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#, REKWHNBEE, BT A B EFME D ERER, AR E T3 EREREE N
AT 40 DN3E B 2 MR BN AR, B EHXEANT, FEFHENNERREEEX
PR ERSE, FREF, WBZERERXBEERFEEZAA RN =257 FAME,
3-% L7 BR W AE PRk 42 BHB)E SR T 78 Aol i X 5 A A B, /R COEFR(CBB)# 2 % K T 1 1
HX, 3HB AN EEFRTHEDMX; AE - Bk /REHRAEWL) B K 55 B U A 5 i
X3, # N 2|, PCoA HEF EH R, BOL K%L HAF A (r=0.111, P=0.035)F 4 & #(r=0.416,
P=0.001)3 % & B F 0 K £ 7; W4, FEEAH CBB EFHEHRE T 5+ FHAL(T0%), Tl
#E K CBB fn 3HB 3 A F EAH Y, HHbHEELEM@I%M 50%); SR =, B ERE
VEA A A AR K B [ B B RE[ S A E M 55.39 TPM (transcript per million), “F341E % 23.68 TPM] &
T KB (5 A A 29.52 TPM, F# 1 % 19.07 TPM), Mantel’s Test 2 £ & 7, #hE | EEamh 2 .
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(Huang et al, 2022), HAT, © 8% &I A Y BikiE
BEEH 6 %%, 41318 KK CHE I (Calvin-Benson-
Bassham cycle, CBB). it Jii St A &1 (Wood-
Ljungdahl pathway, WL) . it J& # = & 2 7§ 5
(Reductive Tricarboxylic Acid cycle, rTCA)., 3-F2FEN
iR WG R (3-Hydroxypropionate bicycle, 3HB), 3-#23&
W R /4- 2 H T R P ¥ (3-Hydroxypropionate/
4-Hydroxybutylate cycle, 3HB/4HB)Fl — & ik /4-¥5 3k
T B 1§ ¥ (Dicarboxylate/4-Hydroxybutyrate cycle,
DC/4HB) (Hu et al, 2019; Liu et al, 2019b; 7 £L )45,
2011), 7E 6 Z& [ fRiEfE T, RRSEHEIE AFRE
Wb e 3 LAY K [ 5 i 42 (Asplund-Samuelsson et al,
2021) RIRSAEFIE L SCEAE N CO, Fe b AL
fiie, TEXASIEAR T, prikB I R 4 s (14 ok e 2 T K
fiff(Phosphoribulokinase, PRK){7} {8 A {6, 1E M BR
U, PRK A TE PE B HSE G PR, X 32 s ik [ 1k
R B (R RS, 2024; JEHAE, 2018).
oAb A 181 B R A2 WU AR A 75 SRR JEE | REREG SR L TG
JH 45 BIR A 17 0 A8 A 8] G A= 0 v A1 R S (X9 2 45
2017)0 3-FRHE T RRAIAFMAEAE TR0 E MO 40 B A B
i 3-FEE T WA A B A A OCHE N, B CO B
Ry 3-F LT IR S LR A S5~y . 3HB 1
IR N TR AR AN I PR B , TEPR AR T A A
T i1 7 508, e — Lt vy P 5 v i A Bk i A iR AR
(Liu et al, 2019a; Loder et al, 2016), WL fEFR 2R
AUCEY TR E R E AR, D OB A X
O, EEAMOET WA A 5 (ACS) A5 G HERE
B, X EATEAR S . R o BT W L3
REERTFAEAR , B[ E ARy, 2 RS PR P i B2 )
TR E AR Z —, TEVREE . DI S R G
KA HEAE HI(Liu et al, 2024b; Chi et al, 2023),

T DR A 2 SRR DG AR B Y 3, NG 1 R i A
ARG P E M R BT R | B BOR TE T
BIEUG SR, BT NIRBEAEAS v BB 53 75 ) B A
20 DNA, fEAGLL T fife B8 42 T A0 10 Tl A W0 R E V& AR 30
BErh i D ABAE . (4R 58, 2025; Quince et al, 2017;
Simon et al, 2011; Hugenholtz et al, 2008)., /X457 5
PRI 2H 2 S5 B A R AR R A 1 1 ) 52 2 3 85 vh (R
YR S RERIBIESE , AT TRERS B4 0 A SR B AR A o
MFERE R, (HEATRZ WL TRFEHIX, X
T R T T DX Rtk Y S R R e ATL 1 1 AN B £97)
WMESCHQO2BI TR, (EFRIZIRY+ 5 4
i 51 2 S B D RE S PR 124 £ B Y 5 cbbL . chbM
hcd, aclB. accA KKk . 2=z 55 (2016)%F Fe iff

