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ot b L BALEEE M Tllumina PE250 & i@ M5 AN MAEMEEE S 484, [£R] AR TR
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Burkholderia sp. DHC34 and Pseudomonas fluorescens enhance the
efficiency of Ageratum conyzoides L. in the remediation of
cadmium-contaminated soil

CHEN Deqian', XU Renzhi', LIU Zhibo', QIN Guimei', SONG Bo'*"

1 College of Environmental Science Engineering, Guilin University of Technology, Guilin 541004,
Guangxi, China

2 Collaborative Innovation Center for Water Pollution Control and Water Security in Karst Area of Guilin
University of Technology, Guilin 541004, Guangxi, China

Abstract: [Background] Rhizosphere microorganisms are commonly employed in soil heavy
metal remediation due to their ability to enhance soil fertility and boost crop growth. However,
the efficacy of a solitary microbial agent in remediation is inconsistent and vulnerable to
interference from indigenous microorganisms. Consequently, developing reliable composite
microbial agents is crucial for facilitating plant remediation of heavy metals. [Objective] We
conducted pot experiments to the study mechanism by which Burkholderia sp. DHC34 and/or
Pseudomonas fluorescens fortified Ageratum conyzoides L. in the remediation of cadmium
(Cd)-contaminated soil. [Methods] The single microbial agents BH (Burkholderia sp. DHC34)
and PH (P. fluorescens), as well as the composite microbial agents BPH1-1, BPH1-2, and
BPH2-1 (consisting of Burkholderia sp. DHC34 and P. fluorescens mixed at ratios of 1:1, 1:2,
and 2:1, respectively), were used to treat A. conyzoides. The plants treated with sterile water
were taken as the control group. The plant biomass and Cd accumulation were measured, and
the micro-method was employed to determine the activities of antioxidant enzymes in plant
leaves. Microbial diversity was assessed through Illumina PE250 high-throughput sequencing.
[Results] In comparison to the control group, P. fluorescens alone significantly enhanced the
activities of peroxidase, catalase, and superoxide dismutase, while increasing the plant height
and fresh weight by 50.0% and 77.7%, respectively. Burkholderia sp. DHC34 resulted in weak
acid extractable fraction of Cd comprising 60.0% of the total, while increasing the Cd
accumulation per A. conyzoides plant by 188% relative to the control. The co-inoculation of the
two strains in varying ratios significantly enhanced the Cd uptake by A. conyzoides plants.
BPH1-2 exhibited the most significant performance, increasing the biomass and Cd accumulation
of A. conyzoides by 71.2% and 166%, respectively. The bioenrichment coefficients of
aboveground and underground parts reached 11.40 and 6.25, respectively. Furthermore, the
co-inoculation of both strains induced substantial changes in the rhizosphere microbial
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community composition, markedly increasing the abundance of beneficial taxa such as
Flavisolibacter, Adhaeribacter, and Streptomyces. By regulating the activity of the microbial
groups involved in carbon and nitrogen cycling, the composite microbial agents fortified the Cd
remediation efficiency and stablized the rhizosphere environment of A. conyzoides. [Conclusion]
Burkholderia sp. DHC34 and P. fluorescens exhibit potential applications as growth-promoting
agents for A. conyzoides. The co-inoculation of the two bacterial strains could create a functional
pathway synergizing the plant growth-promoting effect of P. fluorescens and the Cd activing
effect of Burkholderia sp. DHC34. The co-inoculation leads to the enrichment of beneficial
rhizosphere microbial groups to mitigate Cd stress on A. conyzoides. Notably, the overall efficacy of
BH surpassed that of PH, and BPH1-2 exhibited the best performance among the composite agents.

