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Mechanism prediction of the synergistic degradation of
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Abstract: [Objective] Screening fungi with the ability to degrade polyacrylamide (PAM) and
analyzing the characteristics of their degradation products can provide a basis for clarifying the
degradation mechanism. [Methods] Fungi capable of degrading PAM were screened from bauxite
sludge and used to construct a composite fungal community, with the degradation products and
morphological characteristics being determined under optimized conditions. [Results] The results
showed that the three strains of fungi screened out were Trichoderma asperellum, Aspergillus
flavus, and Aspergillus niger, which showed the degradation rates of 27.35%, 25.20%, and 23.04%,
respectively, for PAM. The degradation conditions were optimized by the response surface method
as initial pH 5.5, inoculum amount of 5.1%, and incubation temperature of 32 °C, under which the
fungal complex constructed with 7. asperellum and A. flavus showed the PAM degradation rate of
45.44%, a viscosity reduction rate of 84.57%, and laccase and urease activities of 13.90 U/mL and
17.70 U/mL, respectively. A large number of hollows and cavities were formed on the surface of
PAM after degradation. In addition, mycelial biofilm was observed on the surface. The degradation
products showed ~COOH and —OH functional groups.[Conclusion] The above results suggest that
the fungal complex may degrade PAM into small molecules through the synergistic effects of
mycelial physical erosion and extracellular enzymes.

Keywords: polyacrylamide degradation; fungi; laccase; urease
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Aspergillus flavus ATCC 16883 (NR 111041.1)
o#8
Aspergillus nomiae NRRL 13137 (NR 121218.1)
Aspergillus lanosus NRRL 3648 (NR 135394.1)
Aspergillus magaliesburgensis PPR1 616 (NR 171610.1)
Aspergillus alliaceus NRRL 315 (NR 121331.1)
Aspergillus ellipticus CBS 707.79 (NR 103605.1)
Aspergillus niger ATCC 16888 (NR 111348.1)

#2
Aspergillus ibericus IM1 391429 (NR 119514.1)
Aspergillus sclerotioniger CBS 115572 (NR 077192.1)
Aspergillus carbonarius CBS 111.26 (NR 111094.1)
Trichoderma asperellum CBS 433.97 (NR 130668.1)
o#12
Trichoderma virescentiflavum PC 278 (NR 134349.1)
Trichoderma pleuroticola CBS 124383 (NR 134420.1)
Trichoderma lacuwombatense BP1 GJS 99-198 (NR 134356.1)
Trichoderma longipile DAOM 177227 (NR 134354.1) #12

Bl HEEMNARAZLAEWNSEEFNENERKBAMBRIAR. A: STREREIYITSEER I R84 T W (i
PR 455 N M HITSIF 91 1 GenBank & 5555 43 S AR E{E fEbootstrapfE); B: 3FREEERGFR ML _L A=
AN IE R 7S EE S8

Figure 1 Development status of three fungi in Petri dishes, growth and antagonistic phenomenon in Petri dishes.
A: Phylogenetic tree of ITS gene sequences of three fungi and other related strains (The NCBI accession number
for the ITS sequence of each strain is given in parentheses after the strain name; The value at the branch is the

bootstrap value); B: Growth status and antagonism of three fungi strains observed on Petri dishes.
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PAMPF A1 25 5 . e )07 TR (% 1), X Bk 3@E?—£5 PAM %

Figure 2 Degradation rate of PAM by mixed fungi Ry Z A AT 5 i IR AR I 45
#2/#8 and #12/#8. Different lowercase letters indicate 32
(Y o

significant differences in the degradation rate of PAM A o
e o) \ kY q LS LY
by different mixed fungi under the same degradation 252 HEEMEMGEI AR

conditions. | Design-Expert 13 #4317 848 00 f5

Degradation rate of PAM (%)
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Figure 3 PAM degradation rates of mixed fungi #12/#8 at different ratios, pH, inoculum size, and temperature.
A: Degradation rate of PAM by mixed fungi at different ratios of #12 and #8; B: Degradation rate of PAM by
mixed fungi at different pH levels; C: Degradation rate of PAM by mixed fungi at different inoculation levels; D
Degradation rate of PAM by mixed fungi at different temperatures.

