R -

o = 0h- A

h@mmu

mESRRSHNEENPIE KR

A NE S I -

(1. P EB2ERBE SR ﬂ?EﬁﬂtFﬁ E3EES =
T 100049; 3. WEM E2ERE 242408, LA NG 264003; 4. AR INE K%
200241)

SIRRE SR, ILE WE 264003; 2. HEBLFRE K, b
OS5 R E R E AR, -

WE: AR R E L EM S A B (Dissolved organic phosphorus, DOP)%} ¥ #4854 & K 49 3 F % vk
RIAF B Sk AR AT %, RIRAA C-0-P 4269 = BEBA A% 3 (Adenosine triphosphate, ATP). ‘H“B‘J@%
B2 4k (Sodium glycerophosphate, SG-P). 6-%%84 %] % 4% (Glucose 6-phosphate, G-6-P)F=4-A C-P 42 H
B (Glyphosate, G-P)4 R £ 49 DOP, 4 7 4 AR E &M F(20. 23, 26, 29C)#E M eg £ KK
VAR IR b SRR S
phorus, DIP)R & 5 3 4 o N s 5% B2 B (Alkaline phosphatase, AP)#) Z b, AFs 4 X & 8: 44 C-O-P
4249 ATP. SG-P A= G-6-P ¥ AT 4T+ M Ak eg £ K, JF BAHR Tt — SRt &0 % m it ey £
K, &K @ILE R L E] 176.7x10%. 218.8x10* f= 178x10* cell/mL; I} IR L T fnik ATP. SG-P
Fo G-6-P UL3EFik ¥ TDP R 69 T M, vAK ATP 4033 F DIP R 697 &; & a3k mien AP &
M R R R AT AT A& KT (< 10 fmol pNP /(cell- h)). 54H C-O-P 4249 DOP Ak, G-P 2884

%§(Total dissolved phosphorus, TDP). &f# A& LA (Dissolved inorganic phos-

Bt tm e A &

BT ARFEHEK, RREBRE

JEAL A 40.7x10% cell/mL ; 123 miei AP &

MR & F ATP. SG-P 4= G-6-P L[ %34 83 fmol pNP /(cell-h)] LM R & F+ & M k. vA L R ko,

AFE X% DOP &

A KFTAVR, FFEEEHAFH(20~29C) 2Tt

JL T BT TARB T AP 7 M

FEIR: PR AR, RE; AK; BB

FESES: X173 XEAFRIRAD: A
DOI: 10.11759/hykx20200225001

A i 25 JCHL B (Dissolved inorganic phosphorus,
DIP) &I FE IR AR ) A K L T E AR o0 R, AR,

IRZWFAF AT IR A B 2 AR
W], 7e DIP R A Z&PE, B2 P2 W AR T LA i

i 2H HL#% (Dissolved organic phosphorus, DOP), KX
B AR, BB MR DOP & i
AT AE R — P B WA, 7 Vi T R I A7 25 0 (Total
dissolved phosphorus, TDP)H i A5 AR A 4501, 43,

AR, B ZARIT Y DOP & K45t
BT TDP 1Y 85% 2471, J& S BUKIKE & F-fb it S5

HNE 22—, DOP 45 E 7%, MREREIRAEAIN.
WRIEHFTE C. P AR, FEAT] 70 R HL
&Y &4 C-O-P BABERRER A &4 C-P #E BER
BP0, KRR DOP T Z etk DIP A fE
BT IR ORI R O, L R T e ) — D i 2
F| DOP WZERFENR, 3 — 7 1052 B 5E K 1Y

EEMaF R LENLEK, £+ ATP. SG-P #= G-6-P #
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DOP X VRFAR P A= A 0 SE MO o ASBIF 9T e B [ 7R
BB W T ) — w2 8 9 - v B B 4% B (Skeletonema
costatum)!' NG X G, AE PUAS AR [ B 3 B A 1
(20, 23, 26. 29°C), 439 & hn = B B2 IR
(Adenosine triphosphate, ATP) , 61 /i 1] % 1# (Glucose
6-phosphate, G-6-P) . H i % 8 44 (Sodium glyc-
erophosphate, SG-P)Fl1#H H B (Glyphosate, G-P)J#
ANFEJEA W DOP, 38 ad 31 i 4l Mg A= K RRAE, DL &
Wi R Wt TDP. DIP ¥k B 68 1% % PR 1§ (alkaline
phosphatase, AP){EH221L, ¥Rt T AR5 AR DOP
Xf e B AR AR K S I AR, RIS AE A N R R
MK AL 25 AF T DOP = & 1 X PR I A ) 1) A OIS
PEAE— 2 PRl AR

