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Fig. 1 Growth curve of Prorocentrum donghaiense (a) and

phosphate concentration in the culture (b) under three P condi-
tions. Phosphate: f/2 medium, phosphate concentration was
36 umol/L; 2-AEP: {/2-P medium, while 36 pumol/L 2-AEP was

added; No phosphorus: f/2-P medium, no P source was added.
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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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A By I ANTE 0 40 i R U R 2-AEP AT I
25 5o (R A 3 1 7 00 D PR SRR SR R R v, S A i
JFE Y A2 A AR F I 5 W SR B AR, TR
8 d 2 J i A 2 8 R A AR, SR W A B AR B RO
RERE A 2-AEP VR R B 1, [W] i 2w diAE Z e
IR Z 5, B SRR R NI ASAFAE AT 2-AEP [ fifk Ay ol
FRER AU B o “BE+2-ABP 25 1F 5« P+ B 4 1 1)
2 6 %5 AR T AR A /N L T, HL S 2-AEP” A% 14
ML FEFE 14~22.d B 3/ T3+ "(p < 0.05), {2
SERIER ARG R LI . SR, E BT +2-AEP”

ZAFTR, SN M R R T RS LR IF HA
55 4 d IF IR A = T 53 Ah AN S5 (p < 0.01), R TE
AT, SRR T A B

Wl 2 £5 00 52 A &5 SR a0 sb TR, H: s +2-
AEP” 5 1 15 P TR 5% A0 T Wi R R VR B Hp 2 Ab TR
F 0.5 umol/L /K-, Hi%A B #FH 2R (p>0.05), 1
I 6 d FF UG, “PE T +2-AEP” % 14 (i 16 £ vk BE ik
3 R TR (p <0.05), HAFELAL FAKF 1 pmol/L
(9K o HHIEL Sconl AL, H T 3540 MR I 2820 T BEVL
b3, AE K5 SR 400 0 R0 A5 4N A0 I Y APA ¥ 4L
TAREACY o FE IR G, “BE+H 51T, APATE
0~8 dWgA R, AEZEM 8~22 d W 4bF &4 -
TH R, e B A 15 T 6 40 47 S Ak 5 1 6 IR i
RAE . “BE2-AEP K AF 1) APA B AL 5 5 <de+iE
A2, B AE 8~22 d BRI T 5 & (p < 0.01), £ W]
LA RF S A TR IR ER R LIRS o “BE+PI+2-AEP” 4%
T, APA AR 2 d A3k i 3 AR H Al A~ 5514 (p <
0.01), H 2 BIFFLL AR 35,

NPQ Fy i 52 45 54N 5d Bz, ph )AL, < +2-
AEP” S 55 <3+ 1R 45 140 1) NPQ #4940 F 48 i K, 1
“HE - +2-AEP” 4 4 (19 NPQ Ut A T A LA 4%
1 (p<0.01), VITEAFZE LRI, NPQ Y FH i /2 H e 4t
I 7 X 5 R kIS ) iy — o i 3 I AL i R
Fe A RH R B 1R BRI 25 1 T NPQ Ab T A K -7,
PRI, 3+ +2-AEP” 4% 11 7Y 35 40 ) #9811
RECEMB T W EEM.
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Table 2 Genes related to phosphonate utilization in the genome of PD-AEP-1 and their characteristics

Jit e 4 g 2

Alpha-D-ribose 1-methylphosphonate 5-triphosphate diphosphatase PhnM2 (EC 3.6.1.63)

& #F(Contig) HHGS KEE (bp)

peg.3912 1146

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)
NODE 9 _length_69 264_cov_65.868 739
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)
peg.775 537 PhnH protein

peg.776 1056  Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit PhnI (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)

NODE 1 length 861959 cov_71.815100 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 (ATF)

peg.1318 576 PhnH protein

peg.1319 1014  Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit Phnl (EC 2.7.8.37)
NODE 24 _length 14 478 _cov_37.311 755

peg.1320 846 Alpha-D-ribose 1-methylphosphonate 5-phosphate C-P lyase PhnJ (EC 4.7.1.1)

peg.1321 768

0y PUZSI RPN 2 FRAAARAT LN SR, PRICR SR B

Phosphonates utilization ATP-binding protein PhnK

FeAAE T AT IAR IR IR RN AR A F AR O THF SR AP 2 0, ELARIR S 5 T R TE AT T BE,

ZERYIE R, R WIHET IR R 1 2-AEP R [ A 2 1
WERREE o DATEARGE o, AR IS 38 A B OF A R b
fiff C-P S A HILIE B AE J7 0, DR I e 0 1 o 9 A 3 A
A0 TH X 2-AEP BEAT T KRR o (R R TR Vg O eI AR

BF Al G R AT 0 R — 2P A . ARBETEAER
T D PR % SR AR 2 R BT g0 A 0 I A A R O3 A A
Yoonia. Limnobacter. Roseivirga. Ponticoccus. Marino-

bacter % 5@, g THREAME (8 THEATEHE
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phnC  phnD phnEl  phnE2

FHE R
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atf  phnM1 phnF phnG phnH phnl
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-)

phnJ  phnK phnl phnNatu  phnM2 1 kb

phnH* phnl*  phnJ* phnK* phnl* phnM*  phnC* phnD* phnE1* phnE2* atf*
Kl 4 PD-APE-1 2L A~ C-P R BEE AR FE R A HEAT o *73m BE P 2w iy PR A [ B30 €8 2 31 A Qe 2 1D TR
Mz s H (SR o), PR (R O) J C-P 2B AL H A 5L, BN R DIBEE H 5 arf: BEIR T A AR G L L%
FEMEIE, atu: RN BEE 1 Atu0170 G5 L K.