1 BBDREERKFR PAM MR T7 220 BT ik 3 Bios . il
Table 1 Response surface experimental design ISR P<0.01, A% 502, TSI 0.233 0>
[K[Z Factors 7K Levels

0.050 0, AW, XFRUNZERIE R IT,
Low Base High S . S NI
level (<1 lever (0) lever (1) AT A B R PAM O ZRPEOLIE . 128
pH 45 55 6.5 R o5 2 BRI 5 U4 ¥ (adjusted R?,

A Inoculum size (%) 4 5 6 RzAdj) 1 A (predicted R2’ RzPre) ASHIB
IR T/°C 30 32 34

0.990 8. 0.979 0 F10.903 4, R’xg5 Rpe FI2E(H
BE R EIE SRR Y (%)=44.526-1.143 75X, - /NTF 2, AT R B AR R G A G 0 o 17 A
0.405X,-1.281 25X5-8.543 61e X X 40382 SXiXo+  JTZESMHTAARI, IR () Rl pH (X)) i i 5
0.46X>X5-2.994 25X,°-3.011 75X,>-4.539 25X:%, A MR PAM B EERNE, TR X2, X,

http://journals.im.ac.cn/actamicrocn



5316

LI Jia et al. | Acta Microbiologica Sinica, 2025, 65(12)

#*2 BBDIRIEIT5%
Table 2 BBD experimental design and results

Run X X, X; [ fit R Run X X, X; [ fie
pH s iR Degradation pH P TR Degradation
Inoculum size (%) 7/°C rate (%) Inoculum size (%) 7/°C rate (%)

1 4.5 6 32 38.90 10 5.5 5 32 44.24
2 5.5 5 32 44.86 11 4.5 4 32 40.43

3 5.5 5 32 43.97 12 5.5 4 30 38.90
4 6.5 5 30 36.61 13 5.5 5 32 45.00

5 5.5 6 34 35.97 14 4.5 5 34 36.61

6 5.5 6 30 37.89 15 4.5 5 30 39.66

7 6.5 5 34 35.09 16 5.5 5 32 44.56

8 6.5 4 32 38.14 17 5.5 4 34 35.14
9 6.5 6 32 36.61
R"I RRBHBESNER
Table 3 ANOVA for quadratic model

Source Sum of squares  df’ Mean square F-value P-value Signifiance Fit statistics
%! Model 207.07 9 23.01 83.92 <0.000 1 ** -

Xi 10.47 1 10.47 38.17 0.000 5 wk -

X5 1.31 1 1.31 4.79 0.064 9 - -

X 13.13 1 13.13 47.90 0.000 2 ok -

XX 0.00 1 0.00 0.00 1.000 0 - -

X X3 0.59 1 0.59 2.13 0.187 4 - -

XX 0.85 1 0.85 3.09 0.122 3 - -

X2 37.75 1 37.75 137.69 <0.000 1 wk -

X22 38.19 1 38.19 139.30 <0.000 1 ok -

X2 86.76 1 86.76 316.44 <0.000 1 ok -

5% 7% Residual 1.92 7 0.27 - - - -
AT Lack of fit 1.19 3 0.40 2.18 0.233 0 - -
4% 2 Pure error 0.73 4 0.18 - - - -

S Cor total 208.99 16 - - - - -

R’ - - - - - - 0.990 8
Adjusted R? - - - - - - 0.979 0
Predicted R* - - - - - - 0.903 4

#PIRP<0.01KF 2R EE; —FRTIZTH.

** indicate significant differences at the P<0.01 level, respectively; — denotes items not applicable.

X520 X7 S50 7 (A W S S R
253 MNEZERSH

iz H Design-Expert 13 FAFAR Hig — ik [nl 9462
UG FERT 2] 3 B 2R AYRZ I PAM R 3 (i g
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Figure 4 The 3D surface and contour plots showing the response of the degradation rate to pH, inoculum size,
and temperature. A, B: 3D plots and contour plots showing the effects of inoculum amount and pH on

degradation rate, respectively; C, D: 3D plots and contour plots showing the effects of temperature and inoculum

amount on degradation rate, respectively; E, F: 3D plots and contour plots showing the effects of temperature and
pH on degradation rate, respectively.
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Figure 5 Figure showing changes in enzyme activity and product concentration before and after mixed fungi

degradation under optimal conditions. A to H respectively show the changes in urease activity, laccase activity,
CO-NH,, NO,-N, NOs;-N, NH,-OH, TOC concentration, and PAM molecular weight in the culture medium
before and after degradation by mixed fungi under the optimal conditions.
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Figure 6 Infrared spectral analysis of PAM before

and after degradation by mixed fungi.
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Figure 7 SEM images of PAM before and after degradation by mixed fungi. A: Surface structure diagram of
PAM before degradation by mixed fungi at 1 000 times magnification; B: Surface structure diagram of PAM after
degradation by mixed fungi at 1 000 times magnification. The red-framed part is the structure diagram of PAM at

3 500 times magnification.
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Figure 8 Splicing of nitrogen metabolism pathways in mixed fungi. Red labels denote the nitrogen metabolism
pathway of composite fungi in relation to PAM; Blue labels indicate the potential of composite fungi to degrade

other nitrogen-containing organic compounds.

