (ArEFla).

d by gray color. The ELO domain is indicated by green color. TM, t

+ 3

; ELO, ELO d

2.4. Gene expression analysis

To investigate the expression patterns of the 14 desaturase and
elongase genes identified from the present study (Fig. S1 and Table 1),
we measured the transcript expression levels in each developmental
stage of the copepod by semi-quantitative RT-PCR (sqRT-PCR). Gene-
specific PCR primers (Table 1) for each gene were designed using the
Primer3Plus program and the PCR reactions were performed on three
replicates as previously described (Amparyup et al., 2009). Amplifica-
tion products were analyzed by 1.8% (w/v) agarose gel electrophoresis
after staining with ethidium bromide. The EFla gene, a housekeeping
gene, was used as a reference control in all RT-PCR experiments. All
experiments were performed in triplicate (about 500 copepods in each
replicate).

2.5. Fatty acid composition analysis

To analyze the fatty acid profiles of each developmental stage of the
copepod using gas chromatography-mass spectrometry (GC/MS) anal-
ysis, the lipids were extracted as previously reported (Lepage and Roy,
1986), but with some modifications. Firstly, each copepod sample was
ground with 2:1 (v/v) dichloromethane: methanol and incubated at
room temperature for 1 h. The mixture was then filtered with filter



P. Amparyup et al.

Table 3

The fatty acid compositions of the microalgae Tetraselmis suecica and the three
developmental stages of the cyclopoid copepod Apocyclops royi-TH fed with
T. suecica.

Fatty acid Microalgae T. Copepod A. royi-fed T. suecica
suecea Nauplius Copepodid Adult
(NP) (CD) (AD)
SFA
C8:0 - - 0.01 0.02
C10:0 - - 0.01 0.02
C12:0 0.03 - 0.13 0.20
C13:0 0.10 - - -
C14:0 0.36 4.49 0.62 0.68
C15:0 - - 0.44 0.44
C16:0 22.06 30.82 18.54 19.43
C17:0 - 3.09 - -
C18:0 11.12 9.05 13.48 11.69
C20:0 - - 0.13 0.19
€23:0 - - 0.17 0.16
C24:0 - - 1.14 1.64
ISFA 33.67 47.45 43.70 34.47
MUFA
Cl4:1 0.39 - - -
Cl6:1 0.62 10.82 1.18 1.78
C22:2 - - - -
C22:5 - - 0.58 0.70
C18:1n-9 cis 5.62 417 7.09 7.04
C€20:1n-9 - - 0.55 0.52
IMUFA 6.63 14.99 9.40 10.04
n-3 PUFA
C18:3n-3 21.35 - 16.76 15.97
C20:3n-3 - 1.61 0.94 1.08
C€20:5n-3 221 2.63 2.56 2.49
(EPA)
C22:6n-3 - 2.78 4.57 5.47
(DHA)
n-6 PUFA
C18:2n-6 cis 11.86 6.41 12.27 12.42
C18:3n-6 0.36 - 0.57 0.54
C20:2n-6 - - 0.39 0.48
C€20:3n-6 - - 0.21 0.26
C20:4n-6 0.76 - 1.40 1.44
(ARA)
ISC-PUFA 33.57 6.41 36.01 28.93
ILC-PUFA 2.97 7.02 10.07 11.22
Xn-3 PUFA 23.56 7.02 24.83 25.01
In-6 PUFA 12.98 6.41 14.84 15.14
IPUFA 36.54 13.43 39.67 40.15

SFA: saturated fatty acid; MUFA: monounsaturated fatty acid; SC-PUFA: short-
chain polyunsaturated fatty acid; LC-PUFA: long-chain polyunsaturated fatty
acid (>C20); n-3 PUFA: omega-3 polyunsaturated fatty acid; n-6 PUFA: omega-6
polyunsaturated fatty acid; PUFA: polyunsaturated fatty acid.

paper (No. 1, Whatman, Clifton, NJ), and 0.1 M KCI was added to the
filtrate. After centrifugation, the lower (organic) phase was harvested
for subsequent methylation. Fatty acid methyl esters (FAME) were
prepared by transesterification of the lipid extracts following the
method of Lepage and Roy (1986). FAMEs were collected and fatty acids
were profiled commercially by GC/MS analysis service (Halal Science
Center, Chulalongkorn University, Thailand).

3. Results

3.1. Characterization of desaturase and elongation of very long fatty
acids protein genes from the A. royi-TH transcriptome

To uncover the PUFA biosynthesis pathway of the copepod A. royi,
the nucleotide sequences encoding the putative desaturases and elon-
gation of very long fatty acids protein (Elovl) were retrieved from the
A. royi-TH transcriptome (Amparyup et al., unpublished data). In this
study, the full-length ORF sequences of five desaturase genes (ArD6D,
ArD5D, ArD4D, ArO3D-1, and ArO3D-2) and eight elongase genes
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(ArElovll, ArElovl2, ArElovl3, ArElovl4, ArElovl5, ArElovl6, ArElovl7,
and ArElovl8) of the copepod A. royi were characterized (Table 2).

Among the five desaturases, the BLASTx searches revealed that two
of them (ArD6D and ArD5D) were previously known genes (Niclsen
et al., 2019), while the remaining three genes, ArD4D, ArO3D-1, and
ArO3D-2, were novel putative desaturase encoded enzymes (Table 2).
Surprisingly, ArD6D displayed a high amino acid sequence similarity
(76%) to Tigriopus californicus front-end desaturase-2 (QWC69495) that
exhibited in vitro A4 desaturase activity (Kabeya et al., 2021), while
ArD5D showed 76% similarity to Paracyclopina nana delta5 desaturase
(APH81338). Moreover, the primary sequence of both ArD6D and
ArD5D exhibited the typical features of front-end desaturases involved
in PUFA synthesis. The ArD6D and ArD5D proteins have a characteristic
fused cytochrome b5-like Heme/Steroid binding domain at their N-ter-
minus, five TMDs, and a FA_desaturase domain (Fig. 2). Analysis of the
obtained novel desaturase sequences showed that ArD4D displays the
highest sequence similarity (86%) to Tigriopus japonicus
delta4-desaturase (AIW65589). Interestingly, the ArD4D is composed of
an N-terminal sphingolipid desaturase domain, four TMDs, and a
C-terminal FA_desaturase domain (Fig. 2). For ArO3D-1, the sequence
analysis demonstrated that it exhibited 72% similarity to T. californicus
methyl-end desaturase-1 (QWC69499), while ArO3D-2 exhibited 73%
similarity to T. californicus methyl-end desaturase-2 (QWC69500). The
characteristics of both ArO3D-1 and ArO3D-2 contain a conserved
domain of the methyl-end desaturase that is comprised of the respective
five and six TMDs and a FA_desaturase domain (Fig. 2).

With respect to the elongase genes, all sequences were BLASTx
searched against the NCBI database. The results showed that two genes
(ArElovl4 and ArElovl5) have been reported previously (Nielsen et al.,
2019), while the remaining six genes, including ArElovll, ArElovl2,
ArElovl3, ArElovl6, ArElovl7, and ArElovl8, are novel genes (Table 2).
The BLASTx searches also revealed that ArElovlé showed the highest
sequence similarity (78%) with the elongases-2 of T. japonicus
(AIW65585). The cDNA sequences encoding for ArElovl1 and ArElovl7
were found to display 86% and 82% sequence similarity with P. nana
elongases (APH81340), respectively, while ArElovl2, ArElovl3, and
ArElovl8 had the highest sequence similarities with T. californicus fatty
acid elongase-2 (QWC69490; 79%), T. californicus fatty acid elongase-1
(QWC69489; 73%), and T. californicus fatty acid elongase-5
(QWC69493; 79%), respectively.

Further in silico analysis was conducted to predict whether these
A. royi elongases were tr brane proteins. The prediction showed
that the ArElovl2, ArElovl3, ArElovl4, and ArElovl6 encoded putative
proteins with seven TMDs and an ELO domain, whereas ArElovll,
ArElovl7, and ArElovl8 have five TMDs and an ELO domain. Addition-
ally, ArElovl5 contains six TMDs and an ELO domain (Fig. 3).

