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Abstract The large growth of blue-green algae in water is an important cause of water eutrophication, so it is very
important to inhibit the growth of blue-green algae in the application of in-situ ecological restoration. The growth of
algae can be inhibited by some allelochemicals secreted by submerged plants. Qualitative and quantitative studies on
allelopathic substances secreted by submerged plants and clarifying the action mechanism of allelopathic substances
should have certain theoretical guidance and practical significance for ecological management of eutrophic water
bodies. Five submerged plants, including Myriophyllum wverticillatum, Vallisneria natans, Elodea canadensis,
Hydrilla verticillata, and Ceratophyllum demersum, which were common in southern China, were selected and their
hydroponic solution was analyzed by GC-MS. The species of secondary metabolites secreted by submerged plants
were identified and their potential allelopathic effects were investigated. The results showed that a total of 56
compounds were detected in the hydroponic solution of 5 submerged plants, of which the most detected were organic
acids. The contents of organic acids secreted by Myriophyllum verticillatum, Vallisneria natans, Elodea canadensis

and Hydrilla verticillata were the highest, while the contents of ketones and esters were high in the hydroponic
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solution of Ceratophyllum demersum. It was speculated that the main allelochemicals detected in the hydroponic

solution of Myriophyllum verticillatum were succinic acid, citric acid and phenol; lactic acid, citric acid, sebacic

acid, stearic acid, lauric acid, and phenol in the hydroponic solution of Vallisneria natans played the main role of

algae inhibition. The main allelochemicals were azelaic acid, p-hydroxybenzoic acid, and palmitic acid in the

hydroponic solution of Elodea canadensis; nonanoic acid, ferulic acid, capric acid, oleic acid, butyl acetate and

diisobutyl phthalate were the substances that played the role of decontamination and algae inhibition in the

hydroponic solution of Hydrilla verticillata and Ceratophyllum demersum.

Key words

TC e e o /K AR T L4 A i o A T A AR B
P AR HA, P & 3 a5 A AR 34 45 DA
TG YoK EE E R Z T b s Z e, Hd
B E ALK AR A B 5 K JE A AR B B ) SR I
T BB IR AR O A I A 4
R v BT Y e — 2 R SRR T K A
FEAE AR R AT DA 2o R ik — A k) o 1 4 s )
PRI A K UUKAE Y RO 25 2
W ISCRN & £R KR A B R OC R 708 o i RS il A
G INK A AR i 1 R R el G S A P A K A
HE TS 5 G 00 R R i 2 SR BIK BT Ak oK
WEMsE | R Giha e AR AR TR0

H AT 58 2 4 th TR E KA P AE 15 Gk R
JEA A B P T RCAS HLEE | i 3R AR T UK AR
YA EE RN, B ST /0 O B e 2 PR T ¢
T B —UUKAE Y A e SO SY . BT SEbr
KA R L Je e AN B g —1k, Him JuK R
SRR R 2 I 2Z UK AE Y W A K 5 A2 A
FEASE R R A2 STk A B 4 R R
TEYIF A F A BT 22 57, Beak, A o iy 4
P IAATBIR , BT AE S PR AR AE &2 v i H B — BT K
P BT ] A RCR AN XE LR T RREL H
FarE KB . 1949 4F Hasler 2517 1 W & BLK
AP MBI S, IS (E 5] & T AR Y s E Y
W RGE . ST AT i DA A A E A2 AR
3 UA AR IR S B AG | F 5T 2 AR IS 3 | 4
e RURTE 55 9 B AR K A AR ) K B i
WO Z2 A0 8o e B BT, JF Uk S8 T e AR
FHUSOT AR 5 W, Ak B T R 1B AR A
Yy S IREE R AL R Ak B JBOG) ] B A B 1 R )
SEM AR G R SIS FEAR G R T E A A
DAL IR ST A B B Al R

EHVEBOINE B v v R 4 e AL R
5 FUTKAE D) , 388 5 X6 25 TO K AT P 19 7K 35 W47 )
JOT 235 ) 1 S8 2 43 B, R 45 7K 85 W Al IR B )

polluted water; in-situ remediation; submerged macrophytes; alga inhibition; allelochemicals

HEFTE MR S AT, T PR B A () b 2 A S8 o
ROV FTAILBE, LIS O J S A e 2040 38 5 2
AN 58 75 G K M Do AR 2548 2 M RIOCR $2 AL PR e
22