Fig. 4 The organization of two gene clusters of C-P lyase pathways in the genome of the DH-AEP-1. “*” 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. 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 pmol/L 2-AEP.

P AT TSR AT, o TR W4, B B 1
MWy BT, NIRRT RN 4 DN BT HR
St A] TR SE 0 2 4 B B IR B TR o A0 TR A TR AR /)
B — P 43, PRI LM A S 30 T 4 8 1 240 TR O A RB AR SR A T
TE Vi 00 B A D0 o A A S 36 9T 43 5 A TR A A R S
J& ¥, Limnobacter, Marinobacter. Ponticoccus ¥4 1t £
AR LR e 2 A B R vh Bl 4 8 3 g 1 ™), Marinoba-
cter Fl Ponticoccus % 43 S| 76 A1) 3 Ji HT 988 F1K [ B
PR35 A9 BRI 4% 43 B R B0, Yoonia J& (Ji7 Loktanella

o FB 3 o T R 53 ) B R A B R 220 B H =
1 46 78 ¥ ( Phaeodactylum tricornutum) 135 [C 5 5% i
( Skeletonema marinoi) W 5% 35 1 Z2 3334 5 1 1 26 & &1
Je B 8 3G 2R A0 B A R UL S Y . Wang 553 1 16S
rRINA i [R] 3 2 I 5 e AR 5 1 A 1 it R e A 4
W RE TR A, RV IE T T AT 1) 2 b i A
P, A HNOSE o LI RN v H N .
RE AT 1 2W L)L B Sphingobacteria 55 , 78 5256 BT 43 25 410 T4
Gr A B ERE S H A AR — ("), Buchan 5 (B 58 KW,
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55 R 1 2R O 40 TR 43 A 7E BAT T 4K ( Flavobac-
teriia) . o-"% 18 A UL ey I8 T 40 O, k) B B IR
T 1 K3 (Alexandrium tamarense) . 5% AR 7 11 K 34
(A. catenella) 3t A TR A 57 1Y 25 R B, AR B T A0
PUAT BT Ry 1 o 3 28 3 A 20 7 0% A0 35 SIS i 0o,
T K PGB A 9 5% % A o1 7 10 D0 34 T 32 0 A A
Alphaproteobacteria 1 Gammaproteobacteria T 1~ 2H ¥,
KL, E R o & A S A A A B 2 Y
PN TTE4 Rg ZE HE W T TR I T
4.2 Yoonia sp. PD-AEP-1 M EF AR HE 5K

Yoonia J& RS9 53 B KT A I 2 W E, XA
J& AAUAFHE T 10l AR 5%, 88 ZE W & 3 ( Cladophora) |
S5 L TSR RN R DL rp gl S SR, L B M
A5 v R0 K P T R o R T I L R A
TELR g A, 3R] H O — b BB I IV ROK | 2K RK K&
ROKEE] EREIRES, IF HAE 2t B9 B #2401
Y T8

Yoonia sp. PD-AEP-1 3 [K 21 ()l 52 45 2 0, 1%
TR B 18 22 R E 5 2 8 5 HOGS A T BR B A 165 1 DA e
52 )5 e n AR G R AR UM OC . e, i
P& A S EEHAROCH B, R HAR W] 58
JCE AT, 1R BN L R b T AR T I, B
116G ERTRTE T, e I IF AN 2 R4S A LAY s i
ME— 3R A% AR AR W) A 2 AT AR (5 202 114 2t R
PRI ER A7 AEARE N, 32 4 T 7 5 8 40 i 2 I ] BB LA 5 i
T A KR 1 07 ORI SE S 40 i 1 AR s DAAEBF R 3R
1, 2K A B OIF R HA 5 VB, Ml VB, B RE T, JRAE
I AR 1T RE S HL AR HGX 28 B G 4 A 1 B IRAR
I VB,. VB, % B &4t 4= 5 195 WO A2 [ FEAE e T
PD-AEP-1 v, 3R W] AR AL Ag B A5 X se 2 A R 1Y
RE T, J& 7R 1 i W R A A K T 7 B R4 R I E
KBz —.