4 @

(1) B F I e 3 Ak AT DL FA A% PAM (4
B, i B E#2) . 5 A @#8) MU A
RE(#12), HAE 8 d M RFEfER ST 3N 25.20% .
23.04% 1 27.35%, FH#12/#8 MIEEI A E#XF
PAM YRR3R 31.68%.

(2) B A EHH#12#8 [ HAER AR S5 M HE He
5:3, fefd pH. AP AE SRR 508 5.5,
5% F1 32 °C, FALFRMFTRETE 8 d IGRERE N

A LI LM, [R] R 5 A TR
T AP

(4) iRAE P B A LE X KEGG £l B4 5+
AU R, R G BRI PAM 1 f2
HBEBS A R NO.-N IR

1B STk & WA

e RIS, AT SR
Blaontr . EIESC Wikt BHEH, %

T 22

45.44%, R FE SRS fE PAM B EE R
o PG B it T 52 DA 1Y) R R B
4% 9135 #) 13.90 U/mL A1 17.70 U/mL, Xf
CO-NH,. TOC Fl PAM 4371 K& 8 53 51 g
45.44% . 84.67% 1 84.57%.

) A AFERRG, PAM AN 5E B R K
WD, WSS REIR, BT #-COOH Al
—OH /N ALY BEfR S PAM I 1 28

GHE . WORIES . W SN Wi B
BTSSR B B S
P AR BRIE: PN R
SHIEHE.
1B A 45 v RATE 7 A

{6 74 W AR A7 1 T 7 il 2 B0 A SO 4
i TARRC AT RIS A AR .

http://journals.im.ac.cn/actamicrocn



5322

LI Jia et al. | Acta Microbiologica Sinica, 2025, 65(12)

B3k

(1]

(7]

(]

[10]

[11]

SOLOMOU AD, MICHOPOULOS P, MANTAKAS G.
Monitoring reclamation of plant biodiversity and soil
parameters in an area of bauxite mine spoils (a case study
of Greece)[J]. Sustainability, 2023, 15(20): 15120.
B, B R 0T R TR A X B AYIK
BRI B R SR A, 2000, 20(4): 51-52.

LUO XG, MA SJ. Study on application of tailings to
worked-out land reclamation in Pingguo aluminium
mine[J]. Conservation and Utilization of Mineral
Resources, 2000, 20(4): 51-52 (in Chinese).

BASARAN B, ABANOZ YY, BOYRAZ A. Effects of
different brewing conditions on acrylamide levels in
Turkish black tea and health risk assessment[J]. Journal
of Food Composition and Analysis, 2024, 133: 106420.
SONG CY. Enhancing photocatalytic degradation of
hydrolyzed polyacrylamide in oilfield wastewater using
BiVO4/TiO, heterostructure nano-photocatalyst under
visible light irradiation[J]. International Journal of
Electrochemical Science, 2023, 18(12): 100363.

SILVA MESRE, DUTRA ER, MANO V, MACHADO
JC. Preparation and thermal study of polymers derived
from acrylamide[J]. Polymer Degradation and Stability,
2000, 67(3): 491-495.

LIU Y, ZHAO Y, WANG JL. Fenton/Fenton like
processes with in situ production of hydrogen peroxide/
hydroxyl radical for degradation of emerging
contaminants: advances and prospects[J]. Journal of
Hazardous Materials, 2021, 404: 124191.

BAO MT, CHEN QG, LI YM, IJIANG GC.
Biodegradation of partially hydrolyzed polyacrylamide
by bacteria isolated from production water after polymer
flooding in an oil field[J]. Journal of Hazardous
Materials, 2010, 184(1/2/3): 105-110.

SONG TW, LI SS, YIN ZC, BAO MT, LU JR, LI Y.
Hydrolyzed  polyacrylamide-containing ~ wastewater
treatment using ozone reactor-upflow anaerobic sludge
blanket reactor-acrobic biofilm reactor multistage
treatment system[J]. Environmental Pollution, 2021, 269:
116111.

