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Exploration of methylphosphonate content variations in aquatic environments and their
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Abstract: Methylphosphonate (MPn), a typical organophosphonate characterized by a C-P bond, profoundly influences
phosphorus cycling and methane (CH,) production mechanisms in aquatic ecosystems through its biosynthesis and
degradation processes. However, there is limited research on the dynamics of MPn in water bodies and the MPn accumulation
capacity of algae. In this study, liquid chromatography-tandem quadrupole time-of-flight mass spectrometry (LC-MS/MS)
was employed to quantify MPn in 21 water samples and 15 algal species. Combined with field monitoring, algal laboratory
cultivation, and raw water incubation experiments (including MPn/Pi addition, BES treatment, algal filtration, and dark

treatment), the relationship between MPn dynamics and CH, generation was investigated. The results revealed that MPn was
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detected in 52.4% (11/21) of water samples (1.5040.24~6.9940.59 pg/L), and 93.3% (14/15) of algal strains accumulated
intracellular MPn (1.87+0.57~22.24+5.81 pg/L). Notably, Microcystis sp. FACHB-3602 exhibited dynamic MPn
accumulation during 7 days cultivation (peak value: 8.6340.85 pg/L), indicating that algae are a significant biological source
of MPn in aquatic ecosystems. In both water samples and algae, the contribution of MPn-P to dissolved organic phosphorus
(DOP) (0.70%~37.85%. 0.21%~0.90%) was significantly higher than that of MPn-C to dissolved organic carbon (DOC)
(0.00%~0.05% . 0.00%~0.01%), highlighting the dominant role of MPn in phosphorus cycling from an ecological
stoichiometric perspective. Raw water incubation experiments demonstrated that MPn addition increased CH,4 production by
157.43% compared to the control, while simultaneous addition of inorganic phosphorus (Pi) suppressed CH,4 generation. Algal
filtration reduced CH, production by 23.96%, whereas dark treatment promoted CH, accumulation. These findings suggest
that algal-bacterial interactions regulate MPn turnover and aerobic CH, production, modulated by inorganic phosphorus
availability. This study provides critical theoretical insights for further exploration of MPn’s role in aquatic phosphorus
cycling and aerobic CH,4 production mechanisms.
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FHIEBEER (Methylphosphonate, MPn) {E NS5 AT B IE HLBEER £ (4> 730 CHsO0sP), H KR C-P
BRRR PR O TR B IR FR R S B AL S 18, AR AN MPn J& TAEMIAN AT R B, (R4 SR A 78 K
W, FETCHLEE (P REIZMAET, PRS2 MPn (1) C-P SRR A RE AR, 7R T 1%
WA DTEEYBEIES P EZEAE, R, MPn BEFSRESR HEER (-CH) MRS 5AETFEE
ARRLE (CHa), 31X — 12 IR SER R EA FUKM CHa 724 1 8 ZEA LB

AR SR, BREKEES RAT IR AETE, 5 MPn V& Ui DB H 26852 3156
768, Dyhrman [ BA) % B #k 5K £ Trichodesmium erythraeum IMS101 5 Trichodesmium erythraeum
ST6-5 & I BERR TS o 40 M S ORI R 1) 8%-17%, 87 o] B & M E 32078 7 X IR IR IR 1 & AR W R
Acker 55101 B K] 73 AT IESE MPn AR )46 Rk R 7E i 43R5 Prochlorococcus SB 5 i i U4l 18 3228
B SARLL 1) 2 0. R HETCERE. KRS S5 % & H mpnS, ppd,. pdh 2455 MPn
A U DG B R PR 10241, R o AR A A AR DU MPn B AR I AN TG T, IXAE — e RR R L4 10t
MPn AE W ERAL AR IR IRIR AR -

TAESR, & E IR O B B 0™ CHa IG5 3 2835 3h 2 L 2 #AH S 1 S). Willis 45 11SHE
522k 3k % Raphidiopsis raciborskii CS-506 7£ Pi dit Z It Al i AL XEFEARA HUBEIR Sh4E RS2 105, 1X—
RN KRR BRI SR AE TR A . B H = HR I R, MPn BEARIRR K DR R R
W TR IS E B R0, fFFR R, HEHE Trichodesmium erythraeum IMS101. %¥K# Synechococcus
JA-2-3Ba (2-13) Filffi i Anabaena cylindrica PCC7122 £ 15 i 435 52 81 MPn &% phn JE[X %, w]
FE IR £h A e — BRI ARG IRk AR KD 20 20 G SRBRiE R R Y, Ve 5 K RGP R Y AT
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1.1 7KEERE R SERME T

ASHIE IS0 1% FH 1) 15 AR RS (SEE% Microcystis sp. 8 ¥k, W £2# Aphanizomenon sp. 2 #k. Kl
Dolichospermum sp. 2 #k. #EV0%%E# Tetradesmus obliquus 1 #k. /NERF: Chlorella sp. 1 Fk. ZEERE
Synechococcus sp. 1 #%), 4T-H BB K AL At 5T ik K B8R0 (FACHB-Collection). % 15 #R ik
FRHEAT MPn SRR, B S IEE MPn BT 2 B f i (MR AR AT 7 R SLIR B 7R .



