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Fe 9, 5 A S5 i 3145 )5 91— R H] MGEAG6 412
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ARIEATIN N, W7 45 5 # 5 H Sickle(https://github.com/
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www.ezbiocloud.net/tools/ani) I Genome-Genome Dis-
tance Calculator( https://ggdc.dsmz.de) 43 Il 71 8 B8 #k 1
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rast.nmpdr.org/rast.cgi) X1 K T 45 21 (4 (1) 40 1 5 X 41
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Fig. 1 Growth curve of Prorocentrum donghaiense (a) and

phosphate concentration in the culture (b) under
three P conditions
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Phosphate: f/2 medium, phosphate concentration was 36 umol/L; 2-AEP:
/2-P medium, while 36 pmol/L 2-AEP was added; No phosphorus: {/2-P

medium, no P source was added
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1€ [7] — 43 372, PD-AEP-21. 22, 23 43 %l 55 Roseivirga
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S5 AR FF— 2, FIIX 20 MR AN A 32 E 40 A6 A R
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%M Yoonia sp. PD-AEP-1, & TR HAME ], a-LTE
H 4. ZLFF % B (Rhodobacterales ). 1. #T B £} ( Rhodo-
bacteraceae) . I K i J& ( Yoonia) ., PD-AEP-1 %k [H 44
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S5O MR AR 0 B A AR 2 B R 2 rh gl R B . AR
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Fig. 2 Neighbour-Joining tree of Prorocentrum donghaiense symbiotic bacteria and their close strains constructed in the

basis of the 16S rRNA gene sequences
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Table 1 Genes and their characteristics related to P metabolism in the genome of PD-AEP-1
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peg.1463 ETRER VY 4% 5%/ 75 2 1 PhoB (SphR)
peg.1832 AR ER T 152K (1 PhoR (SphS) (EC 2.7.13.3)

Z RS peg.2944 R UG (EC 2.7.4.1)
peg.2027 SRR (EC 3.6.1.11)

B AL peg.1508 NAD(P) 44 B H (EC 1.6.1.2)
peg.3897 BEMERERRE (EC 3.1.3.1)
peg.3045 BEIREL YU 8 F PhoH
peg.1039 BB TCH LA DRIR (EC 3.6.1.1)

4t (Not in Subsystem) Z5 e H1, 2k RILHKG 3115
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i it 32 A8 114 il B B 1 A g B TR, AR 2 s o AR 8
IX 6 R PR 7 5 PR A b ) R A S 0, R B0 26 ik A 20
JET WA C-P L fif Tl A A 1 35 PR, JFG 0 A A7 0
&l 4 fir s o Horp C-P 24 fi g & R 1 i1 phnC. phnD .
phnE,. phnE,, phnF. phnG. phnH. phnl. phnJ, phnkK .
phnL, phnM,. phnM,. phnN VL e —A~ 2, B 5% 7% il 35 A
Catf). — S KRFNTIREEE 1 Aw0170 411 ; C-P 2L i il
3 & Ul phnC'. phnD*. phnE,'. phnE, . phnH .
phnl', phnJ . phnK" . phnL’, phnM 'L\ J atf S5 . 3X
PR A DR 53 A1 5 T8 A S [6] 9 contig o 7E I3 A —
> contig HY, J3 4 4 DKWL K T — A phnHIJK %&
PRI, SR T FR T 2H 1 C-P 2 i i A2 1) JHG Al 3= 2L 1A
RS, HAR AT BE TV M kAT 2L C-P B DLBE Y
e
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N ARG PD-AEP-1 J& 1 H. 4 [ i 2-AEP (9 6E 7,
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A JFFR AN S PD-AEP-1 38 & 15 3R, 78 22 d Y
BRSSO~ 8 d B A YK, Z 5 ME
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AR L I ANRE g ok A0 AR R R . ORE 2-AEP A A
23 [F)RE AL RS A AR T I R A IR R A b, B A
JE A8 A ke AR BT ol + TR AR RE AR, A
55 8 d 25 W AN N FE R AS KR, R WY A0 i AR B O
NRERR S 2-AEP AE B IRALE ], (W) I 28 mir i e 2 R4
WAL 2 5, i IRk R NI ASAEAE AT A 2-AEP A A