3.2. Fatty acid analysis in the different developmental stages of A. royi-
TH

It is well known that fatty acids have many important functions in the
normal development and energy storage in copepods (Pond, 2012).
Thus, the fatty acid compositions in three developmental stages (NP, CD,
and AD) of A. royi-TH fed with the microalga T. suecica were examined,
and the results are summarized in Table 3. In general, the fatty acids of
copepods were categorized into saturated fatty acids (SFAs), comprised
of 47.45%, 43.70%, and 34.47% of the total fatty acids in the NP, CD,
and AD stages, respectively; monounsaturated fatty acids (MUFAs),
comprised of 14.99%, 9.40%, and 10.04%, respectively; and PUFAs,
comprised of 13.43%, 39.67%, and 40.15%, respectively. For MUFA, the
NP stage also contained a higher level of palmitoleic acid (C16:1), at
10.82%, compared to others.

Of the overall detected PUFAs, the CD (39.67%) and AD (40.15%)
stages were high in PUFAs, with omega-3 fatty acids (24.83% and
25.01%, respectively), while the NP stage (13.43%) had the lowest
levels of PUFAs. Moreover, most A. royi-TH fed with T. suecica contained
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Fig. 4. Developmental expression profile of the indicated fatty acid desaturase mRNA in A. royi-TH. The expression profile from the nauplius (NP), copepodid (CD),
and adult (AD) developmental stages were analyzed by semi-quantitative RT-PCR analysis. The elongation factor 1-« gene (ArEF1a) served as an internal reference
gene. Data represents the mean + standard deviation (error bars) of triplicate samples. Means with different lowercase letter (above each bar) are significantly

different (P < 0.05; one-way ANOVA with Duncan’s multiple range tests).

a higher level of LC-PUFAs compared to the fatty acid content of
T. suecica. The LC-PUFAs of each copepod stage (NP, CD, and AD stages)
were 7.02%, 10.07%, and 11.22%; with a fairly high DHA (C22:6n-3)
content at 2.78%, 4.57%, and 5.47%, and EPA (C20:5n-3) at 2.63%,
2.56%, and 2.49%, respectively.

3.3. Gene expression profiles in different developmental stages of A. royi-
TH

Little is known about the relationship between the gene expression
levels of fatty acid desaturase and elongase genes and the fatty acid
composition profiles during the developmental stages in copepods. In
the present study, in order to identify potential genes involved in the
PUFA biosynthesis during copepod development, we analyzed their
relative expression patterns in NP, CD, and AD developmental stages
using sqRT-PCR (Figs. 4 and 5). The results indicated that five desaturase
genes (ArD6D, ArD5D, ArD4D, ArO3D-1, and ArO3D-2) and four elon-
gase genes (ArElovl4, ArElovlS, ArElovl6, and ArElovl7) were signifi-
cantly up-regulated in AD compared to NP and CD stages. For ArElovl3,
the transcript level was significantly up-regulated in both the AD and CD
stages compared to that for the NP. However, the transcript levels of
ArElovll, ArElovl2, and ArElovl8 genes were not significantly different
between the three different developmental stages of A. royi-TH. Inter-
estingly, the previously reported expression of ArD5D-TW (Nielsen
etal., 2019) was not detected in A. royi-fed T. suecica in this study, even
when using RT-PCR.

4. Discussion

Based on the nutritional value, copepods are potentially the most
important live feed for marine hatcheries due to their rich content of
PUFAs that have important impacts on animal health (Stottrup, 2000).
To date, several studies have shown that copepods have metabolic
pathways involved in the biosynthesis of fatty acid synthesis that can

produce the omega-6 and omega-3 series of LC-PUFAs (Kabeya et al.,
2021; Nielsen et al., 2019, 2020, 2021; Pan et al., 2018). Understanding
the molecular pathway of PUFA biosynthesis is critical for establishing
strategies that allow further physiological manipulation of PUFA levels
in copepods. According to Niclsen et al. (2019), A. royi is able to syn-
thesize n-3 LC-PUFA using the Elovl4, Elovl5, Fad A5, and Fad A6 en-
zymes. However, evidence supporting the molecular mechanisms of the
PUFA biosynthesis pathway in the cyclopoid copepod A. royi are not
completely understood.

In this study, we report the characterization of the genes involved in
PUFA biosynthesis by A. royi-TH (the A. royi species/cultivar used in this
study). Based on our analysis, 13 PUFA synthesis-related genes,
including five desaturases (ArD6D, ArD5D, ArD4D, ArO3D-1, and
ArO3D-2) and eight elongases (ArElovll, ArElovl2, ArElovl3, ArElovl4,
ArElovl5, ArElovl6, ArElovl7, and ArElovl8), were identified. This sug-
gests that there are multienzyme complexes of PUFA biosynthesis in
A. royi. These data are in agreement with those observed previously
(Kabeya et al., 2021), where a complete set of multienzyme complexes
composed of seven desaturases (Fed1, Fed2, Fed3, Fed4, Fed5, wx1, and
®x2) and six elongases (Elol, Elo2, Elo3, Elo4, Elo5, and Elo6) for
LC-PUFA biosynthesis were reported in the marine harpacticoida
copepod T. californicus.

In this study, 13 full-length ORF of three front-end desaturases
(ArD6D, ArDSD, and ArD4D), two methyl-end desaturases (ArO3D-1
and ArO3D-2), and eight elongases (ArElovll, ArElovl2, ArElovl3, ArE-
lovl4, ArElovlS, ArElovl6, ArElovl7, and ArElovl8) were successfully
identified in A. royi-TH. The molecular characteristics of these genes are
shown in Table 2; the results suggested that these enzymes belong to the
fatty acid desaturases (ArD6D, ArD5D, ArD4D, ArO3D-1, and ArO3D-2)
and elongases (ArElovll, 2, 3, 4, 5, 6, 7, and 8) families. Interestingly,
different expression patterns of five desaturases (ArD6D, ArD5D, ArD4D,
ArO3D-1, and ArO3D-2) and five elongases (ArElovl3, ArElovl4, ArE-
lovl5, ArElovl6 and ArElovl7) were observed in different developmental
stages of A. royi-TH. These transcript expression levels were down-
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Fig. 5. Developmental expression profile of the indicated elongation of very long fatty acids protein (Elovl) mRNA in A. royi-TH. The expression profile from the
nauplius (NP), copepodid (CD), and adult (AD) developmental stages were analyzed by semi-quantitative RT-PCR analysis. The elongation factor 1-a gene (ArEF1a)
served as an internal reference gene. Data represents the mean + standard deviation (error bars) of triplicate samples. Means with different lowercase letter (above
each bar) are significantly different (P < 0.05; one-way ANOVA with Duncan’s multiple range tests).

regulated in the NP and CD developmental stages, but were up-regulated
in the AD stage, except for ArElovl3 which was up-regulated in both the
AD and CD stages, suggested that these genes are the principal candidate
desaturase and elongase genes for PUFA synthesis and their expression is
likely to be crucial to guarantee the very high level of DHA in AD stage of
A. royi-TH fed with T. suecica (lacks a DHA content).

In contrast, three elongases (ArElovll, ArElovl2, and ArElovl8)
showed no significant differential expression among all three develop-
mental stages of A. royi-TH. However, the highly conserved nature and
expression of these elongases in all three developmental stages suggests
their role in the lipid biosynthetic pathway. In this research, we propose
a model for PUFA biosynthesis in A. royi (Fig. 6), based on the analysis of
their amino acid sequences for homology and gene expression profiles.

In a previous report, based on gene expression in response to diets
containing a high DHA content (Isochrysis galbana) and a lack of DHA
and EPA content (Dunaliella tertiolecta) (Nielsen et al., 2019), it seemed
that two different desaturases (A6 desaturase, a homolog of the ArD6D,
and A6 desaturase isoform 1, a homolog of the ArD5D) were the main
genes. Thus, the typical front-end desaturase-like domain cytochrome
b5 contributes to the n-3 PUFA biosynthesis.

