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Bt B e M B A 2 R 5T
;7{% _H— %FF'% 1,2,34 —%’TZ!K% 1,2,30

(L K™= SRR 5 @S AR 2 E A g % P EREBOE IR T ILAR HS 2660005
2. HSWHERE PO SEYHARDIRRERE IR FE 266037;
3. MEBEGEFEF R EEEFEAYFETRE IR FHE 2660005 4. fFEEFER KRS LT 100049)

WE ¥ (Saccharina japonica) & 2 i 4 M 4 FE R T TR A, SRR B AR 0 M AR A 7 A TR
FR, A A AETEE BT AT RN T B TR £ 75 07 R OR IR TR 0 B A A % 4 A 22
FE, AEE R S A TR T RTY R B TR (R Y A IE ) B PR A B A PEAT 16S TRNA 1 18S rRNA
HAMNF, SEFEKN AU EERTEM EREDBRERTHR, ST FEAEMEYE DB
HUARE ST RN ESR, AT LN H A AR E(LEfSe) i, kA NMERFIHFAER
EEFWREDM BE AL E WBEEARN RN, ENERE B AT LR FE KX
EREMARENBRENHFEMEER L AW EKN IR AR TRELE S TER A AR
I, MEMAKXANATARES TEFAKNAMARB TR, EL£RAFEE, EEES
FREFAMGHNBELINMERE T, ENFRAEDAEMAGENFHEAR L AGEEREZ R,
LEfSe &R B r, BHAKNIMARR FERITPRINNIRENH RS, ERENBEEFICHE
FAEKWIMEAAR TR, BHEKNIMEAEATR, EFEKNIRLEBATREELEZRY
TEDM, TRERFNEFET EUABAR T EMENBHENAREMEE, B RERENER
BMABBTERGWAEMEDHEERANFUARR B LR AR TR T AMEEE T R,

KR wA, BEATE; BTW; MAEMEN; BRENTF
FESES S968.42+1 XERFRIAEE A XEHS  2095-9869(2026)02-0049-15

1877 (Saccharina japonica)ff Sy — i 55 () A AU
wEe, HAWSNETEMASHE. RS, B
TEM, e T A . AR LS BRI 7™ i A5
LA A T2 W H (Vasquez et al, 2014), 168 7%
PR SRGE D, WA IRA 5, ARZE
Yy (LA A PR AL T =F 5 148 SR A o R A A S

Y, XIS RGN ) 2 R B AT Z A1)
YEH (Duarte et al, 2022), H 20 ft2t 50 40k, I
EIF IR T FREBE AR MR R SR ., L3845
) S, T FRIE LA FBORE H OB R
(Hu et al, 2021), 2023 4F, FREHFHFRAAE " 5 5
177 T3 t, RLEARBRE AL, AHEHT A AR 7 S0 R0 i

* AR TSR TR (Rl B AN T R)(2025LZGC010; 2023LZGCQY002) . H FE R 2% [ A= Wy 3t A4 % U5 BE e 1 3 FH38 47
SEE 5 ZE(E429A401X 1TO 1)l E KB A 7= b 3 ARk R (CARS-50) 3 [F ¥e B . B H %%, Email: glliang@qdio.ac.cn
O \EEEE: B4, P55, Email: shantifeng@qdio.ac.cn