35 H e B DX AR R S 3 v B SR R R KR - B RN 6 A ALK AR HEAT MPn B AN, I

o} 5 B8 S AL MPn. AR B (Dissolved Organic Phosphorus, DOP). ¥t E HLE% (Dissolved
Organic Carbon, DOC) #473%E4E 15 RIMEREZIEM, R BT 9 sURE R MHTHIREG KK, FKE
BB KB 3y, MRIERI-20°CHA VR PEIRAE, IRIEISLIS E —F N SER MPn B, 4k,
HBE— 25 RAL I BH A K SR R KR, T 506 28 SRR B85 95 5000
1.2 LG E
1.2.1 355 R— R MPn S0 2 B d i R AP YCEE 3 Microcystis sp. FACHB-3602 #E1T 7 RSEIa 9%,
#0h, 12h. 24h, 36h, 2d. 3d. 5d. 7d BRI MPn, DOP 1 DOC & & . FrA s REDLR
2000 lux. JYemGEE 12 h:12 h, JRBE 25°Ck 15 9%, HAER R RG M FsiEsh 3 k. £ 25°CF
R BRI, BSOS EUREEAN, T IER L.
1.2.2 #FF = REM PP AOKPERIZIRE 2 AR 2 2 R 1 CHa, #45E 6 4K R . Xt
TBAUAARAHRFK, HAr 5 Aoy AT B (UZ4B5EEEE) . GF/F JEMET# (Whatman, 47 mm)
ARER = T R I 2-1R Z RSN (BES, 500 umol/L) #¥A1. MPn (10 umol/L) ¥+ S MPn+Pi

(% 10 umol/L) HEAMHE ., FrEEARNSET KEMER HRER), B HEESFAPRR IR, B
FEAAMENIETE 2000 lux. JEESEE 12 h:12 h, ¥R 25°C. 85 0h. 12h. 24h, 36h. 48h. 60h. 72 h HikE
Kl CHa & 2.
1.3 i5FRMES R
1.3.1MPn 2244 (L) UEESHR &SI ABFFHF MPn 4387 40384 Agilent 1290-6530
Q-TOF MS MUMRAF- RATBF MR TT I FAAX. (SR EZFACRHE AT, (CES LA v R IS 75 58 14 PO 56T 3L b i
FEFIE (ESD YATBI RGBT REAS ATARYE H AR L A4 MPn Mg £ 5 g A8 0 i L B A
Mg, RS ES Baygildiev F1BAA1 MPn &l 77 k3047 04L «

(2) AR EESHAT: @ik Agilent ZORBAX Eclipse Plus C18 RRHD (2.1 mm>&0 mm,
1.8 um, EE), ZEEYEM, AR 40°C. Fsh A NFERKIER, Waitl B NG, LN 95:5.
49 0.275 mL/min, &FRAHTEEEY 2.5 min;

(3) MR FIES B . EFINFRRXT, ST SRR E s B R 5L R AL
T MPn R S, ROy HmE 5 S AR FERARIRE R E N 350T, TEN 10 L/min. B4IE HIE
Wl 2800V, BEWERLEBRN 90V, HEFLHIEBEN 60 V. FATM A TargetedMS/MS, F343# % 2 spetrals,
AL 20 eV, BEETF N 95 miz, FEFON 78.95740.005 m/z. B jE kAT A e dI AEE TR, RIS
P23 Mk 5 R 40, Agilent Mass Hunter Workstation (25 [H 2216 R A D 3HT.

(4) IKFERITERBEA TR (O/KIEREA : REERKEEMRRIG 4 0.22 um FREPUALIEMS 385 -
HUBHTREI; QMM 5 mL R 7Y, £ 0.45 um BEBRET4ERLSLIERS, KB 10 mL &
OEF, BN SmL EETK HIS&ER D, AT RERS, U8 B0 Fmo & 87K

(2% 25 A 8] D JE A BB RS K B B e, O3 R, H PE R O G IREFIDIGREAR B L,
JRN-80°CHIEBIRIRLUKAR AR 8 hy AREEUH H B T = FVAM, ESRAERIE 3 I, H&E S B
PAEVK R AT R A I (The: 40 W JAHIRE: TAE3 s/F 3 s; RKIZHE: 10 min), &G4
0.22 pum FKERGLFLIEMT I, S E R T REEEEA MPn; QW24 Rk 5 mL STy
2 0.22 pm REMRGALIER IS I8, TR DAL TR .