ZHANG H, WANG B, GAO CY, ZHU TJ, XIONG MY,
REN HY. Effective degradation of hydrolyzed
polyacryamide (HPAM) in a simultaneous combination
of acoustic cavitation and microbubbles ozonation:
process optimization and degradation mechanism[J].
Process Safety and Environmental Protection, 2022, 159:
465-476.

DU J, LV CH, LAN XT, SONG JF, LIU PL, CHEN X,
WANG Q, LIU JM, GUO GX. A review on viscosity
retention of PAM solution for polymer flooding
technology[J]. Petroleum Science and Technology, 2024,
42(3): 372-405.

COLEINE C, STAJICH JE, SELBMANN L. Fungi are
key players in extreme ecosystems[J]. Trends in Ecology &
Evolution, 2022, 37(6): 517-528.

P4 actamicro@im.ac.cn, 7 010-64807516

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

LIU TY, XIN Y, LIU XZ, WU B, XIANG MC. Advances
in microbial degradation of plastics[J]. Chinese Journal
of Biotechnology, 2021, 37(8): 2688-2702.

SRIKANTH M, SANDEEP TSRS, SUCHARITHA K,
GODI S. Biodegradation of plastic polymers by fungi: a
brief review[J]. Bioresources and Bioprocessing, 2022,
9(1): 42.

WU BB, LAN T, LU DN, LIU Z. Ecological and
enzymatic responses to petroleum contamination[J].
Environmental Science: Processes & Impacts, 2014,
16(6): 1501-1509.

WANG FL, ZHANG DC, WU XF, DENG SS.
Biodegradation of anionic polyacrylamide mediated by
laccase and amidase: docking, virtual mutation based on
affinity and DFT study[J]. New Journal of Chemistry,
2021, 45(32): 14554-14562.

KRR, EIrHE, £k, B IR R PNERE e K
R TR M T e A B BT 5 [0, 0 v KRR, 2021, 27(1):
209-216.

ZHANG DC, WANG FL, WANG T, DAI W.
Experimental study on co-degradation of polyacrylamide
in coal slime water by mixed bacteria[J]. Clean Coal
Technology, 2021, 27(1): 209-216 (in Chinese).

SRR SR TN T g e ik T 11 i 08 B X IR i P
AIBIFSEID]. 20 22 B TR, 2021.

LU RR. Screening of polyacrylamide degrading fungi
and study on their degrading properties|[D]. Lanzhou:
Lanzhou University of Technology, 2021 (in Chinese).
AR, KT, ZEROF . RVIG ERG A RE A E 7 0],
HEERLE, 2006, 27(1): 151-153.

HAN CF, ZHENG AF, LI DP. Study on biodegradation of
polyacrylamide[J]. Environmental Science, 2006, 27(1):
151-153 (in Chinese).

SHANMUGAM S, HARI A, ULAGANATHAN P,
YANG F, KRISHNASWAMY S, WU YR. Potential of
biohydrogen  generation using the delignified
lignocellulosic  biomass by a newly identified
thermostable laccase from Trichoderma asperellum strain
BPLMBTI[J]. International Journal of Hydrogen Energy,
2018, 43(7): 3618-3628.

TEMPORITI MEE, NICOLA L, NIELSEN E, TOSI S.
Fungal enzymes involved in plastics biodegradation[J].
Microorganisms, 2022, 10(6): 1180.

KHAN S, NADIR S, SHAH ZU, ALI SHAH A,
KARUNARATHNA SC, XU JC, KHAN A, MUNIR S,
HASAN F. Biodegradation of polyester polyurethane by
Aspergillus  tubingensis[J]. Environmental Pollution,
2017, 225: 469-480.

ZHANG JQ, GAO DL, LI QH, ZHAO YX, LI L, LIN
HF, BI QR, ZHAO YC. Biodegradation of polyethylene
microplastic particles by the fungus Aspergillus flavus
from the guts of wax moth Galleria mellonella[]].
Science of the Total Environment, 2020, 704: 135931.
XN AR I, B, R, A, X,
WA, AT — R T AT A A
CN107365735A[P]. 2017-11-21.



WA AR, 2025, 65(12)

5323

[24]

(23]

(29]

(30]

[31]

W, YU, B [, RARLL . R TBE 5T A i
AR 5 - Y A - R 1 (D). K P Tl 2 B 2 4, 2007,
31(2): 110-112, 131.