W B #: 2025-09-03, Wt kchE H #: 2025-10-05
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T H BT RR RO AT B Al I PR S, 2024)
VAT Y A S B B R S A
B AR 32 B A (Liu et al, 2016), BAAF 98 T3 & 5
ST ME . AR AT, LA ME | B
SIHEH AR T, E A TE R 2R N, 1
FHE AR TR, 2580 20t 7 22 53 3435
Wk B N LRI UL A T ARRE , LR
SR BB, AT LS R A, A
e BT A R o B Tl A AR, i IR AT
VI Ao DI A 5 A0 G A 5 o o I 4 A A T O
PR, AR SO 38 Ge AR B A B (apomixis) . 1
A B DICHE A B 2 48 M 1 R HE B B B P R 4 2R A
R E NS R(AEAS, 1998); JolcAEGH
M MR T AR = A BT, BRI & & i+
TR i AR R 4k S 25, 2000), PIOME A= 5 77 A A9 T 1R
KERIF MWL, SRA D& AR T IARIE S IER,
A A 1 BT CRTEL -, (R4S ™ A M 1A Li
FQ025M 5 KM, TCEAFE A AR TCIE i & —
AR EA AT RS . Yue Z(Q024)0F 55 LB, W
T T 4 A T HE <O AR ) BC R AT IO A i
AR, ERC T AR R A B OB AR BRI RE T
AR, ST Bk A B A IR A AR 5T 2 24
THEARKEERALATEE A H(L et al, 2025; Yue
etal, 2024), i %R A= A Y RETE B 4L B LA B 5L
A=) 22 B A B FE RIS R X A o B AE B A
Xof KAV ] 5 O E B, A =2 ) A R
AT EAEHI(Egan et al, 2013), M3 n] Jr Wb £
B R R A A LR YR B (Sun et al, 2022,
Mancuso et al, 2023; Nakata et al, 2024), TfZEYA
ICREfR SR AR . R B RIETE, I RE i F 22 i
TEFRE A ORI (Gardiner et al, 2015; Li et al, 2022;
Ma et al, 2023), fl4n, £ zE)&(Ulva) (Wichard, 2023)
F17K == J& (Ectocar pus)ifi #: (Tapia et al, 2016)7E 443 TC
FALHLS 2 A B WY , 75 B 4 B REVE D A1
FHA BB S IE B2 o My B AR A8 = AR 1 R 1
TREIEIE, BT OMRGERE WRE SN, BR
5 A A R A G, AR AT AL, A, SR
F, HEEOLT A 0 RS2 T A W4 il (Weinberger
et al, 2007). WA AE R —FR K PER A S, XHRE
T U AEREAEAR L T T BN IR AR | R R
b R Sty R A I 7 B B A R 3 A U Y ) 4R K
(Mancuso et al, 2023; Veenhof et al, 2025), A uLiE
B, AR W el DL BT R N b iR R 4% AF {k (Zhang
etal, 2024), SR, FFAEFTA MU WREEEA Rl TR
AU P A AE o E KBNS TG T, fAAE 2 B isE

Yy B B B RN, W BEE (Yang et al,
2020) . FA1L% (Zhang et al, 2022) . 4% )& %5 (Ahmad et al,
202 )R FLIR (R T, 2019)%, Kk, #FssA M5
P A B 76— P B A T A R T 2 RO T B e P A
55 R R AR W PRI I8 L | 15 B Bl Al L &
o B B A R

AWK B IR R G LR B AR S IE R
P A B A R A B A T DRI R A , BRI B
AR RS LR A A W 2 R R SE R  dEadis
EWZ R I B R (LGP RV 73BT . Alpha K&
Beta ZFEMESHTAF), B TR /R W29 IR R m A
YITEAL B . S5 H RO 22 S0 5 T A X1 30K
I FY VA B A R A AR AR K R E S R AR A
T4 BT TE SIS ML G BRI BOHE | o0 J5 4 = gy
B AR FEAE B AR R N H A A 2