(5) JKFEMPERFEA MPn AR : FTEREALZ 022 um BBERITLIEBT eSS, 45 IR 75 i
R 20 L FEARSE RN OIS EREAREH KRR 2 BREARBONEM, TXRFEABEITEL, T 4°C
L 12000 r/min &0 5 min Ji5 #5010 5E

(6) FitE i IR HREARRT, e T OERRSR AR =R L, FEARVER NIRRT 2 N
20 uLo BHJERYE 1.2 WS R &S MG MM, MPn B, HRlEFRisE, SMEREEER
AT 4-5 W%, AR {REE T .

1.3.2 KARF=3E £ DOC #» DOP &2 6940 1ENE AT, 75ZAEM 0.45 pm BN KRR FHEE R A5



fTituk. VEmPER®E (Dissolved Total Phosphorus, DTP) R VAMYETEHLEE ((Dissolved Inorganic
Phosphrous, DIP) [¥{£R1-N DOP & & . DTP 5 DIP [ 7L IR CGRFN R A 4 3% CGETTRRD )
RSB ER B/ A E « DOC (1l /7 A Shimadzu®TOC-V 43 M 3CHEAT MR 347 o
1.3.3 CHa &2 M 5e SR T 2 P A2 PO A A A0 /KB R 1) CHa: T 300 mL 5P IR 5 485 e U 8 200 mL
KRR, BAORICEE KRR IS (i G 25 R 2 B BRI, ARG 6120 0 25 137 4 R4 100 mL /i 262 <

(>99.99%), LA RIRHZS (B EE, FRGHESE 2 Pl 2P 4T . WEETRZS P45 5 1) 100 mL SRR 2
FRr A SMEEAES, BER&KEE TSN (FID) FISHEREC (Agilent 8860 GC,3E ED
REHHT CHa & B . AA OIS T i AgilentG3591-81004 5 AgilentG3591-81121, #<S N
EAEA, WOEN 21 mL/min, HEARIRE A 60°C, FID IRJEARARTE 275°C, #EREEN 1 mL, EATIIAN
12 min.
1.4 BRSO

A SR E S 3 k. HUERALFE 549143 7% B Excel F1 Origin2021 k47 AL BEAIVE R, F4d 22

KIZ& 7 2041 (CANOVA) FI5E & iR /R- BRI 52 77 22 43 Br (Kruskal-Wallis test) %f SEIb## 17T 2 &
BEWS, BEMEATEN P<0.05, HIELEHUTIESMEE (MeantSD) FIR.
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21 PARAEFEARR IS R ER, MPn IR HI RN 52.40% (11/21), 11 AKEAEFEAR MPn iKEANTF
1.500.24~6.99+0.59 pg/L 2 [i]. BERFEARSHTER, 93.3% (14/15) MMM ZAE MPn B, IR
YN 1.8740.57~22.24+5.81 pg/L. Ak, A B ERIMIESE FACHB-3602 7&, JLAREEMRMIAM AR
TE] MPn. T AI8 FACHB-1250 1E i Py 7 A8 H MPn (B 1),
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Fig.1 MPn content in water samples and algal samples
2.2 EPAEHES MM H MPn. DOP #1 DOC 2Tk

B8 15 RIS R, REKME MPn & B84k 2HUE TG LI ES4S N OB, 17
W N 1.3942.18 pg/L. A, %5 13 KHIIE{E 6.9920.59 pg/L, 55 14 RAG4ERF 6.3521.05 pg/L HIFIK
fE. JKikH DOP & E1ESLIGYIITVEI B, 7E5 2 KA H|IE(H 0.04640.01 mg/L, K&/ RikBIHETL,
5 MPn & B AR BN — 3 AL R, DOC & IR E Rk IO F R, PR IE A 3.0441.09