Keywords: Burkholderia sp.; Pseudomonas fluoresces; Ageratum conyzoides L.; cadmium

contamination; combined plant-microbial remediation
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FEVESE A FRALAR bR, 7R 2 FVRUZE YIS AR
a4 S SR TS e ARG PLER, LU AR P 18
SEEOR | Bl E R - e S B S AT AT LK
1l 2 A 0 TR N i A B Rt D S 0 0 Sk

i R

1.1 #&m

TR 7V AR KR AR T R B
MR — R . RERE N
020 cm MFRZ T, HIFEALRKTIEHIBR L
FE AR AT | R TR S, AP AL 2 mm
7 W J5 T I 2 S e o i o sl IR Ak
PERRUNR . pH {H 6.07, A% 45.7 mg/kg, AL
A 63.8 mg/kg, TR A 53.8 mg/kg, A LT 1.48%,
Cd %1t 7.03 mg/kg, ARG Cd 2.49 mg/kg.,

EFEA T, IR A R A,
e =R FE A6 R 0.5% NaClo 12 1H 7
Smin J&5, FITCHEKRE ik 3-5 ¥k, A%
F¥gRigrh, RmESR 3 mm ML, EEEE
1E 25-35 °C, P H BRSHAE]Y 12 h, FR8E &)
WM 35 BT R TR, ARARAR R 2 Bk
K-S LE, DREssisn.

1A 52 28 /K 78 X T (Burkhol deria sp.) DHC34
(CCTCC AB 2015064), H [ #1760 % 352 4 (45l
e, Y -, AEBURTE . YOtk
i IR (Pseudomonas fluorescens) CICC 23919, H
SRR ERYI RN K= SN =827 S|
TR 158, AEBURE . BWUAGRTE AR
£, KR LB A FREL 37 cCR BTG, 4
2 LB W IASE R ALIE 0I5 R 24 h, T 4 °Cf}
75 o
1.2 EFE. TERFIFNE

LB [E{K: S5 (g/L): M 10.0, BELER
¥ 5.0, NaCl10.0, Bifi§ 15.0, pH 7.0-7.2,
121 °CK [ 30 min; LB AR 32 (g/L): HEH
J 10.0, B RE SR B 5.0, NaCl 10.0,pH 7.0-7.2,
121 °C°K 1 30 min.,

1o AL A B (catalase, CAT)iA I &, 11481k

Y (peroxidase, POD)iR 5 & Fll # 48 1k 4y 1 4k
fif(superoxide dismutase, SOD)i{if &, JLHZE
FKERHARAR . HIEHEE G S R kSt
B, SRR AIRA R, HHENL, -
TP AR A PR A F . s R 78R K A
VR ST A S R A BR A E] SRy
KR, R SEE R AR A BRAE]
RUREOL, TEBR IR BHE A Al
1.3 R RAHE

B 1 mL Burkholderia sp. DHC34 A
P. fluorescens B ¥ 43 3 F1 F 100 mL LB &4
Bigpdkrp, F 37°C. 180 t/min §" KK 5% 24 h,
H10 mL 47 R 37 5 B BREEIRTE 5 000 r/min B0
10 min, 7% B, FJCHEK R ik i,
R FIRE LS 3 LA LRBRER B R IR
FHIE 5 JC KR B A, il 8 ODegoo 47 1.0 A TR
B (B FE 2920 10° CFU/mL) 4 H .
1.4 RIEEIT

IRIGF 2024 4F 6-8 H 7EHEMIE T R¥H 4
J& V5 AR G S S A i & kA T . AR
AT MNIRIAE A (5 25 cm, HAE 17 cm), 2EA
1.5 kg Hbi 1358, FEAR &R 2 50 04% T4,
K TG T 7K B8 HE I O 45 - B 5 7K & 78 HH a) 3 K
B 60%A A . IR S RGN FEpy
Yilel e, AEIRG 5 d e 2 A i HE R 52 18 e i
20 mL % N2 10° CFU/mL (40 B, 3Eds
4 W, R EE 5 A (93 BH,
PH, BPHI-1, BPHI-2, BPH2-1) (% 1), &4l
3 AT, [AIBFRE 1 ASTEHE SR R O K X
B4, 8 CK, 318 4.
1.5 HmRERMNERE
1.5.1 TEMHGBRESNE