1 AP EFE

1.1 FEArERAZRERT

B SRS, costatum) sy B B T E EE A
S i P L B g ML 4 10% HCLIZ 24 h, 44
IKPYET R, TR ST A L BRI K Ry
AN Tk, 28 Harrison U 7 il hil, pH {4
8.0£0.1, £hIE K 30+1, 2 121 CHEIBH K 30 min,
FIMR G E . L E B ARG A
H8 8 55 umol/(m* s), YIS JEIWIHN 12 h/12 h, HER
20°C, BEIRW N 172 IR R OO,

SCHVEFE 4 FhORRIZEAL DOP, it
HAETER G R P #8255]: G-6-P . ATP FIl SG-P R &
A C-O-PEEMIBERRNS, G-PACER A C-P R A AR
S8 2 B R R NaH, PO, MR EE(36 umol/L), 435
AN 36 pmol/L G-6-P, 12 umol/L ATP(%J°4 36 pmol/L
P).36 pumol/L SG-P #l 36 pmol/L G-P [t il A~ ]2 51| #
TR IE IR, HAbS Fh T RIKIASE 02 BlJr i, Xt
MRALE ] 2 REgRdt. HhlE Al d: K ol R 7
20~30°C 2 A2 R I AR RSB AE L IX (R 32 4 A
MREE A, 40k 20, 23, 26, 29°C. ARSI K
W B A R4S A 600 mL AN [RIRA RS 77 9 1Y)
1 LT (R 1), RN B 5%10° cell/mL,
SRIG 53 T IR 4 AT B AR PRI R R G FR B R A o,
LR SR 7d, MG A% 3 A ES R E
BB A4S 2 PP B 50 mL BE &, FH TR, Kigk
W TDP. DIP ¥ B2 LK A AP {6 24 A9 5 .

1.2 Fmpit#
I 100 pL #ffi FH TR 402, IDORE TR 20 8

) H@ART/CLE

x1 KBSBEFERIIR

Tab.1 List of experimental groups

DOP 52854341 WK EE/(umol/L) K5/ C
ATP 12 20, 23, 26. 29
SG-P 36 20, 23, 26. 29
G-6-P 36 20, 23, 26. 29
G-P 36 20, 23, 26. 29

W, B 5 QRO A IBORE A it vl i e 400 e, (6
0.1 mL FIF YT EHE (20 mmx20 mm) T 28 T
XPEEAFE S HEAT AL, 115 mL A a1
A%
1.3 AK&FHH

R F 3 IS AR AT (0 SR A M 2 1, R R 81 4 3
TSI v B B 2 1 A K TR

u=(InN, — InN)/(T> — Th),

R, Ny BN A IR ER IR T, R Ty B 20 A 2
1.4 3E3R%&F DIP 5 TDP JRE M &

50 mL MYRGFRMBE LG, L5 2R R LT 4
UE, TIN5 35 W b DIP F1 TDP ki . DIP %
FH LA i 2 hy 30 J57 550 0 5 B W 0 32 00 5 (0 99 )
B 4 B WK E R A GB17378.4-
2007). TDP #2345 Jeffries 25240 07 g EAT I 2, i g
KEFRWOIMA 50 g/L (i B4R, 121°CiHf# 30 min,
W ENEE, TR DB AR S i R0 04 AR A
Lo 8 R A T 2
1.5 J&A AP EHE R E

B RSN T AP SRR . SR
Lin 207k, DAX SR B H2 —4M (4-Nitrophenyl
phosphate, pNPP) IR AP IG T84k . WAE H]
(20 LM 1 mL 0.05 mol/L fY Tris-HC1 (pH=9)F
PR, FEVKIBAME R 213K 1~2 min, )% B0 EL
3%, 5 50 uL 20 mmol/L [ pNPP JR%], X R KE 5%
TR 25 T SRS O 2 h, B JRORERE R VK B
1R, 10 000 g 5.0 2 min, HC 3% T 405 nm &b
IS B AP 36 M o BEE TR S B S A I A
[) AP 1 h [ fi pNPP T 7= 4= X i 3 %8 83 (p-nitrophenol,
pNP)[ fmol %4,