BERRER AU AN T o P + 2-AEP" 5 F 5 + B &M T
F1%) 5 240 %% B AE RT3 A /N T, HL<¥E + 2-AEP”
AR EAE 14~2d B ES TH+H” (p<
0.05), {EJ& 4 3F RIRAG L py K o SR, 16“¥ +
+2-AEPYSF T, A I 2 B OREE T RS B
P IF HONEE 4 dIF R st & T 5 Ab A SR (p <
0.01), RITERAME T, BEANARAS T &M B R

Wl 1 5 0 a2 ) 445 SR an & Sb iri, Horpeg + 2-
AEP S F 538 + TR A A B IR 0 Vi B 4R 2 b TR
T 0.5 umol/L 7K F-, Hi%&A 3 2 5 (p>0.05), 1M
I 6 d TFUG, <3 + B + 2-AEP” S50 (0 B 1R h vk iF
L TR (p <0.05), (HAF240 TAE T 1 pmol/L
Ko KL Sc T AT, T e 40 T T 20 T B YL
oAb B, 7E 3G SR 0016 3 B A0 T B4 ML (Y APA 1 4b
FRE KT KRG, <3 + W 54T, APATE
0~8 d WA T, 72 5 B 8~22 d N4k T 2218 I
TH R, TR A E T 36 40 M7 22 Ak B 19 35 FR i
R ¥+ 2-AEP R4 19 APA B Lt 4 5 < +
B, B AE 8~22 d IR T 54 (p < 0.01), %
A ) B R 2 4 F Wl R R BR R A o < + 78 + 2-
AEP 4R, APA AR 2 d e it (% T HAh B A~ %%
P (p<0.01), HEBFFEFEACAE S

NPQ (4 I % 45 40 P 5d s, w16 AT 0, <3 +
2-AEP 55 14 5“3 + T A 4 1 NPQ ) 4b F 8 K
-, T + B+ 2-AEP S A4 NPQ M i E KT LA |
P& (p<0.01). DLAWFIT % B, NPQ A Tt & J2
Y 355 200 i 7 %o B 7R 56 IR ) i ) — 7o B8 I ML AR, T
T TR & 70 J& A X R R FR 1 4% 14 T NPQ 4b T HAIRK
SR PR, <+ T+ 2-AEP? A T 1 9 4 I 1Y
FRER BRIR S C 2153 T 8 5 5% .
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Table 2 Genes related to phosphonate utilization in the genome of PD-AEP-1 and their characteristics

HER HEHHT KA /bp i) (0 /2
NODE 9 length 69264 cov 65.868739  peg.3912 1146  Alpha-D-ribose 1-methylphosphonate 5-triphosphate diphosphatase PhnM2 (EC 3.6.1.63)
peg.3913 675 Uncharacterized protein Atu0170, clustered with phosphonate utilization
peg.3914 543 Ribose 1,5-bisphosphate phosphokinase PhnN (EC 2.7.4.23)

peg.3915 684 Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit PhnL (EC 2.7.8.37)
peg.3916 771 Phosphonates utilization ATP-binding protein PhnK

peg.3917 831 Alpha-D-ribose 1-methylphosphonate 5-phosphate C-P lyase PhnJ (EC 4.7.1.1)
peg.3918 1083 Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit Phnl (EC 2.7.8.37)
peg.3919 561 Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit PhnH (EC 2.7.8.37)

peg.3920 456  Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit PhnG (EC 2.7.8.37)

