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B E:I¥yx ERGE TR KA LR ERA AR R, R G AEVAR T S
PR ] é/ﬁ/%& SR, FRREY R GMAENBEE, [B 6] KiZ5 F X eRBRY T ka3
%u#%ﬂc%;:& B Cr(VD)F £ AEH, At E Cr(VDisuie A fe 2t 7i8 % . [F5% ] KA IR R
BAT AT Z Ao d A0 G IR E Cr(VD)F £ AR 6 imik; RABEFIEA ITS 53067 m# TR
ﬂ’/\k, B BAMRARE L5 Cr(VD) A& R G671« 4248 ¥ 4% (scanning electron microscope, SEM).
1§ ® ot 2% 3% 21 4b & 3% (Fourier transform infrared spectroscopy, FTIR). X £k % ¥ F 4838 (X-ray
photoelectron spectroscopy, XPS)& X 4t & AT 4+ (X-ray diffraction, XRD)* B #r4E 44 Cr(VI) a9 ALIE 3t
TR . [4R]) HafF3 2 AEH pl8 A= p20 % 1 000 mg/L Cr(VI), 255l AhEx@aRE
(Trichoder ma yunnanense)#= ¥ % 4k 71 # (Fusarium annulatum). 2 #& % & 100 mg/L Cr(VI)}% 4% 120 h
8 Cr(VI) &R E 053X 2] 79.40%F 63.48%, Cr(VI)L/REHF|H 73.55%F= 50.94%; TR R4548
89 M LI, 500 mg/L Cr(VD)FM T pl8 #= p20 B A AT ERRMEESZAI|RA, 944 10.84 mg
F= 6.98 mg. i@iT SEM HAR RAED AT R ISR F2 /5 69 A #k pl8 = p20 B R @ W & 4684, FTIR
MERARI. . FA. C-HFBEASE T 4R N,; @it XPS F» XRD 5 47iE% T B4k
AL Cr(VI) & m%, Cr(OH)s, & T A ZH A= dh R Z 8], —F 02 AR R FE A0 % Cr(VI)#9iL R g
¢ R R Cr(VD)iE R M7 £ 245 T I sh ok (extracellular secretion), [4546 1 7543389 2 #0 5 fﬁ
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Cr(VD)AH T.yunnanense. F.annulatum f Cr(VI)EA Z 26956408, AFMAKMITETELE
AL AR Fo 1T A5 B ARBHRSE .
X %Tg; 2HARE;, KEEAH, MAEMSE;, &AM Cr(VDE1L

Isolation and transformation mechanism of Cr(VI)-tolerant
fungi from Cr-contaminated sediments in the downstream
tributary of the Yellow River

WANG Qingqing', CAO Yu', LI Xinlei', ZENG Xiangpeng', WANG Qiangl’z,
WANG Ruimin"?, WANG Jianying®, YANG Qingxiang '*

1 College of Life Sciences, Henan Normal University, Xinxiang 453007, Henan, China

2 Henan International Joint Laboratory of Agricultural Microbial Ecology and Technology, Xinxiang 453007,
Henan, China

3 Henan Ecological Environment Monitoring and Safety Center, Zhengzhou 450046, Henan, China

Abstract: [Background] The Manghe River, a downstream tributary of the Yellow River,
suffers from heavy metal-containing wastewater discharge over a long period of time, and its
sediments are characterized by the presence of heavy metal composite pollution dominated by
chromium contamination, with the formation of a unique microbial community in the
contaminated area. [Objective] To screen the fungi capable of tolerating and transforming high
concentrations of Cr(VI) in the sediments of the contaminated area and explore the Cr(VI)
transformation ability and mechanism. [Methods] The fungi capable of tolerating and
transforming high concentrations of Cr(VI) were screened by the gradient culture method and
identified by morphological observation and ITS sequencing. The mechanism of Cr(VI)
transformation by the strains was investigated based on the reduction ability of different
components of the strains, scanning electron microscopy (SEM), Fourier transformed infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD).
[Results] Two fungal strains p18 and p20 tolerant to 1 000 mg/L Cr(VI) were isolated and
identified as Trichoderma yunnanense and Fusarium annulatum, respectively. The two strains
showed the Cr(VI) removal rates of 79.40% and 63.48% and the Cr(VI) reduction rates of
73.55% and 50.94%, respectively, after being cultured with 100 mg/L Cr(VI) for 120 h. In the
medium with 500 mg/L Cr(VI), p18 and p20 accumulated the highest amounts of Cr per gram of
dry mycelia, which reached 10.84 mg and 6.98 mg, respectively. SEM revealed that the surfaces
of pl18 and p20 cells were adorned with Cr particles after exposure to Cr treatment. FTIR
indicated that -NH, -OH, C=0, C-H, and -CONH, were involved in the adsorption of Cr. XPS
and XRD confirmed that the strains transformed Cr(VI) into Cr(OH)s;, which existed in an
intermediate state between amorphous and crystalline forms. The predominant substances
responsible for Cr(VI) reduction were the extracellular secretion of the two strains.
[Conclusion] The two highly Cr(VI)-tolerant fungal strains, T. yunnanense and F. annulatum,