For Fad A5 of A. royi, transcriptome annotation from A. royi-TH (this

study) using the BLASTx program revealed that the A. royi-TH homolog
of A. royi-TW Fad A5 was not present. In order to identify Fad A5 genes
in A. royi-TH, specific primers for this gene were designed. Interestingly,
Fad A5 transcripts were not detected in all developmental stages of A.
royi-TH fed with T. suecica (data not shown), suggesting that this gene is
not directly involved in the PUFA synthesis by A. royi-TH, which is not
congruent with that previously reported in A. royi-TW (the A. royi spe-
cies/cultivar reported previously (Nielsen et al., 2019)).

The fatty acid profiles in three developmental stages of A. royi ob-
tained in this study is novel and also likely to be highly important for
copepod production. The fatty acid composition in A. royi-TH fed with
T. suecica had a higher level of SFAs than MUFAs and PUFAs in all three
developmental stages, which is in accord with previous studies on the
copepod Apocyclops dengizicus fed with Tetraselmis tetrathele, which
contained a higher level of SFAs (41.2%) than MUFAs (13.02%) and
PUFAs (37.56%) (Farhadian et al., 2009).

Palmitic acid (C16:0) was the predominant fatty acid in all three
developmental stages of A. royi-TH fed T. suecica (NP, 30.82%; CD,
18.54%; and AD, 19.43%), similar to that reported previously for A. royi
fed with D. tertiolecta and T. suecica at 22.7% and 21.23% palmitic acid,
respectively (Nielsen et al., 2019). The second most abundant fatty acid
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Fig. 6. Proposed biosynthesis pathway of long-chain polyunsaturated fatty acids (LC-PUFAs) in the copepod A. royi. Desaturation reactions catalyzed by front-end
desaturases (ArD6D, ArDSD, and ArD4D) and methyl-end desaturases (ArO3D-1 and ArO3D-2) are indicated by green and yellow colors, respectively. Elongation
reactions mediated by elongation of very long-chain fatty acid proteins (ArElovl2, ArElovl3, ArElovl5, ArElovlé and ArElovl8) are indicated by pink color.

was linolenic acid (18:3n-3), which is an essential fatty acid belonging to
the omega-3 fatty acids, and was highest in the CD (16.76%) and AD
(15.97%) stages, but was not present in the NP stage. Compared to the
PUFA values previously reported for A. royi-TH fed with T. suecica
(53.37%) (Nielsen et al., 2019), the PUFA content was lower in this
study (40.15%). However, a higher SC-PUFA content was found in two
stages of A. royi-TH in the current study (CD, 36.01%; AD, 28.93%)
compared to the previous study (14.79%). Although copepods can
synthesize PUFAs, such as EPA and DHA, using the desaturase and
elongase activities in the PUFA biosynthetic pathway, the dietary
composition (fatty acid profile of algae) and culture conditions (salinity,
temperature or cell density) can significantly impact on the fatty acid
composition of the total lipids in copeopods (Lee et al., 2017a; Rasdi
et al., 2016).

The transcript expression level of ArD4D desaturase was highlighted
since it exhibited an expression pattern similar to ArD6D, showing that
these two genes were up-regulated in the AD stage of A. royi-TH fed with
T. suecica (lacks a DHA content). This increased expression corresponded
to a significant rise in the LC-PUFA composition. According to gene
expression in response to nutritionally rich diets, sphingolipid A4
desaturases (A4 FAD) and A6 FAD in the prawn Macrobrachium nippo-
nense were up-regulated by linolenic acid (ALA, 18:3n-3)-rich diets (L.uo
et al,, 2018). Similarly, the expression of A6 desaturase-like genes in
several crustacean species, including crab Eriocheir sinensis (Yang et al.,
2013), Scylla paramamosain (Lin et al., 2017), crab Portunus tritubercu-
latus (Wang et al., 2014), lobster Sagmariasus verreauxi (Shu-Chien et al.,
2017), and shrimp Litopenaeus vannamei (Chen et al., 2017), were also
found to be nutritionally responsive genes, suggested that the role of
these genes in LC-PUFA biosynthesis.

In summary, in the present study we successful identified and

characterized a number of possible conserved desaturase and elongase
genes that are likely to be involved in PUFA biosynthesis in the copepod
A. royi. Differentially expressed genes were found between the NP/CD
stages and the AD stages of A. royi (ArD6D, ArD5D, ArD4D, ArO3D-1,
ArO3D-2, ArElovl3, 4, 5, 6, and 7), although three elongases (ArElovll,
ArElovl2, and ArElovl8) were not differentially expressed. At the same
time, the high level of desaturase and elongase expression in the AD
stage of copepod development, in accordance with the process of LC-
PUFA accumulation, indicates that PUFA from T. suecica (lack DHA) is
actively converted into LC-PUFA (high DHA), probably due to the high
desaturase and elongase activity. However, further in-depth analysis on
the in vivo/in vitro functional role of these enzymes in the PUFA
biosynthesis pathway in A. royi is required to better understand the
relationship between the metabolic enzyme level and fatty acid
composition in copepod development, which is important in the design
of dietary microalgae to improve culture methods for copepods as live
feed for aquaculture hatcheries.
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ARTICLE INFO ABSTRACT

Keywords: Copepods, including Apocyclops royi, are small aquatic crustaceans and one of the important foods for fish and
Copepod ) shellfish larvae. However, studies of the host-path and und; ding of infectious disease in
AP“’"?P‘ o copepods are still very limited, yet they are likely to be a significant factor in the sustainable development of
::r?:i:z:i:'lepepﬁ de copepod aquaculture. In the present study, we performed de novo RNA sequence analysis of A. royi-TH (a Thai
Theremastn isolate of A. royi), which yielded 4.80 Gb bases of clean data and a total of 29,786 unigenes. Annotation was then

performed by comparison against seven functional databases, yielding 17,617 (NR: 59.15%), 2,969 (NT: 9.97%),
15,023 (SwissProt: 50.44%), 14,543 (KOG: 48.82%), 15,077 (KEGG: 50.62%), 6,763(GO: 22.71%), and 15,841
(InterPro: 53.18%) unigenes. In comparison to the components of the shrimp Toll pathway, LGBP, Spatzle, Toll
receptors, MyD88, Pelle, TRAF6, Dorsal, and Cactus homologs were successfully identified in A. royi-TH.
Additionally, a novel antimicrobial peptide (Th in-like) was ch ized in A. royi (ArTM-like). The
ArTM-like ORF was 279 bp and predicted to encode for 92 amino acid residues, with a mature peptide of 75
amino acids and a molecular mass of 8.56 kDa. The genomic organization of the ArTM-like gene consisted of
three exons and two introns. Expression analysis indicated that ArTM-like mRNA was abundantly expressed in
copepodid and adult stages as an immune responsive gene after infection with the pathogenic Vibrio para-
haemolyticus-(AHPND)-causing strain. AJtogether the knowledge obtamed in this study will provide a basis for
future functional studies of the molecul in that may ly be applied for
disease prevention in copepod aquaculture.

1. Introduction considered to contribute to the increased performance of fish larvae fed

upon them. This makes them an attractive candidate as a good live feed

Copepods are a group of naturally abundant and widespread crus-
taceans that play central roles as the principal link between primary
producers and higher in aquatic ecosy (Turner, 2004;
Steinberg and Landry, 2017). The small body size, stress resistance, high
nutritional value, and high energy contents of planktonic copepods are

in marine aquaculture to substitute for or to complement conventional
live feeds, such as rotifers (Brachionus spp.) and brine shrimps (Artemia
spp.) (Drillet et al., 2006; Ajiboye et al., 2011; Dhont et al., 2013; @ie
et al., 2015).

To date, copepods have been reported to be susceptible to infection
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by bacteria (Carman and Dobbs, 1997), and the interaction between
pathogenic Vibrio spp. and copepods, such as the colonization of the
Vibrio bacteria to copepods to enhance their ability to survive in diverse
envir and the r of copepod host to the associated Vibrio
spp., have been documented (Huq et al., 1983; Almada and Tarrant,
2016). The innate immune system plays a significant role as the first line
of host defense against microbial infection in invertebrates (Beck and
Habicht, 1996; Cerenius et al., 2010). The innate defense mechanism is
activated upon the recognition of pathogen-associated molecular pat-
terns (PAMPs) by host pattern recognition receptors (PRRs), which, in
turn, activate the cellular or humoral responses, such as phagocytosis,
encapsulation, prophenoloxidase system, and antimicrobial peptide
(AMP) production, to destroy the invading pathogens (Loker et al.,
2004; Jiravanichpaisal et al., 2006; Cerenius et al., 2010). A previous
study suggested the memorizing capability of the copepod defense sys-
tem in response to consecutive exposures to antigenically similar para-
sites (Kurtz and Franz, 2003; Kurtz, 2007). Some immune-related genes
have been identified and characterized from the intertidal copepod,
Tigriopus japonicus, and the cyclopoid copepod, Paracyclopina nana, (Kim
et al.,, 2014; Jeong et al., 2015a, 2015b). However, to date, little is
known about the immunity and the mechanism underlying the host
defense mechanisms of copepods.