1 RS
11 i RN ER TR IS R M R W IR EL

B 1 6 A MERC TR FE R R A 15 AN HERL T4
TERE R B TOLIRIEFEAE (GXZ-380C, T IRITE) T, 4%
SIHEFT OIOME 5 TE R A B 5 R, i S ARG B AR R
10 °C . Y 40 pmol photons/(m*s), YA JEM Ky 1K
12h : JBIK 12 h, B53R30 ARG R A0 A SR
JKBC B /) PES (Provasoli, 1966), [RIFfHF&E 3 A M
AT TR IR RAE AR R, 6 ANERD TR
9 AT 1A T FR A T8 e Y A A B (L A M
5 EAS) BRI 1) RRFIRIE- 2K B R 3
1 cm B, BEFRRES] 80 L eI KGr i 713,
FHE AN NaNO; (70 mg/L)HI NaH,PO, (10 mg/L)f)
F AR, I 1A SR T AR IR T R il I 30T 1A (28 26 %
38°44'N, 121°12'E), &RbiE/E A . SC i, rf
FFAREIE AR R Bk, 4EFFERBs i —a, i
JKIBSEARALIE RN 4~10 °C, Y658 60 umol photons/(m™:s),
FEHFEIA AR 12 h + BBIK 12 he FEKETHERE 75d
Ji PEAT B A4 TRV SRR o ) G B A 2 R A0 (A v
(B DESAEATLTHELE T, FHELEETT
VK E % DNA 4810, AP 3 AN IER A K A T
A B LIRS 3R R AR TR, A BICRAE 3 A IEW A K
FR DI A= 58 901 MR 15 5% 2R I G lic ARl A PR B 3R &R
3 AR A K A IO A B 0 7 R 8% 37 2R M TG e A o 4
FHREFRAERLRA, —3 15 MRERR, B8
FRFREE 3 N MRVE R Y2 E Rt T 0 s 1
FURIESIEH 5535 RAERUE W R BERAE] 1 435
FRE, WHASIBIRE 13 MEFRRGY MMM
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MAERETE (R 1), /v ), DP712) 2 HUAH TR 9 36 24 DNA, {# FH 5 4 338F
(5'-ACTCCTACGGGAGGCAGCA-3")F1 806R (5'-GG
ACTACHVGGGTWTCTAAT-3")%f 5% 4] 16S rRNA
HIFEEH 4 DNA BRI & R A LR A R FEIH v3~va ] 7Z X #E4T PCR 971 (R IRFE 4, 2025),

1.2 DNA ERE3# LR lllumina NovaSeq 6000 il 5

1cm

BI1 il AN R A 50 5 2 4l 9 1R BOR AL T A REA

Fig.1 Seedlings and large sporophytes of S. japonica produced via different kinds of reproduction

A AT B: AR A, ARENEERERN; C: FTBRCAFKLM T4,
D: JGECES R T, FAHEAN D EFERERO; E: JUMEESHAN TR Fo fIOHEAESH AL T4

A: Sporelings from sexual reproduction; B: Large sporophyte from sexual reproduction, white box indicates the site of colony
collection; C: Apogamous sporelings; D: Apogamous large sporophytes, white box indicates the site of colony collection;
E: Parthenogenetic sporelings; F: Parthenogenetic sporophytes.

Fk1 BNEERERES
Tab.l The sample ID of S. japonica
FEA Samples %45 Sample ID
1E# A8 M A 5 T4 Normal sporophytes resulting from sexual reproduction S1, 82, S3
1 H JIHfE2E 58 Normal sporophytes resulting from parthenogenesis PN
1E# JGH4: 58 Normal sporophytes resulting from apogamy AN1, AN2, AN3
iy JE I A 56 Malformed sporophytes resulting from parthenogenesis PA1, PA2, PA3

W JE JCIC A 56 Malformed sporophytes resulting from apogamy AAl, AA2, AA3
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{di JH15 14 TAReuk454FWD1(5'-CCAGCASCYGCGGT
AATTCC-3")Hl TAReukREV3(5'-ACTTTCGTTCTTGA
TYRA-3') (Stoeck et al, 2010)%} HAZ YA 18S rRNA
FEH v4 AT AR X HEFT PCR 384 W 334 = Wy it A 7 4l 4k
FE A4, RGNy ST TR, A AR Y
SCEEFFH Mlumina NovaSeq 6000 #H17 302 % 250 bp)
W MFEdEE FfE NCBI BdEE T, F35H
PRINA1313392,

1.3 HIFELEUKR G5

FI A Trimmomatic v0.33 B4 AR A9 S 4k
AT B g, F Cutadapt v1.9.1 BRI =55
YIF%, {#ifl USEARCH v10 BHERCRuFH, H
UCHIME v8.1 £Britk & 79, i &5 2 H TR 22000
1 v B ¥ 8 L 1) 1 USEARCH 5 /4% Reads 7F 97.0%
AR A TR 2, PRIHERAE /25 H0T(0TU).