RZMKS 5 R IR OGRSk I 2R T T
WH5E, K BAERRTL O B i A i R E K, &
chbL i [Al f# [E il 41 1R 2 %08 8 3R 2 K h 2 5 R R
SCHE R RAT 0 T B B Jiang 25(2022) % B 1 A4 33
FRE DU E AT 22 FE Ny, e BRIR I A7 E 6
MRk 4E, H WL, rTCA 1 DC/4HB 48t T XF
REILAT Oy Wi SR/ ZE VR h R FEEZAEH . Yue 45
(2023) 5% Bl BE PRI G D DU 22 3l e, &
L rTCA \WL F1 CBB J&H 3 21 [ ik i 75 . Campbell
5 (2004) X PZ AR 2 587 i T8E Bag 31 2= RSP 3E 1h% B LA SR
P 0 17 b RV PRI 1 R AR A por AL acl B nifJ
SFUIRE SR AT SO, kBT rTCA [EE CO,
Y 32 B A= ) 2 -7 JE T (Epsilon-Proteobacteria) . {H
S, AT M DXORIGZE I M X A IR B — 2 25 5, Hi
YRR G502 B AR (Lema et al, 2019; Wang
et al, 2019), H a6 HB S Wi A= Wik 5 © A7 A G
FFE (4R, 2021), 56T HbBRfb-A06 3t s — 2
HEJE, BN, Sttt (2021)%F JL S L0 AR T BT ST,
W 1 AR PR A 2 2R G R ik 2T G R AL TR LA B B A
LRI LA 25 R G FR R A S50 . BLAh,
BT RN, BAGER(FFH, 2020) . GRIGH LN,
2022) %5 M ER LA G PR FF I T T IR AR B 5T, {5
P 12 T dml i 2 5 DR 2 %o 96 2 Tl 2 0 ik Y VR i R
SEMHLEAS ARG, W2 RGBT

JLHR S At | PR AR R A BB S A AL, B
A A v 1 DX s AR R s e S (BRI 4, 2019), HH:
W EERRIC A B = 4T R B IBEST , A W RE R AE AN )
IRBE AT 04 [ B v B S L 28 sl i IR AESY o
R, AR5 35 T 07 S8 A B, >R FH 2 5 R 4 i )
AR, PPATT A0S T Vi R VTl A 1 [ e v e B LY
M PR 22, 33 AT 40 A3k B K AR BRAL 8 B iR
YR AR 0 F B, WF5E F /KRR K A ] X 38k )
TRk 28 1) B 25 A A SO S AR T G &R o iR 4G
SRR Ay 2 — 25 B A S T T SR e v e S
S PR 2R P LR 2 K A

1 #RERFE
1.1 Rl 5RE

TEACTRE RIS A 15 40 NPT AL, T 2022 4F
10 H (F7K ). 2023 4 1 H (RliZK 1) TF ) 2 K4
il I D] 2 5 DR 2 W 0 Kok AR BRAR s Bl o, I AR 4 R
A5 MO AR RAE S A0 TS | VIR0 3 41,
Pl 1 Ay SR AR sl 7 EL A b B4V 8 S 434
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1.2 HEmRESHEERFUE

Fie B QU7 RS ) (GB17378.4-2007)55 4 B
Sy IEESR, (R HLBEEES ROK 38 R KR 0.5 m &b
IKFE, BEASRFE SR 3 A FATRE, 1835050 = )5 AL
24 0.45 um YRS BR LT 4 ZUEREEF Tad U, K uB IR e
T80 CHRfE, HZIEHUDNA,

KA A4 [R] i A 3530 GPS (Explorist-200)¥13%
VESERAE A A B, 38 2 (5 45 20 2 S HOK B Y
(YS16600-02, & E)I M e KER(WT, C). kA
(DO, mg/L). EhJE(SAL, %o). FRTRE (pH)Z 355 Hi 4k,
PRI, i ) 2 [G 8] 4% (SD-20)il 52 7K A4 3% B £ (SD, m).
BEAR, B—E KRR e ad I AR B S X 4578 FR R HE A
PEATINAE « 6 PERE PR ER (DIP, mg/L )ik 8 i o i 4H s 43
HOCEEE AT E ; S PLIR(TOC, mg/L)
R A PRI TE . BB (TP, mg/L)FLEZ(TN,
mg/L) 1 % R FH 3k B e B ki 2 A (NH-N,
mg/L) . WASAREE A (NO,-N, mg/L)FIAS R Eh A (NO;5-N,
mg/L)FI 7 53 BRI R R Sk ik . 282 ey
66 I R AR A A U
1.3 DNARZE. ZEFEANF

FRAE 138 B A9, i ] Fast 3% DNA $2HG

UG T V8 Sl A A 0 SR 3l 4 RS B 15 GS(2024)0650 5]