peg.3921 723 Transcriptional regulator PhnF
peg.3922 1188 Metal-dependent hydrolase involved in phosphonate metabolism PhnM1
peg.3923 615 Phosphonate utilization associated acetyltransferase (ATF)
peg.3924 1329 Phosphonate ABC transporter permease protein PhnE1 (TC 3.A.1.9.1)
peg.3925 873 Phosphonate ABC transporter permease protein PhnE2 (TC 3.A.1.9.1)
peg.3926 903 Phosphonate ABC transporter substrate-binding protein PhnD (TC 3.A.1.9.1)
peg.3927 819 Phosphonate ABC transporter ATP-binding protein PhnC (TC 3.A.1.9.1)
NODE 1_length_861959 cov_71.815100 peg.775 537 PhnH protein

peg.776 1056  Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit Phnl (EC 2.7.8.37)
peg.777 915 Alpha-D-ribose 1-methylphosphonate 5-phosphate C-P lyase PhnJ (EC 4.7.1.1)
peg.778 798 Phosphonates utilization ATP-binding protein PhnK

peg.779 720 Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit PhnL (EC 2.7.8.37)

peg.780 1194 Alpha-D-ribose 1-methylphosphonate 5-triphosphate diphosphatase PhnM (EC 3.6.1.63)

peg.781 816 Phosphonate ABC transporter ATP-binding protein PhnC (TC 3.A.1.9.1)
peg.782 915 Phosphonate ABC transporter substrate-binding protein PhnD (TC 3.A.1.9.1)
peg.783 933 ABC transporter, permease protein PhnE1
peg.784 858 Phosphonate ABC transporter permease protein PhnE2(TC 3.A.1.9.1)
peg.785 630 Phosphonate utilization associated acetyltransferase

NODE 24 length 14478 cov 37.311755 peg.1318 576 PhnH protein

peg.1319 1014  Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit Phnl (EC 2.7.8.37)
peg.1320 846 Alpha-D-ribose 1-methylphosphonate 5-phosphate C-P lyase PhnJ (EC 4.7.1.1)
peg.1321 768 Phosphonates utilization ATP-binding protein PhnK

TE: PHIZS I 1 A2 FRUIRAAT AN T SC%4, PIHCR TS R

4 e SEIRE R, R IR F 1 2-AEP A B¢ K fif A2 1
PR LR o DAAEARGE W, ARV IR 3 A B OF A R
41 FARBEASEREHEPENILKERE fiff C-P HEAT HLIE A HE J1 1, DR aHg 00 2 8 0 Ay S A

AT AR I T AR 2-AEP AR S ME— B S 40T X 2-AEP HEAT T REAR . (H R T ARHE IR R
TR A AT AT BRI A PR HOSR DR R T8 AR FP 28 R 0, LRI LR E T AR AR AT T gL T
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phnH"  phnl”

-

atf phnM,; phnF phnG phnH phnl
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phnJ* phnK* phnL’ phnM"  phnC* phnD® phnE; phnE; atf”

-)

phnJ  phnK phnl phnN atu  phnM, 1kb

5l 4 PD-APE-1 J: K 20 i /> C-P L1 il ik 42 o IR 7% 1 HE A1
Fig. 4 The organization of two gene clusters of C-P lyase pathways in the genome of the PD-AEP-1
ok TR L DR R 1 o 0 5 IR 5 A ] 25068 03 A 26 G ) JRE TR TR % 18 B 11 () TR B 1 (38 68) K C-P il il 7 B 20 11 i R TR, TR 8 SR R D
5 atf BETR TR A FAHC Z B B B SE B, an: AT REEE 11 At0170 2w A% 5k A

s

indicates the genes of the second cluster. Genes encoding phosphonate transport (green) and regulation (purple), the C-P lyase subunits (yellow) and other

proteins of unknown function (black) are shown in different colors. atf: phosphonate utilization associated acetyltransferase,

atu: uncharacterized protein Atu0170
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Fig. 5 Growth curve and of Prorocentrum donghaiense, phosphate concentration measurement, alkaline phosphatase activity (APA) meas-

urement and induction curve of NPQ in the 12th day under three culture conditions
B+ B AR FE A R R 1% (AR AN B B + 2-AEP: SIS 37K R HINA 36 pmol/L 2-AEP; # + B + 2-AEP:
BB R R F P I A 1% AR 20 BB AT 36 umol/L 2-AEP