PL SILVA RS HHHRIE A TR E RS 02y
Mr, FIH QUME #RAFHEA T Wy R R Je 43 2824437
Alpha 5 Beta ZFM 1. FIF R HlER L E ER
Alpha ZHE4 53471 Chaol 8445 Shannon $8 %0k 14
PR R REA 1 ) Fh 3 6 B 22 55 5 Z MM 22 % (Chen
etal, 2011; Wang et al, 2012), RJH t K56 5 EA [7] 4
Z IR E S BN FHE T Bray-Curtis
VAR NMDS 73T LG A8 A AR () 7 4 Folt 28 B3 7 THT 1)
AR EE (Looft et al, 2012), Il i Anosim 43T K 56
ANRIBEAS 2 [A] 1 22 5 02 75 5. 3% o f# 1] Python ) LEfSe
AT AL AR S AT, BN F A B 22 F 2
#f(Segata et al, 2011), KM 21 5] 437 (LDA,, linear
discriminant analysis) >4 5 &4~y Fh 32 BE XT 22 5 5%
FEREM A KN

2 HERE5HW

21 NEREFME

AHFFERT 39 AMFERL ) 16S rRNA FE RN ¥ 5 3
A5 3 113 206 X} Reads, & Reads Jids . #H%EG
er=A: 2 823 435 ki i Clean Reads, 4F/NEESZ
414 Clean Reads Z/DTE 65550 &5LL B, F¥r=4:
72396 4 Clean Reads. 18S rRNA F K FFdL4k7s
2391 025 Xf Reads, %X Reads % . $HE /3L
"2 1802 416 451 JFifit Clean Reads, 4/MFE S 2/ 77
H: 31484 4% Clean Reads, F¥7=4: 46 216 4% Clean
Reads,

i AR Pk i 2 VT ARSI 0 e A T B (&) 2)(Wang et al,
2012)Z5 5L 3R, BEAE D FEGR N, ks T4,

ULEHP R B AN 2 BE 7 5B 3 i B SR 38, )
JPEUER RS T, A I REAR IR 4 R il i
Kl 3 R T &4l XA I OTU 4 H
FESTAZAE P e v, 5 AR —IRAETE 3743 A4
OTU,OTU %t HHEF A PA 4H(2 164 1)>AA 41(1 422 4M)>S
ZH(1 366 1)>AN 4H(1 202 ~)>PN £ (810 /), Hirh 3k
A1) OTU ¥t H ly 306(8.2%), PA 454 1) OTU % H
R H(26.3%) 0 TEERZADINFEEE, —2LiH 432 4~
OTU,OTU % HHEF A PA 4H(176 1~)>AA 41(160 M)>AN
ZH(155 1)>S £H(139 M)>PN £H(99 1), A OTU
BH N 17(3.9%), [RIEER: PA 4441 OTU B H &
£2(17.4%). PN 41, S 4. AA 413X 3 dIFEAZ A%
HIAHK OTU,

22 AREHABKELHBEZEN

i FANE DL 43 28 2 45 A L RO 5 BE X OTU
AT ISR, B B T A REAS 1 S A% AR W BV A
BT 44 . 110 . 281 NH . 542 B, 1188 4~
J& . 1840 AMF, K EAX AR MRV B o 2K HE A T
TR T 4A H, 453 R, Litorimonas

[\
[=3
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2 600 i Groups
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5 il 1 PN

s I PA

;[ 400 1 AN
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>
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His Bl £
Fig.2 Rarefaction curves of prokaryotic communities (A)
and eukaryotic communities (B) for different samples
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GEHRRAE: galy B S A R A A T A B AR Tl 2 W T v 454 2 ST 53

292

PA

AA
h s
" 443
984
PN

B

AN

AA
10
51

PA

B3 RFEREAZ B A SR 9 OTU % H

Fig.3 The number of shared or unique OTUs among different samples

A YIRS B HEZAEYREE

A: Prokaryotic communities; B: Eukaryotic communities

J& AR O o (21%) . H R AR 22 B R
(Hyphomonadaceae) T i —J& , HE 44 55 £ 1Y Fretibacter
J& Q%)W [FIFEAL T 2 TR AL T o PR ZAh, i
[7] )& T PEI = FH(Verrucomicrobiaceae) T W H4h 2 A4~
J& L AR AR R FEE R 0.01% 1 BOR 2F FLAT 1 A
(Roseibacillus) 5 #H X% £ FE 25 16%(%) Persicirhabdus
J& o HEBLRRIR R AE 3 Pl TR A A 1) IICHE £ 5 161 1
FEAS(PAT £, PA2 4H1 PA3 Z)H, (L HREY R
B4y 25 W) W 48 # H (Cyanobacteriales) T ) — J&
(unclassified Cyanobacteriales), J H 4 XF 3 & 5 5
19%, WA H T A R 5EHFH(Spirulinaceae) . Bl
F}(Oscillatoriaceae) . Ji4b, B AFHIFTHIELE S3
FEA T BRI BE 5 bR w5 (21%) , T HABAEA
SRR ERERA.