1 #REFE

1.1 mAKEYKIERER
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M4 e S FUTKAYI# 150 g (5 ) BAKET
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THEIRT0 eV, BTk 4 i Fl 50 ~ 450 amu, % HH:
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i 25 20 43R I T AR IH — {2 2 o, 2218 NISTO5 K¢
NISTOSs Fr i i 45 2 45 4L o3 (A2 2540
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2.1 IMEEKEE R P LB BRI E
IR /R BB Hh 18 €036 PR B A ) i 031 S

R 1 PR, MER 1AL IR sk Rt A 16 F
AHAL AP VT LB L 70% , Horp %55 H A Bl
FRISHITTA 6 Fl, & b7 LU R 4. 71% ; B Ry 2 ) o
o5 Fp, B i Hh 2. 06% ; BRFIEERY A 5 F, &
w5 N 2.65%, HHCELEEAE 90% K UL FIA Z
PEN R (95% ) \2-LFE TR (97%) %5 TR (96%) |
a-HFIR O (92%) 2-ZFECE(98% ) F1 2,2-—H
FEFREL(9T%) o K th & i 7 LR KA ML S A B
HAMR (2. 36%) , BRI S0 o-H FER 2% (0. 56%)
F B2, 2-F2 IR (1. 13%) .
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Table 1 Major components of n-hexane and ethyl acetate extracts of Myriophyllum verticillatum hydroponic solution
S &Y 43 FR CAS Bt 5 (R A % VEFC BE /%
LR C5Hg 05 110-15-6 3.321 0.45 95
EIAR C,Hg0, 123-76-2 4.103 2.36 89
2-Z 3O CgH 40 149-57-5 13. 426 0. 41 97
HHLIRZE [y CeH,(0, 124-04-9 23.973 0.87 81
TR C¢Hg O, 77-92-9 26. 057 0.37 83
b/ CpH;50, 111-20-6 31. 820 0.25 96
Bt 4.71
CREE S N CyoH,,0 52089-32-4 4.221 0.56 92
2-ZHE O CgH,;50 104-76-7 13. 109 0.43 98
2,2- R CipHx,O0 2370-14-1 16. 501 0. 36 97
FERN 2 )
ST CeHgO 108-95-2 27.345 0.39 81
2,4-ZRUT EOR C4H,,0 96-76-4 31. 659 0.32 80
Bt 2.06
EZNSALT Ce¢H,,0 108-94-1 7.352 0.42 88
2-$2 LS R TR C3Hq0;4 628-35-3 11. 660 1.13 81
AR ZHR-1- T W-2-5¢ T R CisHy 0,4 17851-53-5 32.907 0. 46 82
i FI 2 )
O =R g C,H,,0, 103-23-1 34.967 0.20 84
A R I g Cy Hy 0, 117-84-0 35.033 0. 44 81
Bt 2.65

2.2 EHEIKIER SRR BRI

T LK SRR A3 € P R R A B
F2PR, M2 A0 A 18 R ML G DT
BLEEE A 70%, Hrbdw A UL Y A 10
T, SR T TN 2. 66% s BEFI Y A 5 Fh, & &
mi o 1. 02% ; FR A ER 2R Y A 3 Fh, & b R
0.70% , Forp VT B B 7F 90% I DL b (AT B% 31 R
(96%) FLW2 (94%) \2-W KE-2,4-)% ¥ (94%) F
1-C (97%) o K th f i o BRI A HLIR S Ry 2%
2 (0.6%) . %32 (0.46%) , BE25H 2-2 H O %
(0.31%) , BRI HABAR IR —5FF8(0.32%) .