The Toll pathway is regarded as one of the main signaling immune
pathways and plays a key role through regulating the expression of a
large set of innate immune system related genes (ISRGs), including
AMPs, many small peptides with unknown functions, components of
melanization cascade, and components of the clotting system (De Gre-
gorio et al., 2002; Valanne et al., 2011; Amparyup et al., 2013; Tassa-
nakajon et al., 2018). Recognition of PAMPs from diverse pathogens
through the sensing of host PRRs triggers a proteolytic cl ge of the
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pathway, and RIG-I-like receptor signaling pathway, were discovered
and the components of Toll signaling pathway of A. royi-TH were
identified. Additionally, we analyzed the transcript and genomic orga-
nization of a new AMP, named Theromacin-like (ArTM-like), of A. royi-
TH. The expression profiles in various developmental stages and in
response to infection with the pathogenic bacteria, Vibrio para-
haemolyticus-acute hepatopancreatic necrosis disease (VP aupnp)-causing
strain, were examined. Knowledge of ISRGs and pathways obtained from
this study will useful to better understand the fundamental innate de-
fense mechanism of copepods.

2. Materials and methods
2.1. Copepod culture

A Thai culture of the cyclopoid copepod (A. royi-TH), maintained at
the Center of Excellence for Marine Biotechnology, Chulalongkorn
University (Bangkok, Thailand), was used in this study. Copepods were
cultivated in a 5-L vessel containing sterile natural seawater (SNS) at a
salinity of 25 ppt under controlled laboratory conditions at 28 °C. Co-
pepods were fed three times a week with the algal diet Tetraselmis sp. To
prepare samples for transcriptome analysis, three independently bio-
logically replicated of the adult stage of A. royi-TH cultures were
transferred to SNS for an additional 3 h to allow gut evacuation.
Approximately 500 individuals from each replicate were then collected,
rinsed with SNS, and immediately frozen in liquid nitrogen. All copepod
samples were stored at —80 °C until RNA extraction.

2.2. RNA extraction, RNA sequencing (RNA-Seq), and functional

extracellular cytokine pro-Spatzle to Spatzle (Roh et al., 2009; Shi et al,
2009). Active Spétzle then serves as a ligand for the transmembrane
receptor Toll. Dimerization of the Toll receptor recruits a pre-existing
MyD88/Tube complex to recruit the kinase Pelle and TRAF6 to form a
receptor complex. Pelle is then autophosphorylated and dissociated
from the complex. The trimeric MyD88/Tube/TRAF6 complex then
binds to the activated Toll receptor and transduces signals to the Dor-
sal/Cactus complex that regulates the expression of AMPs, and other
significant ISRGs (Lemaitre and Hoffmann, 2007; Valanne et al., 2011).
In crustaceans, several PRRs and most of the homologs to the compo-
nents in the Toll pathway and their function that are responsive to
Gram-positive bacteria, Gram-negative bacteria, and viral infection
have been identified and characterized and are best-studied in shrimps
(Li and Xiang, 2013; Tassanakajon et al., 2018). However, the compo-
nents of the Toll signaling pathway that regulate innate immunity in
copepods is still largely unknown.

Apocyclops royi is a relatively small egg-carrying copepod that be-
longs to the Cyclopoida order and can be found in estuaries, brackish
aquaculture ponds, and in freshwater areas in subtropical and tropical
regions (Chang and Lei, 1993; Su et al., 2005; Blanda et al., 2015, 2017;
Amparyup et al., 2022). Apocyclops royi has been suggested to have a
good potential as live feed in fish larviculture (Liao et al., 2001). Pre-
vious studies have shown that A. royi also possess lipid conversion ca-
pabilities, converting short-chained polyunsaturated fatty acids (PUFA)
into the relevant essential omega-3 PUFA (Pan et al., 2018; Nielsen etal.,
2019; Amparyup et al., 2022). Although the whole genome sequence
and the transcriptome assembly for A. royi have been reported
(Jorgensen et al, 2019), information on the immunity and
immune-related genes are still unclear.

In the present study, we performed RNA sequencing (RNA-Seq)-
based transcriptome analysis to search for the innate ISRGs/pathways
from a Thai culture of the cyclopoid copepod A. royi (A. royi-TH). Based
on the transcriptome analysis, several genes associated with the innate
immune pathways, including the Toll and Imd signaling pathways,
NOD-like receptor signaling pathway, Toll-like receptor signaling
pathway, complement and coagulation cascades, cytosolic DNA-sensing

Total RNA was isolated from the copepod samples using the TRIzol™
Reagent (Invitrogen) according to the manufacturer’s recommenda-
tions. Genomic DNA was removed using the RNase-free DNase I
(Thermo Fisher Scientific). Total RNA was quantified and assessed for
the RNA Integrity Number (RIN) using a NanoDrop instrument (Thermo
Fisher Scientific) and Agilent 2100 Bioanalyzer (Agilent Technologies).
High-quality RNA samples with RIN scores of more than 9.0 were used
for the next generation sequencing (NGS) analysis. The ¢cDNA library
was prepared from ~1 pg of total RNA and the pair-end reads with a 100
bp sequencing format was performed on the BGISEQ-500 platform at
BGI, Inc. (China). The sequenced raw paired-end reads were processed
to remove low-quality, adaptor-polluted, and high content of unknown
base reads prior to subsequent downstream analysis. De novo assembly
was subsequently performed using the Trinity (version 2.0.6) and Tgicl
(version 2.0.6) software, as previously described (Amparyup et al.,
2020). All assembled unigenes were annotated against seven functional
databases: the NCBI nucleotide database (NT), the NCBI non-redundant
protein database (NR), Gene ontology (GO), EuKaryotic Orthologous
Groups (KOG), Kyoto Encyclopedia of Genes and Genomes (KEGG),
SwissProt, and InterPro databases.

2.3. Identification of ISRGs and sequence analysis

To identify genes associated with the immune system of A. royi-TH,
annotated unigenes clustered into the immune system pathway subcat-
egory according to the KEGG functional annotation were retrieved from
the A. royi-TH transcriptome. The ¢DNA and deduced amino acid se-
quences of the A. royi-TH ISRGs were analyzed using the ExPASy pro-
gram (https://www.expasy.org). Sequence similarities were analyzed
using BLAST algorithms (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The
putative signal peptide was predicted using the online SignalP 6.0 Server
(https://services.healthtech.dtu.dk/service.php?SignalP). ~ Conserved
protein structural domains were identified using the Simple Modular
Architecture Research Tool (SMART) online program (http://smart.
embl-heidelberg.de/). Transmembrane domains were predicted using
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Table 1
Nucleotide sequences of the primers used.
Primer Sequence (5'-3") Annealing temperature Product size (bp) Purpose
ArMacinUTR-F CCTTCTCTGCACTGAACGACTA 66 385 Full-ORF ¢DNA sequence and genomic organization
ArMacinUTR-R AATTTTCGTTGTCACGTGTTGA 63
ArTM-like-F AAGCCAACGTCGTGAATGACT 67 165 RT-PCR analysis
ArTM-like-R TCCTCGACAGAGGACATCTCG 68
EF1-aF GTGTTGGACAAGCTGAAGTC 64 143 RT-PCR analysis
EF1-aR GGTCCAGTGATCATGTTCTTGATG 65

the TMHMM software (http://www.cbs.dtu.dk/services/TMHMM).
Multiple amino acid and DNA sequence alignments were performed
online using the Clustal Omega software (https://www.ebi.ac.uk/Tools/
msa/clustalo/). A phylogenetic tree was constructed from the aligned
amino acid sequences using the neighbour joining (NJ) method in the
Molecular Evolutionary Genetics Analysis (MEGA) software version
10.2.6. Bootstrap trials were replicated 1000 times to obtain the confi-
dence value for the NJ phylogeny analysis.