PD-AEP-1 JE [N 41 B Z i P AU A SC 26 I
. PhoR F1 PhoB & Pho ¥ 77 F ( Pho regulon) f*
B H, Pho T F7ERUEY Th AR 2 5C BB A
AL R R A 5 b A A, TR R
[ = B 00T s A, R UL ER W N AP D) R
WA TR il 1 SRl R R A vh A 58 T AR T, T SR w2
2 A0 T 200 D PR 9 o i A D, R R R A A%
A 240 M m) ) B v R B R e IR A A K
BERR IR fL 5 W i B 2R 2S, 7EmR AR AR KR 0 2504 9k
Feik® [ I HED, PD-AEP-1 B £ ML i A1 1%
R X B IR Eh BR ], X T WML £h B = 1Y BB B A R 4

)32 1V BE T o
4.3 Yoonia sp. PD-AEP-1 1 C-P B HL B R it 1% 2

B 5 #7

DAFEWF IR 3R W, C-P 241 il 3 152 2 C-P A Lk
() AR IR AR, T R A K 22 BORN 28 Y I PR TR AL &
Py, 7E PD-AEP-1 FEH 4, BE T 24 C-P A
U A AR DG L P, AR v e = A B e rh, Horp
PR A~ 35 PR 25 1 4 0 4 B T A X 58 3% 1Y) C-P 24 i il
AR, FRWHAR FT 58 B AT B ik C-P ST HLBE 1 RE
C-P % fife il 4 728 J2 I 2E W) B i C-P B BILW 1Y) e
SRR Z —, W TE KW AT & ( Escherichia coli) W #
R, W ILH phnC~ phnP % 14 A~ 5 AR K HE AR 241
B, PR A 44 R < C-PY LR IR AR, AR T
14 AN 53 AR, 2R 58 1 C-P S A HILBE M1z i 31
fifk by Wl R R 1) B A ok B, b phnF 5353 S B phn 45
I\ 1 BH.i B 1, phnCDE Jt i 88 111 7 98 C-P 3 A5
HLBS 138 5, phnGHIJKL 55 C-P 8 54 fit Wty (1 7% 1 1 4%
FHIE, phnNOP Z it (1) 2 1 01 A kg ol B A 0

PD-AEP-1 2 [H 241 {1 77 75 P 4~ AN [ (1 C-P 2 i il
AR, B B AE I IS A B M TS ( Pseudomonas stutzeri)
Hs RS Rl TS, AN TR0 T T 2E L C-P Rl R AR 1Y
S A B HEZN T 1) Re 2 A BT AR TR, Lhin P. stutzeri
A C-P 20 Bl i 12 Th AL phnO, o —A~
[R5} %4 phnP. Thiobacillus denitrificans W' phnF 33
ATE phnE Z )5, i & 5346 T phnC 13, Trichodesmi-
um erythraeum IMS101 §Y C-P R fH A H AU EH
phnEy phnN., phnO. phnP, H. HH T. denitrificans 251U,
H WA phnE¥,

PD-AEP-1 H C-P 2 fiff il & R [R) A S B T 450
MR AORRAE, Hoh R 1T &P phnE RS phnM,
WA phnM FF R ELHES, 5 T erythraeum IMS101 2
oL, Hrd ARG phnO, phnP, 5% 26 5L R HE A 7E—
AL 1, AL 4G — A i 15 R R D) RE 2R Atu0170 1Y
B, Ph e —A~ G B R W 5L T arf. AR phnO B2 —
il &0 T 5 o il 2, HE W aof 3 18 5 phnO 2511 2)
RE. FEFE I i 11 NERA, HA AN phnF . phnG.
phnN. phnO. phnP, {HYj C-P §#H LB (1) 1z fi A1 24 i
() 3 BEEL A DL K atf BRAEAE o P. stutzeri H P> C-
P %4 fiff Tl i 425 0 W O fige HYRE IR R TR, L b (9 “phn
operon™ i ] [ fif 2 JE 1B 1R T , AR T T 2 12 T 12k % i
EH B T R 5L B R TR ( phenylphosphonate) B, 1] PD-
AEP-1 H P Ff C-P 24 i B3 42 1 IS 4 4 [l anfef, 4
JEWA I 2200, A5 1 Tk — AR5
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4.4 Yoonia sp. PD-AEP-1 R BN R EETENX

RR

AR RG T, RIAEY 516 7 41 W A7 A5
[ A | ] 5455 2 RO EAE D, 3 2eAH B AR ]
TE T Ui AEL ) 00 A A R0 G 3 b 4 B SR Y, AR
2 IR 0 e R T R v, IS 3 A A TR A A R Bl
A AR TCER MG ER rh R4 i EE AR (A0, AE 4k
FH P 20 0 R i o R R A 2 1 L ARG B A
Z W5 10 G B o 5 ] PR 4 TR RV R R, AT R AR
HEYE LR R FVE FRER AWt B S R S B 4 T S B
5 SR RIE TR UM, HRE A 2 M AR
TRE T A TR B 0 B RN AIE A o DA TR YN T A 4
B R g K 4y B B —#R Muricauda J& M TR, W]
38 ) v e O R0 I 3 (Proro-
centrum micans) [ 445, Shi 55 78 4R 1 J5 H 35 % )
IKAE T 43 85 s — Bk Alteromonas J& B 240 T, 7T [ il 7R
T I PR 4 L RE R Y 22, B T A I N R R
SRMT, Xof T 2 0 A ok A v o) ol i o R K LA (R R A
JHBY AT, JCHIZREE YR, A A SRR D