2.3 RIREKERPLEYFRNNE

BPERBEIK B WK H o3 €6 1 (51 Bk Hh o1 8
Wk 3 R, mE3 W, a2 MaEIULE Y
VCRCRE T 70% , Horh % A LR Y A 8
Fir, B G ol 3. 64% s B R A 1 B, B L
KO 13%; BREYIA 3 M, AR 1.19%,
Hoop U B BE AE 90% M DL B H T R I
(92%) FFERFIEARHER(93%) 2,2 - H FLXL - (4-FH
Fe-6-8U T FIRWY) (91%) FIABIE H R B (2-2. %%
CIH)AR(99%) . kil & & & i R LIRSS
—LFELTR(0.75%) . T R (0.73%) F1 J =X Bif
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Table 2 Major components of n-hexane and ethyl acetate extracts of Vallisneria natans hydroponic solution

FH! &Y 43 F =X CAS Bt 5 15 FR (] FriE i /% VERCEE /%
LR C4HgO, 110-15-6 4.102 0.22 96
LR C3HgO; 50-21-5 7.350 0.18 94
oz CeH,0, 142-62-1 7.718 0. 44 87
53R CgHgOg 499-12-7 8. 569 0. 46 73
2-HET R CeHy,0, 88-09-5 10. 532 0.16 85
LIRSS 5 CoH0, 334-48-5 23. 969 0. 60 81
TR CoH 60, 123-99-9 28.019 0.15 72
TR Cy5sH3,0, 1002-84-2 34. 966 0.20 73
TR Ci3H360, 57-11-4 35.042 0.12 87
H LR C1,Hy0, 143-07-7 31.657 0.13 84
B 2.66
2-F 32 4 B CeH,40, 5683-44-3 2.971 0.14 94
2-Z K CgH ;30 104-76-7 13. 108 0.31 81
) LS CsH3,0 2425-77-6 26. 052 0.18 72
RS
ES) CeHsO 108-95-2 27.339 0.21 83
2,5- T 5l Ci,Hx,0 5875-45-6 32.907 0.18 75
BT 1.02
-2 CeH, 00 1629-60-3 7.189 0.20 97
— 14-F R4 FbE R T iR C;H3,0, 5129-60-2 31.819 0.18 79
AR R — = R CyyHyg 0, 27554-26-3 39. 386 0.32 88
Bt 0.70
3 FFREBEAERWESKRZEZEERNAK GC-MS M EERS
Table 3 Major components of n-hexane and ethyl acetate extracts of Elodea Canadensis hydroponic solution
KA k&Y ¥ CAS il % el TR % DURLEE/%
2-FHE R C,H,0, 79-14-1 4.226 0. 30 87
=7 B CgH,40, 813-58-1 22.862 0.75 86
X FRER LR CgHgy 05 156-38-7 27. 845 0.48 80
T CoH,40, 123-99-9 27.992 0.73 84
EERINES FE T iR T CsHgO;4 4100-80-5 5.096 0.15 92
X FREER R C,Hg04 99-96-7 31. 805 0.27 93
BT ERR CoH,0, 537-98-4 35.220 0.71 88
bR C6H5,0, 57-10-3 35. 403 0.25 76
Bt 3. 64
% 2,2" -0 F X - (4- R0 T HEoR ) Cy3H3y 0, 119-47-1 42.979 0.13 91
Bt 0.13
TR TR CgH,60, 109-21-7 7.359 0. 14 73
_— AR R (2- L FE O HE) iR CigH 04 4376-20-9 39. 832 0.83 82
AR IR (2- 2 B O B ) T CsH,,0, 4376-20-9 43.455 0.22 99
Bt 1.19

IR (0. 71% ) ,FEE WA R (2- 2 F 0 %)

F5 (0. 83%) .
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Pl S G HC 7. 14% BRSO 2 Bl S R
2.7%; e A 1R, i Atk 0.68%, Horp
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Table 4 Major components of n-hexane and ethyl acetate extracts of Hydrilla verticillata hydroponic solution

B3] &Y 77 CAS Hit s 5 BRI N /%  VLEE /%

LBENER CsHgy 05 110-15-6 3.318 0.74 91

LT AT CsHg 0,4 4100-80-5 5.085 1.09 79

S Bk iR CeHOg 4023-65-8 7.343 1.21 86

¥ CgH,60, 124-07-2 23. 965 0. 81 73

T CyH,30, 112-05-0 28.016 0. 67 97

RN ES R C,HgO 265-85-0 31.814 0.72 92

R R CioH,00, 1135-24-6 35.390 0. 68 74

N G RE R C5(13C) Hyg 0, 7857677-52-8 36. 069 0.53 80

K% S CgHgO, 88-99-3 36. 580 0.58 83

BT CpH,50, 111-20-6 39. 868 0.11 81
Eit 7.14

KT CgH,,0 60-12-8 4. 099 1.77 76

[[EES a- R 2 CioH,0 52089-32-4 4.216 0.93 82
Bt 2.70

ik p o Vae L C3Hg 05 628-35-3 11.637 0. 68 89
it 0.68

2.5 &&EBEKIERPLBRYBRINE VEMCRE R I 70% . Hovh %58 A ML 269 o A

S A FOR RO TS O B A MR SRR SR N L 519% R YA 1 A, i
s frn, sl 15 FAPULEYR N0, 21% s BRI A 40, &5 SN2, 15%;