2.4. RNA isolation and cDNA synthesis of different A. royi-TH
developmental stages

To determine the expression level of the transcripts encoding for the
ArTM-like peptide in different developmental stages of A. royi-TH, the
nauplius (NP), copepodid (CD), and adult (AD) stages of A. royi-TH
(approximately 100 individuals for each stage and assay) were sepa-
rately collected. Developmental stages of the copepods were separately
collected using plankton nets and also observed under a stereomicro-
scope. The ranges of the body width of the NP, CD, and AD stages were
50-125 pm, 150-225 pm, and 250-600 pm, respectively. The total RNA
was extracted using TRIzol™ Reagent (Invitrogen) followed by DNase I
(Promega) treatment. First-strand cDNA was synthesized with a first-
strand cDNA synthesis kit (Thermo Fisher Scientific) and used for RT-
PCR analysis.

2.5. Isolation of cDNA and genomic DNA sequences

To obtain the full-ORF ¢cDNA sequence and the genomic organization
of ArTM-like, PCR was performed. Gene specific primers (ArMacinUTR-
F/-R) (Table 1) were designed based on the RNA-Seq data. The PCR
conditions consisted of 94 °C for 3 min followed by 35 cycles at 94 °C for
1 min, 55 °C for 1 min, and 72 °C for 3 min, and then followed by a final
72 °C for 5 min. The PCR products were purified, cloned, and
commercially sequenced.

2.6. Gene expression analysis

Semi-quantitative (sq)RT-PCR was performed as previously
described (Amparyup et al., 2009) using the gene specific primers
designed for ArTM-like (Table 1). The elongation factor 1-« (EF1-a) gene
was amplified and used as an internal reference control gene (Table 1).
The PCR thermal cycling conditions were 94 °C for 1 min, then 30 cycles
of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s, followed by a final
72 °C for 5 min. The amplified DNA products were electrophoretically
analyzed by size fraction on agarose gels (1.8%) and then stained with
ethidium bromide.

2.7. Temporal expression of ArTM-like transcripts after VPaupnp
challenge

To assess the potential function of ArTM-like in the immune defense,
quantitative real-time (qrt)RT-PCR was used to measure the changes in
ArTM-like transcript levels in the adult stage of A. royi-TH after im-
mersion challenge with the VPaupnp. For the challenge experiment,
VPaupnp Wwas cultured and prepared in tryptic soy broth (TSB)

Table 2
De novo transcriptome assembly statistics.
Transcripts Unigenes
Total Number 38,582 29,786
Total Length (bp) 32,587,270 28,601,125
Mean Length (bp) 844 960
N50 (bp) 1,484 1,578
N70 (bp) 891 998
N90 (bp) 329 397
GC (%) 43.32 43.58

containing 1.5% (w/v) NaCl (TSB medium) as previously described
(Chomwong et al., 2018). The bacterial suspension was poured into
50-mL culture flasks containing SNS and adjusted to a final bacterial
density of ~1 x 10° cfu/mL based on prior LDsj test results (data not
shown). The copepods were then immersed, and samples were collected
at 0, 3, 12, and 30 h post infection (hpi). For the control group, TSB
medium at the same volume was added instead of the bacterial sus-
pension. All experiments were performed in triplicate, with approxi-
mately 100 copepods/time points/replicate/group. Total RNA
extraction and cDNA synthesis were performed as described above. The
extracted total RNAs from three replicates per treatment at each time
point were pooled. The qrtRT-PCR analysis was performed as described
by Amparyup et al. (2007) using the ArTM-like-F/-R primer pair
(Table 1). The EF1-a was amplified as the internal control and reference
standard to verify the qrtRT-PCR reaction. Three replicates were per-
formed for each template, and three independent replicates were uti-
lized for each data point. The Ct values of the infected copepod samples
at each time point were normalized with the control samples. The
mathematical model of Pfaffl (2001) was used to determine the relative
expression ratio.

2.8. Data analysis

Numerical data are presented as the mean =+ one standard deviation
(SD). Statistical analysis was performed by one-way ANOVA followed by
Duncan’s test, accepting significance at the p < 0.05 level.

3. Results and discussion

3.1. RNA sequencing and de novo assembly of the A. royi-TH
transcriptome

Among the high throughput technologies that have contributed to a
more comprehensive understanding of functional genes, NGS via RNA-
Seq is widely used for characterization of transcriptome profiles of
various organisms (Wang et al., 2009; Hornett and Wheat, 2012).
Transcriptomic studies using RNA-Seq can generate huge quantities of
sequence information from any species of interest. Here, we report the
RNA-Seq based transcriptome profiling of A. royi-TH fed on the green
microalgae Tetraselmis sp. The RNA-Seq library was constructed from
total RNA samples with RIN scores of more than 9.0. Using the
BGISEQ-500 sequencing platform, a total of 52.47 million raw
paired-end reads with a data size of 5.25 Gb were generated from
A. royi-TH. After performing quality control by removing the low-quality
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Fig. 1. De novo transcriptome analysis of the copepod

Apocyclops royi-TH. (A) Annotation of unigenes
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the best ali against NR datab (C) Func-
tional distribution of KOG annotation. (D) Functional
distribution of GO annotation. (E) Functional distri-
bution of KEGG annotation.
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reads, adaptor sequences, and ambiguous reads, a total of 48.05 million
clean reads with the data size of 4.80 Gb was obtained. The Q20 and Q30
percentage of the clean reads was 98.01% and 91.21%, respectively.
Clean reads were assembled de novo using the Trinity software and a
total of 38,582 transcripts with a mean length and N50 of 844 bp and 1,
484 bp was obtained (Table 2). The assembled transcripts were then
clustered using the tgicl software giving 29,786 unigenes with a mean
length of 960 bp, N50 of 1,578 bp, and GC percentage of 43.58%
(Table 2).

Although RNA-Seq mediated transcriptome studies have been re-
ported from several copepod species, whole transcriptome analysis of
the cyclopoid copepods has rarely been investigated (Lee et al., 2015;
Amato and Carotenuto, 2018; Jorgensen et al., 2019). Here, we report
the whole-body de novo transcriptome of the adult stage of A. royi-TH fed
Tetraselmis sp. using RNA-Seq analysis. Our assembled transcriptome, of
about 29,786 unigenes in total, was slightly higher than the tran-
scriptome assembly of a Taiwan culture of A. royi (A. royi-TW), which
consisted of 29,737 genes (Jorgensen et al., 2019). The number of
assembled unigenes identified from this study was also higher than that
reported for the cyclopoid copepod P. nana, which consisted of 12,474
identified genes (Lee et al., 2015). The different among the unigene
number may attribute to the different of filtering parameters and the
quality of transcriptome assembly.

3.2. Functional annotation of the A. royi-TH transcriptome

The unigenes obtained by transcriptome sequencing of A. royi-TH
were compared with seven functional databases: NR, NT, SwissProt,
KEGG, KOG, InterPro, and GO. A total of 18,672 (62.69%) unigenes
were functionally annotated in at least one functional database, while
1,118 unigenes occupied 3.75% of all annotated genes coexisted in all
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seven databases (Fig. 1A). A total of 17,617 (59.15%), 2,969 (9.97%),
15,023 (50.44%), and 15,841 (53.18%) unigenes were matched to the
NR, NT, SwissProt, and InterPro databases respectively. The majority of
significant hits of A. royi-TH based on the NR functional annotation was
with Zootermopsis nevadensis 8.00% (1,409 unigenes), followed by Lep-
eophtheirus salmonis 4.97% (876 unigenes), Daphnia magna 3.35% (591

genes), Limulus polyph 3.07% (540 unigenes), Daphnia pulex
2.92% (515 unigenes), and Caligus rogercresseyi 2.23% (393 unigenes)
(Fig. 1B). A total of 14,543 (48.82%) unigenes showed significant ho-
mologies to genes distributed across 25 categories in the KOG database
(Figs. 1C), 6,763 (22.71%) unigenes were annotated and grouped into
the three major GO categories of biological process, cellular component,
and molecular function (Fig. 1D). A total of 15,077 (50.62%) unigenes
were annotated and clustered into the six major KEGG metabolic cate-
gories of cellular processes, environmental information processing, ge-
netic information processing, human diseases, metabolism, and
organismal systems (Fig. 1E).