Johansson 4§ [ iff 57 & B, Y. vestfoldensis 7] & i}
HIEFBENAER, LHEESR IR T 2B ER
thea, EFEADFIE D, TERE IR AR BRI A5 00T, 40w A1
2-AEP HUpH A AE B R e A AU e HF BE A M A A G, 3R
WY T 3 B0 A A B RS AN BB Ay 8 00 P 4 L e+
2-AEP” 25 55 PR TR S0 10 35 40 A %3 B A i 4 2
A /NG E T, AT RE R A, 2 T i R o AR
o, oo R LUS H ALY B 3R 8, AL e 4 B T
2 UL A R AR AL T R K AT, B I ACKT
FARR T, X208 55 U0 AR 1 A8 R B4R TS, B
TR NS, (HORH TR TR e =,
W TR ST T 0 L 22 8 A R R 2 I o i+
2-AEP” 7% 11 356 200 1 75 7 I 0] 2 s T A, B
Ji R AT BB A S A4S S 59 Y 2-AEP( Sigma-Aldrich, £
£ 99%) S i S b vl 3RAS B fe s AL ARG L (EOFEE
100% 2l 54, Horb &0 b B % e 5 ey g o

SR A PRI +2-AEP S5 14 T, el i 2% 8 B
W AL Bk s, RIS TSN TR,
PRk TR AR . TR AR IR R TP IRA
2-AEP LLAR i IR A, PR, 388+ 18 +2-AEP” 5%
4 B 2-AEP € B PD-AEP-1 [ i b Bl 2 £k, AT 7]
T2 o B MR AR BRI T BEUR . SRR B M Y
APA FIXF AN A St i PR, T AP R
Ik 32 3 v W IR R Uk BE A, APA (Y b T 2w PR
B TR FRD, HEZL 0 T RER I, A T i e

2 B W IRAR S . 5 2 RN A, W 1 £ e s
F AT AS F A, AR SR PR 5 7R AR AT o 58 i
P, R4 2-AEP B R B T R AR, (R o 4
JiL B A K T BT AR R R AL, DN UL, IR R R
ok 22 Ji AR PR BV A o8 A0 B R A, PR O B A RS T
NPQ 7 3 4l i b F B PR bR 25 i 2 38 T g, Thi 7
Wl o0 2 A 07 7 A B B0 T U R X e I e, T <3+
P +2-AEP” £5 14 i) NPQ A X H:Ath 195 4 4% 14 BH . [ A1,
W BZ A F B AN M AR AT T AR S A B IR AL R . 25 1
iR, PD-AEP-1 HA [Ffit 2-AEP HYRE 1, HAT K 2-AEP
e fige Ay Tl T 45, O (AL 405 e 4 M 4 1, 1 FL A B T
iR b BR AR A, 3045 7 B B AY I K o JanBen %538 i
FIENAFE AR KR, fE—DMEAR R RS T, S
IMAREH B Z 5, Y. vestfoldensis B phnJ 3£ R i 2% F
T, W5 R B R AR AR — 2 RHRPES . AR5
(10 355 75 52 560 W) 5 12 30F B, 5 H R )& Y PD-AEP-1 H. 4%
W fift C-P SA HLBEAIRE ST .
DAL A, VA VR RS v 3 Ao L TR i R TR
B ) RE 1) A 40 T 1Y) o VR FH TR TR ISR T A Sk R 1 i
s ioc R EERIEZ — . F55 %, 2-AEP
ANASUATAE A T 0 40 B ), A T Sy 40 B 2 A Al VR
FUUREY, BT AR Xk . AU TR £, Y 2-AEP #i[%
fige Fo% TS A AR NE LV A9 A9 AS Rl G 3% B, PO T4 2 Ak T
I TUAVIRES, th T C-P 247 il 14 4238 % &b T Pho ¥
WMV Z R, i Pho 15 138 # £ 52 B4 = vk
WEERER A, DN UL B AR 5k 2 X 2-AEP (4 R& i 7= A= 1
A F o T 24 R ok 5 4 s A % 9 40 e s i
WS, C-P 24 fifk ity a4 42 1) 100 ) 2> B A B, A B T AN e
Xt C-P AT AL 1) 7 L2 P A
M T8 R W AR T 1%, N2 7 WA )
PR ) MR T, 9 T 3R 2 U K R B R R vk A
FHRALAKT, 5 2ZH b, B2 PR A DL VR
FRX T 2 AR TG 9 b B 5 1 5 A 4], DOP 7
)2 UK Y M FE VS L Ol 40~ 300 nM, 7E 75 fifé i B
H LG A 90%~99%) TE Fi Sy kB K AR T G S B
VT W R e T, Rk A 2 R SR ER IR B,
DU 7 AV B NGP L 19 P 85 v o D A 70, e B L
A 5 A AT R0 N TR R A SR AR A R A
4 5 B2 7 A 58 T B HL A 0 ) 5 4 A0 8 A &
AR AR BB R, FEAR R & L FE v, w R
ER R AL T AR AR AT, R R R A R b T T
FER A8, DOP vl g 2B c Ry EZORIE . H ¥
I A i TG S Ak A 1, H) Gk i C-P A HLEE S,
DRIt C-P 4t AL 30 e M A4 40 T 1) 42 0t Y o N A
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KX — ML, EBEIR R 1B = PR b 7R Vi Dt Y 3 400 e 1Y
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5 Z5ie