Sampling sites for marine microorganisms in Beibu Gulf

7 & (MP Biomedicals, 3% E)RBUEHAY) DNA, &
T B R W IS FEL UK (1% )R DNA [ A 72 B R 575
v, R Qubit® dsDNA Assay Kit in Qubit® 2.0
Fluorometer (Life Technologies, 3¢ E )X DNA ¥ &
FT5E, OD {HAE 1.8~2.0 i), HFHEE. 1k
R W R ) s AR, B RERLRY DNA B
1 pgo f#if NEBNext® Ultra™ DNA 3¢ il #8571 &
(NEB, &) T SO, IFEmER5 S Lo 7
G & F B o T b, R I K DNA
FEAB 3 350 bp MK/, KI5 4 DNA Fr BoR vl
ot Wi A B, JfS5ekEkiER, T llumina
Wy A —22 0 PCR &1 . 5, AMPure XP &
gi4lifk PCR 724, 3 Agilent 2100 4= ¥ 50Hr A3 Hr
SCPERI RN A o TE cBot A MRS EXF R T 4
WA SEAT RIS . BEA MG, WEFE lumina
Novaseq 6000 V55 LT, Az B0 K Sty reads o

1.4 ERFEFMINEEERE

X T EL K A, FIH DiTing #AF53Hr I 4
FE 45 F TR T 6 g A ) b BR AR 2 1 72 (Xue et al,
2021), HA&Ny: ] MEGAHIT fYERINSHOk kK [
BEAFEA Y clean reads 41 %€ 1 contigs (Li et al, 2015).
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{8 FHHT A5 “-p meta” T AY prodigal v2.6.3 M contigs 2 &R

TV 7 (9 T g L A (Hyatt et al, 2010). SR )5 i

KofamKOALA HEATECHThAE B, TEdg MREA ] | 21 GEEESFREVERERNRZESHEIES
i/l BWA-MEM, ¥ clean reads Wi [nl F0 LA, B S

PABRAFEE A FE A 8 o O 1 i A A [ REAS v R TR 1Y
AHXTFEBE i FH A & J7 %1 32 B (transcript per million,
TPM)E Ry A% = JB I & 5437 (Bushnell, 2014). fiz)m,
DiTing T KEGG ¥4 i 4 5 4% 3 DA BT %t 1 19 26 4
Mo BRI A, SRS S TRAE PR v I8 Bl A A48 ) O )
AESE R AN A A A F B2 E AT AT A4 T o

IR IB R ST

i ArcGIS v10.8 22l i 5% X RAE 25 A0 K] K% [
RIEFE A o FH R v4.3.1 GoitI1-42 il 15 5k 3 R AH
XFERE S sy ai a5 S R, SR HIES 45X Kruskal-
Wallis K56 A4l i) 22 % i R v4.3.1 H11#9 vegan
I B ZHREPES BT, T HE B AR PR 0 2 A A5 2 B
(principal coordinate analysis, PCoA) 3 AN [R50 F
LR E) B 2, RIS 1T (analysis of
similarities, ANOSIM)¥: 44125 X R v4.3.1
XoF AR A g [ i 4 BCHE L B (- Bray-Curtis A 5 B
(Bray-Curtis dissimilarity) 135 13 A= 9y [& B 145 42 (8] 1)
255, IO BR BT AR A B AR E R O K IRBE
(Euclidean distances) 1522 7 1, /5 1 linkET £
) mantel_test PRECHEATAH RIS AT o
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reads, Hii 45 Kk BI04 337 717 573 8 4% reads Flk
K 471 676 977 2 4k reads, 1RSI AT A 4y [ Bk
WA CBB. 3HB il WL =%, 7E /KWK 2a),
CBB 45 [H prKB il 3HB X4 3 meh. met.mel .
K14469 #ikem 2], Hrp, meh Fl met ()5 4%}
FEAEAR R IR o3 4 N B AE i 3 25 5, H 8 AR
FEXEINGE | W BI5KUGERE R, i
K 14469 K& R AN AE I sp g K 2] o 72 A 7K 191 (] 2b),
CBB @2 LN prKB, 3HB 42 64 3L K meh,
mct. mer . mel LA Kz WL iR 45 5 58 5L [ cooS F1 acsE
eIz, Hd, prkB. meh. mct F1 mel DU/ I
FEAS[R 4320 N ASF- X M 5 A B 25 5%, 3HB X
FEIEPR mer TR TS DX S P g G HE Ok, WL i 4R 6
HEHEIN cooS FI acsE U AF & 5 DX 3 A iR il o ok o H:
H1, CBB A FEN prKB (%24 A0 X 3 5 5 B |
VTS | SRR UGE IR 34 . 3HB SCHEIE A mel (19 F
PRA G 2 B ST VRO .S DG R 3 e ) i A
met EIE . 05 . WEBRKYGER B EETE
AISE, PR TS L X 3HB @ 18 e fd 3L -3
AT = B2 2 i T Al b X

b
CBB prkBt © 1) (0] * R B
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Fig.2 Relative abundance of carbon fixation genes during the wet season (a) and dry season (b)
and significance levels of differences between groups