Algae + bacteria: algal culture systems added with 1% volume of bacteria suspension; Algae + 2-AEP: algal culture systems added with 36 pmol/L 2-AEP;

Algae + bacteria + 2-AEP: algal culture systems added with 1% volume of bacteria suspension and 36 umol/L 2-AEP

TN AL R PR BEAT 0 B IS E— 2D N . RS AR
10 J PR 38 B SR U R b BT 20 B Y R R A TR 0 A A
Yoonia, Limnobacter, Roseivirga. Ponticoccus. Marino-
bacter 55 5 M@, FJE TRAME T OF TR IE H
P10 AT T SF AT, o B W49 . -2 I8
MWy WA SRR R NS 4 D, T AR
Frpon] 15 S5 5 o B 1 SR B T AR L A0 R VR AR D
(9 — B 73, PRI AR S 56 BT 73 5 ) A 7 O S BB R R Al 7R
T B BERCNG OO o (6 A S50 BT 0 B 40 T 0 A1 B 5 A

J& W, Limnobacter. Marinobacter. Ponticoccus ¥ 1r 5%
R F7 LR 3 3 A TR R v Bl 03 18 M85 1 ), Marinoba-
cter FI Ponticoccus W5 43 1) 75 ] 3 J5t Y 986 1 0K [ L
PR BE A B B 40 5 S R, Yoonia J& (Ji Loktanella
Ja& FB 3 W e TR 43 ) B R Sl BRI 220 B
1 46 78 ¥ ( Phaeodactylum tricornutum) 135 [C 8 4% i
( Skeletonema marinoi) 1) 55 32 & Z2 5341 2 B 3% L6 Jg@ #f
R Tl e S A TR R UL A . Wang 55U i 16S
rRNA J PR e 6 0 B R i 1 2R v Dt P g 2 24
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TR A RE VR 4548, SRR T T RIAUAT T 1 12 b A
BT, RN o B W W v
NG T 56 49 LA & Sphingobacteria %5, 7 512 46 i 43 &5 41 B
SR A A S AR A — 2, Buchan S BF 5T KW,
55 2R AR DG A TR 32 0 A e B AT 187 49 (Flavobac-
teriia) . - JE B 40 LA Ko -8 B TR 40 B0, ) B B IR
Fi WK (Alexandrium tamarense) . 8% KW Jy 11 K 3
(A. catenella) 3t 4 R A 57 B 25 R W, AR IR 18 1T A1
PR T8 177 g 1 b g 288 Ik A A1 TR Y I 2 R e,
1115 2K PG LS o 5 5% 200 T A % 1) 0 38 T R A A T
Alphaproteobacteria Fll Gammaproteobacteria B > 2§ ¥,
Pk, E AT BT B0 B¢ R s e A 40 TR A e 22 1Y
P15 D9 2800 G T TRAT T
4.2 Yoonia sp. PD-AEP-1 W EF HFMER ES5FE

Yoonia J& h S5 73 B R 3 A B 2 1R L R
JEAAAFAE T30 A B, 1088 72 W & 3% ( Cladophora)
H L TSR AR DL op g S ok e, HL T R M
FLAGARIE . SRR R 7 s D ) AR R
Y A R H R — P BB IE N K | 2 K SR K A
JUERMERRSE, JF ELAE A T UG AR S A B R