In this study, the whole-body transcriptome of A. royi-TH was suc-
cessfully annotated with the highest BLAST hit (59.15%) with the nr
protein database. This percentage was higher than the previous reports
from the calanoid copepods Calanus sinicus (44% BLASTx; Ning et al.,
2013), Calanus finmarchicus (40% BLASTx; Lenz et al., 2014), Acartia
tonsa (47.5% BLASTx; Zhou et al.,, 2018), and the cyclopoid copepod
P. nana (32% BLASTx; Lee et al., 2015). Moreover, the BLAST top hit
species distribution result, that were shown to belong to the group of
arthropod species, was also in accorded with the previous reports from
other copepods including A. tonsa, T. japonicus, Tigriopus kingsejongensis,
and P. nana (Kim et al., 2015, 2016; Lee et al., 2015; Zhou et al., 2018).
This finding may indicate the phylogenetic relationship and available
genomic information among these species.

Based on KOG, GO, and KEGG annotations, the A. royi-TH unigenes
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Table 3
Putative genes involved in Toll signaling pathway of the copepod A. royi-TH.
Genes Closest gene/species to GenBank accession  E-Value (%
name Penaeid shrimp no. similarity)
LPS and p-1,3-glucan binding protein (LGBP)
ArLGBP beta-1,3-glucan binding ROT75247.1 8e-109 (66%)
protein/Litopenaeus
vannamei
Spatzle
ArSpatzle- protein spaetzle 3-like/ XP_037775834.1 3e-96 (67%)
like Penaeus monodon
Toll receptors
ArTolll LvToll1/L. vannamei ROT76543.1 3e-19 (46%)
ArToll2 LvToll2/L. vannamei AEK86516.1 1e-16 (49%)
ArToll3 LvToll3/L. vannamei ROT74583.1 2e-24 (60%)
Myeloid differentiation factor 88 (MyD88)
ArMyD88  FcMyD88/Fenneropenaeus AFU61120.1 8e-32 (50%)
chinensis
Pelle
ArPelle LvPelle/L. vannamei AEK86521.1 1e-45 (57%)
Tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6)
ArTRAF6 PmTRAF6/P. monodon AlS92907.1 3e-28 (51%)
NF-xB transcription factor
ArDorsal FcDorsal/F. chinensis ACJ36225.1 5e-90 (67%)
NNF-xB inhibitor cactus-like
ArCactus- PmCactus-like/P. monodon XP_037784002.1 le-41 (56%)
like

3.4. Immune molecules in the A. royi-TH toll signaling pathway

The Toll signaling pathway plays essential roles in the innate im-
mune defense against microbial infection in both vertebrates and in-

ver However, the components of the Toll signaling pathway

represents the number of unigenes. The Y-axis rep the KEGG i
system pathway. Numbers represent the number of unigenes in each pathway.

could be assigned into 25 KOG functional class, three major GO cate-
gories, and six KEGG functional groups similar to the previous reported
P from the copepod A. tonsa and P. nana (Lee et al., 2015;
Zhou et al., 2018). This results could presumably suggest the similar
coverage among these transcriptomes. The obtain transcriptomic data

provided a useful resource for further genomic studies of copepods.

transcr

3.3. Analysis of ISRGs from A. royi-TH

Based on the KEGG functional annotation, we identified 1,052 ISRGs
from the transcriptome of A. royi-TH (Fig. 2, supplementary Table S1).
Among these, 126 genes were found to be assigned to the Toll and Imd
signaling pathway, 114 unigenes to the NOD-like receptor signaling
pathway, 68 unigenes to the Toll-like receptor signaling pathway, 63
unigenes to the Complement and coagulation cascades, 39 unigenes to
the Cytosolic DNA-sensing pathway, and 30 unigenes to the RIG-I-like
receptor signaling pathway.

Copepods are among the most diverse group of crustaceans that
crucial for both freshwater and marine environments (Humes, 1994).
Previous studies have claimed the primitive immune response in co-
pepods (Hugq et al., 1983; Kurtz and Franz, 2003; Kurtz, 2007). Never-
theless, a later study showed that the conserved innate immunity
observed among other crustacean and arthropod species exists in co-
pepods (Kim et al., 2014). However, the potential innate defense system
of copepods has rarely been studied. In this study, the annotated unig-
enes displayed high similarity with the ISRGs of other animals and
classified as member of several innate immune pathways were identified
from the RNA-Seq data of A. royi-TH. This obtain data will help us to
further shed insight on investigation of the innate immune mechanism
of copepod A. royi-TH.

that regulate innate immunity in copepods is still largely unknown. With
the application of high-throughput RNA-Seq, in this study several ho-
mologs to components of the shrimp Toll pathway were identified from
the copepod A. royi-TH (Table 3).

The lipopolysaccharide (LPS) and beta-1,3-glucan binding proteins
(LGBPs) are a group of PRRs that function to recognize the unique
patterns of PAMPs and result in the widespread innate immune activa-
tion (Janeway and Medzhitov, 2002; Tassanakajon et al., 2018). In the
present study, the ArLGBP was identified from A. royi-TH, and found to
share a high sequence similarity (66%) with the LGBP of the shrimp
Litopenaeus vannamei (Table 3). Spétzle is a cytokine-like molecule that
acts as a ligand for the Toll signaling pathway in invertebrates (Lemaitre
and Hoffmann, 2007; Li and Xiang, 2013; Tassanakajon et al., 2018;
Valanne et al., 2011). In this study, ArSpétzle-like transcripts were
identified in A. royi-TH and showed 67% similarity with spaetzle 3-like
from the shrimp Penaeus monodon (Table 3).

Toll receptors are transmembrane proteins that bind to the active
Spatzle, but not to PAMPs, and activate the Toll pathway in in-
vertebrates (Ligoxygakis et al., 2002; Gobert et al., 2003). In this study,
we identified three Toll genes (ArTolll, ArToll2, and ArToll3) from
A. royi-TH (Table 3), where ArToll1, 2 and 3 shared 46%, 49%, and 60%
similarity with LvTolll, 2, and 3, respectively, from the shrimp
L. vannamei. The myeloid differentiation factor 88 (MyD88) is an
adapter molecule that plays key roles by linking members of the toll
receptor to the downstream components to activate the related Toll
signaling pathways (Lemaitre and Hoffmann, 2007; Li and Xiang, 2013;
Tassanakajon et al., 2018; Valanne et al., 2011). In the present study, a
homolog of MyD88 (ArMyD88) was identified from A. royi-TH that
shared 50% similarity with FcMyD88 from the shrimp Fenneropenaeus
chinensis (Table 3).

Pelle is a kinase in the Toll pathway that not only forms a receptor
complex with MyD88 and Tube but also associates with the tumor ne-
crosis factor receptor (TNFR)-associated factor 6 (TRAF6), a Toll
pathway component downstream of Pelle, and participates in down-
stream signal transduction with the NF-xB family proteins for immune
gene regulations (Janssens and Beyaert, 2003; Wang et al., 2011). In this
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(a)
SUTR Intron 1 Intron 2 JUTR
79bp 641bp 460bp Ty

ArTheromacin-like gene

ArTheromacin-like cDNA

Start codon

Stop codon
(B)