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



3912 (YIS Gk

Microbiol. China

demonstrate efficient transformation of Cr(VI), which provide a basis for the heavy metal
transformation and remediation of the river suffering from long-term contamination.
Keywords: Cr contamination; Trichoderma yunnanense; Fusarium annulatum; microbial

remediation; absorption; Cr(VI) transformation
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KM P B A BB R R TR I i K PR B 1Y
T YR 7 T R A SRR, K
W37 S5 301 6 B i b R K i HER, Hia b
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(Cellulosimicrobium funkei) strain ARG V4 4
KLY, L& w5 (Aspergillus flavus)
CR500" 1 ¥ 2 ¥ %% (Penicillium oxalicum)
SL2MVAE B AR o TR B OC T AR W A2
Cr(VDRIBLTI Lz Bl R B, B MER | #%
FUVE RS 2 BRPLE, DL AR B ANHEFE A
PR ZE BT ERLEI PO, M T AN
T LA BRI A Wt | Pk ) 20 B B 2 i
FELBR Cr(VD AR KRB, sk,
Ol B HA i 52 MW Cr(VD). 4k Cr(VI)
RE TSR AP BT IR R AR, %4k Cr(VD YA
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1.1 ##
1.1.1 #&

AT YR A T g 4 A A T T B A v
T —— W ZE DU (020 cm). R4E
J T 1] S 2 AT LI 1Y 43 B 24k
1.1.2 EFHFHE

T A 0] 75 M 35 18 (potato  dextrose  agar,
PDA)} 77522 SCHk[ 19T il -

WAV ISR A (g/L): R 10.0, #%)
B 40.0, pH 7.0,
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SR DL KoCr07 28 Cr(VD, L]
Cr(VDHKJE Ny 25 o/L BIBRUER A5, {51 0.22 pm
JC it YR AR IR 5 AR AE, 5 PDA BrgR e )
TRABCH S Cr(VI) 2 5001 000 1 3 000 mg/L
A T B 1% 7 R
1.1.3 FERFMNE

HAM, bR REERHERAR; ik
B . KoCrO7. HNO; fil HyO,, KEETH 1R AL 27
R PR E]; HClO4, KHEEHT K KAb2=ial A
FRZy ] ; M5 Fungal Genomic DNA Kit, JUEUH
GREVREABRAE ; KBr, Z sk
A BRAF WA, B R AR A R
AL,

W 2 B, BEARE IR SAE; £
SERT LT, Sl R IRobiE
10, HRE AR AL DA BR A /s Hff R
(scanning electron microscope, SEM), FERKH
AL EOBFA AR A F] ;A AR 2T AR,
i v AL RHE A BRA A X 4R 6H FRES
1, FEBRRIRBHABR A, X S AR Al
SHL, HARRAF
1.2 SERXERMSEMN Cr(VDERH
Uiiper

B 10 g GURWRE i 42 BE 55 209 5 vk ol
FMOJE IR, PRI SR A & PDA BE
Frhk, 28 °CHi AR, TP G TR 5 ML U6 i 7% 1Y
A K/ B SRR T RO A X 6
AR —FRR, DRAE TR VKA

FEORAER 69 PRECTHRIZR 2% Cr(VDWREE Ny
500.1 000 F1 3 000 mg/L K e 723 | ,28 °C
BiR 14 d, WERRMA KO, w120 BE
% Cr(VDfg I i 1 B pl18 Fl p20.