AT 5T AR Vi D5 FH 9 5 K 2R v e 43 8 A5 4
WA LE Yoonia, Limnobacter ., Roseivirga. Ponticoccus .
Marinobacter % 5 &, LU X o-ZB X H N . B-ZTEH

9y IR R A L B BE AT IR 95 4 -4 . Yoonia sp.
PD-AEP-1 HA 2 il 55 4K 6 It Y 956 S 20 A1 0 B9 4
fiE, A7 B G 4E A= R I AERE T, IF HAFTE P4
PR T AR 4 A 1Y C-P 2R Bk 15, D3 Ah, T Bk
T A 6 T v M R JBR R R 1L 5 W) 2-AEP JF R
WERRER, DT (75 2-AEP [H] 4290 A< 1 it P 35 240 i /Ay
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S Lk :

[1]  Tyrrell T. The relative influences of nitrogen and phosphorus on oceanic primary production[J]. Nature, 1999, 400(6744): 525-531.

[2] Karl D M. Microbially mediated transformations of phosphorus in the sea: new views of an old cycle[J]. Annual Review of Marine Sci-
ence, 2014, 6: 279-337.

[3] Lin Senjie, Litaker R W, Sunda W G. Phosphorus physiological ecology and molecular mechanisms in marine phytoplankton[J]. Journal
of Phycology, 2016, 52(1): 10-36.

[4] Kolowith L C, Ingall E D, Benner R. Composition and cycling of marine organic phosphorus[J]. Limnology and Oceanography, 2001,
46(2): 309-320.

[5] Lin Xin, Wang Lu, Shi Xinguo, et al. Rapidly diverging evolution of an atypical alkaline phosphatase (PhoA(aty)) in marine phytoplank-
ton: insights from dinoflagellate alkaline phosphatases[J]. Frontiers in Microbiology, 2015, 6: 868.

[6] McGrath J W, Chin J P, Quinn J P. Organophosphonates revealed: new insights into the microbial metabolism of ancient molecules[J].
Nature Reviews Microbiology, 2013, 11(6): 412—419.

[7]  Gomez-Garcia M R, Davison M, Blain-Hartnung M, et al. Alternative pathways for phosphonate metabolism in thermophilic cyanobac-
teria from microbial mats[J]. The ISME Journal, 2011, 5(1): 141-149.

[8] Dyhrman S T, Chappell P D, Haley S T, et al. Phosphonate utilization by the globally important marine diazotroph Trichodesmium[J].
Nature, 2006, 439(7072): 68—71.

[9]  Whitney L P, Lomas M W. Phosphonate utilization by eukaryotic phytoplankton[J]. Limnology and Oceanography Letters, 2019, 4(1):
18-24.

[10] Wang Cong, Lin Xin, Li Ling, et al. Differential growth responses of marine phytoplankton to herbicide glyphosate[J]. PLoS One, 2016,
11(3): e0151633.

[11] Cui Yudong, Lin Xin, Zhang Huan, et al. PhnW-PhnX pathway in dinoflagellates not functional to utilize extracellular phosphonates[J].
Frontiers in Marine Science, 2016, 2: 120.

[12] Yu Xiaomin, Doroghazi J R, Janga S C, et al. Diversity and abundance of phosphonate biosynthetic genes in nature[J]. Proceedings of the
National Academy of Sciences of the United States of America, 2013, 110(51): 20759-20764.

[13] Dyhrman S T, Benitez-Nelson C R, Orchard E D, et al. A microbial source of phosphonates in oligotrophic marine systems[J]. Nature
Geoscience, 2009, 2(10): 696—699.

[14] Quin L D, Quin G S. Screening for carbon-bound phosphorus in marine animals by high-resolution 31P-NMR spectroscopy: coastal and
hydrothermal vent invertebrates[J]. Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular Biology, 2001,
128(1): 173—18s5.

[15] Wang Cong, Lin Xin, Li Ling, et al. Glyphosate shapes a dinoflagellate-associated bacterial community while supporting algal growth as
sole phosphorus source[J]. Frontiers in Microbiology, 2017, 8: 2530.

[16] QuinnJ P, Kulakova A N, Cooley N A, et al. New ways to break an old bond: the bacterial carbon—phosphorus hydrolases and their role
in biogeochemical phosphorus cycling[J]. Environmental Microbiology, 2007, 9(10): 2392-2400.

[17] Villarreal-Chiu JF, Quinn JP, McGrath JW. The genes and enzymes of phosphonate metabolism by bacteria, and their distribution in the
marine environment[J]. Frontiers in Microbiology, 2012, 3: 19.

[18] Richardson B, Corcoran A A. Use of dissolved inorganic and organic phosphorus by axenic and nonaxenic clones of Karenia brevis and
Karenia mikimotoi[J]. Harmful Algae, 2015, 48: 30-36.

[19] Shi Xinguo, Lin Xin, Li Ling, et al. Transcriptomic and microRNAomic profiling reveals multi-faceted mechanisms to cope with phos-
phate stress in a dinoflagellate[J]. The ISME Journal, 2017, 11(10): 2209—2218.