FRAFEA R B A YRS S T 30 T, 714
2N, 147 4H . 179 M 217 A& L 251 AR, AT
FLAZ ARV (R R G A T A A W
W% o TEHZAEYE 32K (& 4B), BR PA2 4t
AL, FAREAS A O3 E B S FL I R (Agarum), X
JBACA 1 ¥ (Agarum clathratum), 5 b oR(40%).
M PA2 AR HTE A T LB Y]
(Nematoda) T ) Halomonhystera J& (0.1%), 1A
Halomonhystera disjuncta — ™4 %, 55 4h A 43 Bt (1) B
¥ A= 1) (Unassigned) 75 1% #E A HR AR X 32 B8 5 B B
(7%), TEHAMFEA FPARXTE D o 3 Fhofr PR A4
FEA(ST 4L, S2 40 S3 )R 1 ALt defm z oh, HoAlb
) TR A AR 2 B o B ol AN R o

2.3 Alpha SHEMS
TE R 22z oA th al w20 T iR A g 7K T 1Y

YR e N ARXT FEBE i Alpha Z2REPE A vl i £
FlAg b5 it — 2P i AR A R = 5 B DL R e . AR
ARG S ST A0 P S P 55 B F IR 31 99% LA L, W LIAR
D b B BRI AR S TR, AR LA B, R
Alpha ZH4: 1 Chaol $5%k L)L & Shannon 5 HUW HEA
ATV (B 5), FEXTASRIAEA ] 1T 58 R 5,
Chaol f5EUH =R S YA -5 BEBUE L, A
rhFh S BRI FE AR Z —, Shannon $8400T H T4y
=Y EE LY 5] B (Grice et al, 2009).

FEIRAZAE DR VR, BRI A K Vg Al PIOME A= E 7R
TR (PA 1)) Chaol #5415 Shannon 54034 1
FIHABFEA(P<0.05), H#llJ& Shannon #5%1(P<0.01),
Uil PA HAREEYFFE R ELEZHEEN R ES T
HABL (K 5A. B). tHELZ T, IEWARKA A
fLTFR(S 4H)I% Chaol $8%% 5 Shannon #8554 A Hfik
KA, AR OTU Fim s trdi R —3., fEHZE
YRR e (8 5C. D), S 4 Chaol #5%L5
Shannon 84038 T H ALK M Chaol $8ECKE,
PA 2] 1 ELRZ A RIS - T IS KT S 41(P<0.01),
M Shannon $8 UK FE , S 4 HAZA YIREVE )+ & B
5 A) R AR T HABAL(P<0.05), XULRATE S 411
FAZA YR E PR 2R KT At A

2.4 Beta ZHEESH

Beta Z LRI HT R £ T 45 FEAS M) 1 A 0 1 5 41
B2 5 o RAZAE MRV 1) NMDS 2558 R (K] 6A),
S ZIMA—E MR, VLRI 46 P Fh A7 —
EER, Anosim ZERWUEH, RIFLIAEER
(R=0.499, P=0.001), H:H' PA 215 HoAth 21 I B i,
VLI PA 415 Ho A AL 0 40 P8 4L AT U PE IR AIG, 454
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A 100

B D [e)
(=] (= S

FEX+=E B Relative abundance/%
Y
(=)

B (o) [
[= (= (=]

FAXTF BF Relative abundance/%

[\
[=]

(=)