x5 £EBKERNIECRZBRZEERNRK GC-MS ST EER S

Table 5 Major components of n-hexane and ethyl acetate extracts of Ceratophyllum demersum hydroponic solution

eS| LEY 43 F CAS Bt 5 15 B I ] % VLR %
HEE T R CsHg 05 4100-80-5 5.094 0.23 86
=L HR CgHy60, 813-58-1 19. 429 0.14 74
—— | %é%? CioHy00, 334-48-5 28. 027 0. 44 79
X FRER LR CsHg 0,4 156-38-7 31.825 0.43 77
THIAR C3H3,0, 112-80-1 35. 401 0.27 84
Bt 1.51
ok IR CgHyg 100-41-4 4.107 0.21 81
j=San 0.21
IE TR C,H,,0 71-36-3 4.295 0. 61 95
o- TR 2 CyoH,,0 52089-32-4 4.328 0. 70 88
[[FES 2-Z IO CgH 50 104-76-7 13.113 0.07 93
A2 i CisH3,0 2425-77-6 23.974 0.56 85
BT 2.15
7N CeH,,0 108-94-1 7.356 1.33 97
LR T C¢H,,0, 123-86-4 3.323 1.57 83
2- B CHEEWTR TR C3H,0, 628-35-3 11. 659 5.24 98
T AN s 2
AR —HmR R TH CisHy 0,4 84-69-5 41. 466 0.14 96
O (2-Z%0 ) BE CpHyp Oy 103-23-1 45.99 1.51 91

Bt 9.79




% 6 1

K 22 5 KA A A B BT KA W AL R 5T 1Y 43 8 5

+ 1169 -

PR FNERZE Y A 5 A, S b el 9.79%, Hfit
BLRETE 90% M VL b9 IE T BE(95%) \2-&, 5 O I
(93%) FACHH (97%) . 2-F2 L FEW R TR (98% ) 4R
FOHER R TR (96%) flc R . (2-24.31)
P (91%) . kit & & 5 R 1A HLIR 2 h 28 TR
(0. 44% ) FIXFRIEIR LR (0. 43% ) , FEK N o-H HE
KB (0.70%), BE K8 2-8 & H W R Mg
(5.24%)

3 itig

3.1 5 FhTKEYKES RAI R 2 LR S HT

TE 5 A UT/KAE ) K 55 0 h 264G 56 Ak &
Yy, FENA DRSS BRI B G S i 2
T2, Forh e oK s R s A & B HE
JF, R A E(18) SINEFE (16) > MBE(15) >HB
BECI3) >PHRBEE(12) , MUEEE 5 5 PR R SR
ST A AILER IS M) 0T F ik o Ll s T A A o
T 4 A2 35 B K B VRS H 0 v B RN RS o 5 i o 1
LIg=
3.2 5 FhiTKEY L RIRE RS

EFHIEZATFIE R e S A TR R R AR
T AR & E SR ALK b (DL o 4 A
FESE) P LIRS TR 3 o e R | 4t e R
SRR A BN, A SAanE 1 B 2 B,
L T A] UL 7RI o | vy o ol A 4 38 4 AP ITT
JKAEY R K TR B A S R a MR BE S
SR ] A3 I 252 A0 B A e A, LR B 344K T X
HRA, W R DT/KOE 4 8 5 i 1) A B ) o T gk A 3
LRI SR R a, JE TS BUR IR OE A
FESZBH , T PR e 2R B ARG . TR I 2 1Y

40

—160

1
0 5 10 15 20 25 30
FrFRIS 1Al/d

30p ¥EFREd ) /d
0
7

R

4% A all BE/(mg/L)