CCTTCTCTGCACTGAACGACTATAAAATGGGCTTCAAATCTATCAAGTCATCAGTTACTT
GTTTCATTTTTCTGTGAAAATGTTGARATTTCTCCTACTTGCCGTCATTGTCTTCGCAGC
M L K F L L L A V I V F A A
GGTCGAAGCCAACGTCGTGAATGgtaaaacgttgtcgacaaattgaaaatatttaggcta
V E A N V V N

acagttagacacacggttattcaattcaattcatttaatttgacccatgaatcactatac
aatatatcagtctataacaggtaaaaccaaatgataaacgcaaatacttttcggcttgta
aatgaaaaagaatgtgtttttccatcttcagtcccgggetecgaatectgggacctectgat
tgtgagccatctactttatccgttatgccacgtagaccectctetcatatggectgcaatg
aaaaattttgcgaattaaaaaaagcacaaatgttttttttttaatctaacaacctgtatt
acggtatgtgtccggtccgtaccctatccgggtgcaacgggacactcattgcaacactgt
gagaattgcaacaattttacgttgcctcagttttagaatagcgacaacatgaaagggagg
ggggttgtcacggactgcgacaataaatgggttacaaatattcttattaaaattgttgte
gcacatatttcccattggtttcgagteccttgacaacaaaactcagtaatataaatttttt
ttctttatgtgacgagatagattaatggtctaatgacagaaagcgttctgaacaaatttt
gtagACTGTTGGGAAACATGGAGTCGTTGTTCAAGGTGGAGTTCTGGTTTGACGGGGATT
D C W E T W S R C S R W S S

cctttattgegtcattttgaccgactaagcggttttatagacaataagagcgttttctaa
atgtgtctgtctcaagagaaccagatttctttttgaacgtcaaaaattgcttttcgtcga
tgaattccgagctgttgactatgttataaaaaaataattttacgcaaaaatccacgttac
cattgaaaatctggaccagttttatagtattaaaaattttgctttcttttaaagtgggac
agatcagtcgtatcatccgatcgtgattgttttaataatattggtaccgcaggagtcaat
gttatgaaagtaattttacgcgaaaatccacgctgcgattgaaaagctggcccagecttat
aataattgaaaattttgctttttattgaagtgagacagcttagtcgcatcatacgatcgt
aatttttaagaataatattggtacctcagGTCGTTGCGAGCTAAAACCATCGAGATGTCC
G R
TCTGTCGAGGAAAGCGTGGGCTTGCACCTGH
n.s. R.-K A W A € T € T G 5

ACGGTGGTGTGGTTTCTGAACGTTTCAACACGTGACAACGAAAATT
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Fig. 3. (A) Genomic organization and (B) the full-ORF sequences of theromacin-like (ArTM-like) from A. royi-TH. Coding nucleotides and deduced amino acids of

each exon are capitalized. Introns are shaded and illustrated with lowercase letters. Signal peptide is underlined. Bold italic letters ind

the intron di

acceptor and donor sites for RNA splicing. The Macin domain is shown by the dash line.

study, we identified a homolog of Pelle (ArPelle) and TRAF6 (ArTRAF6)
from A. royi-TH (Table 3), where ArPelle shared 57% similarity with
LvPelle from the shrimp L. vannamei, ArTRAF6 shared 51% similarity
with PmTRAF6 from the shrimp P. monodon (Table 3).

Dorsal is a member of the Rel/NF-xB family of transcription factors.
It is present in the cytosol and forms a complex with the cytoplasmic
inhibitor Cactus, a homolog of the mammalian IxB proteins (Steward,
1987). After activation by the Toll pathway, Cactus is degraded and
Dorsal is then translocated into the nucleus to regulate the transcription
of AMP genes (Lemaitre and Hoffmann, 2007). In this study, the Dorsal

and Cactus homologs, ArDorsal and ArCactus-like, were identified in
A. royi-TH (Table 3). ArDorsal shared 67% similarity with FcDorsal from
the shrimp F. chinensis, while ArCactus-like shared 56% similarity with
PmCactus-like from the shrimp P. monodon.

As mentioned, the Toll signaling pathway cascades have been well
studied in shrimps (Tassanakajon et al., 2018) and confirmed to play an
important role in the innate defense against pathogens. Many genes
related to Toll pathway have been reported from crabs Scylla para-
mamosain (Lin et al., 2012; Li et al., 2013a; Chen et al., 2018) and
Eriocheir sinensis (Li et al., 2013b; Yu et al., 2013, 2014; Huang et al.,
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Signal peptide Macin domain Fig. 4. Multiple alignment of the deduced amino acid
sequence of theromacin-like (ArTM-like) from A. royi-
MLKFLLLAVIVFAAVEA- -~ --- -~ TH with the other macin protein family sequences.

The amino acid sequence of the theromacin from the
copepods A. royi, Tigriopus japonicus (GCHA010
02008), and Tigriopus californicus (JW506446), the
leech Theromyzon tessulatum (AAR12065), the mussel
Hyriopsis cumingii (ADK94899), the hirudomacin from
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the leech Hirudo nipponia (QBK51064), the neuro-
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macin from the leech Hirudo medicinalis (ABW97519),

1 Macin domain

romacin (Apocy

LS - ol

the hydramacin from the polyp Hydra vulgaris
(B3RFR8), and the mytimacin3 and mytimacin6 from
Mytilus galloprovincialis (CCC15017 and AHG59339,
respectively), were collectively compared. Grey in-
dicates conservation in five or more species. The

romacin (Tig

Theromacin
Hirudomac

predicted signal peptides are in bold and underlined.
The eight conserved cysteine residues are boxed.
Arrow indicates the two additional cysteine residues
of theromacin.

Mytimacin3 (Myt
Mytimaciné (Mytil

2014), lobster Homarus americanus (Clark, 2014), and the ectoparasite
copepod Caligus rogercresseyi (Valenzuela-Munoz and Gallardo-Escarate,
2014). The discovery of several components of the Toll pathway
(LGBP/Spatzle/Toll/MyD88/Pelle/TRAF6/Dorsal/Cactus) from
A. royi-TH transcriptome likely suggest the existence of Toll pathway in
the cyclopoid copepod A. royi.

3.5. Molecular characterization of the theromacin-like AMP of A. royi

The AMPs are one class of essential molecules in the innate immune
defense against pathogen infection (Zhang and Gallo, 2016). In the
present study, we identified a Theromacin-like transcript (ArTM-like)
from the A. royi-TH RNA-Seq data which showed a high amino acid
sequence similarity (65-74%) to the AMP belonging to the macin family.
To obtain the full-length ORF sequence of ArTM-like, RT-PCR was per-
formed. The complete nucleotide sequence and the deduced amino acid
sequence of ArTM-like are shown in Fig. 3. The full length ORF of
ArTM-like was 279 bp and encoded for a predicted polypeptide of 92
amino acids with a putative signal peptide of 17 amino acid residues and
a mature protein of 75 amino acids. The calculated molecular mass and
isoelectric point of the mature protein was 8.56 kDa and 9.44, respec-
tively. The analysis of its genomic organization showed that the
ArTM-like gene consists of three exons (143 bp, 105 bp, and 137 bp) and
two introns (641 bp and 460 bp) (Fig. 3). The donor and acceptor exo-
n/intron splice junctions of ArTM-like gene conformed to the GT/AG
rule.

A BLAST search revealed that ArTM-like shared high predicted
amino acid sequence similarities of 74%, 71%, and 58% to theromacin
(Mollusca; Hyriopsis cumingii), hydramacin-1 (Hydra; Hydra vulgaris),
and neuromacin (Annelida; Hirudo medicinalis), respectively. As ex-
pected, a macin domain of ArTM-like peptide was predicted to be
located between Aspy; and Thryg based on the SMART analysis. The
macin family is a member of the cysteine-rich AMPs. To date, several
macin peptides have been found to exhibit antimicrobial activities
(theromacin and hydramacin) and a nerve repair activity (neuromacin)
has also been reported and characterized (Jung et al., 2012).