CBB: R/RCHEH; 3HB: 3-FRHENMRNEN; WL: IR ZMARE A 12, *: P<0.05; **: P<0.01; ***: P<0.001.
CBB: Calvin-Benson-Bassham cycle; 3HB: 3-Hydroxypropionate bicycle; WL: Wood-Ljungdahl pathway.
* P<<0.05; **: P<0.01; ***: P<0.001.

PCoA HEFFIFIZE R s, AN [ i I AN ] DIl itk
TSGR DA F AP — Y X I2E 5o A2k

( 3a), FARFRITHTRIEE —HIBEMRE 68.23% 721k,
B TAMAEARE 21.23%A0745 1k, AR BT A SR,



106 wool B o R 5546 %
r=0.111, P=0.035 r=0.416, P=0.001
a b02}
0.2 [~ l ]
& 5= : A %S B S '..
= c.. . © W Bay & ® 1% Bay
(: oL o ° g o’ ., [ J YE‘?@ Coast l:/ . .' 9 P ?&?ﬁ Coast
% . R ® 315 Island > > ) . . o i Toland
<g ® e 8 0 i '..
3 y ° o) . ) " ®e
ay . . o o ° . ° .
0.2+ g = . ol ¢
0.1
-0.50 —0.25 0 0.25 0.50 -04 -02 0 02 04 0.6
PCoA1 (68.23%) PCoA1 (83.85%)
B3 FEAK I () R 7K 30 (0) B3 ) PCoA HEF A

Fig.3 PCoA ordination plot of carbon fixation genes during the wet season (a) and dry season (b)

AN DX A8 A [T R PR 28 A (r=0. 111, P=0.03) 54 i #22
S i, PRSI RN Z M2E 5 R, HAR
M2 T AR o TEMKIIE 3b), FEARFR TR
—HNREMRE 83.85%M7E Mk, S HIREMFRE 7.98% Y78
b, AR BT s SRR Y, AN [v] DXl [ e 35 PRI 20 1l
(r=0.416, P=0.001)EA ¥ 25, A, FHIHBL
XA ANOSIM Ha 40K (K 1), ARTFKI,
MK BVEE F E05 VEVE RV S AR 2 22 R 8
Fo AR, TOIRR /KIS K], A
Syl BRI R B 22

R 1 FKEAFORS 7K HA E R E H A
R3S AL ANOSIM #0236
Tab.1 ANOSIM test of pairwise dissimilarity in carbon
fixation gene composition between wet and dry seasons

A 48 331 r{e P i
Season Group r value P value
FIKH TS vs 151 0.269 0.004
Wet season Bay vsIsland
WS vs YT 0.059 0.137
Bay vs Coast
05 vs VS g 0.195 0.089
Island vs Coast
A 7K 3 W vs 515 0.662 0.001
Dry season Bay vsIsland
RV vs YRR 0.365 0.001
Bay vs Coast
05 vs VS i —-0.032 0.527

Island vs Coast

2.2 ALEREEEFERIAEY BRRE R = 55 EHE
VTR T A 0 [Tl s A28 A = 7 T 5 A 74 3 £ s ]

AR DL IR 4o FEF A RRT K254, XA
[T e 2k A28 149 A T = B K LA ¥ LA W B 9 v )
ATEBLHAT o8, 45 SRR W A Ak [ e 32 2838 i
CBB &2 #1 3HB i i#17, HARIEFETEH KA1
FE A v e B AN [R) 9 35 BREE o =F /K U A e 361 e 32 L
MM T CBB &%, H i ik 3] 63.85%, MAEAG K,
X— AR U R PR 2 36.15%. Ak 3HB &2
(1 (7 LA T2, A A Y o5 R 57.69%,
FIKWI N 42.31%., WL BEAAER K I H .