B 43 Unassigned

m HAthOthers

B B AT BB Roseibacillus
o RE ARV H JB Altereythrobacter
0 RIS & Thalassotalea

O Fretibacter

B WERFR AT T8 & Sulfitobacter
W Persicirhabdus

m unclassified Rhizobiaceae

m unclassified_Cyanobacteriales

o FokRBR  JE Granulosicoccus

| Litorimonas

PN PA1PA2PA3 ANIAN2AN3AA1AA2AA3 S1 S2 S3
A% Sample

B 1007 O >4t Unassigned
B A432Unclassified
I = HAthOthers
@ Balantioides_coli
@ Purshia_tridentata
I  Desmochloris_cf
.  unclassified_Eukaryota
| B Aplanochytrium
B FHE 8 Navicula
- B HE/KZJE Tisbe
| B Halomonhystera
o Tabularia
L m fLH-¥E 8 Agarum

PN PA1PA2PA3 AN1AN2AN3AATAA2AA3 S1 S2 S3

#EZs Sample

Bl 4 ANTRIREAS 14 Ja AP 1 7o 2H B B AR X = 5

Fig.4 The taxonomic composition and relative abundance at the genus level among different samples

A JRREYIRES s B HAAEMIREE .
AFEBEACGEAR R &, A 7B AR R R, U R I8 70 2K A T B HE A+ A
A: Prokaryotic communities; B: Eukaryotic communities. Different colors represent different genera. The higher the bar,
the greater the relative abundance. Only the top ten genera in terms of relative abundance are shown.

Alpha 731K , PA 415 JLAb AL 5 A% A= Uy e v 4544
2SR . A YIRS I NMDS 25 441 7R i) PA
YFRIETE, Joh 4 A2 A BARE Mo, B K
VT, {EAA 24 5 (Anosim, R=0.179, P=0.002).

25 fHE#Em LEfSe o347

#H1H) LEfSe J3Hrie—Ff RGH IR S RE & 281 22
SRR M AP Y 5 12 (Segata et al, 2011).4KHE LDA
R T 4 H P<0.05 BUffigkhrife, ik ng 25 2: 5
PR YFE S RERF S E TR (LA 7). REE
RH o H N B 2 A E K R IR (domain) . T7]
(phylum)., #(class). H(order). Fl(family). J&(genus).
Fli(species)FAAIZM . BRI, MK LE, 5 Fl

AN AR AL Y 6 R TE L A A RV T A TE 3
EFPREREYRE 7A), FERETLIEE]
(Proteobacteria) I+, {045 o-JE A 4A(Alphaproteobacteria) |
v TE 1 44 (Gammaproteobacteria) . B T2 A= 4 1 AIME A=
FEAB AR (PA A1) E AR M 22 FAn SRl e 2, BOMRRIR
H &% & 4E T #5415 11 (Cyanobacteria) . $2LFT 1 1]
(Bacteroidetes), i% 2 N[ J7EHAMZH S K 25 6 4R o W
AR B TR A S A TR (AA 2H) AR 1Y 1 25 22 S b
YL, fUFE Litorimonas J& Y Litorimonas
taeanensis LA} TR 55 FF 14 J& (Thal assotalea), If H. %%
TR R AE AA2 AIAEXT FE R RGR . IERAERKW
ToRL AT TR (AN A1) 55 T BRATE BT T2 M
% [ J(Planctomycetota), RBLHAFRM:, IEH 4K
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F2M
;6 0 W) Malformation 1E % Normal B g | F4JE Malformation 1E# Normal
b o 9 dkk
% i :
700f * ' 3 &
3 ! 87 *k '
'U g | —
5 600 g
E s =
% 500 ﬁ; =
& Rl
— 400 g
)
E 5
© 300 w4 +
3
200 PA AA PN AN S PA AA PN AN S
A Sample A% Sample
(;0 %7 Malformation 1E# Normal D W E Malformation 1E % Normal
% *k
551 536 : * .
E ol T - 8 *
5 60 5 o
= £ 24
g 7
s =
g 30 12
= =}
O
s |
2 S
0
0
PA AA PN AN PA AA PN AN S
K7 Sample FEAS Sample

K5 AFEFEARL A YIRS Y Alpha Z2FEE

Fig.5 Alpha diversity analysis of microbial communities in different samples

A. B: YRR C. D: HEAEYRE. ARBENAFAFE DA, “CRAN 25 B#0.05>P=0.01),
##{{2 0.01 >P=0.001, ***{{% P<0.001, P<0.01 fRELAZERHDE, P>0.05 NiEx,
A and B: Prokaryotic communities; C and D: Eukaryotic communities. Different colors represent different groups. Statistical
significance between groups is indicated as follows: * for 0.05>P=0.01, ** for 0.01>P=0.001, and *** for P<0.001.
Differences with P<0.01 are considered highly significant, while P>0.05 indicates no significant difference and is not shown.

