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) (Li et al, 2017)

(Quinlan et al, 2015)
, (100 pg/L)
(Pomftret et al, 2021)

(Zhang et al, 2018),

>

(Chlamydomonas reinhardtii) (Chlorella
vulgaris) ,
1
1.1
(Chlamydomonas
reinhardtii) (Chlorella vulgaris),
/2 ( ), 80 umol
photons/(m?s), 12h /12 h, (20+1) °C,
pH=7.4£0.1
7 (C/H120,)
Sigma ( Sigma-
Aldrich , CAS: 1338-24-5)
1.2

24 h,
5h ,

GCMS-QP2020 NX)

i >

GC-MS (TG-5MS, 15 m,
0.25 mm, 0.1 pm), : 160 °C (2 min),
35 °C/min 320 °C (10 min),
EI , ,
300 °C,
250 °C )
1.5 mL/min R
SSL , 1 pL GC-MS

, 1

*1 INREEEER GC-MS SR %
Tab.1 GC-MS analysis of naphthenic acid stock solution

% CAS
1 12~13 1338-24-5
2 16~18 1338-24-5
3 10~13 1338-24-5
1.3
f/2
, 500 mL
) 236.5x10*
550.6x10" cells/mL ,
6 ,
0 05 2 4 8 16mg/L, 0 mg/L
96 h, 8h ,

0 24 48 72 9% h 5

a (chlorophyll a, chl a)
(superoxide dismutase, SOD)
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(Catalase, CAT) , (Reactive
Oxygen Species, ROS) (
)
14
1.4.1
1 mL
, 10 uL
( Olympus CX31) ,
OECD (1984)
A== Xt + Ny + N, =20 X(ty —1;)+--
2 (1)
Mot N 22N oy,
2
1, :MXIOO%, 2)
Ay
» A4 (%);
A s Ay 96 h
s A, 96 h
s h
(24 h); 1, n (h); £, n-1
(h); No 5 Na
t, (cells/mL); N, thi
(cells/mL)
1.4.2
a 5 mL 5
10 mL 90% 48 h
4 °C 15 min (4 000 r/min),
a UV-8000 (
) 90%
s 350~700 nm
s 663 645 nm 5 .,
a
(Lichtenthaler et al, 1983):
12.7x-2.69y
c = (—N) , (3)
> Cchla a (pg/cell), x y
663 645 nm , N

(cells/mL)

1.4.3
150 mL 1.2 pm
1 mL (pH=7.4) R
4 °C
10 000 r/min 10 min,
) 4°C ,
G-250 Sigma (
Sigma-Aldrich ) SOD CAT
1.4.4 ROS ROS
2"7'- - (DCFH-DA)
(Zhao et al, 2020) DCFH-DA
Sigma-Aldrich , CAS 4091-99-0,
500 pmol/L 20 mL
, 1.2 ym 1 mL
500 pL 5 uL
DCFH-DA , 40 min 4 °C
4 000 r/min , 500 uL
4 °C,
2h CytoFLEX (
Beckman ), FITC ( 488 nm,
525~565 nm)
(DCF) ,
ROS
14.5 -
( , 2010)
50 mL , 1.2 pm
1 mL , 4°C 8000 r/min 10 min,
R 3mL )
20 min, 8 000 r/min 4 °C 10 min,
, : : =3:1:2
, 20 °C 5
h , 60 °C
, 95 °C 2 h
1.4.6
G-250 ( , 20006),
Sigma ( Sigma-Aldrich)
40 mL , 1.2 pm
, -21 °C
, 40 °C 15 min ,
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3 3 mL 1.4.8 IBM SPSS
, 20 min 4 °C Statistics 25 ( SPSS )
6 000 r/min 10 min, 1 mL , 5mL (One-way ANOVA),
595 nm S R LSD (Least Significant
Difference, ) S-N-K (Student
1.4.7 - Newman Keuls) s T2
( , 2017) , 0.05
40 mL, 1.2 pm , )
-20 °C ,
40 °C 15 min , 2.1
3 3 mL , la , 48~72 h, 0.5~2 mg/L
20 min 4°C 6000 r/min (P<0.05); 8
10 min, 1 mL , : : 16 mg/L ,
=1:1:5 , (P<0.01) 96h,8 16 mg/L
20 min; 1 mL , , (P<0.01)
20 min 1b s 24~72 h, 0.5~4 mg/L
, 490 nm , s (P<0.05)