[20] Shi Xinguo, Liu Lenian, Li Yue, et al. Isolation of an algicidal bacterium and its effects against the harmful-algal- bloom dinoflagellate

Prorocentrum donghaiense (Dinophyceae)[J]. Harmful Algae, 2018, 80: 72—79.


https://doi.org/10.1038/22941
https://doi.org/10.1146/annurev-marine-010213-135046
https://doi.org/10.1146/annurev-marine-010213-135046
https://doi.org/10.1146/annurev-marine-010213-135046
https://doi.org/10.1111/jpy.12365
https://doi.org/10.1111/jpy.12365
https://doi.org/10.4319/lo.2001.46.2.0309
https://doi.org/10.1038/nrmicro3011
https://doi.org/10.1038/ismej.2010.96
https://doi.org/10.1038/nature04203
https://doi.org/10.1002/lol2.10100
https://doi.org/10.1371/journal.pone.0151633
https://doi.org/10.1038/ngeo639
https://doi.org/10.1038/ngeo639
https://doi.org/10.1016/S1096-4959(00)00310-9
https://doi.org/10.3389/fmicb.2017.02530
https://doi.org/10.1111/j.1462-2920.2007.01397.x
https://doi.org/10.1016/j.hal.2015.06.005
https://doi.org/10.1038/ismej.2017.81
https://doi.org/10.1016/j.hal.2018.09.003

12 (GRERE T LE

[21] Parkhill J P, Maillet G, Cullen J J. Fluorescence-based maximal quantum yield for PSII as a diagnostic of nutrient stress[J]. Journal of
Phycology, 2001, 37(4): 517-529.

[22] Baker N R. Chlorophyll fluorescence: a probe of photosynthesis in vivo[J]. Annual Review of Plant Biology, 2008, 59: 89—113.

[23] Tamura K, Stecher G, Peterson D, et al. MEGA6: molecular evolutionary genetics analysis version 6.0[J]. Molecular Biology and Evolu-
tion, 2013, 30(12): 2725-2729.

[24] Overbeek R, Olson R, Pusch G D, et al. The SEED and the rapid annotation of microbial genomes using subsystems technology
(RAST)[J]. Nucleic Acids Research, 2014, 42(D1): D206—D214.

[25] Chun J, Oren A, Ventosa A, et al. Proposed minimal standards for the use of genome data for the taxonomy of prokaryotes[J]. Interna-
tional Journal of Systematic and Evolutionary Microbiology, 2018, 68(1): 461-466.

[26] Kim M, Oh H S, Park S C, et al. Towards a taxonomic coherence between average nucleotide identity and 16S rRNA gene sequence sim-
ilarity for species demarcation of prokaryotes[J]. International Journal of Systematic and Evolutionary Microbiology, 2014, 64(Pt 2): 346-
351.

[27] Cui Yudong, Zhang Huan, Lin Senjie. Enhancement of non-photochemical quenching as an adaptive strategy under phosphorus depriva-
tion in the dinoflagellate Karlodinium veneficum[J]. Frontiers in Microbiology, 2017, 8: 404.

[28] Oren A, Garrity G M. Valid publication of the names of forty-two phyla of prokaryotes[J]. International Journal of Systematic and Evolu-
tionary Microbiology, 2021, 71(10): 005056.

[20] JE=ER, FE R, #5546, 45, ARIE™ R DURERRIRE I LRSS L I A2 I 2 ARPE DT SE (9], WETE AL, 2018, 40(6): 720-727.

Tang Yingying, Qiao Yubao, Jiang Zhiwei, et al. Biodiversity study of the bacterial community associated with toxic marine dinoflagel-
late Alexandrium catenella LZ1706[J]. Marine Fisheries, 2018, 40(6): 720—727.

(30] ZETFHE, FBAHEME, BETE. 4 MOK REUEHE (Karenia mikimotoi) BEFRS-IRANH I/ BS4ERE []. HFTE S WITH, 2014, 45(5): 1099-1104.
Gong Shiyan, Tu Yanping, Xie Zhihao. Molecular identification of four strains of heterotrophic bacteria isolated from Karenia mikimo-
toi[J]. Oceanologia et Limnologia Sinica, 2014, 45(5): 1099—1104.

(31] Z2HH, MIGENG, sl e, 45, FIFDJEUH #E PL1T IR A= B ARMEDTSTE (0], WL, 2020, 42(1): 73-81.

Li Yueyue, Tian Xiaoqing, Han Qinghua, et al. Biodiversity of symbiotic and epiphytic bacteria of Prorocentrum lima PL11[J]. Marine
Fisheries, 2020, 42(1): 73-81.

[32] Wirth J S, Whitman W B. Phylogenomic analyses of a clade within the roseobacter group suggest taxonomic reassignments of species of
the genera Aestuariivita, Citreicella, Loktanella, Nautella, Pelagibaca, Ruegeria, Thalassobius, Thiobacimonas and Tropicibacter, and the
proposal of six novel genera[J]. International Journal of Systematic and Evolutionary Microbiology, 2018, 68(7): 2393—2411.