GUAN SX, FAN HF, DUAN JG, SONG CH.
Examination of the concentration of HPAM: the starch-
cadmium iodine method[J]. Journal of Daqing Petroleum
Institute, 2007, 31(2): 110-112, 131 (in Chinese).
AR N R A S PREE I . K BT AR EL AR E 58
R (4T): HI/T 346—2007[S]. db5t: rhEFR
Bkt et 2007.

Ministry of Ecology and Environment of the People’s
Republic of China. Water quality—determination of
nitrate-nitrogen—ultraviolet ~ spectrophotometry: HJ/T
346—2007[S]. Beijing: China Environmental Science
Press, 2007 (in Chinese).

FRAE N RIL AN A SR B . KT AR R ER A I
SOGEE R GB 7493—87[S]. dbat: o E AR AAL,
1987.

Ministry of Ecology and Environment of the People’s
Republic of China. Water quality-determination of
nitrogen  (nitrite)-spectrophotometric ~ method: ~GB
7493—S87[S]. Beijing: Standards Press of China, 1987 (in
Chinese).

FOGIE, RF5 B, AWl . R 3600 HE v ) e o 1
KRR D). RS ITH, 2014, 45(5): 954-958.

LU GY, SONG XX, YU ZM. Indirect determination of
hydroxylamine in seawater in spectrophotometry[J].
Oceanologia et Limnologia Sinica, 2014, 45(5): 954-958
(in Chinese).

B N RS E A PR B . K BT B A AR I 5E A
Be A AL —AE 2 BREL AN I : HT 501—2009[S]. db At
Hh EFREERLA R, 2009.

Ministry of Ecology and Environment of the People’s
Republic of China. Water qualitydetermination of total
organic carbon—combustion oxidation nondispersive
infrared absorption method: HJ 501—2009[S]. Beijing:
China Environmental Science Press, 2009 (in Chinese).

[l 5 Tt W B A A 2 Ry, B A A A L 2
Digy . KAE RGBSRk s T ALR N MR e L : GB/T
17514—2017[S]. At 5% HrEFpiEH Rk, 2018.

General ~Administration of  Quality  Supervision,
Inspection and Quarantine of the People’s Republic of
China, Standardization Administration of the People’s
Republic of China. Water treatment chemicals—anionic
and non-ionic polyacrylamides: GB/T 17514—2017[S].
Beijing: Standards Press of China, 2018 (in Chinese).
SKMS . LLABTS S i 400 5 1 TS 3 04 75 i (], BN Bl
1, 2007, 24(1): 43-45.

ZHANG P. Test method for the laccase activity with
ABTS as the substrate[J]. Textile Auxiliaries, 2007,
24(1): 43-45 (in Chinese).

WRER R . 7 DRt B8 52 e A0 0 el DX ) o A P - 9840
HrseWrsE D). Jbat: dbath (a8 R AFIT AR, 2022.
CHEN SS. Study on the remediation of Cd-Pb
contaminated farmland soil by urease-producing bacteria
in typical mining and metallurgy parks[D]. Beijing:

132

[33

[34

[35

[36

[37

[38

[39

[40

]

]

]

—_

]

]

]

]

—

General Research Institute for Nonferrous Metals, 2022
(in Chinese).

GAYTAN I, BURELO M, LOZA-TAVERA H. Current
status on the biodegradability of acrylic polymers:
microorganisms, enzymes and metabolic pathways
involved[J]. Applied Microbiology and Biotechnology,
2021, 105(3): 991-1006.

YU YQ, LI YS, SUN BJ, CUI JB, LIU H, SUN YX, XU
QL, BOISSE N, VOELKER F, MATIOSZEK D,
FAVERO C, KIEFFER J, LI YM, LU JR, LI HS, BAO
MT. Characterization and degradation mechanism of a
newly isolated hydrolyzed polyacrylamide-degrading
bacterium Alcaligenes faecalis EPDB-5 from the oilfield
sludge[J]. Environmental Pollution, 2024, 363: 125124.
MROZIK A, PIOTROWSKA-SEGET Z.
Bioaugmentation as a strategy for cleaning up of soils
contaminated with aromatic compounds|[J].
Microbiological Research, 2010, 165(5): 363-375.
IRAHE, XUBEAh, S AR . AR R e A LS
Qein Y A5G BRSSP ]. mE ARl K 24l
2020, 43(1): 10-17.