72~96 h, 8~16 mg/L

3000 15001

b —— IR
—— 0.5 mg/L
. —— 2mg/L
- —El —v— 4 mg/L
£ 3 1 000} —e— 8 mg/L
% 2000 - 3 —<— 16 mg/L ___—
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= B
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Fig.1 The growth curve of C. reinhardtii (a) and C. vulgaris (b) exposed to NAs at different concentrations in different durations; the
inhibition rate of different concentrations of NAs on the growth of two species of phytoplankton in 96 h (c)
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, (P<0.01) Ic R 9% h ,
, :0.5~16 mg/L
(0.5~4 mg/L), )
; (8~16mg/L), 24~96 h (8~16 mg/L)
a
2.2 ( 2b), a ,
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a 2a , 0.5~4 mg/L a
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Fig.2 The Chl a content at C. reinhardtii (a) and C. vulgaris (b) exposed to different concentrations of NAs
D EE P <0.01( ), * P <0.05( )
2.3 SOD SOD (P<0.01)
3 ,72 96h ,2  4mg/L
, 3a, 3b SOD , 96 h
SOD ; 3c, 3d CAT (8 16 mg/L) SOD
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SOD s mg/L) CAT ,
(P<0.01) 96 h ,2~4 mg/L (8 16 mg/L)
, 8 16 mg/L CAT
SOD (P<0.01) 2.4
3b , , 24 h 4
SOD , 8 mg/L ROS 4a ,2mg/L 4 mg/L
SOD (P<0.05) 24h 48h ROS
48h , 72 h 96 h ROS
, , 2 4mg/L 8 16 mg/L 24~96 h
SOD (P<0.05); 8 mg/L 16 mg/L ROS (P<0.05),
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48 h 96 h ROS
ROS (P<0.01) 4b (P<0.05); 8 16 mg/L 72 96 h
, 0~96 h, 0.5~4 mg/L ROS ROS ,9 h
8 16 mg/L 24~48 ROS
h ROS . 8 mg/L (P<0.01)
3001 a . b 800
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2 200 i 2
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fSiarh Hleﬂ/h
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Fig.3 The effect of different NAs concentrations on the activities of antioxidant enzymes of C. reinhardtii (a, ¢) and C. vulgaris (b, d)
in different durations

ek P <0.01( ), * P <0.05( )
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Fig.4 The effect of different NAs concentrations on the ROS positive rate of C. reinhardtii (a) and C. vulgaris (b) in different durations
cxE P <0.01( Y, ¥ P<0.05( )
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2.5 (P<0.05)
0.5~4 mg/L 24~48 h 2.6
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0.5mg/L 2 mg/L 8 16 mg/L
(P<0.05); 72~96 h 5 (P<0.01)
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Fig.5 The effect of different NAs concentrations on the crude fat content of C. reinhardtii (a) and C. vulgaris (b) in different durations
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Fig.6 The effect of different NAs concentrations on the protein content of C. reinhardtii (a) and C. vulgaris (b) in different durations
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(P<0.05), 48 h
(P<0.01); 16 mg/L (P<0.01) 0.5~ 4 mg/L 24~96 h
48~96 h 24 h
(P<0.01) , 2 8 mg/L
2.7 (P<0.05), 4 16 mg/L
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Fig.7 The effect of different NAs concentrations on the polysaccharide content of C. reinhardtii (a) and C. vulgaris (b) in different
durations
sk P<0.01( Y, *  P<0.05( )
3
10~60 mg/L
05 2
(Clemente et al, 2005; Vander et al, 2021),
4 8 16 mg/L , 0~96 h
9 h
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EFFECT OF NAPHTHENIC ACID ON PHYSIOLOGICAL AND BIOCHEMICAL
CHARACTERISTICS OF FRESHWATER MICROALGAE

LIN Zhi-Hao', ZHANG Huan-Xin?, TANG Xue-Xi"®, WANG Ying"?

(1. College of Marine Life Sciences, Ocean University of China, Qingdao 266003, China; 2. College of Geography and Environment,
Shandong Normal University, Jinan 250014, China; 3. Laboratory for Marine Ecology and Environmental Science, Pilot National
Laboratory for Marine Science and Technology (Qingdao), Qingdao 266237, China)

Abstract Two models of freshwater microalgae, Chlamydomonas reinhardtii and Chlorella vulgaris, were
continuously cultured for 96 h under different concentrations of naphthenic acids (NAs). The effects of NAs stress on the
population and physiological and biochemical characteristics of two freshwater microalgae were studied. Results show that
low concentrations of NAs (0.5~4 mg/L) stimulated the population growth of microalgae, while high concentrations of
NAs (8~16 mg/L) inhibited the population of microalgae growth, causing acute toxic damage. Treatment of NAs could
change the physiological activity of microalgae. In low-concentration NAs treatment, content of chlorophyll a in the two
microalgae increased and lipids accumulated, and in the treatment with high concentration of NAs, the content of
chlorophyll @ in the two microalgae decreased and the content of polysaccharide increased. Both microalgae were
subjected to oxidative damage under NAs stress, causing an increase in reactive oxygen species (ROS) content; and two
microalgal antioxidant enzymes, i.e., superoxide dismutase (SOD) and catalase (CAT) showed species-specific differences
in the response to NAs treatment. In addition, high concentrations of NAs had a time effect on the acute injury of
freshwater microalgae, and the toxicity gradually increased with the increase of experimental duration. Therefore, low
concentrations of NAs have stimulant effects on microalgae and high concentrations of NAs have time-dependent acute
toxic effects on microalgae growth. This study provided a data-support for the risk assessment of NAs pollution in
freshwater environments.

Key words Naphthenic acid;  freshwater microalgae;  population dynamics; biochemical characteristics;
antioxidant enzyme activity; stimulant effect