1.3 E#kp18sfp20 BNEE
1.3.1 EESFERE

i e 1 R AR A Oy s B A B — bR T

PDA KiFi3t [, 28 °cCHHIR K 7, TR KWL R
AR KA S B BE S . R e
TR MR TR = gh 4, R SEM WL+
FEAIE
1.3.2 SFEYNELE

MV ASE SR 5L E B i i 22, ] MS
Fungal Genomic DNA Kit #£ U [K 2 DNA. R
FHECHE ITS J7 4103 5197 1TS1 (5-TCCGTAGGT
GAACCTGCGG-3")#1 ITS4 (5'-TCCTCCGCTTAT
TGATATGC-3")*"J1F PCR #"#42) PCR Fz )i {&
% (25 pL): 2xPCR Mix 12.5 pL, JCHMZEK
9.9 uL, F. FiF514(10 umol/L)4% 0.8 uL, DNA
BEAT 1 ul, HAP R RR pl18 Fl p20 (1) DNA fRR
We 435 134.1 ng/pL 1 214.0 ng/pL, PCR
FIW 44 : 94 °C 5 min; 94°C30s, 54°C 305,
72 °C 1 min, 3£ 35 MEFF; 72 °C 10 min, §1
) ITS Jpal g alifb s ZHeE TAY TR (HE)
JRE 03 A B 23 w0 I, 0 45 SR R R NCBI 58 22
PBEAT ITS P9 HEXT, I MEGA 11 3R NT 44
R G B W LA AR 9 53 27K
1.4 EEm Cr(VDEE RN E

W TRIAR p18 F1 p20 B TR 22T LA 2% Tl
HEEMTE Cr(VDHE 0,100,200 F1 500 mg/L
PR [REEF 3, 28 °C. 180 t/min 5514 T
Bigi, F 12, 24, 48, 72, 96 1 120 h Bk,
A 0.22 pm MIRLFLIE BT JE TR 221k, T =
T LIRS A i, M FEANTE Cr(VDHRE 1)
WA FR L A T ER MK EE ) . g
JE T 4 °CIRAF
1.5 it Cr(VDEREXT$EHWIRZIER

R B 22 Bl i PG B AR 0.5 om (AT
Cr(VI)EL B B 2280y IR B Cr(VDHKJE N
100, 200 F1 500 mg/L Y PDA ¥4t |, ik
T A 22 S AR R SR LR T A TR 22, 60 °CHEAEHET
FEHEIF IO FEART . Fie R s 25 ik
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L] 10 mL &4 % HNO; . H,O, Al HC1O, 1Y
TRV T A 0 L T P BRI R I A, TR SE 26
FEAR BT IRLEE Fh 90 °CIR AT In#A 2 150 °C, AR
R, WEEETERR . B A B, REUK
KBTI K043 D' I BB 32 3k 5 25 I R VB R 01 7
BRI E

1.6 M Cr(VDEEX Cr(VDEIERR. TR
1R

¥ 1.4 Pl BB E RN T B . Cr(VI)
WRE I E o SR FH IO W s 43016 B 3
FE VR, R R BRI P O R R
540 nm ALIIAE Cr(VDHE P, Cr(II)Hk 2 2 i
B Cr(VDW R 22 (P,

Cr(VDEBEZRMRPY, Cr(VDIRJFE R ()11t
BT
R(%)=(C—Cy)/C;x100 (1)
Y(%)=(Cy,—Cy)/Cyx100 ()
X GRS Cr(VDHKE (mg/L); Cy, A
B SR A] 3 WO BB TR (mg/L) s Ce MANTH]
Rt a] FIE W Cr(VI)HE B (mg/L).