I — 25 3 B T T A 0 T i 3 A2 E 2 7K 5
KA 2 A AR AR AE (LI 5),  =E K Ik 9 Tk
IR AE X R s T A K B, AT E B E Y 7.93~
55.39 TPM, F-XJHIXT £ K 23.68 TPM; J& FH LN
7.94~29.52 TPM, FEX{E K 19.07 TPM, i KAHH
XEERIFEER 175 5. fEFEAIE 5a), LA
CBB 1 3HB Wi & [El iz s, H CBB i) F 1
JEHh 4.96~48.43 TPM, FHEE K 16.58 TPM (4
RERIEAE) 70%), tb 3HB @ARGHXT FFE 2.97~
14.51 TPM, FHERE 7.10 TPM)E134£, CBB @it
B ARAXT E R 3HB BIT 2 1%, TEMZKHI(E 5b), 3k
K CBB. 3HB Fl WL =2k fRi&te, Hid CBB &
2 F 3HB &2 F BEAHY 0T F B 4.34~15.6 TPM,
S FEREEN 9.38 TPM; J5 & F N 3.57~17.22 TPM,
SRR R 9.68 TPM; WL 342 HAE S37 Fl S39 i 4
K
2.3 EEEEFEMEYEBEESRERFHEXE

¥ CBB 144 . 3HB A2 ML E B IR A2 YA XS =E
S5WEEF##1T Mantel test AHCHEZ (] 6 FIZR 2),
RIS () ) [ Bk 38 778 5 4% PR 58 IR 22 1] A R DG PR 2
JE4 5., 7E CBB 412 |-, NO;-N, NO,-N, SAL., TN,
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Fig.4 Relative abundances of the pathways involved in the carbon cycle
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Fig.5 Spatial distribution of carbon fixation pathways in marine microorganisms during the wet season (a) and dry season (b) in Beibu Gulf

B . ONE; W BRONE; IV Bl . WL RS AU, RERFER.

WL #®12{LAE S3

7 F1 S39 U w5 ARG AR IAREIN L 5 Ee4r 510 0.44%F0 0.31%,

I : Zhenzhu Bay; II: Qinzhou Bay; Ill: Lianzhou Bay; IV: Tieshan Port. The proportion of the Wood-Ljungdahl
pathway is minimal and not shown on the map. The Wood-Ljungdahl pathway was only detected during the dry season

at the S37 and S39 stations, with proportions of 0.44% and 0.31%, respectively.
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Fig.6 Correlation analysis between carbon fixation pathways of microorganisms and
environmental factors throughout all seasons in Beibu Gulf

CBB #/n R/R (G, 3HB #oR 3-2EENIWEN, ALL %75 CBB il 3HB B IA(EHiE1E .
CBB refers to the Calvin-Benson-Bassham cycle, 3HB refers to the 3-Hydroxybutyrate bicycle,
ALL refers to the overall pathway, including both the CBB and 3HB cycles.

%2 deEBiEiEEAEY CBB, 3HB #1 ALL B2 5B R FHE XL

Tab.2 Correlation between the CBB, 3HB and ALL pathways of microorganisms and environmental factors in Beibu Gulf

A WHEH T r {H P it W T r{H P&
Pathway Environment factors r value P value Pathway Environment factors r value P value
CBB NO;-N 0.362 <0.01 3HB NH,4-N 0.017 =0.05
NO,-N 0.326 <0.01 ™N 0.012 =0.05
SAL 0.316 <0.01 SAL 0.007 =0.05
™ 0.299 <0.01 NOs3-N -0.010 =0.05
DIP 0.297 <0.01 DIP -0.012 =0.05
WT 0.142 <0.01 pH —-0.045 =0.05
TOC 0.163 <0.01 ALL SAL 0.264 <0.01
pH 0.263 <0.01 DIP 0.254 <0.01
TP 0.144 <0.05 NO,-N 0.245 <0.01
NH4-N 0.151 <0.05 NO;-N 0.263 <0.01
DO 0.018 =0.05 TN 0.239 <0.01
SD 0.028 =0.05 TOC 0.143 <0.01

3HB WT 0.109 <0.01 TP 0.144 <0.05
DO 0.096 <0.01 pH 0.214 <0.05
SD 0.104 <0.05 NH,4-N 0.138 =0.05
NO,-N 0.047 =0.05 SD 0.088 =0.05
TOC 0.028 =0.05 WT 0.015 =0.05
TP 0.027 =0.05 DO 0.003 =0.05
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3 i
3.0 ST EFEMEYEBSEANRSER

FERERAME B A G S T, A S
F G A R LE TG T AT AR A kAR . T e AL
Yo f AR e A b 2 $5 26 TE BRI BOE 12 A9 48
AL FE W 25 0 PERR I A D RE , X B S R B
fa R RIRS E 7= A TRERE W o T A i A 0 [ ok ik 22 P s
25 AR AN T DA TR T R S 0 T R A H: BR88% g 7 ML 1
BXREE, CAMFRERW, KR ERRSRE AR AR
W A BT RE S S0 B A OC L R S 25 5% (Lynn
etal, 2017), FEABFZE T, FKWIR 3HB B4 1) G
FE R meh Fil met 769 1S4 AH X 32 B SR s L SRR
UL IR RE U BRE A K 5 3HB 33242 09 6B 5E ] meh,
met F1 mel *. XfF CBB #il WL 1fi 5, CBB [ 4
J TR AE AN () b 3 B 5 T 1 T 240 R ) 3 B SR Al 7K
H RS WL WAAEAS K A9 38 4 5 05 A 46 H o
PCoA HEJF B L5 AR, AN [R] B 19 A s 1A [T i 3
PRI = B2 AN (] 3 Dl (] LA 2 25 5%, AT AN
A b B A 2H P, 5 KV VS R 5 ) SR DR S 2 R W
=, WK ETE 5 505 | S S5 2 B A
EER,