&P 60 d S5 KA R L B AR R
e 43 SR BRI ARG A YR R R 1-3 mm
FIMRPR L, —#5r -3 A AR T 5 b EE i 2 mm
it o SR AHIR - e R - 2 RR L AR e, R
S5 S5 B AR SPGB E 35 Cd i
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x1 ZRAEFEAERRLIEE
Table 1 Different bacterial suspension treatment
groups in pot experiments

20 5| Group WSINTE W Bacterial liquid

CK JEH /K Sterile water

BH Burkholderia sp. DHC34

PH P. fluorescens

BPHI-1 Burkholderia sp. DHC34+
P. fluorescens 1:1

BPHI1-2 Burkholderia sp. DHC34+
P. fluorescens 1:2

BPH2-1 Burkholderia sp. DHC34+

P. fluorescens 2:1

T3 Cd MAIEA SR A BCR WAk
S ESIRE o Ty —HR 43R i - 1 G T B A IR
£, L HIE T80 °CIRfF. K/ Illumina PE250
fo 1 R AR P AR 16S
rRNA JEH V3-V4 [X[J PCR § 34 =9y k4 7]
J¥. PCR §'¥45[#)% 341F (5-CCTAYGGGRB
GCASCAG-3")H1 806R (5-GGACTACNNGGGT
ATCTAAT-3"), PCR JZ Wi {& % (30 uL): Phusion
Master Mix (2x) 15 uL, 1E. 5144 1 uL,
gDNA (1 ng/uL) 10 pL, H,O 3 pL. P 34544,
98 °C 1 min; 98 °C 10's, 50°C30s, 72°C 30s,
30 MEFR; 72 °C 5 min, FIEIIHARE R
LA BR A |l Ty, o e R AR R =
- 75 (https://www.bioincloud.tech/) X} | Jy %% 4
WEATHIFIERE . IR R BT . U AR
3T
1.5.2 HEMHRERESNE

D5 R ) ) P v R R R o AR L 2K
= FRor AT AN, 25 B T K B ik
MRS I FHUE AW T, FRE Y B E )5, T 105 °C
HEAE T AT 30 min, 70 °CHET RIEE ., HHY
NSN3 D22 R 1 R N 9 S Sy ES B N
BMEAZEN) HNOs-H0; W A IE L BEAE MR
I FH H BN 55 B R R SIS 2 A
FefhP Cd &4
1.5.3 HEMIMSLEEERNNE

55 d BFIE FE YIRS FREL 0.2 g BT

SEFE) R BT 2 mL BLOAE T, AR 22 o
WA , 8 000 r/min 50> 10 min FRIFHEYIA LS,
4. CAT, SOD. POD ¥R FHisil &t A 1l & .
1.6 HIEAIE

K Microsoft Excel 2019 Xt 5 & V1174511
58T, SR SPSS 27 ) B[R % 5 2% (analysis of
variance, ANOVA) Fl &z /M 2 % % 22 5 (least
significant difference, LSD)#F17 2% 4% 8 4%
Fr(P<0.05), fdi ] Origin 2024 2 E %% .

2 BREGAM
21 TEESRNESEEKIERN

=AU

AN TR) T A VR ALk 3L 1) 7 7 sl AR PR B S N ] 1
s, SAPRHZER B F KPR, PH
F1 BPH1-2 AbFRAEARAS S4B WAL T oAb B, 45
PR A SRR . ARG . TEMEFE IR 2 o
7~ PH. BPHI-1. BPHI-2. BPH2-1 Zhb38 k%
E B E T 4 (P<0.05), AR E
50.0%. 33.1%. 49.3%. 39.0%. BH il BPHI-1
P EFHR KA T BAZER AR E
(P>0.05), PH. BPHI1-2 1 BPH2-1 Zb ¥ i 3
XTI . e Ah, BOAE P RS N T AR
Wiy i, PH A1 BPH1-2 b3 43 il 45 %) Bt 4 25
77.7%F 71.2% 0 L5467 TR A R AL 38 76 7 i)
A KA AR AR AR G 50 AT LUK, Burkholderia sp.
DHC34 1 P. fluorescens Fp. X422 ff 5 %ot 72 75 #i] (1)
AR BEAREER, JoHJE PH AP AR
R R
22 AREERMNEFTEMECEEHN
=AU