NMDS1 vs NMDS2

NMDS1 vs NMDS2

+ PN
= PA
- AN

)

4 0 i 2 3 = 0 5
NMDS1(Stress=0.119 3) NMDS1(Stress=0.042 4)
El 6 #:T Bray-Curtis 55319 NMDS Z#7
Fig.6 NMDS analysis based on the Bray-Curtis algorithm

A: JERAYRE; B BV
AFEBEOAEAF A, S5 A Z AR RN 227, Stress<0.2 £ W] NMDS 7p 45 R nl 5
A: Prokaryotic communities; B: Eukaryotic communities. Different colors represent different groups. The distance between points
indicates the degree of dissimilarity. A stress value of less than 0.2 indicates that the NMDS analysis results are reliable.
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1A PEAE I TFAR(S )& 4 T RRASIE R 11 Z A3
L '] (Verrucomicrobiota) , %112 ¥ BUH 2F fu T
W EAX A S3 4Bt i T AL . M AE B
EYIREE AT ROk E (F 7B), X AN 41, PA 41
PN HEET BEERIEWR, £ HEENDE
ZRREYMRGE KT RIE RO . PN A EEM
BEERREYMEERL, BS5 ANAREEET
R EET(Ochrophyta) F 2R ZS; BRIz 4k, i

A -
- AA 5 S
== AN o N
B PA ¢ g
i
i i
QRN

Qo
‘\\\“\\\ W

W 7
\ iy,

Ao
d

2BI0 om0 1
09001000, .