1.7  Cr(VDALIE T & 7% [ 25 4 W 28 K2 IR
MiE #EFFRAE

RIAEEFEL : 43 BB B R 0 F1 500 mg/L
Cr(VD}55% 5 d B4, 28 8 000 r/min #.0> 15 min
Ja M pH 7.2-7.4, WIS 2.5%I0) 18 VA TR
FIFE T 4 CHrE I ; [ s R,
30%. 50%. 70%. 90%. 95%7Fl 100%¥ Ji/K Z,
A BE K s PRERRE G K 2 B B e 2 R kAT
BT Wi4, EALEST SEM 2,

W 5 RE A RAE : WS 0. 500 mg/L Cr(VI)
Bi3E 5 d BARIE, T 60 CCHERE T4 o WF S st
Ko BAKIER . KBr #% 1:100 /BT 785
AT . AU, LR T AR 2T 41
Y6 i (Fourier transform infrared spectroscopy,
FTIR) 7347 .

1.8 M Cr(VDERIER Cr(VDEIFE=HIM S,
YR E

KA X B4 FBET% (X-ray photoelectron
spectroscopy, XPS)F it Cr(VI)IE #EVEH Cr(VI)
JE M AL, R X S AT S (Xoray
diffraction, XRD)/3M T Cr(VI)ik J5 =¥ 48
¥ 1.7 ¥ 500 mg/L Cr(VDALIE F YRR A, b
PLFEAT XPS F1 XRD 4374,
1.9 BEAHAREAES X Cr(VDBIIE R &E

W M Cr(VI) B A 43 25 o Ml b 2 W P
(extracellular secretion). U5 Wi¥)(intracellular
secretion) FI 4 % F(cell debris)ix 3 ™4l g 2H
Oy o BL B TR B0, A A R
AR YD I 2 2 28 °C . 180 r/min 15957 2 d.,
8 000 r/min 5.0 15 min J5 A 0.22 pm JoE 2 €
L UE B, SRIESNM YD BEARTTIE R
BERRZZ PP VR 3 WA ERFETE, B TiKin
HR PR 7 R BT AR 30 min (B3R 400 W, T
YE 2's, [HJ8K 4 s), 37 °CHILAME 4 i il BE 58 78835
10 000 r/min B.0> 15 min Ji7 [F#EFT 0.22 pm JCH#
TUE AN R VW, SRR e
A R AFR B Bt 1 9 e T i A5 B A L e
B Cr(VDRIE A 20 me/L WA [F] 443 ik
A 37 CCKIFHFE, T 6 h Ml 24 h 2 i
Cr(VDK ¥ .

2 HZRE5OM

2.1 it Ce(VDEERFELEE &KX Cr(VDEY
e

1E2 Cr(VI)HEE 4 500, 1 000 A1 3 000 mg/L
R RE G IR 5L F3E R B R SR MORAE ) 69 bk
FLIE TP A T A 2 2 BRI A2 Cr(VI)EE 1 Bk
FIELE, e Al i3 1 000 mg/L Cr(VI), 45
HTRRR p18 R KK p20 (Bl 1),
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500 mg/L Cr(VI)

Strain p18

Strain p20 :

1 000 mg/L Cr(VI)

3 000 mg/L Cr(VI)

1 Btk p18 # p20 £ARE Cr(VDRERNFERIZHFE FWEEES

Figure 1
concentrations.

TE PDA ik B35 7d )5, Wk pl8 X
AW ER, TR ZE A6, FEET.
R 22 1 S e i e 0 1 AN (8] 24); il
TR AEARKAERRER, mREE, o4
T2 T WM Ry, RGN, 1K
/NR(2-5) pmx(3=5) um, A EERIE SO BB
(8 2B HIK 2C). &tk p20 BT AER 224
o, JEMEE PO IR, BEE FTE A
K, SEIRAETR 22 iRk (AR IR H e, %
(& 2D); A T 22 T R R
SHEMTREIIY, TumRm i, wmTR
/N (5-6) pmx(1-2) um (& 2E F1E 2F). 4 ITS
WY, 7€ NCBI kA7 XS I i R K B,
Hk pl8 5= F§ A% (Trichoderma yunnanense)
CBS 121219 HARIAMIER 99.83%; itk p20
S5 IE 4k 7] 1 (Fusarium annulatum) CBS 258.54
A e A K 99.46% (18 3A FiIE] 3B), 45

Colony morphology of strains pl8 and p20 on screening media with different Cr(VI)

GICE Ao FLE W2 S e 45 R R W T bk p18
Jy Trichoderma yunnanense®”, Btk p20
Fusarium annulatum®®!,