mo/L, BT 3 RARFFARE, 3 4 RPN PR 1.3420.17 mo/L J5 X EJt, Bl 5 IR FRIE UM
zh (B 2a). EWNEEPE, MPn-P X DOP f5iik% (MPn-P/DOP, 0.70%~37.85%) &3 & T MPn-%f
DOC ik (MPn-C/DOC, 0.00%~0.05%) (P<0.05) (& 2b).
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Fig.2 Variations in the contents of MPn, DOP, and DOC (a) and the contributions of P and C in MPn to DOP
and DOC (b) in water samples from Gaoyang Lake during a 15-day in continuous monitoring
2.3 M EEEIEFESEI T MPn, DOP #1 DOC 8%k
TEEED) 7 RIEFEEI TR, Jil MPn & &8 IEVIH R EFURES, FESE 2 RILF|IE(H 8.6340.85

pg/L, M54 3 RIWIEFR G BT TH&%H . sk DOP &SR ATIAFES: L, JFES 5 RikH&
KAH 1.1340.51 mg/L, BJEESZIR AR 4% 0.3240.04 mg/L. 14t DOC & 5 e S 8 14k e AR £
ERA, 25 2 REIMEE ), HE&E LTHa1g(H 21.7140.25 mg/L, % 3 KJ5 DOC & TP (B
3a). MFEB: ' MPn-P Xt DOP f Tk % (0.21%~0.90%) &3 & T MPn-C % DOC ¥ 57k (0.00%~0.01%)

(P<0.05) (K& 3b),
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Fig. 3 Variations in the contents of MPn, DOP, and DOC (a) and the contributions of P and C in MPn to DOP
and DOC (b) in a 7-day cultivation experiment of Microcystis sp. FACHB-3602

2.4 JRIKIEFFSZWR AN MPn 1 Pi 3 CHs & RIS

JFUKBEFRSER B, MPn+Pi 411 CHa & AL IR BE K TXHIRALS MPn 20K CHa & AR IR -
W MPn 523t CHa A2/, MPn B INZLAE 48 h CHa & EIAFIEMH 6.64+0.71 ng/uL, BEJSFFUEZET T
Bes SEEGJSH MPn ZH 72 h ) CHa &5 S5 ZL CHa & AR LRI T 157.43%. 4IRS MPn 5
Pi (MPn+Pi 41) i, CHaAzplilllZE4H], H CHa & E7E 36 h FH & &FE R 3.99+1.24 ng/ul; 7ESLIRSS
HF, e CHa & 8L MPn A INZH R 41.15%. 35975 ], =NSEIRd ™ AR CHa & B B2 T Rk,



H MPn+Pi 41 11) CHa & &1L T X HRAKF (F 4),
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F S
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Oh ]éh Zzlih 3éh 4;3h 6(l)h 7éh
BE IR A]
B 4 JFKIE IR A MPn AH L RIS N MPn+Pi 4145 JEUK XTI ZH Y CHa &5 A2 4L
Fig.4 Changes in CH4 content among the MPn-treated group, MPn+Pi-treated group, and control group in the
raw water incubation experiment

2.5 [RIKIEFH LW A EALIRE CH Z BTN

JEK 7 I GEA SR R B, B AL ERAL AR 2 BE A P e E I, BE R B RO RAFIIES 7
AEE, R Sehe B A R HREHLRZE T . 0™ HYGe o T 401 77 BES AEFRZHFR)/™ CHa P25 80K

2.6020.70 ng/uL, SXHHEAAMLL (2.87#1.18 ng/uL), BES {# CHa T3k FF F#{IK 9.60%. i I8 3= (a4,
CHa FHI & IR 2.1840.43 ng/uL, B HRLLH CHa 5 EFFK 23.96%, AFTH AL H A K. 1Mk
AbEECRIGZEDCHa T3 & N & AL 32 P B s, 15 B 3.0340.74 ng/pL, BN REZH h CHa 7 &2+ 51 5.58%
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8 o 4L
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Fig. 5 Changes in CH4 content among the BES-treated group, filtered group, dark group, and control group in
the raw water incubation experiments
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TERSREWIRIFTTH, T EEKAEY ORI % MPn A4 & g /119 19,

BT 15 R EGESE ISR Bor, RIZKE MPn K RHLE S WEHE . XMESBUIRT
FKAA A MPn R R JE B4R, WBE S AR W BUREER 3R N MIP, T 04 A7) e Ak S 2 DU AS B R Ak S 230,
MPn & BB i FE A4 DOP. DOC I ARk, [RIBT 52 — A B 1 B35 S ) #1900, (AR T
f&, 5 13-14 KB EEIEH AT ft 5K SRR TR T I RRAR DG, BUAT SR 25 M P 677 MPn KRR A K
s, NHAMBCEYITRGE T 78R I CHa IRARIE -