1.6 FIBEXE L H

JIT AT 52 96 I 7 25 38 3R R Ry Y R o T 2
(n=3)o R =+ 2253 Hr DOP(ATP. G-6-P, SG-P
Al G-P). IRJE (20, 23, 26, 29°C)FIHUEE i [H] X} 35 20
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i . TDP, DIP WM AP {EPEMRRE M, R
HAEHH T P<0.05, Wl B 2R 84T 5 22 5 ok
B 22 Sk o JE Ay 22 A0 T, An SR PRy 2
O3 M T 22 -V 22 50 R BRI (B S Bl s e, XS
HH 2 (df)iE 1T Greenhouse-Geisser #%1E . Fr A 4Lit4r
Wri4 % ] SPSS 17.0 %47 .

2 ZREH

21 YHIFFRAEARFERE
B R AEASRIIRE 5 DOP 4 A 3 H A [

H@A RTICLE

29°CEMF (B 1a; 26 2); SG-P Fil G-6-P ZH At 35 4 Jifd
A KA AR, 5 d e P K, e e s
B H A KR EAE 26°C 444 T (F 1b, ¢; % 2).

L ZT, G-P 2 A i 20 i 28 B AR R R R AOK P, %
AR EER, ERKEFV R THEH, 29CK
PR B A K B T AR A (K 1d; & 2).

NaH, PO, 41 Fifi 5 1 B (4 55 40 M %% 3% 17, 29°C
AR EIT(E 1e). LB RATLUE H, &4 C-O-P 4
(IR BR TG (ATP, SG-P Fil G-6-P ) 5 NaH,PO, 4
FEARLAY A A R 35, 58 v A I B2 2% R T DA I 2542 i v

A RARE(E 1; £ 2). 16 ATP b, WAMAE 4d  BIEREAAK, Mi&HA C-P #ABERRER(G-P)X]
Ja P A K, B KB AN S I A KR A M & KA AN 2
a250r . b s
- —-—20C  ATP ~ ——20C SG-P
a T fE C
E 200} ‘C £ 200} C
= C e T
o <
= 150} 5 150t
= X
5 100t 2100t
= 50t 2 50t
0 0 4 8
Hsa)/d IS [)/d
c _ d _ _
©250 92500 a0 G-P 200 o 20C NamPO,
3 3 —--23C = C
£ 200t £ 200F —-26C £ 200} C
3 3 —~29C e c
= 150} = 150} = 150}
& 100} S 100F 100}
= 50} = 50t . = sof
& § | === =
0 8 O 2 3 4 5 6 7 % 0 8
1 /d e fi)/d I} i)/d
Bl 1 AFEIREEF DOP 44 T H & 2k i 19 A4 K4S 1E
Fig. 1 Growth characteristics of Skeletonema costatum under different temperature and dissolved organic phosphorus (DOP)
conditions
R2 PHBEEESETHRESEYE 10 celll mL) B FHERKERA)
Tab.2 Maximal biomass (x10* cells/mL) and growth rate (d7") of Skeletonema costatum in each group
DOP £ 3] e KR R 20°C 23°C 26°C 29°C
ATP Y e 75.5+5.47¢ 134.2+6.41° 153.9+10.74° 176.7+6.93*
SR ARG % 0.45+0.009¢ 0.55+0.008° 0.57+0.011° 0.59+0.006°
SG.p e 73.2+5.15¢ 136.9+8.51¢ 218.8+7.25° 151.5+1.89°
SR A K 0.44+0.013¢ 0.54+0.010% 0.6+0.010% 0.57+0.002°
Go6.p Y 79.0+0.86¢ 127.6+7.54° 178.0+17.43 ° 153.7+2.51°
SR A K R 0.44+0.012¢ 0.54+0.010° 0.6+0.016" 0.57+0.003°
Gp e 30.6+1.83° 13.940.93¢ 33.6+1.96° 40.7+6.41°
SR AR 0.25+0.007° 0.11+0.014¢ 0.27+0.011° 0.32+0.001°
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TSR, RES DOP AKX
B A A KA B, O B 2 R AR B
MIACHAW (R 3). REREREM I 20 kM, &
HHIE G DOP 8RR, JRLEE X s 4l A K 3 A W 5
M (P<0.01); FEAH[EAYIREE T, SG-P F1 G-6-P 412 [H]
(2R K 25 5N AN (P>0.05), Hi4x% DOP 412 )
¥ EA 325 7(P<0.01),