X

XXX

SRR

X

SR
XX

X
XX

Q%

5
XX

&

X
X

A
KX

o4

MEA JURH B8 MW fa GRS

teRid TS
1 BREBTZHEEMEE aRE
Fig.1  Chlorophyll a contents of phytoplankton

under each treatment
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Fig.2 Inhibiting rate and relative growth rate of phytoplankton under each treatment
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Table 6 Possible allelochemicals and algal inhibition mechanisms of 5 submerged macrophytes
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A E B P R T, 205 L 6 1 45 I 7 B XoF 3 3 ol il 2
A9 S B AN TR A 9 9 sk g, L g 7 R S 0 I
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RV e, R IR T A S e e g A K, BB AT
FEH 5 FRUTK LI K B 1 45 22 A A HLER S S5k iF
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R RERETR  HHERR KRS R AR R B ERER |
TMER A — 2 AL BEE ], BA TFIT RS T2l
i N2 BT A T 5 1 Sk i LA S0 SR RL , (H f A
SCHiR 5z 2T A I 2 1 Sk B 4 1 S R A TR
5%, HUS SRR B A 2 A BE AR AE 22 57 U R
BRI 2 A1 2 5 12 Sk PR S 75 A7 AE B A5 AT 7 b — 25
TR, A A oAt HLER B T AN 2 BE N R AN 2-2
FC R EERE A T — 2 AT,
TAZHTE K B AS TR A BILIA 790 B s R
TRFEAT 2 B Al A5 3] 1) 2 53 T ) o Tl 208 s 1) 990 o 1
FHREREEAT P22 5, o vh 2 ok B U %o 35 25 0 0 o
HRKTF L8 LERFEE W), 11 A ok £ By 30 <F- To i
AR, #E— AR ST B, 2Tk B B X 4 2 1L
S 10 I ) 230 4 T e R A T v T R, AR,
Xf CEERIUI AT GC-MS 3Bt %esE i 9 Fhd 4y,
Hop 3 P AL A Y (BR W R T HR 4R
R — 5l B8 IR T Ig 2-H L NER) &
B F R 60% LA | XS BE T
JUHR AR 28 400 5 ol DA EL A7 0 98 200 1 ) TR IR
BT 1) o ol 0 SR Ak A S 1 1 o T, 4698 T 4k
SR SRR T A ) B 96 2 55 35 07 3T 4 9 A
225, R BURH R AR H B e R &
BRI B0 0 B A0 A K EA R A i e )

I DU T S Y S8 A 400 5 1], 225 5 % 90 Sk PR H
THPEEABE D 10 mg/L B, 36400 45 b 51 35 77 1Y) i ol
PR B (0 R X 5 B R A T U R AR Al
BRI ARG IR 5 H A T, kAR Y R
GE T FRREIR BEFARRFN SR T T 43 Afr 4l 39 (1 A [
HE T AR E AR NER BRI RIAE R, R B 3 R
J2H & I B0 MR i fE . 45 B AWIIE 1A
IS5 SR K B W v 5 5 R Q828 — HH R — 5+ T T
IR T TR A HI AT — € /Y BTk

SKES P TEWR T I & R S B A IR LS
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REFE AT IR, f 4] 2 Tl 0 TR OB S8R B 1,
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(1) 245 56 P L& YK B R DR, Hor
w2 R A LIRS Y i, LA 30 R AT HLAR

YIR, G R 0. 11% ~ 2. 36% ; Hirh | B2 i
12 Fh, & R 0. 14% ~ 5. 24% 2R W it 7 F,
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GG 0.07%~1. 77% ; By 2 W 0t 4 Fh, & &
L2 0. 13% ~0. 39% ; B2 FN £ R T 3 Fir, %
RN 0.2%~1.33%,

(2) A 3 7K 55 Y v A D 4 7 1 Y B A
PR v R RN R 19y Ry 3 ) AR o, 5 R K S5 v
LR 281 TR MERRR 1 R AR & 44 3
SLAAMBAE T, O SR BK B W B AR B
TR PRSI H R FIAR AR IR, SE R 4 fa oK 1
W B PRI AR FE W ok TR | T8 R A28 1R
MR PR T RE MR —H IR — 5% THE,

(3) IR EE P55 GHR BRI ASE 4 FhUTKAEY
(7K B A HLRR IS T 1Y) B i 7 L e T LAt
Wy, AT LR 2 ) o S ke 32 A FH ) e Je%
Yima, i thiErh IR B E A b o 8.49%,
BRI A & fa e I S B rh T e R HE 2R,
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