X 15 BRAKHEFERM AT IR L, 14 PREELEMIM N 35 MPn, 1ESE8EERE MPn R ZEAYIR. ©F
Tt F56 W R R DR A AR A I 1K) mpnS 5 pepM S5 Bk A LR KR N IR 3R 4 T 4 F A EE dR 0. .ty
# FACHB-3602 £ 7 KE:F=IAIMIA MPn RIS R, X AT RS MG A2 SRBRAHOC . BEG K
A KB BEANER S Pi RFE IR, ESEIT AT MPn A R0 A R B M Ra S ). R
FACHB-3602 %I, EEFEMAMARNH MPn, FIEEIETPIJTTH: (1) MPn BERCA B4 B A0 8 T —Fh il
BRSO, HREARTIA RN T 2 R, (2) MPn /E 940 e 2 MR s S5 5y, T8
Z: 54U R 55 AR B D RE Y.

=Bt EoR, Kk 15 RIESE I AFEEE 7 REFFRELIH, MPn-P X DOP fITTHAZE I i % &
T MPn-C Xf DOC BTtk X —Z IR T /K EFRITCR WM AR e E AN TRm S, Haom
SRRz B s iE, AR AR R AR AR . T MPn 2BV RE AR, JE C-P BT R RS 4k
CHa BB, FE MPn 130 43 i & B VE AERY . (R CERIR MM e 3203, BRI AR 5SRO B2 v Tk,
T C-P LAY 2 AR N BRIR T AERRIR AR o ant &2k Nostoc sp. FACHB-892 F|F MPn (13 72
HAT IS HTR W, B0 BB 0E T SR IS RGERK (pstSCAB) L R i P B 1 g 22
(phoA. phoD) [Fik, MIMAEBEMSRIN G RIS R ERE . HILZ T, AR R R R
F AT B, EAEYIE MPn H, BECRIVAEVFARE THOTR . EXMZERRRM T S
RGP I—FUR LS, EESEN TGRS A RS, wTREHME T 5 = Ak A ALBE R SR

AW T FKRESRSLIG R, AN MPn ZHF/KEE CHa ST BRI, RUKEPEAR K C-P R
fRAYGE . HASERA, JRM I MPn 5 Pi i, CHs & R 58— MPn ZbBEZH R % 41.15%, iX 5 Khatun
EEARIITK PSRRI A R —5, R MPn S ARAUHE AR, TRt B R i A AR A DS R 3
B IR EE TR, WBERR WS4 AT S phnd ZERFRIE B, 1 Pi RN IS IE I SRS AP % 2
RILIARA, FALAER R A TR RS Pi e, FEReRICELRE: X Pi =, #
ZIE Pho VA% RGUE 3h MPn 258 RBEE R FH g /20 1719, 331

JE 7K = FR 1 S 06 HE— B IGAE T S MPn BRI RN o TR INFE G T B IR BES JB, JKAE
CHa F=EAX P& 9.60%, KHIZARGH CHa A FZMIFAMEMRINERES . X—4RIFRFT 400
(RIRIE FE U s — R K AL T2 B JANL I 2 (1) CHa B RIS 5 2 377 W e oy T IR A3 T e 35 SR KB, kg, 5
SHRAHAREL, T JERREAL I CH P I & N % 23.96%, Ht— Bk 5 2/K A H MPn TT#k# .
AL CHa P= BT BRI, PTRe S s sk = 6l8, HoObAa M i PR J5 = TR U Y MPn
BEH A AE YR R A OR0S 361, xR L Zhao SRR HY 1) Tl B 5 ] (0 EE PR At T X MPn B ik S L 1
WA IR VAR A, BITEBERR MM T, TR iB I 8 35 v RICRI MPn 13 BR Al g8 T St AR A &
MR MPn P24 Pi OEERAEA, TR AR IR RS0 X PhiE- B ELVEALEI AR i K
MPn & AR, TR FESROE BB (0 3 A A7 SR 17 571,

gL, AW RGBS T EEEAEKE MPn A ER L 22530 rp B Lo r, 535 B AR K AR ML 122
H R ARRHT I T B A D BB FAEXT MPn AR AL, BLRAZIEFEXS CHa HE 7 TE 52 o

4 258

1) JKIEREARH MPn 488 1.5040.24~6.99+0.59 pg/L, ANEEF LA MPn 4588 1.8740.57~22.2445.81
ng/L, R KAE MPn B B BRI .
2)  {E/KEERIEEEH, MPn-P X} DOP HITT#kAE T MPn-C X} DOC [I5T#k, MPn i cRNAEY



GIE SNSRI
3)  EETE AR KR MPn R 5 CHa B, HAZId R 2 oW LIk % .
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