20 TR G SR A T X 2 BRI AT
fif Cr(VDRESTHIMIE , PR p18 Fl p20 fAE )t
Bl Cr(VDUeE b i 2 BN (5] 4A FHIE 4B).
FRE p18 7E/NT 500 mg/L Cr(VI) &4 FH¥feA: K
(I 4A), TR p20 78 Cr(VI)H R 500 mg/L
if A= 2 2 3 B 2 AR R (8 4B) o 0 7 A []
Cr(VI)HR B Wrif B 2 MR B8 Cr(VDYRE T, Bl
# Cr(VD)HJE (38 i, Bk p18 1 p20 (1 Cr(VI)
EERBLE TGS FERIRIELR, 2 P
Y Cr(VD) BRI 5 - I # (& 4C FE 4D).
2 BRETE 100 mg/L Cr(VD}53:E 120 h, Cr(VI)
EBRFIR BN, 4308 79.40%F 63.48%.
Cr(VI)¥e B2 iy FH 8 X i R 5Bk Cr(VD I RE I A
R,
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Strain p18

Strain p20

-

- w JEOL

I pm JE
S.0kVLED SEM WD 10.1lm

2 K p18 A p20 MESFEHHE  A: Btk pl8 78 PDA Bigidt FRYREVEIE AL, B, C: Wtk
p18 MBI ZZFIHl F4FE. D: FEkk p20 76 PDA K dk E VR ESRHE. E. F: WK p20 AT 22 F140 1
FHIE

Figure 2 The morphological characteristics of strains p18 and p20. A: Colony morphology of strain p18 on
PDA culture medium. B and C: Characteristics of mycelium and spores of strain p18. D: Colony morphology

of strain p20 on PDA culture medium. E and F: Characteristics of mycelium and spores of strain p20.

22 Cr(VDRETEAREEHER KM S8
Eibagiis

16 0 1 500 mg/L Cr(VD)I A 55 444 Fxf
Pk p18 Fl p20 MBS T SEM M%E, i 5
B, MET 0 mg/L Cr(VHZA(K 5A FlE 5B),
T 500 mg/L Cr(V)4(& 5C I 5D
IRRTHRE , AR BRI E . g Eh T2
T Cr(VDIE T R EIARI R 28 . I8
KEEAREEV RS+ HEESERE S
Yy, sl R SR T e ALK A B TR
PR

1A ) B R R B 57 2% TR I AR Y
FTIR DAFRST R4 2 18 W B85 1 ELR B e A . A
BT R, Cr(VDAR 3T T R 1 45 1y i 56 1T Ui
RHEBAL, BFRE p18 £ FhTiRE Ik A RS 1 35
J7 0.46-8.08 cm ' (I S5E), HHk p20 & FhihER:
ARSI N 3.95-35.92 em ™ (K] 5F), Mk
pl18 F1 p20 ¥ FEMY 3 426.83 cm ™', 3 405.58 cm
W (EARSJLT R NHy. O-H)kAW R
PIPR B s . SR, WAk pl8 Ml p20 1Y
2 832.06 cm 'l 2 852.63 cm i HRIEALEY)
C-H. C=0). 1595.18 cm " Fl 1 595.22 cm™" (Wt &
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A

Trichoderma viridarium CBS 120065 (NR138439.1)

Trichoderma paraviridescens CBS 1193219 (NR134367.1)
92

Trichoderma viridescens CBS 433.34 (NR138429.1)

100

Trichoderma valdunense CBS 120923 (NR134418.1)

Trichoderma yunnanense CBS 121219 (NR134419.1)

97| Strain p18 (PP549628)

Trichoderma minutisporum DAOM 16706 (NR111192.1)

Trichoderma bannaense HMAS 248840 (NR154570.1)

95 Trichoderma spirale DAOM 183974 (NR077177.1)
T 8ol Trichoderma chlamydosporum HMAS 248850 (NR154577.1)
73 Fusarium cicatricum CBS 125549 (NR174640.1)

44 Fusarium zanthoxyli NRRL 66285 (NR175776.1)

Fusarium babinda CBS 397.96 (NR159861.1)