2.2 EARR T BEELE &) TALAFAE
WFEWh TDP 5 DIP WMk E A8k 7E A A DOP

R3 ZEFHESH DOP HEE,

iR S FNERAE B 8] 3 4 B E

) H@ART/CLE

4 rp B EANE (K 2)e ATP 4 B985 350, TDP 7852
B B PG R R, 29°C R BRI 3 (K 2a); KESE
Wi DIP ¥ EEAE LB /T 5 d & BIr, B FREE e
K459 (8] 2b). SG-P Fll G-6-P 415535 T i TDP %
TE 29 CEME T PR B (A 2¢, e); PSR
H DIP Wk BEARfRARAL, ¥I7ESL50 )5 4 > i DIP =
A (<10 pmol/mL)(I] 2d, f). #HHLZF, G-P LUK FRM
H TDP B 25050 25 AT 3 2 3 BT E((E 2g);
FEAS S R B XE LRI 2] DIP(E 2h), =+ 2%
SrRT R B, IR A DOP ZEAIX) TDP 5 DIP Wk E#F

TDP #0 DIP JKE LUK AP JETERY SN

Tab. 3 Summary of the RANOVA results of the effects of dissolved organic phosphorus, temperature and sampling
time on the cell concentration, total dissolved phosphorus and dissolved inorganic phosphorus concentrations,

and alkaline phosphatase activity

2% 4t it 2% TDP ¥ & DIP ¥ i AP 51
F P F P F P F P

DOP 1415.71 0.000 288.20 0.001 1538.11 0.000 29 647.31 0.000
R 524.83 0.000 32.73 0.021 39.62 0.023 117.73 0.001
DOPx i J& 142.99 0.003 33.49 0.000 34.47 0.005 123.03 0.003
P ] 4927.31 0.000 404.58 0.000 1203.36 0.000 73.48 0.001
DOPxH}[A] 290.00 0.000 148.76 0.000 272.03 0.000 92.34 0.002
TR i ] 204.15 0.000 6.88 0.000 10.08 0.030 26.81 0.006
DOPx i £ x s [f] 54.66 0.002 4.29 0.000 13.78 0.019 19.73 0.009

TE: P 37 35 86 R 3R sl AR B B S 25 1, P<0.05 I 3878 28 57

B (F 3), H DOP 2% TDP I DIP ¥k & i)
M A B O Ol L AEAH IR AR, G-P 41
TDP ¥ 5 HA4 DOP 4H 2 [/ 22 5 . % (P<0.01);
ATP #11) DIP ¥ 5H A4 DOP 4[] 25 5 b 3
(P<0.01).

2.3 ‘mioAR L BERL B E M T ALAFAE

ANTE RS 4515 DOP AL, R B 45 L Py AP
TG PRI AN AR ARAE (B 3). AP TETEAE
ATP 2 R 1% BR (<10 fmol pNP/(cell*h)), {X7E 26°C 5%
PR BRI 6, 7 d I PLIE(E (K 3a); SG-P Fil G-6-P
g, AP TE P B AR ARAE AR L& 3D, ©), 5 7% R] AR
AR B2 BRIE AT G-P 41 AP M B2 T
far, HLH T A e (A BEAE 20°C S 5 d(83 fmol pNP/
(cellh))(El 3d). =75 25 Mg R LW, iR
DOP ZSRUEIXS AP I HAT B 52 (3 3). AH IR %
R, G-P 41 AP i 5 HA 4 DOP 4122 [ 344715 3%
£ 5(P<0.01); AP G-P4H AP TG H7E 26°C 5 29°C 4414
TESAEEP>0.05), HASRESRAFTH AP IF
PRI W 22 7 (P<0.01).