Yoonia sp. PD-AEP-1 3 [H 4] (1) I 5 45 SR & M, %
TR PR B9 1 22 R AE -5 D RE 55 HON AR 1 PR A9 338 17 LA K
SRR R A SRR B UIAROC ) . e, %
ME oA S EE AR BN, W] HAR T BB
JeE AT, TES AN R AL T IR AR I, B
oG EHR Ty, BT A 2 HARAS A DL By
Ml — 3 AR AR AL A 1 3R BT AR (0 IR 1Y A B i
FROAFE AR, 32 40 T 7 5 3 40 0 A 1) ] RE LA A
) A= A 3R 1 5 2Ok A 1 3 At L ) A s DA RS R
B, #2E A B IFR B4 VB, R VB, IYRE T, 362k
Y 1R AR FT g AR GX 2 B R4k AR R 1 BB IR,
I VB,. VB, % B & 4 4 & 046 g 2 A AFE T
PD-AEP-1 H1, 3% B AR AT RE HLAT 43 i 2 4k A R 1Y
AE T, S AR T Dt P B A M A A BT 7 B R 4 A 3R
KRz —

PD-AEP-1 2 [N 4 B A7 Z A P AU A OGS
H: 7 PhoR Fl PhoB f& Pho ## 5 F ( Pho regulon) f¥ &
BEP P A, Pho 18T TR U Y P AR 2 G SERRACIE
R SE R FRIA 5 5 i 4 AR, TERE IR AR
= SO0 T W05 3 3RA 0, SRR EE W A1 A D 3R
0 TR T 7 SR TR A 08 P R 43 T A T, T SR TR
02 2 TR 20 D P S ) i A R, R TR R R 4%
AT 200 T ) D A A W DR e R TR TR K A

WERR TR AL & W Y T 22l 26, 7w IR R PR 1 25 10 7 9
Feak@, [N AL H#EN, PD-AEP-1 25 £ AL Ak 42
R IO i R B, X TR £ s = 1 BB B R4
14385 N HE T -

4.3 Yoonia sp. PD-AEP-1 Hh C-P BB B R 58 E

B 5 #7

DAFEWE IR 3R W, C-P 241 il 34 12 2 C-P ST Lk
() AR IR A, T RE A K 22 BORN 6 1 I PR TR L &
Py, & PD-AEP-1 JE[H 2, S T 24 C-P A
MU A AH DG LN, E B AE 3 A JEH AR,
WA~ 35 PR 25 4 ) 4H B T A T 58 3% 1Y) C-P 24 i il
AR, FRWIHAR ] 5e B AT FE i C-P S HLBR I BE ) .
C-P S fifk it 4 2 2 0 2E W) B ik C-P B BILE 19 e 32
PR Z —, I AWITE KW AT & ( Escherichia coli) 1
KB, L phnC—phnP %5 14 A~ FE PR UCHEA 241 A%,
PR B Al 44 Ry < C-P 24 R AR R Y 14 4>
5> TAAE, JLIR) 52 B C-P BEA FLEE M A2 Hin 21 R 0
WEIR £ 0 2 S B, Horp phnF 1 58 i i phn $2 9\ 1
() BHL 38 2 1, phnCDE Jit 4w % 2 14 1 3¢ C-P #45 LBk
B 12 i, phnGHIJKL 5 C-P % 24 fif 1§ 19 3% PE #5240
5K, phnNOP % i% (4 85 0 5 A J2 i By £ 10

PD-AEP-1 J& [ 41 i 77 75 P AN [R] Y C-P 2 i Bl
AR, X F B AE it TG A 5 M 1 ( Pseudomonas stutzeri)
L RS PR TE S, AN R B 2 C-P i Tl R AR 1Y
FE A HEZN T 7T R 2 A1 BT R TA], Lein P. stutzeri
A C-P 2L Bl i A2 TP BRASEL S phnO, Horp— A~
[F B} 8EH phnP. Thiobacillus denitrificans W' phnF It %
A ATE phnE Z )5, WiJ& 534 T phnC L, Trichodesmi-
um erythraeum IMS101 §Y C-P HfH A A& H
phnF, phnN., phnO. phnP, H. 1 T. denitrificans 251U,
H A phnE®,