AN TR) DX S5k R0 AN [R) st 30 %) B 558 R A1F 22 5 1T B A o
WA R4 Y CBB. 3HB Ml WL [k i f2 5
PR X = 8 22 SR R . B ARGE R BH, ARRIER TR A
AR R R IE 5 W oK Oy A A [F) 00 AR 2558 N PR
5T, 40 CBB KM TG RE TR 2248 = W RE k4 A, 3HB
REm R4, BEETE IR . S AR AEAT A
B, T WL 3R 142 BE B 7 SR A XA, 305 S A BE
i A FR 1Y ¥ 5% (Bar-Even et al, 2012; Barton et al,
2020; Fast et al, 2012; Konneke et al, 2014; Yue €t al,
2023). FE5 BT ik a8 42 78 = 7K 0 FUA K 1) 25 (1] 22
SR, KA Y R R A AR AR X = T
K, WREKIK CBB 1 3HB A% 42 BE 8 N 24465
F2 KA ARG AU A B i A28 o AP SR 25 5 o AR
FELEIRM, oKW Bk [ 2O T CBB &%,
di LIk 63.85%, MIFEAGKE], X —iRARH & LT
B2 36.15%0 AR, HhiZKI 3HB 3438 1 1 BR B AH X
Hm, ik 57.69%, JfH WL @R AUERT 7K BBk
fril ], X Ah2E Al ER Y] CBB 42 B id A F K )
FYARRT R G RR . R IR PR, M 3HB A WL i AR II7E
MK B ARG R SECRE R 5 F G BK
X5 CBB i GHMPE | 58 75 R A YRR PE A A o
ARIRIE, CBB 2] ZE1E TOUA HFRMEY
SN TR AR B IR S RE I T SR A EREE I 3HB i

A0 DU A A i A% 4 TR B AT BCAE A 3 I P (Tang et al,
2011) 0 X—WLAR S ANITEE R —2, W R T 1E
Fili 7K AP ol A Wy A v T BEABE ) T 4% 3HB iR 42,
AT X P BE f2t iy A B PRIE 2% F

3.2 deENEEFEMEYERERNHmER

AwFsis iy, EEBE . KPR STER , Y
F1%) 1 B 1 J B3R (Stibal et al, 2008), A WK I 7E— &
FRRE B Rgmm AL BRI VR AR W ) [E Bk RE T o FEAS
) 3 & [EBiE e, CBB Ml 3HB 48 B — 23,
X AT RE 5 T B9 BE T RE DL SO SR U B A G
(K4, 2019). [FIEF, EfA b, CBB i&ARMIAN
i, BBl CBB @ AR 7E UL i 7 s A= W B A I e
wEth E E SN, X5 CBB ®A2)E THOLAE H 5=
TRIB S . B G IR 5 3 i AR B YRR E A G (Y
King Hing et al, 2021), HAh, JLEBIEHEEFEY 3HB
I Bl A AR AR X 2 BE e v, LA AU A ARG 2 5 i T
KT, X AT g5 R I K AR R SR A vk B 25 A G
(Wang et al, 2022), X TAH7KIITE S37 Fl S39 i sk
WL 48, AIAEEX 2 ol SRR m s i, #t
FER M =R S CO, il O T EE TN HUR 2L
A A% (Oren, 2011; Abed et al, 2007), MIXF [ 55
A 1 AR T 2 AR 3 K 4 R 77 (Sudhir et al, 2004), A
W, TEXR SRS T, LR A WA B B 5 g
) WL 480 B Rk RE T e e A e s, AR
&, 5 CBB 1 3HB g2 tHIL, WL iBF2REHE A R0
[ CO, HAFH ATP A 7= L4 (Figueroa et al,
2018), BIP WL 42 [l e a5 5 0 5 . 454 151 6 1Y) Mantel
test Z5 5%, JLEBIE N REEVE s 4 3 R R B &S 25
FER I N, P AEEFRE L SR RA A DL S R
LR LR, ARBFIEERIE T OKIR . O R ROK RS SR
Wy A R R T [ B A e R P R EE LM L ARk IS
Al — X e P R AN ZE S S B A BEAEH
ST R AR W W [T A R 0, DA e b PR LA 4 B
WG IR 1 £ €8
3.3 deEEEEFERAEY BB RIS