The p d amino acid of the ArTM-like peptide were
compared within the macin family (theromacin, neuromacin, and
hydramacin), which revealed 10 conserved cysteine residues in the
mature ArTM-like peptide that possibly participated in disulfide bond
formation (Fig. 4). Generally, macin family peptides, including hydra-
macin and neuromacin, are comprised of eight conserved cysteine res-
idues (Tasiemski et al., 2004). However, theromacin also contains two

Mollusca; Bivalvia
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Mollusca; Bivalvia

Mollusca; Bivalvia
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Mollusca; Bivalvia
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H. vulgaris Hydramacin

H. cumingii Theromacin-a
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H. cumingii Theromacin-b

S. woodiana Theromacin

A. royi Theromacin-like

T. japonicus Theromacin

T. californicus Theromacin

A. californica Theromacin

E. fetida Neuromacin propeptide
H. medicinalis Neuromacin
H. nipponia Hirudomacin

Fig. 5. Phylogenetic analysis of ArTM-like with other macins. The amino acid
sequence based phylogenetic tree was constructed using the NJ method with
the MEGA X software. Bootstrap sampling was performed using 1,000 repli-
cates. Anadara broughtonii macin (AFQ02694), Aplysia californica theromacin
(ABF21076), Cyclina sinensis antibacterial peptide (AFI24614), Eisenia fetida
neuromacin  propeptide (AKO70613), Hirudo medicinalis neuromacin
(ABW97519) and theromacin (ABV56569), Hirudo nipponia hirudomacin
(QBK51064), Hydra vulgaris hydramacin (B3RFR8), Hyriopsis cumingii
theromacin-a (ADK94899) and theromacin-b (AEC50045), Mytilus coruscus
mytimacinl (QXT26520.1), Mytilus galloprovincialis mytimacin3 (CCC15017)
and mytimaciné (AHG59339), Perinereis linea theromacin (QAU32334), Sina-
nodonta di h (AIA62156), P pistill in-like
(XP_022810619), Theromy 1! h in (AAR12065), Tigriopus
Jjaponicus (GCHA01002008), and Tigriopus californicus (JW506446).

additional cysteine residues. Based on consensus identification of
cysteine residues, the ArTM-like peptide has a higher similarity to
theromacin than to neuromacin and hydramacin, supporting that
ArTM-like is similar to theromacin.

To compare ArTM-like with other members of the macin family
(theromacin, neuromacin, and hydramacin), a phylogenetic tree was
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constructed using the NJ distance-based method to compare the amino
acid sequences of the macin family. Based on this phylogenetic tree
analysis, the macin family can be classified into the two major groups of
(1) the macin family of Clitellata and (2) the macin family of shellfish
(Crustacean, shellfish, and mollusk shellfish), Cnidarians (Anthozoa and
Hydrozoa), and Polychaeta. The bootstrapped NJ tree of the macin
family (Fig. 5) suggests that ArTM-like is more closely linked to the
putative theromacins of the copepods T. japonicus (GCHA01002008) and
T. californicus (JW506446) and related to the theromacins from the
Mollusca Hyriopsis cumingii (AEC50045) and Sinanodonta woodiana
(AIA62156). Moreover, ArTM-like was clustered in close proximity to
the shellfish, Cnidarians, and Polychaeta subgroup and is clearly distinct
from the Clitellata macins.

3.6. Expression profiles of ArTM-like transcripts at different
developmental stages of A. royi-TH

To examine the transcript level of ArTM-like in the different devel-
opmental stages of A. royi-TH, sqRT-PCR was performed using the
c¢DNAs from the nauplius (NP), copepodid (CD), and adult (AD) devel-
opmental stages. The internal control, EF-1a mRNA, was detected in all
samples (Fig. 6A) and was used to normalize the ArTM-like expression
levels. The ArTM-like mRNA was expressed in all three copepod stages,
but the highest expression level was detected in the CD stage followed by
the AD stage (Fig. 6A), while lower expression levels were observed in
the NP stage. Thus, the main role of ArTM-like is potentially in the CD
and AD stages of A. royi.

To date, AMPs have not yet been reported in copepods. In other
crustaceans, several AMPs have been reported and are well character-
ized in shrimps, crabs, lobsters, and crayfish (such as crustins, penaei-
dins, antilipopolysaccharide factor, and Stylicins). However, based on
the transcriptome and genome databases of A. royi, no homologs of those
AMP sequences have been detected in copepods, except for ArTM-like in
this study. In the crustacean Daphnia pulex, some components of the
immune system (Toll pathway) have been discovered using the complete
genome sequence data, but AMPs were not detected (McTaggart et al.,
2009).

In shrimps, the expression patterns of two AMPs (penaeidin and
crustin) during larval development have been elucidated. Penaeidin
mRNA transcripts were detected at very low levels at all early larval
stages and at high levels in the hemocytes of adult shrimps. However,
the crustin expression level did not seem to change dramatically at all
development stages (Jiravanichpaisal et al., 2007). In Marsupenaeus
Japonicus, Stylicin transcripts were detected in all the early develop-
mental stages from fertilized eggs to post-larvae of 17 days (PL17) (Liu
et al., 2015). Here, we report the expression profile of ArTM-like gene
transcripts during different developmental stages and the result suggest
that ArTM-like is likely to function as the host endogenous AMP in the
late stages of A. royi development. Because AMPs are considered to be
the major immune molecules involved in combating pathogens (Tassa-
nakajon et al., 2013), a high mRNA expression level of AMPs in specific
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Fig. 6. Expression analysis of ArTM-like mRNA in
A. royi-TH. (A) Developmental expression profile of
ArTM-like mRNA in the NP, CD, and AD stages; as
analyzed by sqRT-PCR analysis. (B) Relative mRNA
expression profiles of ArTM-like transcripts at 0, 3,
12, and 30 hpi with VPaupnp of A. royi-TH, as
analyzed by qrtRT-PCR. The ArEFla gene served as
an internal reference gene. Data are shown as the
mean + SD (error bars) of triplicate samples. Means
with a different lowercase letter (above each bar) are
significantly different (P < 0.05; one-way ANOVA
with Duncan’s multiple range tests).

Hours post VP, 0np challenge

stages might imply an essential role of ArTM-like in the innate immune
defenses of A. royi-TH and so potentially in copepods.

3.7. Expression of the ArTM-like genes after bacterial challenge

To elucidate the potential involvement of ArTM-like expression in
copepod immune defense, the response of ArTM-like transcript to
infection with the Gram-negative VPaupnp Was investigated by qrtRT-
PCR. The relative expression level of the ArTM-like mRNA in
VPanpnp-challenged A. royi-TH is shown in Fig. 6B. The expression of
ArTM-like was rapidly down-regulated at 3 hpi and significantly up-
regulated at 12 hpi (1.78-fold compared with the relative expression
level at 0 hpi) and then returned to the origin level at 30 hpi. This
temporal fluctuation of ArTM-like mRNA expression during the progress
of the VPaupnp infection suggest that ArTM-like may be involved in the
direct defense against the invasion of bacterial pathogens in copepods. A
similar expression profile has been observed for theromacin mRNAs in
the annelid leech Theromyzon tessulatum (Tasiemski et al., 2004) and in
the Asian polychaeta Perinereis linea (Joo et al., 2020), where the tran-
scripts increased after challenge with either killed bacteria or LPS. In
addition, in other crustaceans, the induced expression of crustins (cys-
teine-rich AMPs) has been reported. For instance, crustins in the shrimp
Litopenaeus vannamei (LvCrustinB) and Penaeus monodon (PmCrus-like)
were upregulated post-challenge with V. parah lyticus (Li et al.,
2019) and V. harveyi (Amparyup et al, 2008). Although the
up-regulation among these AMP genes was detected at different times of
infection, the discrepancy may be due to the different between the
virulence of the pathogens and the specificity and complexity of the host
immune responses. Collectively, our results support that ArTM-like is
involved in the immune defense system of copepods (or at least
A. royi-TH), and appears to be an ISRG since its expression level is
up-regulated after VPaypnp infection.

In summary, our study reports the whole transcriptome for A. royi-
TH fed on green microalgae (Tetraselmis sp.) using the BGISEQ-500
sequencing platform. The transcriptome yielded a set of 38,582 tran-
scripts that could be clustered into 29,786 unigenes. Downstream ana-
lyses of the A. royi-TH transcriptome identified for the first time several
components of the Toll signaling cascade, including ArLGBPs, ArSpatzle-
like, ArToll (ArTolll, ArToll2, and ArToll3), ArMyD88, ArPelle,
ArTRAF6, ArDorsal, and ArCactus-like, indicating that the Toll pathway
likely exists in copepods and may play a role in regulating their immune
response to microbial infections. Moreover, a theromacin-like transcript
(ArTM-like), which displays a high amino acid sequence similarity to the
macin family of AMPs, was first identified from the copepod A. royi-TH
RNA-Seq data. The ArTM-like transcripts were increased in the CD and
AD stages and is an ISRG that is up-regulated after VPaupnp infection.
Overall, all the data provide strong evidence that will greatly help to
understand the fundamental innate defense mechanism of copepods, but
more solid functional studies should be done in the future.
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