¢ lnal\\\\ \

27 NESR

7 ,‘,'””" TR SO
Ul

AN

o

NS
o

& 7

H 47 H [ '](Ciliophora) F ) 4 & H (Entodiniomorphida)
K HF 94y 2K, &k % ] (Chlorophyta) £1 Zf 44
(Ulvophyceae)#4 3 H (Cladophorales) & F 2% 4335
AN 4 3 B 5 4 51 49 (Bacillariophyceae) [ J& IR (&
#1117 Fragilariophyceae 4, HikZ Tabularia J&,
ZBTEIRIONARX FEEHEA S =, PA IR EEEL
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Fig.7 Results of LEfSe analysis for prokaryotic communities (A) and eukaryotic communities (B)
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The left panel shows the cladogram, where different colors represent significantly different species (biomarker species) among
different groups. The cladogram displays taxonomic levels from domain to species. Each significantly different species has an
LDA score > 4 and P< 0.05. The common yellow circle represents species that do not show significant differences.
The right panel corresponds to the taxonomic levels and species names in the cladogram.
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Differencesin Epiphytic Microbial Community Structure Between Sporophytes
of Saccharina japonica Derived from Sexual Reproduction and Apomixes
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Abstract Saccharina japonica, the most extensively farmed seaweed globally, is of great
ecological and economic importance. Its applications extend far beyond food consumption, as it is
widely utilized in industrial production, biofeed, and medical products, while also playing an
important role in marine ecosystems. Its life cycle is characterized by an alternation of generations
between haploid gametophytes and diploid sporophytes, with sporophytes typically produced through
sexual reproduction. However, S. japonica also exhibits two alternative apomixis reproductive
strategies, namely parthenogenesis and apogamy, which bypass fertilization. These asexual modes
have attracted increasing attention, as they broaden our understanding of kelp developmental biology
and provide new possibilities for germplasm innovation. Epiphytic microorganisms play critical roles
in algal growth, morphogenesis, and disease resistance. However, it remains unclear whether
sporophytes from different reproductive pathways harbor distinct microbial communities. To address
this knowledge gap, we compared bacterial and eukaryotic epiphytic communities of five types of S.
japonica sporophytes, representing different reproductive origins and growth states, to reveal
differences in community composition, structure, and key biomarker taxa, and explore potential
implications for asexual sporophyte development and cultivation. Sporophytes were induced from six
female and 15 male gametophyte clones under controlled conditions, including normally growing and
malformed parthenogenetic and apogamous sporophytes, as well as normally growing sexually
reproduced sporophytes. After 75 days of culture, 39 sporophyte samples were collected. DNA was
extracted from surface swabs, and the v3—v4 region of the bacterial 16S rRNA gene and the V4
region of the eukaryotic 18S rRNA gene were sequenced using Illumina NovaSeq 6000 platform.
Sequencing reads were quality-filtered, merged, and clustered into operational taxonomic units at
97% similarity based on the SILVA reference database. Alpha diversity was evaluated using Chaol
and Shannon indices, and differences were tested using Student’s t-test. Beta diversity was assessed
using non-metric multidimensional scaling (NMDS) based on Bray-Curtis distances and analysis of
similarities (ANOSIM). Biomarkers were identified through linear discriminant analysis effect size
(LEfSe) using a threshold LDA score >4 and P<0.05. Alpha diversity analysis confirmed that
malformed parthenogenetic sporophytes exhibited significantly higher bacterial richness and diversity
than all other groups (P<0.01). Sexual sporophytes showed the lowest alpha diversity in terms of both
bacteria and eukaryotes. Apogamous sporophytes, regardless of morphology, generally had a higher
diversity than sexual sporophytes, although the differences were not statistically significant. Beta
diversity analysis revealed a clear separation of the five groups in the NMDS plots, with ANOSIM
confirming significant dissimilarities for both bacterial (R=0.499, P=0.001) and eukaryotic
communities (R=0.179, P=0.002). NMDS analysis further indicated that the five sporophyte growth
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types exhibited significant differences in species composition. In eukaryotic communities, normally
growing sexually reproduced sporophytes exhibit the lowest richness and diversity, whereas
malformed parthenogenetic sporophytes harbor the most structurally diverse epiphytic assemblages,
which may be associated with their distinctive morphological and physiological statuses. Differential
taxa among groups were identified using LEfSe and genus-level species composition analyses.
Asexual sporophytes generally harbor more enriched bacterial taxa than sexual sporophytes.
Malformed parthenogenetic sporophytes contained the highest number of biomarkers, whereas
malformed apogamous sporophytes contained the lowest. At the genus level, Litorimonas emerged as
the dominant bacterium across multiple groups and was particularly enriched in sexually reproduced
sporophytes and malformed apogamous sporophytes. In contrast, the malformed parthenogenetic
sporophytes were dominated by unclassified Cyanobacteria, with Litorimonas accounting for a small
fraction of the community (3%). The consistent enrichment of Cyanobacteria, which possess an
autotrophic capacity and produce antimicrobial metabolites, may partly explain their ecological
success. In addition, Maribacter antarcticus was significantly enriched in malformed parthenogenetic
sporophytes. Although its precise function remains unclear, its association with abnormal morphology
warrants further experimental validation. Eukaryotic communities also exhibited notable variations.
Most groups were dominated by Agarum clathratum, a kelp relative species capable of attaching to
macroalgae and occasionally acting as a parasite under nutrient-rich conditions. However, malformed
parthenogenetic sporophytes were enriched in Halomonhystera, a bacterivorous nematode-like taxon.
Its occurrence coincided with higher bacterial loads in these samples, suggesting that host deformities
and abundant microbial substrates provided favorable conditions for parasitic colonization. In
summary, this study used high-throughput sequencing to systematically analyze the epiphytic
microbial diversity of kelp sporophytes derived from sexual reproduction and apomixis. The results
revealed significant differences in the microbial community structure between asexual and sexual
sporophytes in both the bacterial and eukaryotic communities. Malformed parthenogenetic
sporophytes exhibited the most distinct community structure. LEfSe analysis identified significantly
different taxa, which enriched the understanding of microbial composition and structure in asexual
sporophytes, and offered a solid foundation for future investigations into the interactions between
asexual sporophytes and their epiphytic microbiota.

Key words Saccharina japonica; Parthenogenesis; Sporophyte; Epiphytic microbial community;
High-throughput sequencing