AHIEATF 5T 2 B, A 0 0% [ sk 2 e 356 PR 3= 3
kAN, HE e ae b & 2 R 0L s f4E,
2023; FREMELEE 2021), MAYREKEHEEFES . F
FEBE, ) CO, FIAE B HILY BTk sl
[T i P R S A e o 3 2 7 S DR A 0 P 1) R X S B A
BT, ASBFGEPEAG T b5 75 W 1 S A P 10 TR s g o
PRI, b I A A =K ) T v T v
TR Horb, KR B iR AR BRI 2 (oK
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1 55.39 TPM, “FYI{E 23.68 TPM) i & 5 T-AL 7K 1 (5
KAE 29.52 TPM, F-H#4{H 19.07 TPM), H.F /K14 CBB
WARFER R 3HB @K 2 5, XEULEFKWN
R FNE IR E AT, CBB @A nl e £ S
2 @ A2 . iKW, CBB 1 3HB A2 AU AN F
JEAHY , 3 0] BE 2 A WU v Ay 3 AR O FAER I 2
MR RACAE R TR B AR, I 2h S1 5 HA I 5T
K F AR 2797 [ i s e i AR b 4518 — 8. A WEsETs
, RIR 2T G BRI SR I, IR A R RCR
A s, MEFER T, MUEY RS EsARE
MR Y IR AL EA T IR [ 7€ (Liu et al, 2024a; Tang et al,
2011) o VAR ZE 6 35 2R 1 0 [ Bk e D EE AN A2
BG4 B2 AT DT A R TR O, (HAR R
FETER A MR ZE A RDOC B P LA R iR A it i 42 07
Ifi(Li et al, 2024; Huang et al, 2022; FIRFLE 2021;
AR, 2012), X [ERREL P ME GRS MED
B 1) ELHE O R RINR 2 SRR IF AN A2, vk X i
W ) TRl AR ST S2E A 50 MEAZ SR o AR T 5 i e 22 35 [R) 2 )
¥, R INGIUE Wy TR 42 = B AT AE — 8 B2 B L SRAE A
S AT BV RE , (HAS BE S Wi A ) 2 [ ik D g 1Y)
FLEE O o 5 220 i — 20 R 0 e i 21 2 55 7 6 1)
AEJE N B IR HEAT 430, JF 38 2[RI Z A 0 0 Ak [
BORIEATIN A , DA ) B [ e D e 3 DX 5 U2 s T 1)
FAPLE, PRI A Wil RE I SR Tk, 58
F PRIV T A A THTTAY o eAh, AR R AR
T 5T 22 M R A il i, n N T A ik i 25 A=
[l (4= 07 55, 2016) . F7 5 AT B 2 300 (FMELSE, 2022)
IS AT DL D BB (2 MR IR 55, 2022) L K D1 3 28 37 i flk
LRI, 2024), “DAFRA F 700 b B A B &1
AL TIRe B IE T, 2023) . UZEPVE A RRAE IR A% L
25 JE R T PR B v AR W [ e G A R s b, (LG [
WRIIRE T REFE RIS R G h BB EEAE . 5 2eit
FE ] DA o 7 35 DR A 2 il A 25 2 SR B PR B v R R
Yy AR EE R K LT RE , PR RS20 455 T s A= ) [
i 71, AR [k 2R 40 A A LA B 2R 1 U
ARG 7N T b HR T v 3 A oy ] e 5 ] 5
14 8 2 B 23 2 S B 1 e 5 B 2 B 2 78 Ak R A 58 1A
M B HLH] , ARG B X 80 TR OGS ML
AL T HNE SRR, WO R B AR S R AR T
Bhofde T WEIT R, SEAK R, 7K 0 %) [ A 34 45
T b A BR X S AT 2 25 e, HREE AL
- QA R R 0k B2 T[] e e PR = BE A R e, AT
XS B, AT DR R M O AL B L, R A g
BRBE T, JFEF XA R) DX 3 A0 st 31 S it 22 S 1 A 254

PPN, AN AE =K Y SR I S I DX ) T e A
], G K] AT AR 5 0 DX S B A B 45 e
B X BeAh, R AU A BB T By
W, SEAEEEIR AP X RO BEAE | R B FE AR A4 RS 4
P, AT LA SR 3P S il i I 3R B, 9 IX
S oA S BB H AR SR A 1328
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Abstract

Marine microorganisms, though microscopic, represent a vast reservoir of organic carbon

and play a central role in element cycling and energy flow within marine ecosystems. As key

contributors to the biogeochemical cycling of carbon, these microorganisms mediate essential processes,

including carbon fixation, methane metabolism, and carbon degradation. Carbon fixation, where

microorganisms convert CO; into organic carbon, is vital for understanding marine carbon sequestration

potential. Six primary microbial carbon fixation pathways have been identified: Calvin-Benson-Bassham

cycle (CBB), reductive acetyl-CoA (Wood-Ljungdahl) pathway (WL), reductive tricarboxylic acid cycle,