PD-AEP-1 H C-P 2 iff il 1k X 2 [ A 2 B T 450
MRFRRAE, LA BERRE T 5 A WA phnE I phnM,
WA phaM FF R ELHES, 5 T erythraeum IMS101 25
L, Hrp NG phnO, phnP. 5 3% S8 35 H HEAG £ —
AL 1Y, AL HE — A i i R R D) HE AR Atu0170 1Yy
B, Ph e —A B R W 5L D arf. AR phnO B2 —
Fh 2k 5% % g 520, HEDW atf 92 1 5 phnO 2511 Ty
Ao FEPRIE I 1 11 DR R, bR phnF | phnG
phnN., phnO. phnP, {HYj C-P A LB ) 12 fiy A1 24
1) 3 LR DL K atf #RAEAE . TE P stutzeri W1 P A
C-P 2L fiff it 34 22 #0 1T 4% fie R L R R B8R, ELJFE P A9 phn
operon” i H] [ fiff 52 5 W TR I , 5K 7T 9 5 341G 92k % fi
Y B K R KL BB PR 1B ( phenylphosphonate) B, 1] PD-
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AEP-1 P it C-P 2 fiff Ml a4 422 14 R 0 90 TRl A e, A ]
FEWA il 2200, A58 Ff T — D HR5E .
4.4 Yoonia sp. PD-AEP-1 R BN EEETEX
KRR
TEMFPE RS R G h, FRUFAE Y 5 16 1 A0 A7 72 B
[ A | S 58455 2 RO BAE T, G 2eAH B AR ]
TE V7 e AT ) 00 A A7 R G B bl o AR Y, TR
AR AR ORI Tk AR, S A A BN ik
A B TCR MG I T ER 47 G S AR A0, R4k
FH 35 205 T e i ok R v, S 2 2 38 hn B B R
20 G s 5 T B A TR A TR R R, LU TE AR
HEYE A RS SRR B MOt B SRR S I A TR 2R A
5 —SeaR SRIE TR UG, BRI A Z M EA
T T PR O AN TR B RN AIE Y . DT YNV T S ) AR
R38R )2 g K T 3 B W — AR Muricauda J& 4016, W]
ok BV P 5 2O R T T ( Proro-
centrum micans) {2425, Shi 55 7E 7R 1 J5 H 5 7R 9
IKAE T 43 85t — Bk Alteromonas J& W) 240 T4, 7T [ i 7R
Vi I VP Sl 0 T R v ) 20, BRI 0 I T
SR, RE T 2% ) 2% o 7 v 0T i 38 o A K LA (R iE 4R
FHBYAHTR, JCHIRREE YR, AR SRR D
Johansson ¢ i T 9% & B, Y. vestfoldensis 7] {i& #F
HICE AR A, UHRAEYOT R & e BR A PR 5L
thea, HAEADEIE Y, LERE IR AR BRI A5 0F T, 4 B R
2-AEP HUPl A7 AE B ER R A S F s A M i A G, 38
HH VP 5 B0 A A I R AN B Sy o5 A M R AL A IR . ol +
2-AEP” S 5 8 + TR 201 A 3 40 i %% 52 e T )
YA /N o, AT R B DRk, 3 A A AR T 3 5 Ao
R, BT R DAAPHAD B E FE LA, AL i &R
JCE DL R A R AR AL T AR, (B AR H I AT ()
FFRAKR G, K S8 FR Mo R4S T 58 R AR T, TR
fRE T A /NRIS K, (AR H TR TR EL=,
DRI 25 T BEA 2 BE AR SAT AL G R, < +
2-AEP 5 {1 35 40 it 9% B 7 i ) Wb 8 0 T + TR, B
JE A T fE b R SL K BT B 2-AEP( Sigma-Aldrich, 41
BE 99%) N i 3 b a] 3R A5 0 B e 2B FE ARG, (RO E
100% 2ifb G4, Horh &4 A i i i s PEsE TS 4 .
SRITTFE < + B + 2-AEP 214 T, B4l i % )& A
AW HAFLL IR, RS THMIBECER,
PR3F 7B AR . T A IR R A