XU XH, LIU XW, JIANG JD. Enhanced bioremediation
of organic pollutant contaminated environment by
microbial consortia: current situations and challenges[J].
Journal of Nanjing Agricultural University, 2020, 43(1):
10-17 (in Chinese).

CERNOSA A, CORTIZAS AM, TRAORE M,
PODLOGAR M, DANEVCIC T, GUNDE-CIMERMAN
N, GOSTINCAR C. A screening method for plastic-
degrading fungi[J]. Heliyon, 2024, 10(10): e31130.
GOODELL B. Fungi involved in the biodeterioration and
bioconversion of lignocellulose substrates|M]// Genetics
and Biotechnology. Cham: Springer International
Publishing, 2020: 369-397.

INICT5, IR SE, 4, X, ARAER] . 3 bR AR K
fifk TIPS ML T R [J/OL). KT K 222440 (F SRR
2R, 2024: 1-6. (2024-04-22). https:/link. cnki. net/doi/
10.16772/j.cnki.1673-1409.20240418.008.

SUN WX, ZHOU QW, WANG R, LIU M, YU WC.
Preliminary study on joint degradation mechanism of
three polyacrylamide degrading bacteria[J/OL]. Journal
of Yangtze University (Natural Science Edition), 2024:
1-6. (2024-04-22). https://link.cnki.net/doi/10.16772/j.cnki.
1673-1409.20240418.008 (in Chinese).

JAIEE, A, &7 SCHI, AREEWD, PVICTE e R TS
SR A s T i ik 5 TR A R 2 AR [0, ) P R 2724
(FSRBIEI), 2024, 49(2): 417-428.

ZHOU QW, WANG R, SHU WM, YU WC, SUN WX.
Optimization of  degradation conditions of
polyacrylamide degrading complex bacteria by response
surface methodology[J]. Journal of Guangxi University
(Natural Science Edition), 2024, 49(2): 417-428 (in
Chinese).

GEISSELER D, HORWATH WR, JOERGENSEN RG,
LUDWIG B. Pathways of nitrogen utilization by soil
microorganisms: a review[J]. Soil Biology and

http://journals.im.ac.cn/actamicrocn



5324

LI Jia et al. | Acta Microbiologica Sinica, 2025, 65(12)

Biochemistry, 2010, 42(12): 2058-2067.

W aR, ZEMERD, ZEiR%e, TERRUE . A R e A R i
OB S NLO HEHCRIE 58 HE J8& (3], T A # 2 4ik, 2023,
63(9): 3321-3334.

YANG YR, LI HM, LI ZL, WANG EX. Key enzymes
and N,O emission in aerobic ammonia oxidation
process[J]. Acta Microbiologica Sinica, 2023, 63(9):
3321-3334 (in Chinese).

ZHAO YB, LIN XR. A PAS protein directs metabolic
reprogramming during cryptococcal adaptation to
hypoxia[J]. mBio, 2021, 12(2): ¢03602-20.

PR, B, TSR, ARV, Ab . RS R
AN A B I O R[], A AR, 2023, 63(3):
946-962.

LU PL, YANG H, DING AQ, LI CY, QUAN L.
Metabolic regulation of bacteria with limited carbon and
nitrogen sources[J]. Acta Microbiologica Sinica, 2023,

P4 actamicro@im.ac.cn, 7 010-64807516

[44] CALATRAVA V, TEJADA-JIMENEZ M,

63(3): 946-962 (in Chinese).

SANZ-
LUQUE E, FERNANDEZ E, GALVAN A. Nitrogen
metabolism in Chlamydomonas[M]//The Chlamydomonas
Sourcebook. Amsterdam: Elsevier, 2023: 99-128.

[45] L1 WC, LIN TC, CHEN CL, LIU HC, LIN HN, CHAO

JL, HSIEH CH, NI HF, CHEN RS, WANG TF. Complete
genome sequences and genome-wide characterization of
Trichoderma biocontrol agents provide new insights into
their evolution and variation in genome organization,
sexual development, and fungal-plant interactions[J].
Microbiology Spectrum, 2021, 9(3): €0066321.

[46] HIRD K, CAMPECINO JO, LEHNERT N, HEGG EL.

Recent mechanistic developments for cytochrome ¢
nitrite reductase, the key enzyme in the dissimilatory
nitrate reduction to ammonium pathway[J]. Journal of
Inorganic Biochemistry, 2024, 256: 112542.