HE 2A FTLUE t, AHETXTHRZE, PH A1
BPHI1-2 Ab PR &I CAT 364 3% B Ft,
HiiE A 28.0%F1 27.9%, BH. BPH1-1 Al
BPH2-1 ZbFE) CAT & PERT B4 TG i 25 Pk 2
5 (P>0.05), & 2B S B &b 3R 2 A di
SOD JE 17484k, BH, PH, BPH1-1 fl BPH1-2
b 3R 22 A I SOD PR B 35 i TR R4
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1 TEEZRLEESDEE 40 d (A)F 60 d (B)HIKHEITLL
Figure 1 Comparison of the growth of Ageratum conyzoides plants treated with different bacterial
suspensions after 40 days (A) and 60 days (B).

*2 TEEZRLENEEEE KN

Table 2  Effects of different bacterial suspension treatments on the growth of Ageratum conyzoides

4ib B /3= [N A=Yy i Biomass

Treatment Plant length (cm) Root length (cm) T E Dry weight (g) fif 75 Fresh weight (g)
CK 45.3+1.53¢ 12.7+1.53¢ 1.40+0.04¢ 11.1+0.93d

BH 49.3+1.53¢ 13.0+1.00c 1.64+0.08cd 13.6£1.50¢

PH 68.0+3.00a 20.3+0.58a 2.10+0.05a 19.7£1.53a

BPHI-1 60.3+2.52b 13.0+1.00c 1.66+0.06b 13.7£1.53¢

BPHI1-2 67.7+2.08a 20.04+2.65ab 2.04+0.06a 19.0+0.07a

BPH2-1 63.0£3.61b 17.3£2.08b 1.83+0.16d 16.3+£1.53b

AR ING FREFR IR 22 57 3 (P<0.05). Rl

Different lowercase letters indicate significant differences (P<0.05). The same below.

JUH PH #1 BPH1-2 4bFRAHIEXTREZHAY 1.97 £ PH Al BPHI-2 AL PR A A& - CAT. SOD,
211 1%, MAh, BH AFZEF#H K POD  POD JGME B35, BH AHIAY SOD 1 &
TEVE B B RT X REAL, PH AL PREST BRA] F T FXTHR4H, CAT A1 POD 1S MRS T BRI BT

Sy B, R ERLH Y 1.49 5] 2C). Bk, (TR

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



156 A 2 AR

Microbiol. China

A 500

S
(=)
(=]
T
o
H o
")
— i
—— o

[oF)

(=3

(=}
T

i S Al SR
CAT activity (U/g)
(3]
g

=
o
T

1250

HH

1 000 [

750 F

H o
HA G

500

B A A TR
SOD activity (U/g)

250

C 40 000 -

HH

30000 p 0

H O
——o

20 000

HH oL

o A T
POD activity (U/g)

10 000

O 1 1 1 1 I
F @ @O P9
& &

2 A REIEERLEMEFESMH LR
BRI A LA B AL
C: WA IEE. ARNETFRERERRE.

Figure 2 Effects of different bacterial suspension
treatments on the activity of antioxidant enzymes in
leaves of Ageratum conyzoides. A: Catalase; B:
Superoxide dismutase; C: Peroxidase. Different
lowercase letters indicate significant differences.

23 FTREERLETERERANE
ERIRE. HEHFE

& 3A fif7s, CK.PH,BPHI-1 il BPHI-2
LR AE S A E Cd SRR > >2E
1M BH AL FRZER &0 5o Cd & fm, AR A
Cd % Bk, BPH2-1 AbHFEFHBIR 24 Cd
ST M . BH Al BPH1-2 AbFA AR |
25 b Cd Ea R T AL (P<0.05),
Hrpit i Cd &, 2alis3 35.8 mg/kg
1273 mg/kg, PH ALFZEFHIZ A8 E Cd &
55 % B 4 1A 25 F A .25 (P>0.05) , (HI 5L B i —
ER ETHESE, mE 3B A, cd FEMAT
FEREM e . BH F1 BPH1-2 &b P Y BARE 7S T 81
Cd PR 2% m T H AL AL, AT X BEZH 4
M 188%F1 166%, PH. BPHI-1 Fll BPH2-1
AL BRI ANAEAE i 3 22 5, (HARR IS 28 v % R A