2-AEP ISR B IE Hn A, R L HED, <9 + BF + 2-AEP”

S (% 2-AEP 8% PD-AEP-1 [% it J Bk fia £, M
) 422 O i A0 0 A A AR L TR IR . A R A
B APA FHXT 75 AN AN 2t B PR . T AP Y

P35 37 B 1 W R R Wk B M, APA 1Y I TR BB
GO R L TR S U2 4 S N = R /% 3 o a1 )
B2 M Bl BRRRAS o 5 22 % 07 A, B R 5 vk R
1o T H A A S, (PR SR PR TE AR T . 8 H R
B, A8 2-AEP B R B T BERR ER, (0 b T o 4n
R A K T BT AR R I R AR, DR, R R R
ok 22 I AR e Il 98 A B Wi, PR IR R RS T
NPQ 7 3 20 it &b il B il R 2 ) 25 2 35 T, i 7
W oC R AL 70 A9 1 100 T DU X 5 AER B, T + B +
2-AEP” % 14 1Y) NPQ A Xef JH: Al 195 A 45 4 B S B A1, o
TS B AN A AT T BN B IR AN o Z5 1
i, PD-AEP-1 B4 [%fi# 2-AEP [ RE J1, H: Al #f 2-AEP
Ree figt Ay ol T 6, O (A 40 B A A A 1, 18 HL A B T
iR b BR RS, I3RS T IR A K . JanBen %5 3E i)
IR B ARG R, 76— MEEE R RS T, Y
IMABH B Z )5, Y. vestfoldensis i) phnd 7[R 8 3 |
T, W5 BT B AR AR CHRPE . AR5
(4 55 % S 50 ) AR, 5 W) 8 () PD-AEP-1 H 4
R fife C-P A HLEE I BE T .
DAL, VA BT v S A L A TR A TR
) AE 1 L A A TR 1Y S VR P TRERR ISR T AR Sy AR T i
HE i wi e R EERIEZ — . F55 K, 2-AEP
ANASCRT A Sy Tl 50 4 T R, A AT Sy 48 T R AL At D5
FUIREY, BT A0 Xk . AT R T £, Y 2-AEP # %
i TR T AR R LB AN TR T R I, P X T4 2 4k T
FHXTTCACIRAS, B F C-P 24 g i 4% 38 & Ak F Pho 1
WA Z R, 1M Pho 45 138 % £ 32 B4 = vk
WL P I, PR LB R £R S5 XF 2-AEP [ R fff 7= A= B
P o T 224 B TR ol 5 4 s A % e 0 e ek R
W B, C-P 24 fifk g A2 1 300 1 23 B A I, A7 B T Al e
XJ C-P ST LI A0 45 252 B o
H TR TR T T 2218, InZ IR
PR ) W R, A0 T 2R 2 M K R R vk B Ak
FHARAK, 5 Z AL, B2 A 005 i A LS e
FROGE R R @, AR P P b B g 0 6 35k K 1], DOP 76
2K R B R 2 S LR 40~ 300 nmol/L, 75 ¥ fif
Wb L 3K 90%~99%) 7t 5 B & 2% 1 A 9 4
FLAZ PR WA ) SR v, R o O O 5 B SR h M 3R 8, R
8 DU 76 P B NGP B 0 B 8 v B O B 0, e ML
LA Ry A 0T o7 o TR B o) ) SR o AR AR D
T T2 A6 BRI PR BE R BT LA R R B G p AR R
KR AR 0 B RO, FE AR R R R,
T2 b 45 2 Kb F A I K P02, ply R 0 2 el e v
THAE R BB, DOP AT RE M U K i EZORIE . H
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BT MR R AL A W), FNTCIE A C-P BEAT HLBES 1,
PRIk C-P 5 A BIL 8 3l o e A 4 T ] 4 ol P o 200 i AR
BRI, AT TR WL £ AR 2 A5 W 45 LB R
LASN g AR i) mb e (i o R BER . 25 B BTA,
PR TR i P S A 0 R I A It T T 2 Ty HL AR T