(33] HRERE, 208, W Sw IR, S5, A MR PR AN B () 432 o RO A M A 4 1 52 (], VAR, 2019(1): 107-112.

Cao Yanqun, Li Yun, Pan Kehou, et al. Isolation and identification of the bacteria from Phaeodactylum tricornutum and their effects on
the growth of algal cells[J]. Transactions of Oceanology and Limnology, 2019(1): 107—112.

[34] Johansson O N, Pinder M I M, Ohlsson F, et al. Friends with benefits: exploring the phycosphere of the marine diatom Skeletonema
marinoi[J]. Frontiers in Microbiology, 2019, 10: 1828.

[35] Buchan A, LeCleir G R, Gulvik C A, et al. Master recyclers: features and functions of bacteria associated with phytoplankton blooms[J].
Nature Reviews Microbiology, 2014, 12(10): 686—698.

[36] XIIE, 2532, I, 25 SRR BT L RSt AR AN 8 2T (0], A= 252A24aR, 2009, 28(5): 889—894.

Liu Bing, Li Yu, Ye Qian, et al. Phylogenetic diversity of bacteria associated with dinoflagellate Alexandrium catenella[J]. Chinese
Journal of Ecology, 2009, 28(5): 889—894.

(371 #g/Ivali, o5 ik, KR/ME, 55 FET 40 THORKY 1 MRS B PRI AR T (0], 3RBERL7, 2009, 30(1): 271-279.

Yang Xiaoru, Su Jiangiang, Zheng Xiaoweli, et al. 16S rDNA clone library analysis of microbial diversity associated with the PSP-produ-
cing dinoflagellate Alexandrium tamarense[J]. Environmental Science, 2009, 30(1): 271-279.

[(38] TSk, WAk, k. KU (Km02) ILRE RN A oY (3], 17 5173, 2019, 50(3): 644-651.

Wang Pengbin, Dai Xinfeng, Lu Douding. Co-cultured bacterial community of Karenia mikimotoi (Km02)[J]. Oceanologia et Limnolo-
gia Sinica, 2019, 50(3): 644—651.

[39] Wang Yuming, Zhou Panpan, Zhou Weicheng, et al. Network analysis indicates microbial assemblage differences in life stages of Clado-
phora[J]. Applied and Environmental Microbiology, 2023, 89(3): e0211222.

[40] Oppong-Danquah E, Bliimel M, Tasdemir D. Metabolomics and microbiomics insights into differential surface fouling of three mac-
roalgal species of Fucus (Fucales, Phacophyceae) that co-exist in the German Baltic Sea[J]. Mar Drugs, 2023, 21(11): 595.

(41] ZEfirie, fiARIT, BBAA, 46, )RS DL (Mytilus coruscus) FRIEIEIR-5 KO8 Az MRS ) Tl A W T v LUASERITSE (9], 0 S804, 2021,
52(1): 196-205.

Li Siyuan, He Zhijiang, Lv Hongyue, et al. Comparative study on microbial community in mussel Mytilus coruscus body and seawater of
its natural and cultural sea area in Zhoushan, Zhejiang[J]. Oceanologia et Limnologia Sinica, 2021, 52(1): 196—205.

[42] Du Zongjun, Zhang Wanyi, Xia Hongjie, et al. Isolation and diversity analysis of heterotrophic bacteria associated with sea anemones[J].
Acta Oceanologica Sinica, 2010, 29(2): 62—69.

[43] Huo Lixin, Ma Anran, Liu Hong, et al. Diversity and ecological assembly process of aerobic anoxygenic phototrophic bacteria in a low ir-


https://doi.org/10.1046/j.1529-8817.2001.037004517.x
https://doi.org/10.1046/j.1529-8817.2001.037004517.x
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/nar/gkt1226
https://doi.org/10.1099/ijsem.0.002516
https://doi.org/10.1099/ijsem.0.002516
https://doi.org/10.3969/j.issn.1004-2490.2018.06.009
https://doi.org/10.3969/j.issn.1004-2490.2018.06.009
https://doi.org/10.11693/hyhz20140600174
https://doi.org/10.11693/hyhz20140600174
https://doi.org/10.3969/j.issn.1004-2490.2020.01.008
https://doi.org/10.3969/j.issn.1004-2490.2020.01.008
https://doi.org/10.3969/j.issn.1004-2490.2020.01.008
https://doi.org/10.1099/ijsem.0.002833
https://doi.org/10.3389/fmicb.2019.01828
https://doi.org/10.1038/nrmicro3326
https://doi.org/10.3321/j.issn:0250-3301.2009.01.046
https://doi.org/10.3321/j.issn:0250-3301.2009.01.046
https://doi.org/10.11693/hyhz20180700179
https://doi.org/10.11693/hyhz20180700179
https://doi.org/10.11693/hyhz20180700179
https://doi.org/10.11693/hyhz20180700179
https://doi.org/10.1128/aem.02112-22
https://doi.org/10.3390/md21110595
https://doi.org/10.11693/hyhz20200700217
https://doi.org/10.11693/hyhz20200700217
https://doi.org/10.1007/s13131-010-0023-1

x

B MRAT  — A T A It TR TG 7 Tk D VY S 2 A TR 10 2 8 B LAl o 13

[44]

[45]

[46]

(471

[48]
[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

radiation area, three gorges reservoir[J]. Journal of Environmental Sciences, 2024, 143: 116—125.