55 PR AR ICS & i 498 7 4 i A sk iy F2 22
JEZSU, Burkholderia sp. DHC34 i1 P. fluorescens
PRI RE S HE R Cd AR YA e . i 3¢
fii7x, BH F1 BPHI1-2 ZbHEE5 R #E B Cd 435
BT 14%F 12%, FRIES Cd & 30 I i
FREAC, BRI, AR AR AL PRAE E T 4 35
Cd BRI 25 AT I 52 1) 55 PR B BS54k o

& 4 Z #(bioconcentration factors, BCF)FI
iz Z ¥ (translocation factor, TF)J& P - #H 9K:
4w M R4 s B s | R AR AR
M ZEHRAR o AN [R] P A VAL 3T 75 7 i) 4 A
im REONER 3.

25 Ab P FE B 0 5 s REYRTF 1, BH
AL AT #I] TF 2 5 T HAth 42 . PH Fl BPHI-1
ALFRAY TF FO0 BRZH [RIANFEAE 25 22 7(P>0.05),
{BERE T4 EZH, 1 BPHI-2 F1 BPH2-1 4b3 Cd
() TF I 25 B o U B2 AL B AT RE RGN T 22 A &
HEZXF Cd Y [ 5 /1 F - Burkhol deria sp. DHC34
F1 P. fluorescens HLXUE R, FEAHI1) & 4R 2L
¥ 8 2 55 (P<0.05) o Ud B[] TR 2 il 2 R i 4
PRSI E 4R Cd IO & 45 5 b
ZHHb |3 BCF 78 PH AL FEIF A%, 4 6.71, 1E
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Figure 3 Cd accumulation of Ageratum conyzoides with different bacterial suspensions. A: The Cd content
in various organs of A. conyzoides was measured with different bacterial suspensions; B: Cd accumulation
per plant; C: Stacked histogram of soil Cd morphology percentage.

x3 TREASRLETERTHSERKMEE
B
Table 3  Enrichment coefficient and transport

coefficient of Ageratum conyzoides under different
bacterial suspension treatments

fib HBizRE  EEREK
Treatment Translocation Bioconcentration factor
factor i3 R

Above-ground Underground
part part

CK 2.20+0.10b 4.27+0.17d 1.94+0.08d

BH 2.77+£0.19a  16.32+1.48a 5.89+0.20a

PH 2.33+0.22b 6.71+1.27¢ 2.88+0.56¢

BPHI1-1 2.21+0.30b 8.45+0.80c¢ 3.83+0.18b

BPHI1-2 1.82+0.24¢ 11.40+1.61b  6.25+0.58a

BPH2-1 1.80+0.13c¢ 7.02+0.25¢ 3.92+0.44b

BH 1 BPH1-2 AbBEmF R, 2050 XT B4l
3.83 fi5 1 2.67 £i5.
24 ARIEEREMIMEDEEA
pdif=AI!
241 WEBEEZHMSR

T XF AU N 97%0AY9 OTUs #EF G5, 43
MEAS T B T AL P 5 | RS P 7 A il AR B A P TR
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Figure 4 Upset diagram of the microbial community in the rhizosphere soil of Ageratum conyzoides with

different bacterial suspensions.
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Figure 5 Analysis of microbial community diversity in rhizosphere soil of Ageratum conyzoides with
different bacterial suspensions. A: ACE index; B: Shannon index; C: Principal co-ordinates analysis (PCoA)

at the species level.
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Figure 6 Rhizosphere microbial community structure of Ageratum conyzoides different bacterial suspension
treatments. A: Chord diagram of microbial community structure at phylum level; B: Histogram of the
percentage of microbial community structure at the genus level; C: Volcanic map of microbial community
changes at genus level.
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