Fusarium chlamydosporum var. chlamydosporum CBS 145.25 (NR172283.1)
Fusarium hostae NRRL 29888 (NR171109.1)

Fusarium annulatum CBS 258.54 (NR138275.1)

100 Strain p20 (PP549631)

Fusarium longifundum NRRL 36372 (NR171059.1)

100 Fusarium pseudoanthophilum CBS 414.97 (NR163682.1)
86 |

— Fusarium foetens CBS 110286 (NR159865.1)
0.02

3 ETITS FMIZE p18 M p20 RELEW AWM pI8 BT ITS P RGE KB, B:
PR p20 JEF ITS IFHIM R G L FM. $55 N/F 54 GenBank %55 ; 43 X AU EE L F bootstrap CHF
s ZIERRR0.01 A10.02 FR/REEM IR 0.01 F10.02 [ B R

Figure 3 Phylogenetic tree of strains p18 and p20 constructed based on the ITS sequence. A: Phylogenetic
tree based on the ITS sequence of strain p18. B: Phylogenetic tree based on the ITS sequence of strain p20.
The number in parentheses is GenBank accession number; Number on the branch points represent the support
percentages of bootstrap; Bar 0.01 and 0.02 indicate 0.01 and 0.02 substitution per nucleotide position.
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Time (h)

Bl 4 A[E Cr(VDREXE p18. p20 EHEF Cr(VDERERF N

Y. C. D: Btk pl8. p20 () Cr(VD)E KR H
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A
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w
2
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A, B: HFEpl18. p20 94

Figure 4 Effects of different Cr(VI) concentrations on the biomass and removal rate of Cr(VI) of strains p18
and p20. A and B: The biomass of strains p18 and p20. C and D: Removal rate of Cr(VI) of strains p18 and

p20.

I N-H. C-N). 1362.42cm ' Fl1356.6 cm'
T (C—H). 1 079.59 cm™' 1 1 074.29 cm ™' %75
(C-N) A BN RS 224k, FTIR JGik sy
UL T I RE p18 Ml p20 PR TH I 2 3L | 5L
B . C-H FIBEIG S 5 T 8 AR .
23 it Cr(V)EEMMEXTIERIFR R 6
AR TE & AN [A] Cr(VI)HR B2 % PDA K5 9 5 |
AR Z UM ERZNR BN &, 4558
WK 6 Fin, BEE Cr(VDURERN, Htk pl18

1 p20 fE P FL 58 Fritpiiz -7t 3F H7E 500 mg/L
Cr(VI)WRJE T 24 & ik iR K, Bk
(TE)Y BT FLZ 10.84 mg Fll 6.98 mg )45 .
£ 100 mg/L 1200 mg/L [ Cr(VDREE T,
PR p20 Ly R B4 it B 3 K T RIPE p18 Al
N R & & MAE 500 mg/L /Y Cr(VHKE R,
Ak pl8 MMM R TR E, RUEARRE
Cr(VI)H B H ot He 2 ko 20k A 281k
MR R RE ) R AR AR
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Figure 5 Characterization of strain p18 and p20 under 0 mg/L and 500 mg/L concentrations of Cr(VI). A
and B: SEM micrographs of strains p18 and p20 under 0 mg/L concentrations of Cr(VI). C and D: SEM
micrographs of strains p18 and p20 under 500 mg/L concentrations of Cr(VI). E and F: FTIR spectrum of
strains p18 and p20.
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Figure 6 Effects of different Cr(VI) concentrations
on the accumulation of Cr per gram of dry
mycelium of strains p18 and p20. ***: P<0.001.
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Figure 7 Effects of different Cr(VI) concentrations
on reduction rate of Cr(VI) of strains p18 (A) and
p20 (B).
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Figure 8 Analysis of Cr(VI) reduction products in
strains p18 and p20 under 500 mg/L concentration of
Cr(VI). A and B: XPS spectrum of strains p18 and p20.
Line a represents the raw data, line b represents
overall fitting line, line c¢ represents the Cr2p fitting

line, and line d represents background line. C: XRD
spectrum of strains p18 and p20.
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Figure 9  Cr(VI) reduction value of different
components of strains p18 (A) and p20 (B) under
20 mg/L concentration of Cr(VI).
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