Feng Xiaoyuan, Xing Peng. Genomics of Yoonia sp. isolates (family Roseobacteraceae) from Lake Zhangnai on the Tibetan Plateau[J].
Microorganisms, 2023, 11(11): 2817.

Piontek J, Meeske C, Hassenriick C, et al. Organic matter availability drives the spatial variation in the community composition and activ-
ity of Antarctic marine bacterioplankton[J]. Environmental Microbiology, 2022, 24(9): 4030—4048.

Cruz-Lopez R, Maske H. The vitamin B1 and B12 required by the marine dinoflagellate Lingulodinium polyedrum can be provided by its
associated bacterial community in culture[J]. Frontiers in Microbiology, 2016, 7: 560.

Orchard E D, Benitez-Nelson C R, Pellechia P J, et al. Polyphosphate in Trichodesmium from the low - phosphorus Sargasso Sea[J].
Limnology and Oceanography, 2010, 55(5): 2161-2169.

Dyhrman S T, Ammerman J] W, Van Mooy B A S. Microbes and the marine phosphorus cycle[J]. Oceanography, 2007, 20(2): 110—116.
Metcalf W W, Wanner B L. Evidence for a fourteen-gene, phnC to phnP locus for phosphonate metabolism in Escherichia coli[J]. Gene,
1993, 129(1): 27-32.

Hove-Jensen B, Rosenkrantz T J, Zechel D L, et al. Accumulation of intermediates of the carbon-phosphorus lyase pathway for phos-
phonate degradation in phn mutants of Escherichia coli[J]. Journal of Bacteriology, 2010, 192(1): 370-374.

White A K, Metcalf W W. Two C-P lyase operons in Pseudomonas stutzeri and their roles in the oxidation of phosphonates, phosphite,
and hypophosphite[J]. Journal of Bacteriology, 2004, 186(14): 4730—4739.

Errey J C, Blanchard J S. Functional annotation and kinetic characterization of PhnO from Salmonella enterica[J]. Biochemistry, 2006,
45(9): 3033-3039.

Amin S A, Hmelo L R, Van Tol H M, et al. Interaction and signalling between a cosmopolitan phytoplankton and associated bacteria[J].
Nature, 2015, 522(7554): 98—101.

Gonzalez ] M, Simo6 R, Massana R, et al. Bacterial community structure associated with a dimethylsulfoniopropionate-producing North
Atlantic algal bloom[J]. Applied and Environmental Microbiology, 2000, 66(10): 4237—4246.

Gong Weida, Browne J, Hall N, et al. Molecular insights into a dinoflagellate bloom[J]. The ISME Journal, 2017, 11(2): 439-452.
PSR, WO, 55 2y, . — RV RN R OGRS B AVA AR [7]. A AR, 2012, 32(16): 4993-5001.

Shi Rongjun, Huang Honghui, Qi Zhanhui, et al. Algicidal activity against Prorocentrum micans by a marine bacterium isolated from a
HABs area, South China[J]. Acta Ecologica Sinica, 2012, 32(16): 4993—5001.

JanBen R, Skeff W, Werner J, et al. A glyphosate pulse to brackish long-term microcosms has a greater impact on the microbial diversity
and abundance of planktonic than of biofilm assemblages[J]. Frontiers in Marine Science; 2019, 6: 758.

Kononova S V, Nesmeyanova M A. Phosphonates and their degradation by microorganisms[J]. Biochemistry (Moscow), 2002, 67(2):
184-195.

Lomas M W, Burke A L, Lomas D A, et al. Sargasso Sea phosphorus biogeochemistry: an important role for dissolved organic phosphor-
us (DOP)[J]. Biogeosciences, 2010, 7(2): 695-710.

Xiao Wupeng, Liu Xin, Irwin A J, et al. Warming and eutrophication combine to restructure diatoms and dinoflagellates[J]. Water Re-
search, 2018, 128: 206-216.

T4, B, HOG I B0 A SR B R i BT (0] W AR 224, 2003, 14(7): 1065-1069.

Wang Jinhui, Huang Xiuqing. Ecological characteristics of Prorocentrum dentatum and the cause of harmful algal bloom formation in
China Sea[J]. Chinese Journal of Applied Ecology, 2003, 14(7): 1065—1069.

Zhou Jin, Richlen M L, Sehein T R, et al. Microbial community structure and associations during a marine dinoflagellate bloom[J]. Fron-
tiers in Microbiology, 2018, 9: 1201.

Isolation of a phosphonate-degrading symbiotic bacterium from Proro-
centrum donghaiense and its promoting effect on algal growth

Cui Yudong, LiuHonghuan, Chen Jinxue

(Fujian Province Key Laboratory for the Development of Bioactive Material from Marine Algae, College of Oceanology and Food Sciences,
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

have the capability to degrade phosphonates into phosphate, thereby promoting the growth of algal cells. However,
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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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