3-hydroxypropionate bicycle (3HB), 3-hydroxypropionate/4-hydroxybutyrate cycle (3HB/4HB), and

dicarboxylate/4-hydroxybutyrate cycle (DC/4HB). Among these, the Calvin cycle dominates in

phototrophic autotrophs, requiring high oxygen levels and contributing significantly to global CO,

regulation via photosynthesis. By contrast, the 3-HB and WL pathways thrive in low-oxygen and

anaerobic conditions, respectively, showing high carbon fixation efficiency, particularly in extremophilic

communities.

With advances in metagenomics, research on marine microorganisms in complex ecosystems such

as the Beibu Gulf (Northern Bay of Guangxi) has deepened, offering valuable insights into microbial

communities and their roles in carbon cycling. The Beibu Gulf is strategically important ecologically and

economically, lying at the intersection of South China, Southwest China, and ASEAN economic zones.

However, the carbon sink potential of its marine microbial communities remains largely unexplored, and
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the factors influencing this potential are not yet fully understood. Thus, this study aims to evaluate the
carbon fixation potential of marine microorganisms in the Beibu Gulf and identify the environmental
factors shaping microbial community structure. Using field data and metagenomic sequencing, we
conducted seasonal sampling at 40 stations in the bay, coastal, and island regions during the wet season
(October 2022) and dry season (January 2023). By analyzing water physicochemical parameters and the
abundance of microbial carbon fixation pathways, we examined the spatiotemporal distribution of these
pathways across regions and seasons and their correlation with environmental variables.

The study reveals significant spatiotemporal variations in the abundance of microbial carbon
fixation genes. During the wet season, carbon fixation primarily occurred via the CBB and 3HB
pathways, with key genes such as meh and mcl showing notable regional variability in abundance, and
K14469 was detected exclusively in the bay. During the dry season, prKB, meh, mct, and mcl exhibited
significant regional variability. Notably, WL pathway genes cooS and acsE, which are crucial for carbon
fixation under anaerobic conditions, were detected exclusively in island areas during the dry season.
Principal coordinate analysis results demonstrated distinct regional differences in carbon sink gene
composition across seasons, with the most prominent variance occurring between bay and island areas.
Similarity analysis indicated significant differences in carbon fixation gene composition between regions
during the wet (r=0.111, P=0.035) and dry seasons (r=0.416, P=0.001), with bay-island differences
particularly pronounced. Seasonal analysis of the microbial carbon fixation pathways showed that the
CBB pathway was dominant during the wet season, accounting for approximately 70% of the total
carbon fixation pathways detected. By contrast, during the dry season, the relative abundance of the CBB
and 3HB pathways was nearly equivalent, representing 49% and 50% of the total pathways, respectively.
Furthermore, metagenomic data suggested that the overall carbon fixation potential of marine
microorganisms in the Beibu Gulf was significantly higher during the wet season, with total pathway
abundance ranging from 7.93 TPM to 55.39 TPM, averaging 23.68 TPM, which is 1.75 times greater
than that during the dry season. In addition, spatial distribution analysis indicated that, during the wet
season, the CBB pathway had a substantially higher relative abundance (4.96-48.43 TPM, averaging
16.58 TPM) than the 3HB pathway (2.97-14.51 TPM, averaging 7.10 TPM). The abundance of carbon
fixation pathways significantly correlated with multiple environmental variables. The CBB pathway was
highly correlated with factors such as nitrate (NOs-N), nitrite (NO,-N), salinity (SAL), total nitrogen
(TN), dissolved inorganic phosphate (DIP), water temperature (WT), total organic carbon (TOC), and
pH. For the 3HB pathway, WT and dissolved oxygen (DO) were significantly correlated. Overall, the
total carbon fixation potential was predominantly influenced by SAL, DIP, NO,-N, NO;-N, TN, and
TOC, indicating these variables as the primary drivers impacting microbial carbon sink potential in the
Beibu Gulf.

In summary, this study provides a comprehensive assessment of the carbon fixation potential of
marine microorganisms in the Beibu Gulf and identifies key environmental factors influencing carbon
sink capacity. The findings underscore the substantial role of environmental conditions in shaping the
carbon fixation pathways across different seasons and regions, highlighting the complex and dynamic
microbial carbon cycling processes in the Beibu Gulf. This study contributes valuable insights into
marine microbial carbon sequestration and offers a scientific basis for future studies on the ecological
impact of microbial communities in marine carbon cycling.
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