3 Wi

DOP J& & 5 71 7 K A7 A0 1 B B 2 —,
Horh, BEMRERZE DOP A] LA i 3ILE DOP 6 A1 75% /4
AR HATE A ZF RS A P S ok, o,
il . WA IR (I ATP) . H M BERR AR (1 SG-P).
BERAT A (I SG-P) A5 & H: 32 B4 Ak 431200
ATP . G-6-PSG-P #{J& T /N> TWEfRR, &4 C-O-P
B, D) TR, D R AE S WIS PR AR 0
7K DOP FIHACRMEXT S . O W R I AR5
H 3 (Prorocentrum donghaiense)®' >3 | BRIE ¥ e
(Phaeocystis globosa)P? . EAEWATLEE(Paralia sul-
cata)PY | EEFL 111K W (Alexandrium tamarense)?
SE[ R ATP. G-6-P. SG-P % DOP fk&#4itis:
K. HRRREZ S iER DOP Y 25%°%, 2 M4 T
WEEFEAmE T, EEEHT G-P Bz
SECLAE NP RUR, B AR B IR £ 1Y B 24
RO, G-P & TNV TR L, SA bR e
C-PHE, Mag& i, & /KM C-O-P T [AIME, i,
FU /DB BRI I AT 1 410 mT LRI G-PAE
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Fig. 2 Dynamic characteristics of total dissolved phosphorus and dissolved inorganic phosphorus concentrations under dif-
ferent temperature and DOP conditions

40 HEVERFAR /2020 4F /45 44 3% /55 11



o
—_
W

ATP

10f

APEE/(fmol pNP/(cell-h))
W

1 2 3 4 5
Hifa)/d

o
—_
W

G-6-P

LN
ddadc

Libs

—_
(=
T

APIEM:/(fmol pNP/(cell-h))
w
-

APJEAL/(fmol pNP/(cell-h))

i al/d

R Tl/d
d

100 G-P ——20C

——23C

—-26C

801 9°C
60
40
20

sl Til/d

Kl 3 RIAEEE A DOP ZF T ol B 438 AP B MEAE (LR AE

Fig. 3 Dynamic characteristics of alkaline phosphatase activity in Skeletonema costatum under different temperature and DOP

conditions

RBEEFRIR, AN INE M (Prymnesium parvum)P™
il 5 I B (Microcystis aeruginosa)®™ UL J 22 IR W5 41
T 10 8 (Anabaena sp.)7V4 KN R IR 4 X AR TA)
DOP [ FHBE IR, H 5 52 K55 R F54 00
WG R B B 2B AT LIE ATP ., G-6-P Al
SG-P &M MHuEA K, WifE G-P AT, HlE &
PR AR R T HoAh DOP 4. X R B 4k i
XIARIZ5F9 268 DOP (WA FHRE S AR, 55 &) F FH
R, TEAH[E] DOP AbPRAAPET, WA B A AE K
M 7 T 1R AR B A, X5 Tian AR UOMREE b B
FROMETER R EE T o ST, T 5 5 R AR A 4 2R
—H, JE Ik W A A A KR B R SR TDP
DIP #7484k, E— 1 i & 480 AW DOP Y
R R, s R, 7€ ATP, G-6-P fil SG-P Hid%
W TDP Wk BV T F, R il B 45 3 mT LA AL
FI WM MG ATP, G-6-P Ml SG-P 4§ H &4 K, 1E
B SR W R TDP JEFEH N 3% . G-P 411
FRUWEh TDP ¥R BECA N SO A T, Rl
HARMANGE EIEAH G-P, KiFEMh TDP ¥ JEF+ =
A RESE T AT IS, AR R R BUE B N

FYIRERE SR WP . AT RIE R, DOP B
)] 2 T o W K A DIP Y i AR Sk pEAT AU 4,
AT W55 & B —2/N53F DOP Al DLk 3 28 1 82k
WA, Blan, KERELE B (Karenia mikimotoi) 1] L)
BRI G-6-P ARIFFT AL ATP 411597
HiA K DIP, 1fii SG-P Hl G-6-P 41 +h{X A /L& DIP,
F BB SN ATP 5 SG-P Fil G-6-P Y] 4%
ATREANTH] . HREXT ATP 41 DIP ¥k AR A i 3 5 i
(P<0.01), H:3%¥ b DIP ¥ FE il iR B8 1 T v i 350 42,
¢ WL T =5 R AN ATP /K fiff 7 4 55 Z2 1 DIP, M\
Mg TR SR AR