Marinobacter % 5 1~ &, VA J a"B L B N . B2 E 14
9y IE TR N LB AT R N AE 42N . Yoonia sp.
PD-AEP-1 HAT 2 B 15 7R 15 5t Y 38 26 A AH 35 07 A9 ¢
fiE, A & B B G 4E2E R M TERE 01, IF HAFTE I8
A ARRE T BE 4 1Y C-P R IR E . T3 Ah, LT B

X — B, 7ERERR £h B = PRI b AU I T 35 40 i f)
ARTI BRI SRR, TR EHE —E M A

5 Z5it

AT FE AR It B SRR 2 v 3800 B AR O 20

B4R 1E Yoonia, Limnobacter ., Roseivirga. Ponticoccus .

T g T 1 i AR Y IR R TR 1L 5 ) 2-AEP JF R T
BERRER, N1 2-AEP W] 4245 AR v Jt WP e 200 A Sy
BARURAL T, ok B S B0 BR800 o AP048R4 e 1 0
TP A A0 e D R e — A AR ORI R
Kk — 2 W 5 1%L A A 2 T S P S o e T i PR 1)
IR T T e o A R TP oy TG A 10 B E R
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Isolation of a phosphonate-degrading symbiotic bacterium from Proro-
centrum donghaiense and its promoting effect on algal growth

Cui Yudong', Liu Honghuan', Chen Jinxue'

(1. Fujian Province Key Laboratory for the Development of Bioactive Material from Marine Algae, College of Oceanology and Food Sci-
ences, Quanzhou Normal University, Quanzhou 362131, China)

Abs

tract: Phosphonates in the ocean are a kind of potential phosphorus (P) source which could be utilized by

phytoplankton. Although dinoflagellates cannot directly utilize phosphonates themselves, their symbiotic bacteria
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have the capability to degrade phosphonates into phosphate, thereby promoting the growth of algal cells. However,
no studies focusing on a specific bacteria strain have been conducted thus far. In this study, Prorocentrum dong-
haiense was cultured under conditions with 2-Aminoethylphosphonic acid (2-AEP) as the sole P source. Isolation
and purification of the symbiotic bacteria from the culture was conducted and five kinds of bacteria were obtained.
Genome sequencing results revealed the presence of two types of C-P lyase pathways in the bacterial strain desig-
nated as Yoonia sp. PD-AEP-1. The function of the bacteira strain was verified through the co-culture of bacteria
and algal cells. The results demonstrated that after the algal cells were treated to phosphorus-starved condition,
when 2-AEP and the bacteria suspension were added together, as compared to conditions which only 2-AEP or the
bacterial suspension of PD-AEP-1 was introduced, both the growth rate of algal cells and the phosphate concentra-
tion in the cultures showed a significant increase. Meanwhile, alkaline phosphatase activity and non-photochemical
quenching of the algal cells decreased significantly, indicating that PD-AEP-1 has the ability to degrade 2-AEP in-
to phosphate, thereby alleviating phosphorus limitation for P. donghaiense cells and effectively promoting the
growth of algal cells. The study suggests that symbiotic bacteria of P. donghaiense might play a part in providing P
sources to the algal cells through the degradation of phosphonates. This process could probably contribute to the

outbreak of P. donghaiense bloom, highlighting the importance of algae-bacteira interactions in marine ecosystems.

Key words: phosphonates; Prorocentrum donghaiens; symbiotic bacteria; algal-growth-promoting effect; red tide
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