AP BN 2 i F B Y DOP FI) I, 78 DIP sk
AR TG, I o iKY DOP Ry i Ui
MY HEAERR IR 2 AR & B, A[FIZEA DOP %
TR PEANE N AP WG MAFER K25, Horp ATP,
SG-P 1 G-6-P 411 AP 1Pk 3581k H 4% 41 1) G &k 2%
25 5(P>0.05), 1 G-P 4Ry AP i&PE R 3% =T ATP.
SG-P F1 G-6-P #Hf¥) AP ii1hE(P<0.01), RHEESH
C-P ##1Y) DOP Z14 Tt 25y AP TG PEEGS
AWFREGE, YIRS R B =, TR
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2ximad Al AP I A PN G A7 1Y) 22 R Ml IR R 44
MR A RKPY, A G-P BRI AR,
B AT RE 2l ad A e AP R A N £ R ik
fREh, XAl BE AR LIAE G-PEFRAMT, HIIE &
AN M A KRR B SR TDP WA FERBL4 Y
—FhfiR Bt . ATP . SG-P Fl G-6-P ZH 1) AP i PEH B,
AT RE /N R TG 4 0 W /K A, 38 AN B PR K
() AP KPR RE4E FRfar AR K, o nT REJE B 40 B A7 7
HALEGH H DOP 44 K401, Healey 45 57 3
PRS2 AN RIRREE L2 PR A ) AP T M o ARESY
W IREARAEXT G-P A& T R4 AP I PEA
M, AP 3G PE7E 20°CFI 23°C FiGHEE & .

4 Zi

1) A[FEZEAI DOP £ W& 5 m b il 8 4 de i A
K. 5 G-P #fLt, ATP. SG-P Il G-6-P HEH NA %
B SRR TR .

2) AL IR I N (20~29°C), R THEfiE
FALHE B & HAE ATP ., SG-P I G-6-P =7Fl DOP
ZAF T AR, EIZRUN AT REFH AR T AP 76 PE
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Abstract: The effects of temperature and dissolved organic phosphorus (DOP) on the growth of phytoplankton
were investigated in this study. We selected Skeletonema costatum as the study species and used adenosine triphos-
phate (ATP), sodium glycerophosphate (SG-P), glucose 6-phosphate (G-6-P) that contains the C-O-P ester bond,
and glyphosate (G-P) that contains the C-P bond as DOP sources to measure cell density, total dissolved phosphorus
(TDP), and dissolved inorganic phosphorus (DIP) concentrations in the culture medium and alkaline phosphatase
(AP) activity in algal cells under four temperature conditions (i.e., 20°C, 23°C, 26°C, and 29°C). Results showed
that ATP, SG-P, and G-6-P with a C-O-P ester bond could maintain the growth of Skelefonema costatum, and
warming could promote the growth of algal cells in each group. The maximum cell concentrations in the ATP, SG-P,
and G-6-P groups reached 176.7 x 10%, 218.8 x 10*, and 178 x 10* cells/mL, respectively. Warming could also ac-
celerate the decrease of TDP concentration in the ATP, SG-P, and G-6-P groups and the increase of DIP concentra-
tion in the ATP group. The AP activity in the algal cells of each group was low at different temperatures (<10 fmol
pNP/(cell-h)). Compared with that in G-6-P with C-O-P ester bond, the algal cells in G-P with C-O-P bond were
lower under the four temperature conditions with maximum cell concentration of 40.7 x 10* cells/mL. However, the
AP activity in the algal cells was higher than that in the ATP, SG-P, and G-6-P groups (up to 83 fmol pNP/(cell-h))
and decreased with warming. These results showed that different types of DOPs could significantly affect the
growth of Skeletonema costatum, among which ATP, SG-P, and G-6-P could be more effectively used by algal cells.
Moreover, warming (20~29°C) was an important environmental factor that promoted the growth of algal cells under
ATP, SG-P, and G-6-P conditions but did not depend on the AP activity.
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